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I. INTRODUCTION 
 
I.1. Context and general frame of the research 
 
The in vivo effect of a given toxic agent on the cellular machinery and its consequence on 
human health are dependent on many interactions between the agent and the different levels 
of physiology. Before a chemical toxicant reaches its final target(s), its systemic concentration 
can be modulated by varying absorption rates and its chemical structure can be modified by 
activation or detoxification enzymes. Physical mutagens/carcinogens can be absorbed 
differentially by the tissues separating the target from the surface of the body. Once the agent 
reaches its target(s) the lesion induced can be directly fixed, repaired or transformed into a 
mutation or a functional deficiency. Alternatively the toxicant can induce necrosis or the 
damaged cells can be blocked at a given stage of the cell cycle and triggered to apoptosis. 
Most of the genes coding for the proteins responsible for the above-described mechanisms 
show inter-individual variability.  
Variability occurs at the genetic level (GENOTYPIC VARIATIONS): individuals carrying 
one or more alleles leading to a stronger effect of the toxicant, for instance by better 
activation, less efficient repair capacity and/or absence of checkpoint control will conceivably 
be more susceptible for the disease. Genes may be absent, as in individuals homozygous for 
the non-functional allele of glutathione transferase classes, or enzyme activity can differ 
across the population by several orders of magnitude, as with cytochrome P4502D6 
(Wormhoudt et al., 1999).   
In addition to genetic polymorphisms, the expression of many of these genes is also variably 
regulated according to environmental factors (PHENOTYPIC VARIATIONS): diet, 
occupational exposure, life style factors, smoking habits, alcohol consumption, drugs, fasting, 
… stimulate or inhibit the expression of these genes. Induction of CYP2E1 activity upon 
chronic consumption of ethanol is for instance expected to increase the activation of several 
toxicants (Girre et al., 1994). 
 
Besides disease susceptibility, variability factors are also important for the interpretation of 
several biological tests used in occupational medicine to assess the intensity of exposure, and 
hence the risk of occupational disease. So far, biological monitoring methods and biological 
limit values applied in occupational medicine have been developed on the assumption that 
individuals do not differ significantly in their biotransformation capacities, which is not the 
case. Integration of a measurement of variability in a biological monitoring programme could 
represent a significant refinement of the method and hence a better assessment of the risk of 
occupational disease.  
 
The fascinating progress made in genome analysis and the identification of several classes of 
genes involved in disease susceptibility (e.g. cancer, neurological disorders, pulmonary 
diseases and reproductive/developmental defects) point now to the possibility of identifying 
carriers of specific allelic combinations or polymorphisms related to an increased risk for 
occupationally induced illnesses. For instance the estimation of cancer risk might thereby 
progress from a probability calculated for a given population exposed to a known agent to a 
more individualised health counselling. For example, in low dose exposure to ionising 
radiation individual radiosensitivity might be more important than the dose itself with respect 
to cancer risk. Potential applications of variability parameters for exposure biomonitoring 
have so far received much less attention. 
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This potentially new approach in occupational health practice, called susceptibility analysis, 
might very fruitfully complement the existing biomonitoring approaches. However, the 
technical capacity to perform such tests and the reliability of these tests in terms of public 
health significance has to be examined. The possible implementation of such tests in 
occupational medicine also poses major societal and ethical questions, which need adequate 
answers. 
 
I.2. Aims of the research 
 
The project aimed at combining susceptibility biomarkers with biomarkers of exposure and of 
effect that are sensitive, specific and predictive enough to make reliable measurements.  
 
The specific aims for the VUB were: 
 
1. Validation of the techniques for:  
 

1.1. The genotyping of DNA repair genes (hOgg1, XRCC1, XRCC3) in collaboration 
with the UCL. 
 
1.2. The DNA strand break repair phenotype assay using the comet assay for the 
assessment of the speed and efficiency of in vitro DNA repair after challenging with a 
reference mutagen (styrene oxide, ionizing radiation) of cultivated cells derived from 
several donors. Differences in in vitro repair could be an indication for individual 
susceptibility after chronic exposure.  

 
2. Mechanistic research on the genotoxic effects of hard metal dust (WC-Co) with the aim of 

choosing adequate biomarkers 
 
3. Predictivity of genotyping (in particular of genes involved in DNA repair) en DNA strand 

break repair phenotype for genotoxic effects in biomonitoring of occupational exposure to 
mutagens. 

 
3.1 Integration of susceptibility parameters, in addition to the classical exposure 
and effect parameters, for the assessment of the genotoxic risk due to exposure to 
styrene, by means of a biomonitoring study (in collaboration with the KUL and 
UCL). 
3.2 Integration of susceptibility parameters, in addition to the classical exposure 
and effect parameters, for the assessment of the genotoxic risk due to exposure to 
cobalt, by means of a biomonitoring study (in collaboration with the UCL). 
3.3 Integration of susceptibility parameters, in addition to the classical exposure 
and effect parameters, for the assessment of the genotoxic risk due to exposure to 
ionizing radiation, by means of a biomonitoring study (in collaboration with the 
RUG). 

 
4. Exploratory approach of the micro-array technology for the detection of gene expression 

of relevant genes after occupational exposure, in collaboration with the UCL. 
 
5. Study of the ethical and legal aspects of the use of susceptibility tests in occupational 

medicine (in collaboration with the legists of the UCL). 
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II. THEORETICAL FRAME 
 
Why genotyping and phenotyping? 
 
Genetic polymorphisms provide us with the ability to study interindividual differences in 
susceptibility to exposure and diseases, to analyse whether the risk of cancer associated with 
particular environmental exposure differs with respect to functionally different 
polymorphisms of genes. Biomarkers of susceptibility include polymorphisms in 
drug/carcinogen metabolism, in DNA repair capacity, and in genes that control cell cycle, cell 
death and immune response. The identification of susceptibility genes could therefore lead to 
possible prevention programmes directed to high-risk individuals. In particular from the 
theoretical point of view it is expected that the variation in individual responses to a same 
concentration of genotoxicants will be larger at low concentrations than at higher 
concentrations (saturation effect). Therefore the assessment of genetic susceptibility may be 
quite important to define exposure limits (safety factor) at concentrations encountered in 
occupational exposure. 
In table 1 an overview of the advantages and disadvantages of genotyping versus phenotyping 
is given. Genotyping has the advantage to be technically easy and inexpensive, not influenced 
by the environment, giving definite answers but is more distal to the disease. Phenotyping is 
more proximal to the disease and integrating effects of several genes, including environmental 
factors, however the methodologies are not yet fully validated and tend to be expensive. 
Examples of the latter include the in vitro challenging assays and microarrays (Touil et al., 
2002; Ahsan and Rundle, 2003).  
Thus, both genotyping and phenotyping are important, which is why we combined both of 
them in this project. 
 
Table 1: Some advantages and disadvantages of genotyping versus phenotyping (Decordier et al., 

2004) 

 
               Genetic polymorphisms   Functional/phenotype measures

 

- Proximity to disease on causal chain              More distal     More proximal 

- Expected relative strength of association       Weaker     Stronger 

- Inductive or inhibitory effects of exposures   Not integrated into the measure   Integrated into the measure 

- Epigenetic processes              Not integrated into the measure   Integrated into the measure 

- Effects of post-transcriptional/translational    Not integrated into the measure   Integrated into the measure 

  Alterations 

- Relative degree of measurement error             Lower         Higher 

- Measures single gene processes             Yes     Yes 

- Measures multi-gene processes             Yes, but with difficulty                  Yes  

- Temporal stability of measure             Stable     Less stable 

- Modifiability and applicability for                  Not modifiable and not applicable  Modifiable and applicable      

   Prevention trials  

- Person-to-person transmission within            Transmission is determined by    Less deterministic transmission 

  family and applicability for family-based      Mendel’s law and is applicable                     and not applicable 

  analysis 
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- Ethical considerations             Higher     Lower 

- Array-based simultaneous measurement       Challenging, because amplification  More feasible, because  

            of many genes/gene products of 

          each gene is involved individual  

 implification is not involved 

 
 
DNA repair genes 
 
When a cell undergoes genotoxic damage, multiple outcomes are possible: if the damage is 
severe, the cell may die (by apoptosis or necrosis), the damage can be completely repaired, or 
the damage repair may be imperfect/absent, leading to the formation of mutations that are 
fixed during replication and/or the following mitosis. There are several DNA repair 
mechanisms: base excision repair (BER), nucleotide excision repair (NER), mismatch repair 
(MMR), and double strand break repair (DSBR). 
 
The human Ogg1 gene is localized on chromosome 3p25, and encodes a DNA glycosylase 
that excises 8-hydroxyguanine (8-OH-G) from oxidatively damaged DNA through BER. 8-
OH-G is a major form of oxidative DNA damage induced by reactive free radicals. It is highly 
mutagenic in vitro and in vivo, yielding G:C to T:A transversions, since it directs the 
incorporation of cytosine and adenine nucleotides opposite the lesion. Polymorphisms in the 
hOgg1 gene play a possible role in the ability of the cell to repair 8-hydroxyguanine. 
 
XRCC1 plays an important role in BER. It is located on chromosome 19q13.2. The XRCC1 
protein complexes with DNA ligase III and DNA polymerase ß to repair gaps left during 
BER. XRCC1 mutant cells show a heightened sensitivity to ionising radiation, UV, hydrogen 
peroxide and mytomycin C. Shen et al. identified three coding polymorphisms in the XRCC1 
gene at codons 194 (Arg to Trp), 280 (Arg to His) and 399 (Arg to Gln) (Shen et al., 1998). 
 
XRCC3 is located on chromosome 14q32.3, and is a member of the Rad51 DNA-repair gene 
family. It functions in the homologous recombination repair pathway by repairing double-
strand breaks (DSBR). XRCC3 mutant cells show an extreme sensitivity to DNA cross-
linking agents like MMC and cisplatin. 
 
Our VUB laboratory was responsible for the validation and application of the genotyping of 
the hOgg1, XRCC1 and XRCC3 repair genes, and performed the global repair phenotype 
assay for these genes in the styrene and ionising radiation biomonitoring studies. 
 
 
Cobalt and its compounds 
 
Exposure to cobalt can result in adverse health effects in different organs or tissues, including 
the respiratory tract, the skin, the hemapoietic tissues, the myocardium or the thyroid gland. In 
addition, teratogenic and carcinogenic effects have been observed in experimental systems 
and/or in humans.  
For the general population, the diet is the main source of exposure to cobalt, since cobalt is an 
essential constituent of vitamin B12 (hydroxycobalamin). 
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The carcinogenic potential of cobalt and its compounds was evaluated by the International 
Agency for Research on Cancer (IARC) in 1991 (IARC, 1991), the general conclusion was 
that cobalt and its compounds are possibly carcinogenic to humans (group 2B).  
 
Occupational exposure to cobalt-containing dust has been associated with pulmonary toxicity 
including asthmatic reactions, fibrosing alveolitis (hard metal disease) and lung cancer. While 
the asthmatic responses are caused by any cobalt species, the development of cancer and 
fibrosing alveolitis is mainly ascribed to the simultaneous exposure to cobalt and tungsten 
carbide particles in workers of the hard metal industry (Lison, 1996; Moulin et al., 1998) and 
in diamond polishers (Nemery, 1990). Hard metals generally consist of a mixture of tungsten 
carbide (WC) and metallic cobalt (Co) particles (96:4) and are produced for their extreme 
hardness and high resistance properties. The exact mechanisms underlying the human 
carcinogenicity of hard metal dust still needed to be elucidated, but simultaneous exposure to 
cobalt and tungsten carbide seemed to be required. The demonstration that hard metals 
produce large quantities of active oxygen species, directly and indirectly through the 
inflammatory reaction that they induce in the lung and, in parallel, release cobalt ions may 
provide important mechanistic bases for explaining their human carcinogenicity (Lison et al., 
1995). Indeed, oxygen free radicals are highly reactive and able to alter the integrity of lipids, 
proteins and DNA (Halliwel & Gutteridge, 1999). In addition, cobalt ions may readily bind to 
proteins involved in essential cellular processes such as DNA repair, cell cycle control and 
apoptosis (Hartwig, 2001). Considering genotoxicity, it was previously demonstrated that the 
WC-Co particle mixture induces more DNA damage and chromosome/genome mutations in 
human lymphocytes in vitro than its individual components (Anard et al., 1997; Van Goethem 
et al., 1997). It was shown that Co(II) can inhibit the incision and polymerisation step of 
nucleotide excision repair (Kasten et al., 1997), which would indicate a co-mutagenic 
potential of the element. No animal data on in vivo mutagenicity and/or carcinogenicity of 
hard metals are available.  
 
The objective of part of this study was to investigate the possible underlying (geno)toxic 
mechanisms of the carcinogenic potential of the WC-Co mixture. The relationship between 
induction of initial DNA damage, mutations and cell survival after exposure to hard metal in 
comparison to its individual components was evaluated, both in vitro and in vivo. 
 
 

III. METHODS 
 
III.1. Validation of methods 
 
Genotyping of repair genes 
 
hOgg1 
 
The techniques for the determining of the genotypes of DNA repair genes were developed at 
the UCL. Gina Plas, connected to the VUB, learned this technique at the UCL. 
 
A C-G mutation in exon 7 in 40% of the alleles of hOgg1 modifies the wild type gene 
product, changing a serine into a cysteine. This Ser/Cys, and especially Cys/Cys genotypes 
would supposedly be more sensitive for oxidative damage. 
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For the detection of the polymorphisms, we use the “CAPS” technique (Cleaved Amplified 
Polymorphic Sequences). The first important step is the choice of restriction enzyme (in the 
case of hOgg1, the enzyme Fnu4HJ recognizes the GC↓CGC sequence in the Cys variant) 
and primers (20 to 30 bases long) on both sides of the restriction polymorphism. The 
concerned DNA fragment is amplified through PCR (polymerase chain reaction, yielding a 
234 bp product), then incubated with the restriction enzyme, followed by electrophoresis on 
an agarose gel. The detection of the obtained fragments is done through staining of the DNA 
with ethidium bromide. The number and position of bands on the gel allows us to determine 
the genotype; in the case of hOgg1, the Cys variant is cut by the Fnu4HI enzyme (164, 46 and 
21 bp fragments), while the Cys variant is not (213 and 21 bp fragments). 
 
XRCC1 and XRCC3 
 
For the detection of XRCC1 and XRCC3 polymorphisms it was decided, with an eye on a 
uniform way of working within the EU project (Cancer Risk Biomarkers QLRT-2000-00628), 
to adopt the protocols of Prof. A. Hirvonen (FIOH, Helsinki). These protocols are a 
modification of the method of Lunn et al. (1999). 2 multiplex PCR reactions are used, one 
detecting the polymorphisms of codons 194 and 399 of XRCC1, the other of codon 280 of 
XRCC1 and codon 241 of XRCC3. 
 
For the first analysis (XRCC1-194 and –399), after a Hot Start PCR, MspI is used for the 
digestion. This enzyme shows, in addition to an unchanged band of 174 bp, digested bands of 
21 and 292 bp; 21, 292 and 313 bp; and 313 bp for the Arg/Arg, Arg/Trp and Trp/Trp 
polymorphisms of codon 194 respectively. For codon 399, a difference can be made between 
the non-digested band of 615 bp of the Gln allele, and the 221 and 374 bp digested bands of 
the Arg allele. For the analysis of the XRCC1-280 and XRCC3-241 polymorphisms, the 
digestion (after a Hot Star PCR) was performed with RsaI and NlaIII. A 140 bp digestion 
product is found for the XRCC1 Arg allele, and a 280 bp one for the His allele. Fragments for 
335 and 233 bp are found for the XRCC3 Thre an Met alleles respectively. All samples also 
show an unchanged band of 102 bp NlaIII digestion product. 
 
The global repair phenotype assay 
 
The global repair phenotype assay allows the fast and efficient evaluation of in vitro DNA 
repair. It used the alkaline comet assay, a microgel electrophoresis technique for the detection 
of DNA breaks and alkali-labile sites on the cellular level. At different times, before and after 
in vitro treatment with a mutagen, cells are taken and processed in the comet assay. This way 
the induction and repair on DNA damage after in vitro treatment can be followed, and the 
residual DNA damage present at a given time can be calculated. Interindividual differences in 
the progress of the curve of residual DNA damage reflect variations in susceptibility 
(phenotypic) or adaptive response after chronic exposure.  
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Figure 1: scheme for the global repair phenotype with styrene oxide  
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Figure 2: scheme for the global repair phenotype with ionising radiation 
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The comet assay 
 

his teT chnique is named after the shape of the images (comets) seen under the microscope. It 
esis technique, which allows to measure DNA damage cell by cell. 
ects DNA breakage, alkali labile sites, open repair sites and cross 

nk  F
lid T ar 
NA is then denaturated in an alkali buffer and electrophoresed in the same buffer. The DNA 

is a microgel electrophor
The alkaline version det
li s. or this technique cells are mixed with agarose gel, which is spread onto a microscope 

e. he cells are lysed with high salt concentrations and detergents. The remaining nucles
D
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fragments migrate out of the nucleus, towards the positive pole. After electrophoresis, the 
slides are stained with a fluorochrome, like ethidium bromide. An image analysis system is 
used to measure several damage parameters. The most useful are tail length (TL), measured 

om the centre of the nucleus towards the end of the tail, the percentage of DNA in the tail 

 vitro experiments

fr
(TD) and tail moment (TM = TL x TD). 
 
To allow detection of oxidative DNA damage, the Fpg enzyme (Formamidopyrimidine DNA 
glycosylase), which detects mainly 8-hydroxydeoxyguanine and so called Fpg-sensitive sites, 
may be included (Hartwig et al., 1996). 
 
III.2. Mechanistic research on the genotoxic effects of hard metal 
dust 
 
In  

- In vitro genotoxicity of hard metal dust and its single components in human PBMC. 

Tw ty dded 
to the P e was 15 minutes in the dose-effect experiments and for detection 

f Fpg-sensitive sites and 15 minutes, 1, 2, 4, 6, 14, 24, 48 and 72 h in the time-dependency 

reatment 
oint until harvest at 72 h. At 44 h, cytochalasin B was added and at 72 h the cells were fixed 
nd spread onto slides. The micronucleus test was combined with fluorescence in situ 

hyb i
 

- In vitro genotoxicity of different combinations of cobalt and metallic carbides in 

mutations by means of the in vitro cytokinesis-block micronucleus test 

 

 
The in vitro genotoxicity of WC-Co and its component Co and WC, on human peripheral 
blood mononuclear cells (PBMC) was assessed with the alkaline comet assay, and the 
cytokinesis-block micronucleus test. 
 
Cell treatment for alkaline comet assay: 
 

en -four hours after the onset of PHA stimulation, 10 µl of particle suspension was a
BMC. Treatment tim

o
experiments. EMS (ethyl methane sulfonate), used as the positive control, was diluted in PBS 
and exposure was for 2 hours. H2O2, used as control to assess Fpg activity, was diluted in PBS 
and exposure proceeded on ice for 5 minutes. After treatment, the cells were centrifuged for 
10 minutes at 400 g. The supernatant was removed and the cell pellet was resuspended in PBS 
and immediately processed for the comet assay. 
 
Cell treatment for in vitro cytokinesis-block micronucleus test: 
 
Thirty-two hours after the onset of PHA-stimulation, the PBMC were treated with 4.0 µg/ml 
Co-equivalent of CoCl2, Co, WC and WC-Co, 0.15 µg/ml MMC (mitomycin C) and 0.04 
µg/ml nocodazole. The test substances were left in the cultures from the 24 or 32 h t
p
a

rid sation, using an pan-centromeric probe. 

human PBMC. 
 
The tested metal carbides were Cr3C2, Mo2C and NbC, and WC as the reference carbide. The 
carbides were chosen on the basis of previously published data on cytotoxicity (Lison & 
Lauwerys, 1995). Their ability to induce DNA single strand breaks and alkali-labile sites was 
assessed by means of the alkaline comet assay and their potential to induce 
chromosome/genome 
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on PBMC from two. PBMC were exposed to 0.6, 3.0 and 6.0 µg/ml Co-equivalent for 15 
minutes corresponding to 10.0, 50.0 and 100.0 µg/ml of the carbide or the Co-carbide 

ixture. 
For e  
the cell ncubated at 37°C. As positive controls, EMS (2 mM, 2h) and MMC 

.15 µg/ml, 48h) were used for the comet assay and micronucleus test, respectively. 

clusion test. 

BMC. 

tion. Thereafter, 
e cells were centrifuged at 400 g for 10 min and then, after removal of the supernatant, 

nded in fresh medium and further 
cubated in complete medium during 2h in the absence (post-incubation) or the presence 

o and WC were also 
cluded. After treatment, the cells were centrifuged at 400 g for 10 minutes, the supernatant 

- In vitro apoptogenic effects of hard metal dust and its single components in human 

LISA, and flow 

m
 th  alkaline comet assay, the cells were processed immediately. For the micronucleus test,

s were further i
(0
 
 

- Comparative in vitro genotoxicity of hard metal and metallic cobalt in primary rat lung 
cells. 

 
The in vitro genotoxicity of Co and WC-Co was assessed in primary rat alveolar macrophages 
(AM) and type II pneumocytes (AT-II) by means of the alkaline comet assay. The dose-
dependency of the DNA damaging capacity of the two particle types was compared. The 
choice of the concentrations (3.0, 6.0, 12.0 and 24.0 µg/ml Co-equivalent) was based on the 
results obtained in human PBMC. The treatment time of 4 hours was based on preliminary 
experiments with AM and AT-II cells. Cells were also exposed to EMS (2µM) for 2h at 37°C, 
as a positive control.  
In parallel, the viability of the lung cells was analysed by using the trypan blue ex
 
 

- Interference of hard metal dust and its single components with DNA repair in vitro in 
human P

 
The objective of this part of the work was to determine whether, as was previously shown for 
CoCl2, that  metallic Co, WC and the WC-Co particle mixture are able to interfere with DNA 
repair in vitro in human PBMC. As a model to evaluate the effect on base excision repair, 
methyl methane sulfonate (MMS) was chosen. 
 
PBMC were treated with MMS (5.5 µg/ml) for 2 h, 24 h after PHA stimula
th
immediately submitted to the comet assay or resuspe
in
(post-treatment) of 1.2 µg/ml Co-equivalent of Co, WC-Co or WC. Single and simultaneous 
exposure of cells to MMS and 1.2 µg/ml Co-equivalent of Co, WC-C
in
was removed and the cell pellet resuspended and processed for the comet assay. 
 
 

PBMC. 
 
PBMC were treated with Co, WC, WC-Co and CoCl2 at a concentration where in vitro 
genotoxicity was previously observed (Anard et al., 1997; Van Goethem et al., 1997). 
Treatment with metal compounds was started together with PHA stimulation or 24 hours 
after. Apoptosis was determined by Annexin-V staining, Cell Death E
cytometric identification of cells with a low DNA content. The involvement of specific 
apoptosis pathways was studied by the use of general and specific inhibitors. 
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In vivo genotoxicity of hard metal dust in the rat 
 
Rats were treated with 16.6 mg WC-Co/kg body weight through intra-tracheal instillation. 
This dose induced significant but relatively limited pulmonary toxicity. 
 
The comet assay was performed on PBMC and AT-II pneumocytes 12, 48, 72, 96 and 120h 
after intra-tracheal instillation. The micronucleus test was performed on PBMC and AT-II 
pneumocytes 72h after intra-tracheal instillation.  

ell 

loss) or an acentric chromosome fragment detaching from a chromosome after 

n ex vivo / in vitro analysis of lymphocytes in the presence of cytochalasin-B, an inhibitor of 
distinguish easily between 

uclear 
ivision during in vitro culture. Indeed, in these conditions the frequencies of mononucleated 

ation of the background level of chromosome/genome mutations 
ccumulated in vivo and the frequencies of binucleated cells with MN a measure of the 

fore cultivation plus mutations expressed during the first in vitro 
itosis. 

 the presence of 
icronuclei. 
 tochalasin B, mononucleated cells are recommended to be harvested at 

4 hours post-PHA stimulation as there can be no doubt at this time-point that MN within 

leated cells per 1000 binucleated cells. 

mixture of annexin and propidium iodide. The 
ells are dropped onto microscope slides and analysed under a fluorescence microscope. This 
as distinction between early apoptotic cells (annexin-V positive/propidium iodide negative), 

annexin-V positive/promidium iodide positive) and 
ecrotic cells (annexin-V negative/propidium iodide positive) can be made. 

 
The micronucleus test 
 
A micronucleus (MN) is formed during the metaphase/anaphase transition of mitosis (c
division). It may arise from a whole lagging chromosome (aneugenic event leading to 
chromosome 
breakage (clastogenic event), which do not integrate in the daughter nuclei. 
Scoring of micronuclei can be performed relatively easily and on different cell types relevant 
for human biomonitoring: lymphocytes, fibroblasts and exfoliated epithelial cells, without an 
extra in vitro cultivation step.  
A
actins (added 44 hours after the start of cultivation), allows to 
mononucleated cells which did not divide and binucleated cells which completed n
d
cells provide an indic
a
damage accumulated be
m
The combination of the micronucleus assay with fluorescence in situ hybridisation (FISH) 
with a probe labelling the (peri-)centromeric region of the chromosomes (FISH assay) allows 
discrimination between micronuclei containing a whole chromosome (centromere positive 
micronucleus) and an acentric chromosome fragment (centromere negative micronucleus). 
In the absence of cytochalasin B, mononucleated cells are analysed for
m
In the presence of cy
2
such a cell are a result of in vivo rather than ex vivo division. Binucleated cells are 
recommended to be harvested at 72 hours post-PHA stimulation. 
 
MNMC = the frequency of micronuclei per 1000 mononucleates. 
MNCB = the frequency of micronucleated binuc
 
Detection of apoptosis 
 
- Annexin-V staining 
 
After treatment, the cells are incubated with a 
c
w
late apoptotic/secondary necrotic cells (
n
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- Flow cytometry 

roach, apoptotic cells can be identified as very condensed, granular cells 
ith a sub-G1 DNA content. 

 
- 
 
The m  death 

of 
histone-bound DNA fragments in he
 
 
III.3.
 
Sty

 
After treatment, the celles are washed in PBS and stained with propidium iodide. Samples are 
analysed with the CellQuest Pro software on a FACSCalibur flow cytometer (BECTON 
Dickinson). Detection of apoptotic cells happens on the basis of cell granularity and DNA 
content. With this app
w

Cell Death ELISA 

easurement op apoptotic DNA degradation was quantified with the “cell
detection plus assay” (Roche Molecular Biochemicals), which measures the amount 

 t  cytosol.  

 Biomonitoring studies 

rene 

 aim of the biomonitoring program of occupational exposure to styrene, a collaboration 
en

 
The
betw
bio i
ran o

2E1), microsomal epoxide hydrolase 
PHX) and glutathion-S-transferase (GSTT1 and GSTM1) (UCL) 

t of 44 workers from the glass fibre reinforced polyester 
hed controls. The control and exposed groups were matched for age, 

x, smoking habits, ethnical origin, socio-economic status, … The controls were not exposed 

de ex vivo/in vitro micronucleus test on 

e  KUL, UCL and VUB, was the assessment of external en internal exposure, 
log cal effective dose, early biological effects and metabolic susceptibility, using a wide 
ge f biomarkers: 

 
 External dose: styrene in the air (KUL) 
 Internal dose: mandelic acid in urine (KUL) 
 Biological effective dose: haemoglobin adducts (KUL) 
 Early biological effect:  comet assay (DNA breaks and alkali labile sites) 

 (VUB) sister chromatid exchange (chromatid recombination) 
 micronucleus test (chromosome and genome mutations) 

 Metabolic susceptibility: interindividual variability parameters: genotyping of 
ytochrome P450 mono-oxygenase (CYPc

(E
 
Smoking is a possible confounding factor. The amount of cotinine in urine was measured 
as a marker for smoking behaviour. The workers were also exposed to lead chromate, so 
the concentrations chrome in urine and lead in blood were also determined. All the 
analyses were performed on workers exposed to styrene, as well as on the control group. 
 Repair susceptibility: determining of repair genotypes : hOGG1, XRCC1 and XRCC3 

(VUB) 
 global repair phenotype (VUB) 

 
The studied population is a cohor
industry, and 44 matc
se
to any carcinogen. 
The VUB was responsible for the implementation of the comet assay, the global repair 
phenotype, micronucleus test on nasal cells, 
lymphocytes, and the genotyping of all repair genes. 
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Cobalt 
 
The main aim of the Co biomonitoring study was to assess the importance of susceptibility 
biomarkers for the improvement of the biomonitoring of workers exposed to 
mutagens/carcinogens. For this we determined the genotype for hOGG1, XRCC1 and XRCC3 
for all workers analysed in the previous study on biomarkers for exposure and genotoxic 
ffects (De Boeck et al., 2000a). The studied workers were classified according to 

d alleles, and smoking behaviour. 
he studied group is a cohort of 60 exposed workers from the hard metal industry, and 35 

roject was executed in collaboration with D. Lison (UCL). 

nising radiation

e
homozygosity or heterozygosity for the wild type or mutate
T
matched controls. This p

 
Io  

he aim of this study was to combine genotyping and in vitro challenge phenotype to assess 
sed to low dose ionising radiation, which is known to 

 this biomonitoring study. Blood was also taken from 31 controls. in 

 
T
individual susceptibility of workers expo

duce oxidative damage and DNA strand break. in
32 external workers involved in the revision of the reactors of the nuclear plant of Doel were 
sampled. This type of workers is known for its high exposure during a relatively short time. 
Of course these workers are the most critical exposed population of a nuclear plant, which is 

hy they were chosen forw
collaboration with the RUG, several cytogenetic endpoints were examined  to assess the 
biological effects of the work conditions of these workers. The VUB was responsible for the 
x vivo/in vitro micronucleus test and the comet assay for the detection of background DNA e

damage and global repair phenotype. 
 
For further information on all of the methods, see annex I. 
 
IV. RESULTS 
 
IV.1. Validation of methods 
 
Genotyping of DNA repair genes 
 
In the hOgg1 protocol, we reduced the concentration of MgCl  from 2.5 tot 2 mM to avoid 

rotocol we increased the MgCl2 concentration to 3 mM and changed 
rder to get multiplex bands of equal intensity. 

 the XRCC1 280-XRCC3 241 protocol, we made the following modifications: we added 
s 
 

ove the yield of the PCR reaction; and we increased the concentration of MgCl2 from 
.67 to 2 mM, since any increase in dNTP concentration requires an increase in the 

2
contaminating bands. We also lowered the concentration of Taq which was unnecessarily high 
(2.5 U/50µl) to 1U/50µl. 
 
In the XRCC1 194-399 p
the 194:399 primer ratio to 1:5 in o
 
In
three bases in the 3’ end of the 241R primer in order to obtain uniform annealing temperature
in the PCR reaction; we increased the dNTP concentration from 200 to 400 µM of each dNTP
to impr
1
concentration of magnesium in order to make the reaction work. We performed single locus 
PCR instead of multiplex PCR on some old and diluted DNA samples. Single locus PCR 

 22



reaction required adjustment in cycling conditions, and the presence of BSA in a 
concentration of 0.5 µg/µl. 
 
The global repair phenotype assay 
 
Details concerning on work on the validation of the global repair phenotype assay can be 

und in the following publications/Ph.D.’s from our laboratory: 

IV.2. Mechanistic research on the otoxic effects of hard metal 

kaline comet and elution assays and the 
cytokinesis-block micronucleus test, that the WC-Co mixture is more genotoxic in vitro in 
PBMC than its individual components (Anard et al., 1997; Van Goethem et al., 1997). The 
main aim of this part of the project was to investigate whether induction of initial DNA 
damage, occurrence of mutations and alterations of cell survival could help to explain the 
human carcinogenic potential of the WC-Co mixture in comparison to its individual 
components. In vitro and in vivo experimental approaches were combined. In Table 2 and 
Figure 3, an overview is given of the different (geno)toxicity endpoints measured, comparing 
Co, CoCl2, WC and WC-Co in most of the studies. 
 
Table 2: (Geno)toxicity endpoints determined in in vitro and in vivo experimental tests. +  

fect; -: no effect; ±: small (non-significant) effect; nd: not determined; FB1: sensitive to fumonisin 

fo
 
- De Boeck at al, 2000b  
- Touil N., 2001  
- De Boeck M., 2002  
 

 gen
dust 
 
Previously, it was demonstrated, using the al

: positive
ef
B1 inhibition; casp: caspase; AM: alveolar macrophages; AT-II: type II pneumocytes; BAL: broncho-
alveolar lavage cells; PBMC: peripheral blood mononucleated cells; Fpg: formamido pyrimidine DNA 
glycosylase.  
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Figure 3: Overview of the different (geno)toxicity endpoints measured. 

 

 
 
In vitro, WC-Co induced a dose and time-dependent change in DNA migration in human 
PBMC. CoCl2 induced approximately the same extent of DNA damage as Co but no 
statistically significant increase was observed. WC alone had only a marginal effect on DNA 
migration. The induction of micronuclei by Co and WC and their mixture paralleled their 
DNA damaging capacity. Co and, in a more pronounced way, WC-Co, are clastogenic and/or 
aneugenic.  
In addition to CoCl2 (Resende de Souza Nazareth, 1976; Farah, 1983), the present study 
provided the first proof of the potential of other forms of cobalt (Co and WC-Co) to induce 
chromosome loss in human PBMC, while WC alone did not.  
 

 was clear that the elevated genotoxicity in terms of DNA mIt igration and induction of 

protein crosslinks and/or inhibition of DNA 
ttack of MMS.  

chromosome/genome mutations that was observed for the WC-Co mixture was not limited to 
this particle combination. Other carbides (at least Nbc and Cr3C2) were able to interact with 
metallic Co particles, leading to increased genotoxicity, as most clearly evidenced by the in 
vitro cytokinesis-block micronucleus test. In the case of Mo2C, no enhanced mutagenic effect 
was observed when combined with Co. The physico-chemical interaction with Co leading to 
this enhanced genotoxicity was not specific for WC and is at least partially determined by the 

article surface area. p
 
When extending the in vitro genotoxicity testing to more relevant target cells, i.e. primary rat 
alveolar macrophages (AM) and type II pneumocytes (AT-II), it became apparent that specific 
cell type characteristics play an important role in their sensitivity toward hard metal dust and 
its single components. The previously demonstrated higher genotoxic effect of the WC-Co 
mixture was confirmed in AM but not in AT-II cells, possibly related to the strong antioxidant 
activity of the latter cell type. 
 
As was previously demonstrated for CoCl2 (Hartwig et al., 1991; Kasten et al., 1997), other 
cobalt species (Co and WC-Co) or probably the Co ions released there from were able to 
interfere with DNA repair. The cobalt compounds caused persistence of MMS-induced DNA 
damage as detected with the alkaline comet assay. Inhibition of DNA repair is considered as a 
co-mutagenic effect. Simultaneous treatment of PBMC with MMS and metal compounds led 

 results suggestive for the presence of DNA-to
a
 

 24



Apoptosis was assessed by Annexin-V staining, flow cytometry and cell death ELISA assay. 
etallic Co particles were able to induce apoptosis in vitro in human PBMC; the effect was, 

t least in part, reproducible by treatment with CoCl2, indicating a possible role for Co ions in 
e apoptogenic effect. Although so far considered as biologically inert, WC particles also 
duced apoptosis but with different kinetics. After 24 hours exposure, as compared to its 
dividual components, WC-Co had an additive apoptotic effect in the ELISA assay. WC-
duced apoptosis was largely dependent on caspase-9 activation while Co-induced apoptosis 
volved both caspase-9 and -8 activation. Apoptosis induced by the tested WC-Co mixture 
as mainly abolished by caspase-9 inhibitor and probably resulted from the combination of 
C specific apoptosis in monocytes and Co specific apoptosis in both monocytes and 
mphocytes. The carcinogenic potential of WC-Co may therefore be related to the 

ombination of its higher mutagenic and apoptogenic capacities. 

ei in possible 
rget cells of the alveoli, type II pneumocytes, after a single intra-tracheal instillation. This is 
e first proof of the in vivo mutagenic potential of hard metal dust. The highest increase in 

micronucleated type II pneumocytes occurred at the time required for these cells to complete 
ne division. In PBMC of WC-Co treated animals, no increases in DNA migration and 

or lipid damaging AOS, inhibition of DNA repair, interaction with tubulins leading 

M
a
th
in
in
in
in
w
W
ly
c
 
Concerning the in vivo approach in the rat, WC-Co particles induced micronucl
ta
th

o
micronuclei frequency were observed.  
 
Taken together, the different events underlying the human carcinogenic potential of the WC-
Co mixture identified here are the elevated in vitro genotoxic damage (higher frequency of 
DNA lesions and chromosome/genome mutations), the lower rate of in vitro apoptosis, the 
capacity to interfere with DNA repair and the in vivo mutagenic potential in possible target 
type II pneumocytes. In other words, the combination of direct genotoxic effects (direct 
binding of Co to DNA, as reported in the literature), indirect genotoxic effects (production of 
DNA and/
to chromosome loss) and disturbance of apoptotic cell death are, in addition to the increase in 
necrosis (cytotoxicity) reported in the literature, all mechanisms that may contribute to the 
elevated risk for lung cancer development after exposure to hard metal dust. The relationship 
between the different endpoints measured and carcinogenesis is well established and allows 
viewing the obtained results within the frame of the different mechanisms of disturbance of 
cell homeostasis (Figure 4). 
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Figure 4: Possible mechanisms involved in carcinogenesis induced by hard metal dust. 
 
 

 
 

NA breaks/alkali labile sites, chromosome/genome mutations and apoptosis were all 
etected after a 15 minutes in vitro treatment with WC-Co (6.0 µg/ml Co-equivalent). This 

 the cobalt (own data). Hence, it may be inferred that the produced AOS and cobalt 
ns are responsible for the observed effects. The difference in effect seen between Co and 

WC
case of
the cell
 
Tungst a 
mar
increas  this was not dose-dependent. No 
increase in centromere positive micronuclei (aneugenic event) was demonstrated. In contrast, 

 
D
d
period is long enough to liberate the majority of the AOS (Lison et al., 1995) and to solubilise 
most of
io

-Co should then especially be ascribed to a lower peak intensity of the AOS burst (in the 
 Co) since at 15 minutes, approximately the same amount of ions was then available to 
s. 

en carbide has long been considered to be biologically inert. In the present study, 
ginal, but not dose-dependent, effect on DNA migration was observed and although an 

e in micronucleated binucleates was observed,

WC was shown to be an effective inducer of apoptosis mainly through activation of caspase 8. 
Its effect on DNA repair inhibition was equivocal. Although WC does not cause cytotoxicity 
(necrosis), as demonstrated in the literature (Lison & Lauwerys, 1990), its apoptogenic 
capacity may still affect normal tissue homeostasis and could therefore potentially be harmful. 
It may be useful to look for an alternative composition of hard metal dust, with similar 
technical characteristics but with no or very limited hazardous effects.  
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IV.3. Biomonitoring studies 
 
Ionizing radiation (Aka et al., Radiation Research, submitted) 
 
The aim of this study was to assess the link between hOgg1, XRCC1, XRCC3 genotypes and 
the in vitro DNA strand break repair phenotype in populations and individuals exposed to low 
doses of gamma rays, and to identify the main determinants of genotoxicity following lose 
dose exposure to ionizing radiation.  
 
The genotype frequencies we found for hOgg1, XRCC1 and XRCC3 (see table 3) are in 
agreement with literature values for the Caucasian population, and the allele frequencies do 
not deviate significantly from the Hardy-Weinberg equilibrium. 
 

able 3: Distribution of hOGG1, XRCC1 and XRCC3 genotypes in the study populations T
 

Gene Genotype Controls (%) Exposed (%) Total (%) 

58 (93) 

he link between genotype and genotoxic endpoints as a result of exposure to IR is relatively 

280 seem to influence the repair of oxidative base and single 

y the same technology.  
2. XRCC1  influences the induction of double strand breaks expressed as MNMC in 

mononucleated peripheral blood lymphocytes (PBMC) in the cytochalasin –B assay. 
3. XRCC3241 influences the repair of double strand breaks expressed as MNCB in 

binucleated PMMC in the cytochalasin-B assay.  
 

      
hOGG1326    Ser/Ser 22 (71) 17 (53) 39 (62) 
  Ser/Cys 09 (29) 13 (41) 22 (35) 
  Cys/Cys 00 (00) 02 (06) 02 (03) 
      
XRCC1194  Arg/Arg 30 (97) 26 (84) 56 (90) 
  Arg/Trp 01 (03) 05 (16) 06 (10) 
 
XRCC1280  Arg/Arg 30 (97) 28 (90) 

  Arg/His 01 (03) 03 (10) 04 (07) 
      

XRCC1399  Arg/Arg 10 (32) 13 (43) 23 (38) 
  Arg/Gln 17 (55) 10 (33) 27 (44) 
  Gln/Gln 04 (13) 07 (24) 11 (18) 
      
XRCC3241  Thr/Thr 13 (42) 15 (48) 28 (45) 
  Thr/Met 16 (52) 10 (32) 26 (42) 
  Met/Met 02 (06) 06 (20) 08 (13) 

 
 
 
T
clear.  
 

1. hOGG1326 and XRCC1
strand breaks detected by the alkaline comet assay and the in vitro repair phenotype 
assessed b

280
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These data suggest that besides double strand breaks, the single strand breaks induced by IR 
which were not repaired by base excision (deficiency of hOGG1 and or XRCC1), are 
replicated into double strand breaks during the next S-phase and if not repaired (deficiency of 
XRCC3), giving rise to micronuclei in the following mitosis. On the basis of these results, it 
is not possible to select a single genotype for prediction of the individual susceptibility to 
ionising radiation. A combination of genotyping of hOGG1, XRCC1 and XRCC3 
polymorphisms is advised. As an alternative or complement, the in vitro DNA strand break 
phenotype, which integrates several repair pathways, is recommended.  
 
Considering the population studied, their exposure to a mean cumulative dose of 15.7±8.0 
mSv did not induce significant genotoxic effects. Although a slightly higher frequency of TD, 
MNCB and MNMC was observed in the exposed workers compared to the control workers, it 
was not statistically significant. Identification of MN arising from chromosome breakage by 
FISH (Fluorescence In Situ Hybridisation) with pericentromeric probes might have provided a 
more sensitive assay. On the other hand, the study of repair efficiency with the in vitro 
challenge with IR indicates that the in vivo exposed workers repaired their DNA damage more 
efficiently than the control workers. This might be due to the induction of repair enzymes 
(adaptive response) by sub-chronic exposure to low dose IR.  
 
Finally one should underline that workers with variant hOGG1326 or XRCC3241 genotypes 
who also smoke are at higher risk for induction of DNA damage or MN, respectively. These 

obalt

workers who smoke and who are exposed to IR represent a specific population requiring a 
closer medical surveillance because of their increased mutagenic/carcinogenic risk. 
 
C  (Mateuca et al., in preparation) 
 
The potential genotoxic effects of Co-containing dust in workers currently exposed to the 
TLV-TWA (20µg/m3) for cobalt particles alone or associated to carbide particles in hard 
metal (WC-Co) were studied by determination of 8-OHdG in urine, and the comet assay and 
the ex vivo/in vitro MN test in PBMC (De Boeck et al., 2000a). No significant increase of 
genotoxic effects was observed in workers exposed to cobalt-containing dust as compared to 
controls. However multiple regression analysis indicated that workers who smoked and were 
exposed to hard metal dusts have elevated 8-OHdG and MN values. It was concluded that this 
particular group of workers needs closer medical surveillance.  
 
This study aimed at assessing whether at this level of exposure to Co compounds, genetic 
polymorphisms may contribute to explain particularly high or low genotoxic effects, 
providing an improved way to do prevention at individual level. Since our mechanistic studies 
demonstrated the role of oxidative damage and DNA strand breakage in the induction of 
genotoxic effects by Co compounds, we selected several DNA repair polymorphisms 
involved in the repair of the Co-induced DNA lesions. The predictivity of DNA repair 
genotypes on genotoxic effects were analysed by comparison of the genotoxic effects of each 
genotype in exposed versus corresponding controls and by multiple regression analysis taking 
into account, age, exposure type, smoking, and interaction between genotypes, smoking and 
exposure. 

1) Genotype frequencies in exposed and control workers
 

 

bserved genotypes for the hOGG1, XRCC1 and XRCC3 genes are 
ummarized in table 4. 

 
The frequencies of the o
s
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Table 4 a. Distribution of hOGG1, XRCC1 and XRCC3 genotypes in workers exposed to Co and 
matched controls 

Gene Genotype Control (%) Exposed (%) Total (%)

hOGG1 Ser/Ser 10 (66) 15 (68) 25 (68)
Ser/Cys 4 (27) 6 (27) 10 (27)
Cys/Cys 1 (7) 1 (5) 2 (5)

 
Table 4 b. Distribution of hOGG1, XRCC1 and XRCC3 genotypes in workers exposed to WC-Co and 

ched controls 

Thr/Met 8 (53) 9 (41) 17 (46)
Met/Met 4 (27) 6 (27) 10 (27)

mat

 
     

14 (93) 18 (82) 32 (86)
1 (7) 4 (18) 5 (14)

1 (7) 1 (5) 2 (5)
His/His 0 (0) 1 (4) 1 (3)

C 3 (20) 7 (32) 10 (27)

8 1 (54)
Gln/Gln 3 (25) 4 (15) 7 (18)

XRCC3 241 Thr/Thr 6 (50) 16 (59) 22(56)
Thr/Met 5 (42) 9 (33) 14 (36)
Met/Met 1 (8) 2 (8) 3 (8)

 

XRCC1 194 Arg/Arg
Arg/Trp
Trp/Trp 0 (0) 0 (0) 0 (0)

XRCC1 280 Arg/Arg 14 (93) 20 (91) 34 (92)
Arg/His

XRCC1 399 Arg/Arg 6 (40) 10 (46) 16 (43)
Arg/Gln 6 (40) 6 (27) 12 (33)
Gln/Gln 3 (20) 6 (27) 9 (24)

XRC 3 241 Thr/Thr

 
Gene Genotype Control (%) Exposed (%) Total (%)

hOGG1 Ser/Ser 5 (42) 15 (56)  20 (51)
Ser/Cys 6 (50) 10 (37) 16 (41)
Cys/Cys 1 (8) 2 (7) 3 (8)

XRCC1 194 Arg/Arg 12 (100) 26 (96) 38 (97)
Arg/Trp 0 (0)  1 (4) 1 (3)
Trp/Trp 0 (0) 0 (0) 0 (0)

XRCC1 280 Arg/Arg 11 (92) 25 (93) 36 (92)
Arg/His 1 (8) 2 (7) 3 (8)
His/His 0 (0) 0 (0) 0 (0)

XRCC1 399 Arg/Arg 1 (8) 10 (37) 11 (28)
Arg/Gln  (67) 13 (48) 2
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2) Comparison of the genotoxic effects of each genotype in exposed workers versus 
corresponding controls  

me genotype (p = 0,021 and p = 0,035, respectively). 
ignificant differences between genotypes of the same genes were found for XRCC1399 and 

notype being more sensitive), and XRCC3 
he Met/Met genotype being more sensitive).  

 
In the cobalt study no significant difference between control and exposed workers was found 
for any genotype. In the WC-Co study micronuclei frequencies (MNCB) were significantly 
higher in the exposed workers with Arg/Arg genotypes for XRCC1194 or XRCC1280 than in 
corresponding controls with the sa
S
TD of Cobalt controls (the Gln/Gln genotype being more sensitive), for hOGG1 and MNMC 
of the WC-Co exposed population (the Ser/Cys ge
nd 8-OHdG of the WC-Co exposed population (ta

 

3) Multiple regression analysis 
 
When the exposed populations were compared to their corresponding control population, 
taking into account only the significant independent variables (p<0,05), the multiple 
regression analysis indicates that: 
 
-  in workers exposed to Co alone , TD is determined by the interaction between XRCC1 

(280 and 194) and hOGG1, the interaction between smoking and exposure and the 

y the interaction between exposure and smoking, the interaction between 
399 241

interaction between XRCC1194 and smoking. MNCB are determined by smoking status 
and MNMC by hOGG1. The level of 8-OHdG is determined by the interaction between 
XRCC1399 and hOGG1, and age. 

 
- in workers exposed to WC-Co, TD is determined by the interaction between XRCC1280 

and hOGG1. MNCB are determined by exposure status. MNMC are determined by the 
interaction between XRCC3241 and hOGG1, and smoking status. The level of 8-OHdG is 
determined b
XRCC1  and smoking, and XRCC3 . 

 
When the respective exposed groups are compared to the combined control population, the 
multiple regression analysis indicates that: 
 
- in workers exposed to Co alone, TD is determined by the interaction between XRCC1280 

and hOGG1. MNCB are determined by the interaction between XRCC1194 and smoking, 
and the interaction between XRCC3241 and smoking. MNMC are determined by age, 
urinary Co, the interaction between exposure and smoking status, the interaction between 
smoking and hOGG1, and hOGG1. The level of 8-OHdG is determined by the interaction 
between XRCC1399 and hOGG1, the interaction between smoking and hOGG1, the 
interaction between XRCC1399 and exposure, and XRCC1399. 

 
- in workers exposed to WC-Co, TD is determined by the interaction between XRCC1280 

and hOGG1. MNMC are determined by the interaction between XRCC3241 and hOGG1 
and the interaction between exposure and smoking. The level of 8-OHdG is determined by 
the interaction between XRCC3241 and exposure, and XRCC1399. 
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Styrene (Godderis et al., Environmental and Molecular Mutagenesis, submitted) 
 
In this study, a set of biomarkers was applied on workers to evaluate whether low 
ccupational exposure to styrene can cause genotoxic effects and to assess the influence of 

individual susceptibility on the relationship between styrene exposure and genotoxic effect.  
The average styrene exposure was low (9.5 ppm ± 9.6) compared with the current ACGIH 
TLV-TWA for styrene of 20 ppm.   
 
Genotyping was performed for DNA repair genes and for several genes coding for enzymes 
involved in styrene metabolisation (see Table 5).  
 
Correlation and regression analysis revealed a positive association between TD and chromium 
concentration (all under current BEI-TLV of 30 µg/g cr.).  The chromium exposure of the 
referent group is probably originating from a combination of cigarette smoking and diet, since 
no significant chromium exposure could be documented during the production process. Since 
the referent group had a higher chromium concentration compared with the exposed group 
and since the TD in comet assay in this study depends on both styrene-adduct formation and 
chromium exposure, these findings could possibly contribute to explain the absence of a 
significant difference in TD between the exposed and non-exposed population.  
 
Frequencies of MNMC, MNCB and MN in nasal cells differed significantly between the 
exposed and referent group. We could also confirm the effect of age on MN frequencies 
(MNCB).  The frequencies of MNMC and MNCB were higher among the smokers compared 
with non-smokers in the exposed population.  MNMC and MNCB also seemed to be both 
induced by a long styrene exposure.  The positive association between duration of 
employment and frequencies of MNMC and MNCB in our study confirms the fact that MN 
frequencies are good biomarkers for accumulated chromosomal damage (Kirsch-Volders and 
Fenech, 2001).  
 
Lymphocytes of non-smoking styrene workers showed a higher level of residual DNA 
damage after 24 hours in vitro repair after SO induced DNA damage than the non-smoking 
referents.  Moreover, the longer the duration of employment in a styrene environment, the 
more residual DNA damage was found after 24 hours.  In contrast, in-vitro DNA repair after 1 
hour seemed to be enhanced by recent styrene exposure and alcohol. The differences in early 
and late DNA strand break repair phenotype could be due to different lesions and different 
mechanisms repairing them.  Early repair mainly involves the excision of small lesions such 
as oxidised bases and non-bulky adducts by hOGG1 (Lu et al. 2001). In our study we found 
an influence of the hOGG1 polymorphisms on the early DNA strand break repair phenotype 
in the referent population.  Individuals with two hOGG1 Ser326 alleles showed less residual 
DNA damage than individuals possessing one hOGG1 Cys326 allele.  After excision in a later 
phase, the abasic site is restored by endonuclease action, removal of the sugar residue, DNA 
synthesis using the other strand as a template and ligation (Goode et al., 2002).  XRCC1 is a 
group of enzymes involved in this phase.  It has been stated that polymorphisms in base 
excision repair enzymes are important for the removal of styrene induced alkyl-DNA adducts 
and γ-radiation induced DNA damage (Dypbukt et al., 1992;Wood et al., 2001).  The early in 
vitro repair capacity in our study was decreased in individuals with the XRCC1 His280 allele.  
Tuimala et al reported increased frequencies of in vitro bleomycin-induced chromatid breaks 

 lymphocytes of individuals with XRCC1 His280 allele (Tuimala et al., 2002).  However, this 
nding needs to be interpreted carefully and needs further clarification since individuals with 
is XRCC1 codon 280 variant are rare (only 5% in our study population).  In our study, 

o

in
fi
th
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individuals, with the XRCC1 Arg194 allele revealed a decreased late in vitro DNA strand 
break repair capacity.  On the other hand, polymorphisms on XRCC1 codon 194 did not seem 
to influence the results of genotoxicity assays. 
 

Table 5: Distribution of GSTT1, GSTM1, EPHX1, CYP2E1, NAT2, hOGG1, XRCC1
XRCC3 genotypes

Referents Exposed All

+ - + - + -
GSTT1

36(84%) 7 (16%) 37(84%) 7 (16%) 73(84%) 14(16%)

+ - + - + -
GST

GSTM1
25(58%) 18(42%) 16(36%) 28(64%) 41(47%) 46(53%)

Tyr/Tyr Tyr/His His/His Tyr/Tyr Tyr/His His/His Tyr/Tyr Tyr/His His/HisEPHX1

113 17(40%) 24(56%) 2 (4.7%) 23(52%) 15(34%) 6 (14%) 40(46%) 39(45%) 8 (9%)

Arg/Arg His/Arg His/His Arg/Arg His/Arg His/His Arg/Arg His/Arg His/His
EPHX

EPHX1

139 1 (2%) 13(30%) 29(67%) 1 (2%) 13(30%) 30(68%) 2 (2%) 26(30%) 59(68%)

D/D D/C C/C D/D D/C C/C D/D D/C C/CCYP2E Intron

1 6 DraI 33(80%) 8 (20%) 0 (0%) 33(75%) 10(23%) 1 (2%) 66(78%) 18(21%) 1 (1%)

Present Absent Present Absent Present Absent
Nat2 Allele 4

22(52%) 20(48%) 20(48%) 22(52%) 42(50%) 42(50%)

Ser/Ser Ser/Cys Cys/Cys Ser/Ser Ser/Cys Cys/Cys Ser/Ser Ser/Cys Cys/Cys
hOGG1

hOGG1

326 28(65%) 15(35%) 0 (0%) 24(57%) 18(43%) 0 (0%) 52(61%) 33(39%) 0 (0%)

Arg/Arg Arg/Trp Trp/Trp Arg/Arg Arg/Trp Trp/Trp Arg/Arg Arg/Trp Trp/TrpXRCC1

) 0 (0%) 35(83%) 7 (17%) 0 (0%) 69(80%) 17(20%) 0 (0%)194 34(77%) 10(23%

Arg/Arg Arg/Gln Gln/Gln Arg/Arg Arg/Gln Gln/Gln Arg/Arg Arg/Gln Gln/GlnXRCC1

399 22(50%) 16(36%) 6 (14%) 13(31%) 20(48%) 9 (21%) 35(41%) 36(42%) 15(17%)

Arg/Arg Arg/His His/His Arg/Arg Arg/His His/His Arg/Arg Arg/His His/His

XRCC1

XRCC1

280 41(95%) 2 (5%) 0 (0%) 42(95%) 2 (5%) 0 (0%) 83(95%) 4 (5%) 0 (0%)

Thr/Thr Thr/Met Met/Met Thr/Thr Thr/Met Met/Met Thr/Thr Thr/Met Met/Met
XRCC3

XRCC3

241 16(37%) 20(47%) 7 (16%) 17(40%) 18(43%) 7 (17%) 33(39%) 38(45%) 14(16%)
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Frequencies of MNMC and MNBC were lower in individuals with one or two XRCC1 Gln399 
alleles.  The influence of the XRCC1 polymorphisms on genotoxic effects after occupational 
xposure to ionising radiation (see IV.3.a.) seems to confirm our findings.   

howed higher frequencies of MNMC than GSTM1 positive referents.   

 presence of a His  allele in styrene-
xposed subject was associated with increased frequencies of MNMC.  Higher frequencies of 

MN  in individuals possessing one or more His113 alleles.  Our data 
could not reveal an association between EPHX1 activity and TD.  

Exploratory approach of the DNA array microchips 
echn

medi
 
See the
 
IV.5.
susceptibility tests in occupational medicine 

he aim of the research performed by the laboratory of Cell Genetics was to assess the 

n a first approach, validation of the genotoxicity biomarkers (comet assay, micronucleus 

e
 
Subjects, who are GSTT1 negative, showed higher residual DNA damage after 1 hour repair 
of SO induced DNA damage.  This means that SO has been less efficiently detoxified causing 
more DNA damage, which requires more and longer repair.  GSTT1 activity plays a role in 
the metabolism of styrene.  Although, glutathione conjugation is considered as a minor route 
in SO detoxification in humans, it still seems to influence the results of genotoxic assays 
(Haufroid et al., 2002; Shield and Sanderson, 2001).  In our study non-exposed GSTM1 
negative referents also s
 
We found an influence of the EPHX1 polymorphisms in exon 3 and in exon 4 on the 
genotoxic effects in the exposed population.  The 139

e
 in nasal cells were detected

 
IV.4. 
t ology for genotyping and phenotyping in occupational 

cine 

 UCL (promotor D. Lison) part of this report. 

 Study of the ethical and legal aspects of the use of 

 
During this programme, we were in constant contact with our legist partners of the UCL 
(promotor P. Vielle), and exchanges of information and opinions took place during several 
meetings.  
 
 
V. DISCUSSION   
 
T
predictivity of genotyping for DNA repair genes and phenotyping for single strand breakage 
DNA repair (in association with genotyping for relevant metabolising genes) for genotoxic 
effects in workers exposed to mutagens/carcinogens. 
 
This objective was applied to three occupational exposures: low chronic exposure to ionising 
radiation (nuclear power plant workers), styrene, and cobalt-containing dust. These studies 
were performed in collaboration with our colleagues from the RUG, KUL and UCL 
respectively. 
 
I
assay) was completed, methodologies for genotyping of Base Excision Repair genes (hOGG1 
and XRCC1) and double strand DNA break repair (XRCC3) were developed, and the 
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applicability of the comet assay for the in vitro phenotyping of strand break repair was 
assessed. 
 
The rkers for the styrene and the ionising radiation population 

ere well known from literature, but not well established for cobalt and tungsten carbide in 

in vitro in human lymphocytes and in vivo in rat lung cells 
by 
the Ph.
micronuclei assessed by the cytochalasin-B assay are sensitive biomarkers for exposure to 
cob -
 
The pr
exposed individuals can be summarized as follows:  
 

1. 

 choice of the adequate bioma
w
association with cobalt. Therefore, mechanistic studies were undertaken to determine which 
cytogenetic effects were induced 

cobalt alone, or cobalt in association with tungsten carbide. These studies, summarized in 
D. of Marlies De Boeck, demonstrated that tail DNA assessed by the comet assay and 

alt containing dust. 

edictivity of the genotyping and phenotyping for genotoxic effects in occupationally 

Nuclear plant workers  

k between genotype and genotoxic endpoints as a result of exposure to IR is relative
 

The lin ly 
clear.  
 

• 
 the cytochalasin –B assay. 

• XRCC3  influences the repair of double strand breaks expressed as MNCB in 

 select a single genotype for prediction of the 
di u  to ionising radiation. A combination of genotyping of hOGG1, 

XRCC1 and XRCC3 polymorphisms is advised. As an alternative or complement, the in vitro 

her frequency of TD, 

• hOGG1326 and XRCC1280 seem to influence the repair of oxidative base and single 
strand breaks detected by the alkaline comet assay and the in vitro repair phenotype 
assessed by the same technology.  
XRCC1280 influences the induction of double strand breaks expressed as MNMC in 
mononucleated peripheral blood lymphocytes (PBMC) in

241

binucleated PMMC in the cytochalasin-B assay.  
 

These data suggest that besides double strand breaks, the single strand breaks induced by IR 
which were not repaired by base excision (deficiency of hOGG1 and or XRCC1), are 
replicated into double strand breaks during the next S-phase and if not repaired (deficiency of 
XRCC3), giving rise to micronuclei in the following mitosis.  
 
On the basis of these results, it is not possible to
in vid al susceptibility

DNA strand break phenotype, which integrates several repair pathways, is recommended.  
 
Considering the population studied, their exposure to a mean cumulative dose of 15.7±8.0 
mSv did not induce significant genotoxic effects. Although a slightly hig
MNCB and MNMC was observed in the exposed workers compared to the control workers, it 
was not statistically significant. Identification of MN arising from chromosome breakage by 
FISH (Fluorescence In Situ Hybridisation) with pericentromeric probes might have provided a 
more sensitive assay. On the other hand, the study of repair efficiency with the in vitro 
challenge with IR indicates that the in vivo exposed workers repaired their DNA damage more 
efficiently than the control workers. This might be due to the induction of repair enzymes 
(adaptive response) by sub-chronic exposure to low dose IR.  
 
Finally, one should underline that workers with variant hOGG1326 or XRCC3241 genotypes 
who also smoke are at higher risk for induction of DNA damage or MN, respectively. These 
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workers who smoke and who are exposed to IR represent a specific population requiring a 
closer medical surveillance because of their increased mutagenic/carcinogenic risk. 
 

2. Cobalt/hard metal workers 
 
Confirmation on larger populations is needed before drawing definitive conclusion. As major 
findings, one may underline that: 

• Workers who are of Arg/Arg genotypes for XRCC1194 or XRCC1280 and who are 

• MNMC are determined by hOGG1 in cobalt-exposed workers but not in WC-Co 
exposed workers; on the contrary the interaction between hOGG1 and XRCC3 is 
significant only in the WC-Co exposed workers. This might suggest that double strand 
breakage is more frequent in WC-Co exposed workers than in Co-exposed workers. 

• MNCB are significantly related to the interaction between smoking with XRCC1194 

and XRCC3 in Cobalt exposed workers.  
• The level of 8-OHdG in urine is positively correlated to the interaction between 

hOGG1 and XRCCI399 and negatively correlated with XRCC1399 in Co-exposed 
workers. This could be expected since the more efficient the repair of oxidative DNA 
damage, the more oxidised bases are found in the urine. This however means that 8-
OHdG in urine is only an indirect measure of exposure. 

 

These results indicate that polymorphisms for genes which code for repair enzymes capable 
to repair oxidized bases (hOGG1), single stranded DNA breaks (XRCC1) and double 
stranded DNA breaks (XRCC3) are involved in the variation of the extent of genotoxic effects 
induced in workers exposed to Co-containing dust. Interactions between these polymorphisms 
seem critical and therefore no single genotyping can be advised in particular. Moreover, the 
interaction with smoking is a key factor, which is not surprising since smoking itself can 
induce oxidative damage. 
 

3. Styrene workers

exposed to WC-Co might be at higher risk for induction of micronuclei, and therefore 
of cancer. 

• TD is significantly determined by the interaction between hOGG1 and XRCC1280, in 
both the Co and WC-Co exposed workers, confirming the fact that the Base Excision 
Repair pathway of oxidative damage is triggered by exposure to cobalt-containing 
dusts.  

 
 

The study on workers exposed to styrene and matched referent workers was performed in 
order to examine the importance of genetic polymorphisms in biotransformation and DNA 
repair enzymes on N-terminal Hb adducts levels and genotoxic effects.   
 
Frequencies of micronuclei (MNMC and MNCB) in lymphocytes, and in nasal cells differed 
significantly between the exposed and referent group.  Individuals with a high level of N-
terminal valine adducts revealed higher TD as evaluated by Comet assay.  The in vitro strand 
break repair capacity after 24 hr was less efficient in lymphocytes of non-smoking styrene 
workers.  Duration of employment in a styrene environment was positively associated with 
most of the results of the genotoxicity assays (MNMC, MNCB, RD 24hr).  The influence of 
genetic polymorphisms of metabolising and repair enzymes on the Hb-adduct and results of 
the genotoxicity tests was also studied.  Hand laminators possessing one or more EPHX1 
His113 allele showed higher frequencies of micronuclei in nasal cells than homozygote 
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individuals EPHX1 Tyr113.  Higher frequencies of micronuclei in mononucleated cells were 
associated with the presence of EPHX1 His139 allele.  Individuals possessing one or more 
XRCC1 Gln399 allele showed higher frequencies of MNMC and MNCB.  Analysis of the in 
vitro DNA strand break repair phenotype data showed a faster onset of DNA repair after 1 
hour in individuals heterozygous for XRCC1 Arg280 and in individuals possessing GSTT1.  
Higher residual DNA damage 24 hours after in vitro styrene oxide exposure was found in 
individuals homozygous for XRCC1 Arg19

 
In conclusion, our data suggest that chromosome/genome mutations are formed in workers 
exposed to low concentration of styrene. Duration of exposure, age and smoking habits are 
important variables to consider in studies evaluating genotoxic effects on workers.  
Genotyping of metabolising and DNA repair enzymes are useful for the assessment of 
individual genotoxic risk to styrene.  The in vitro DNA strand break phenotype might be a 
valuable method to estimate the repair capacity of workers. 
 
 

4 than heterozygous individuals. 
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1 Influence of genetic polymorphisms on biomarkers of exposure and 
genotoxic effects in styrene-exposed workers. 
 
1.1. Introduction 
 
1.1.1. Context and frame of the research 
 
To date, cancer risk is assessed mainly through epidemiological follow-up and investigation 
of exposure-effect relationships (e.g. genotoxicity endpoints) at population levels.  However, 
individual characteristics may influence this relationship and appear to have a significant 
influence on the development of cancer.  In order to improve cancer risk assessment in 

orkers exposed to low levels of carcinogens it has become more and more clear that it is 

yl adducts, may be important for the determination of an 
dividual cancer risk (Maki-Paakkanen et al. 1991; Marczynski et al. 2000). Different genetic 

ibed.(Hu et al. 2002)  hOGG1 is involved in 
age. The XRCC1 repair system plays an 

ion repair and in rejoining DNA strand breaks. Three 

evaluate whether low level exposure to 
sessed with well validated methods for measuring 

xposure and genotoxic effects; 2) to examine whether individual differences in genotoxic 

w
necessary to include the identification of genotypes and phenotypes of enzymes involved in 
metabolism and DNA repair (Mohrenweiser et al. 2003; Mutti 1999).   
 
Styrene causes its genotoxic effects predominantly through the formation of styrene oxide 
(SO). Styrene has been suspected to be a causal agent for lympho-hematopoietic malignancies 
(Kogevinas et al. 1994; Kolstad et al. 1994). The fate of styrene in humans with respect to 
uptake and disposition is well understood (Sumner and Fennell 1994). The first step in the 
major metabolic pathway is the formation of styrene 7,8-oxide (SO) by the cytochrome P450-
mediated monooxygenase system (CYP). SO is hydrated to styrene glycol by microsomal 
epoxide hydrolase (EPHX1) or conjugated with glutathion in enzyme-catalyzed reactions 
(glutathion S-transferases, GST). Different studies indicated the importance of inter-
individual variability in styrene biotransformation enzymes activities (Vodicka et al. 2001; 
Vodicka et al. 2002). DNA repair enzyme polymorphisms, in particular those capable to 
repair oxidative damage and/or alk
in
polymorphisms in DNA repair have been descr
base excision repair of 8-oxoguanine oxidative dam
mportant role in base excisi

polymorphisms in XRCC1 (Arg194Trp, Arg280His, and Arg399Gln) have been described 
(Tuimala et al. 2002). XRCC3 is involved in the homologous recombinational repair of cross-
links and chromosomal double-strand breaks (Brenneman et al. 2000).  
 
1.1.2. Aims of the research 
 

he aims of the present study were therefore: 1) to T
styrene can induce genotoxic effects as as
e
responses can be explained by genetic polymorphisms in genes coding for enzymes involved 
in styrene metabolism and/or DNA repair. 
 
 
1.2. Methods 
 
1.2.1. Sampling 
 
The survey was carried out in 2000-2001 and was a co-operation between the KUL, VUB and 
UCL. Styrene-exposed male workers (n=44) from a fibreglass-reinforced plastic factory 
volunteered to participate in this study.  A referent group of 44 male production workers was 
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selected from two plants in the same region.  An attempt was made to match the exposed and 
referent groups for age (41.6 ± 9.6, 40.9 ± 9.0), smoking habits (48% smokers in both 

roups), socio-economic status and ethnical origin (all Caucasian).  Every participant filled in 

 
 

n urine were determined because some colour additives, containing lead chromate, 
ere sometimes used during the production process of plastic containers.  

re 
g a cell brush (Accellon Multi, Medesign, Germany) after gently rinsing the nose 
gical saline (Sterimar, Rhone-Poulenc Rorer, Belgium). Micronucleus scoring in 

 strand break repair assay were only performed in a subgroup 
mokers.  

 referent workers were analysed for levels of 

ed as frequencies 
f micronucleated binucleates per 1000 binucleates (‰ MNCB) and of micronucleated 

mononucleates per 1000 mononucleates (‰ MNMC) and number of micronucleated cells per 

g
a questionnaire recording items such as age, life-style factors (alcohol consumption, smoking 
habits), duration of employment in styrene-using industry and medical history.  The main 
characteristics of the study population are presented in Table I.  Recent exposure to tobacco 
smoke was evaluated by the determination of cotinine in urine. Packyears, calculated as the 
number of cigarettes smoked a day divided by 25 and multiplied by the number of years
smoking, was used as a measure for chronic cigarette smoke exposure.  Lead in blood and
chromium i
w
 
During 3 months urine samples were collected every Thursday at the end of the shift for all 
exposed participants. Mandelic acid (MA) concentration was determined in the collected 
urine as described elsewhere (Severi et al. 1994a) and styrene airborne exposure (ppm) was 
then calculated as follows: styrene exposure(ppm)=0.065*MA(mg/gr cr.) - 3.6 (Ikeda et al. 
1982). Weekly urine sampling of participants continued until blood and nasal cells were 
collected for N-terminal valine adducts determination, genotyping and genotoxicity assays.  
The average styrene exposure per participant over the 3 months was calculated and was used 
as a parameter of exposure during the previous months.  The recent styrene exposure is the 
calculated exposure based on MA on the day of blood sampling.  Blood samples were taken 

y venipuncture in heparinized Vacutainer and EDTA tubes. Nasal mucosa cells web
sampled usin

ith physiolow
nasal cells and the DNA
consisting solely of non-s
 
1.2.2. Measurements and analysis procedure 
 
Haemoglobin-adduct determination 
 
N-terminal valine adducts were analysed by Gas Chromatograph-Mass spectrometry 
(Hewlett-Packard 6890 series gas chromatograph equipped with an autosampler and a 5973 
series mass selective detector) according to the protocol described by Severi et al. (Severi et 
al. 1994b).  The calibration curve for the analytical method was linear with a limit of 
detection of 1 pmol/g globin.  A value of 0.5 pmol/g Hb was used in statistical analysis for N-
terminal valine adducts levels under detection limit.  
 
Genotoxicity assays and in vitro repair phenotype 
 

icoll-Paque isolated PBMC from exposed andF
DNA breaks/alkali-labile sites using the alkaline version of the comet assay with 
modifications as described by De Boeck et al. (De Boeck et al. 1998) including internal 
standards of untreated and EMS-treated K562 cells (De Boeck et al. 2000b).  Percentage of 
DNA in the tail (TD) was recorded as DNA migration parameter.  For details on the 
methodology we refer to the report of the VUB.  Whole-blood cultures and nasals slides were 
prepared and processed for scoring of micronuclei as described in De Boeck et al. (De Boeck 
t al. 2000a).  For details we refer to the report of the VUB.  Data are presente

o
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1000 cells (MN). All slides were analysed with an Olympus light microscope (1250x 
agnification). 

city, 
ells were treated with SO (0.1mM) during 1 hour.  After removal of the SO, cells were either 

re and after SO treatment, cells were harvested and 
omet slides were prepared (4 sets of 2 slides per person). For details we refer to the report of 

TM1null or 
STT1null).(Arand et al. 1996)  Two common EPHX1 polymorphisms were detected in exon 

rt UCL).  The following gene 
olymorphisms of DNA repair enzymes were investigated: hOGG1 (Ser326/Cys326), XRCC1 

e mean recent styrene exposure was 12.4 ± 16.6 

e levels since both 

der the current biological exposure limit defined by the 
 cr) (ACGIH 2003).  In the selected subgroup of non-smokers, there were 4 
hromium concentration in urine above the reference value. 

m
 
For the determination of the in vitro strand break repair phenotype, cultures of isolated PBMC 
were prepared and incubated at 37°C for 24h.  To determine the in vitro DNA repair capa
c
immediately processed for the comet assay or further incubated to allow DNA repair during 1 
or 24h.  Thus, at different time points befo
c
the VUB. 
 
Genotyping analysis 
Blood samples were obtained in EDTA tubes from all participants in order to perform 
genotyping analyses.  CYP2E1 intron 6 DraI genotypes (alleles D and C) were assayed with a 
PCR-RFLP-based method described in the report of the UCL (Haufroid et al. 1998).  GSTM1 
and GSTT1 polymorphisms were analysed by the method described by Arand et al. (1996) 
which allows detection of individuals with an homozygously deleted gene (GS
G
4 (His139/Arg139) and exon 3 (Tyr113/His113) (see repo
p
(Arg194/Trp194, Arg280/His280, and Arg399/Gln399), and XRCC3 (Trp241/Met241).  All genotype 
analyses were performed using PCR-RFLP.  For details we refer to the report of the VUB.  
 
1.3. Results 
 
1.3.1. Styrene exposure 
 
The data on styrene exposure are presented in Table I.  As shown in Figure 1 the exposure per 
sample week was not constant over time (ANOVA, p<0.0001).  There were some weeks with 
high exposure moments (MA of 393.8 ± 355.2 mg/g cr corresponds with a styrene 
concentration of 29.2 ± 26.7 ppm) followed by weeks of low styrene exposure (MA of 102.9 
± 120.7 mg/g cr corresponds with a styrene concentration of 3.09 ± 4.2 ppm).  Figure 2 shows 
the average styrene exposure in the exposed population.  The calculated average styrene 
exposure of the exposed population was 9.5 ppm ± 9.6.  All referents had a mandelic acid 
oncentration below the detection limit.  Thc

ppm.  There was a statistically significant positive correlation between average styrene 
exposure and recent styrene exposure (r=0.802, p<0.001).  Although there was a minor job 
otation, workers with longer seniority were exposed to higher styrenr

exposure parameters also correlated positively with the duration of employment (r=0.830, 
p<0.001; and r=0.701, p<0.001 respectively).   
 
The results of lead concentration in blood were all under the reference value (15 µg/100ml) 
(Lauwerys and Hoet 2001).  In the exposed and referent group, 3 and 7 individuals 
respectively showed chromium in the urine above reference value (1 µg/g cr.) (Lauwerys and 

oet 2001), but still were all unH
ACGIH (30 µg/g
eferents with a cr
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1.3.2. Genotyping results 
 
The genotype frequencies were not significantly different from that predicted by the Hardy-
Weinberg equation.  There was no statistically significant difference between exposed and 
referent groups in the frequency of polymorphisms (Chi-square and Fisher exact tests).  
 
1.3.3. Differences between referent and exposed population: N-terminal valine adducts 
concentration and genotoxicity assays 
 
N-terminal valine adducts concentration  
 
There was no significant difference for N-terminal valine adducts between the styrene-
exposed workers and referents (Table II).  Smokers and non-smokers did not exhibit different 
evels of N-terminal adducts (M-W U, p=0.425).  Considering data of the exposed popull ation 

al valine adducts and DNA damage as evaluated by 

ple linear regression using the whole data set and using the data of referent and exposed 

 low (9.5 

only, no significant effect of smoking or exposure could be detected.  Constructing a multiple 
linear regression model with Hb adduct levels of all participants revealed a significant 
positive influence of recent styrene exposure (R2=0.064, slope=0.095, p=0.017).   
 
Genotoxicity assays and in vitro DNA strand break repair phenotype 
 
For the detailed results of the genotoxicity assays and the in vitro DNA strand break repair 
phenotype, we refer to the report of the VUB.  We found a significant positive correlation 
r=0.29, p=0.008) between N-termin(

alkaline comet assay by measuring % of Tail DNA (TD).  Although none of the participants 
showed a urinary Chromium concentration above exposure limit, correlation analysis showed 
a positive association between TD and urinary Chromium concentration (r=0.34, p=0.002).  In 
the multiple linear regression analysis, both predictors (N-terminal adduct, slope=0.017; and 
urinary Chromium concentration, slope=0.042) revealed a significant positive influence on 
TD (R2=0.18, p<0.001).  Similar results (R2=0.35, p<0.001) were found when considering 
only the data of the exposed population (N-terminal adduct, slope=0.022; and urinary 
Chromium concentration, slope=0.134)).   
There were no significant associations between N-terminal valine adducts and any of the 
measure endpoints: micronucleus (MN) frequencies in binucleated (CB), mononucleated 
(MC) lymphocytes and in nasal cells (only determined in a subgroup of non-smoking 
subjects); and the in vitro repair phenotype. 
 
1.3.4. Influence of genotypes on levels of N-terminal valine adducts, results of 
genotoxicity assays and in vitro DNA strand break repair phenotype. 
 
The influence of genotypes on N-terminal valine adducts, results of genotoxicity assays and 
DNA strand break repair phenotype was evaluated by M-W U.  None of the considered 
polymorphisms of biotransformation enzymes did influence N-terminal valine adduct levels.  
Multi
group separately could not reveal any significant influence of the considered genotypes of 
metabolizing and repair enzymes. 
 
1.4. Discussion 
 
In this study, a set of biomarkers was applied on workers to evaluate whether low 
occupational exposure to styrene can cause genotoxic effects and to assess the influence of 
individual variability on the genotoxic effects.  The average styrene exposure was

 41



ppm ± 9.6) compared with the current ACGIH TLV-TWA for styrene of 20 ppm.  We were 
ot able to detect a significant difference in N-terminal Hb adduct levels between the exposed 

r, multiple regression analysis showed that the N-
terminal Hb-adduct level was positively associated with recent styrene exposure (in ppm).  
Increased N-terminal adduct levels d in studies
exposures above or around h ou 9 d tha
adduct levels correlated wit n ndelic a  (C ul  et 
al. 1993b). The mean MA concentration in that study was 9.5 mmol/L, corresponding to a 
styrene exposure of 75 ppm   Fustinoni et al. found a significant difference in Hb adduct 
levels between workers and controls when the dat rkers were stratified for 
exposure (average estimate  p i akopoulo 3a  e al. 

r results indicat ig e l of N- alin s a ve 
d cannot be detec cc  s rene exp w (± ).   

orrelate h N-term addu  level.  A  nd 
) could not reveal an association between N-

 and (Vodic  al. 1999). In an earlier study a significant 
n O6-dG-styrene adduct levels and amounts of DNA strand 

5) terminal Hb adduct levels can be used as surrogates for DNA 
h relation  betw en TD a al els 

e DN amage in the form f single u of 
rene A.  

ssion analysis r vealed a po iation be n TD and chrom
ll under cu TL  ium re o

t, since 
 

ent in chrome-plating workers (urinary 
n-exposed individuals (Gambelunghe et al. 

rmed during the reductive conversion of 
lik 2000). Since the referent group had a higher 

chromium concentration than the exposed group and since the TD in comet assay in this study 
depends on both styrene-adduct formation and chromium exposure, these findings could 
possibly also contribute to explain the absence of a significant difference in TD between the 
exposed and non-exposed population. 
 
Neither univariate analyses nor multivariate analyses could reveal an influence of the 
genotypes of biotranformation enzymes on the results of the N-terminal valine adducts. The 
relation between low ambient styrene exposure and the results of N-terminal adduct levels, 
genotoxicity assays and in vitro repair capacity respectively in workers does not seem to be 
influenced by the genotype.  This could be due to a lack of statistical power in a study of this 
size. 
 
In conclusion, we can state that low exposure to styrene (under current TLV) induces 
genotoxic effects in workers as assessed by well validated methodologies: N-terminal valine 
adducts, Comet assay, MNMC, MNCB and nasal MN.  Individuals with a higher biologically 
effective dose (evaluated by haemoglobin adducts) showed a higher percentage of single-
strand breaks. It is clear that the influence of polymorphisms in metabolising and DNA repair 
enzymes on genotoxicity needs further clarification. Therefore, biomonitoring studies on a 
high number of genotyped individuals are necessary to explore these relationships.  

n
and the referent populations.  Howeve

have been mainly foun  with occupational 
 the current TLV.  C ristakop los et al. (19 3) foun t Hb 
h the conce tration of ma cid in urine hristakopo os

.
a for the wo high 

d was 23.5 pm) (Chr st s et al. 199 ; Fustinoni t 
1998). Ou
backgroun

e that a s
ted when o

nificant l
upational

ve
ty

terminal v
osure is lo

e adduct
 10 ppm

bo

 
We found that TD c d wit inal ct  3 year follow-up study in ha
lamination workers (exposed to 10-50 ppm
terminal Hb adducts SSB ka et
correlation was reported betwee
breaks.(Vodicka et al. 199
adducts (Farmer 1995).  T

.  N-
e cor found e nd N-termin  Hb adduct lev

could indicate that th
 binding of sty

A d
to DN

 o  strand breaks was a res lt 
covalent
 
Correlation and regre e sitive assoc twee ium 
concentration (a rrent BEI- V of 30 µg/g cr.). The chrom  exposu f the 
referent group is probably originating from a combination of cigarette smoking and die
no significant chromium exposure could be documented during the production process. 
Recent research showed an increase in Tail Mom

 noChromium: 7.31 µg/g cr. ± 4.33) compared with
en stated that SSB are fo2003). It has be

hromium(VI) in the cells (Blasiak and Kowac
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1.5. Tables and Figures 
 
Table I: Characte stics of the study pu

gr Exposed group (n=44) 

ri  po lation 

Referent oup (n=44)  
Mean ± SD Range n (%) Mean ± SD Range n (%) 

Age (years) 40.9 ± 9.0 , 22.0-58.0 , 41.6 ± 9.6 21.0-59.0 
Smoking , , 

Smok , ) ers , 21 (48%) , , 21 (48%
Pack 1 ± 3. , yearsa 6.8  9.7 1.3-3 6 , 13.7 ± 10.5 0.24-35.0 
Cotin 0.9 ± 1.1 ND-3.0 , 1.9 ± 1.0 ND-4.8 ine in urine (mg/l) , 

Expo , , sure data 
Average mandelic acid (mg/g cr.) ND ND  201.6 ± 148.3 ND-618.2  
Calcu Nlated styrene exposure (ppm) D ND , 9.5 ± 9.6 ND-36.6 , 
Calcu ure (ppm) ND ND , 12.4 ± 16.6 ND-73.0 , lated recent styrene expos
Calcu
(ppm

Nlated maximum styrene exposure  
) 

D ND , 31.0 ± 28.8 1.5 ± 116.6  

Duration of em
environment (

170.7 ± 123.8 7.0-455.0 , ployment in styrene  0.0 0.0 , 
months) 

Lead in blood 1.7-15.0 0 (0%)b 4.6 ± 1.7 2.1-10 0 (0%)b (µg/dl) 5.4 ± 3.1 
Chromium in urine (µg/g cr.) 1.2 ± 3.1 0.05-18.6 7(16%)c 0.5 ± 0.9 0.1-5.1 3 (7%)c

apackyears only calculated for the current smokers: ((number of cigarettes/day)*years 

bnumber (%) above reference value (15 µg/100ml) 
cnumber (%)above reference value (1 µg/g cr.) 
ND= not detected 
 

smoking)/25 
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Table II: N-terminal adduct levels and biomarkers of genotoxicity 

Referents Exposed M-W U  
n Mean ± SD Range n Mean ± SD Range p-value 

N-terminal adduct level (pmol/g hb) 44 3.08 ± 3.30 ND-13.0644 5.23 ± 3.49 ND-25.52 0.131 

Comet assay: TD (DNA % in tail) 44 0.80 ± 0.34 0.20-1.62 37 0.80 ± 0.31 0.15-1.60 0.878b

MNMC (MN/1000 mononucleated  
lymphocytes) 

41 0.11 ± 0.20 0.00-0.60 38 0.71 ± 0.88 0.00-4.00 <0.001 

MNCB (MN/1000 binucleated  
lymphocytes) 

41 2.65 ± 1.94 0.00-10.0038 3.93 ± 2.75 0.00-13.50 0.02 

MN Nasal (MN/1000 nasal cells)a 17 0.23 ± 0.31 0.00-1.00 23 0.52 ± 0.49 0.00-1.50 0.04b

RD 1h (% residual DNA damage  
1 hour after in vitro SO)a

17 100.53 ± 9.43 86.53-12417 98.41 ± 16.7038.53-115.25 0.71 

RD 24h (% residual DNA damage  
24 hours after in vitro SO)a

17 13.35 ± 9.96 -0.54-33.017 40.55 ± 38.821.82-108.92 0.04 

a only determined in a subgroup of non-smoking individuals 
b p-value of unpaired T-test 
 
 
 
Figure 1: Evaluation of MA concentrations (mg/g cr.) per week in exposed workers 
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Figure 2: Distribution of average styrene exposure (ppm) in exposed workers (n=44) 
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2. Opioid analgesics. 
 
2.1. Introduction 
 
2.1.1. Context and general frame of the research 
 
Fentanyl, sufentanil and alfentanil are members of the 4-propananilido-piperidine class of 
synthetic narcotic analgesics. These opioid compounds are more potent than the prototype 
analgesic morphine, and are less likely to produce complicating adverse effects upon acute 
administration. As a result of these properties, these drugs are among the most widely used 
agents to produce surgical anesthesia (Valaer et al., 1997). Pharmacological properties of the 
opioid analgesics include the induction of analgesia, sedation, respiratory depression, 
bradycardia, miosis and truncal rigidity. 
In humans fentanyl, sufentanil and alfentanil are extensively metabolized and only a few per 
cents of the original doses are excreted unchanged in urine. The main metabolic pathway of 
the opioid analgesics is the CYP3A4 mediated oxidative N-dealkylation at the piperidine 
nitrogen, resulting in the formation of nor-metabolites (Fig. 1) (Goromaru et al., 1984, 
Meuldermans et al., 1988). Research has shown that a wide range of activities of this 
CYP3A4 enzyme exists in human populations potentially inducing inter-individual variability 
in drug metabolism and clearance. 
 
Prior to formulation in various dosage devices, fentanyl, sufentanil and alfentanil are 
synthesized as neat chemicals. As with other pharmaceutical ingredients that are specifically 
designed to modify biological function, production workers can be placed at risk of 
experiencing pharmacological effects if exposures are not adequately controlled. Following 
xposure, primary adverse effects of the opioid analgesics may include dose-related sedation, 
ssociated with a risk of acute or delayed respiratory depression, bradycardia and hypotension 

limit and control the potential exposure and the health risk 
ssociated of workers engaged in the synthesis and formulation of these potent narcotics, 

 to industrial hygiene measurements, primarily 

the 
lipo
abs of exposure. 

ind he 

ind
 

ve 
een reported. Among these assays, techniques based on immunological principles and 

, including both liquid and gas chromatographic separations with 
iverse detection systems, are most widely used (Fryirsa et al., 1997, Dotsikas et al., 2002, 

e
a
(Willens et al., 1993). To 
a
monitoring programs are required. In addition
focussing on the assessment of respiratory exposure, biological monitoring aims at assessing 

individual workers’ uptake of the compound and the related risk. In view of the highly 
philic nature of especially sufentanil and fentanyl and to a less extent of alfentanil, 
orption through the skin could present an important concomitant route 

Moreover, fentanyl and alfentanil metabolism and clearance may be subject to inter-
ividual variability (Kharasch et al., 1977, Labroo et al., 1977), and selecting t

appropriate biomarker of exposure could potentially provide additional information on the 
ividual susceptibility of exposed workers. 

Several assays for measuring fentanyl-like compounds in biological fluids of patients ha
b
instrumental techniques
d
Dufresne et al., 2001, Choi et al., 2001, Mautz et al., 1994, Shou et al., 2001). Monitoring 
methods for the detection of occupational exposure to opioid analgesics are not reported in the 
literature. In order to measure ultra low levels of the fentanyls and their major metabolites in 
urine, which might be expected after occupational exposure, new and sensitive analytical 
methods had to be developed and validated. 
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Fig. 1: Structure of fentanyl, sufentanil and alfentanil and their major metabolites formed through CYP3A4 mediated 

oxidative dealkylation. 
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2.1.2. Aims of the research 
 
The aims of the present study therefore were: 

) To develop and comprehensively validate highly sensitive gas chromatographic-mass 

3A4 mediated 
xidative N-dealkylation at the piperidine nitrogen, resulting in the formation of nor-

 Research has shown that a wide range of activities of this CYP3A4 enzyme 

Noralfentanil

(1
spectrometric (GC-MS) analytical methods to detect ultra low levels of fentanyl, alfentanil 
and sufentanil in environmental samples and to determine these opioid analgesics and 
their metabolites in urine of potentially exposed opioid production workers. 

(2) To conduct a field study in which the above developed methods were applied to measure 
external and internal exposure levels of pharmaceutical production workers to fentanyl. 

(3) To identify and validate a relevant biomarker for inter-individual variability in workers’ 
opioid metabolism and clearance and to test the hypotheses indicated in the theoretical 
frame. 

(4) To screen pharmaceutical production workers for acute or chronic neurological effects. 
 
2.2. Theoretical frame 
 
The main metabolic pathway of fentanyl, alfentanil and sufentanil is the CYP
o
metabolites.
exists in human populations. The enzyme activity can be investigated in vivo in patients 
treated with the opioid analgesics during surgery or for chronic pain disorders. The clearance 
of the drugs will be used as metabolic probes for CYP3A4 activity. In workers this method 
would not be applicable. Therefore, an alternative methodology will be adopted, using 
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endogenous steroid substrates and metabolites (e.g. 6-β-hydroxycortisol/cortisol) as metabolic 
probes (Joellenbeck et al., 1992). This method has to be validated in a pilot study in patients 

eated with the drugs by comparing the results obtained with both substrates. tr
In this framework the following hypotheses will be tested: 
• “The possible individual susceptibility to the opioids caused by CYP3A4 deficiency, can 

be evaluated directly by measuring the metabolising rate of these opioids themselves and 
indirectly by measuring the metabolising rate of endogenous hormone substrates of the 
same enzyme”. 

• “Workers with reduced activity in the opioid metabolizing enzyme CYP3A4 are more at 
risk of experiencing neurological effects as measured by the neurotoxicological end-points 
in this study”. 

 
2.3. Methods 
 
2.3.1. Sampling 
 
Pilot study in patients 
 
In order to evaluate intra- and inter-individual differences in drug metabolizing capacity, a 
pilot study was undertaken involving 50 patients treated with fentanyl for the relieve of 
chronic cancer related pain. In this group the clearance of the drug will be used as a probe for 
the phenotypic polymorphism in CYP3A4. 
Urine samples were collected from each patient at three consecutive days on which a constant 
fentanyl nominal dose was administered through the application of Durogesic® Patches. 
Urine samples consisted of a spot sample or a 24h-collection, depending on the mental and 
physical status of the patient. After collection, the urine samples were stored at –30°C until 
fentanyl and norfentanyl analysis was performed. For each patient the actual fentanyl dose 
administered was measured through the analysis of residual fentanyl content in the removed 
Durogesic® patches. 

rkers
 
Field study in wo  

aceutical industry to control the 
tion workers, low-level background exposures to these substances with 
sures were demonstrated to occur in previous research. 

ich tasks were performed involving the neat finely 
ivided fentanyl powder, the production workers were equipped with a Mururoa® personal 

 filters (Pall 

 
A detailed survey was conducted in a pharmaceutical production department in December 
2001. During a three weeks fentanyl production campaign, four workers were monitored, of 
whom two operators were directly involved in fentanyl production, one worker was charged 
with surveillance and one operator was involved primarily in sufentanil synthesis. Despite 
ignificant measures that have been taken by the pharms

exposure of produc
ncidental peak expoi

During fentanyl production cycles at wh
d
protective suite and independent air supply. At these occasions external exposure monitoring 
was performed inside the protective suite. All other tasks were executed using routine 
protective measures as coveralls, special shoes, gloves and occasionally safety masks and at 
all these occasions, sampling was performed outside the protective equipment. 
 
Air sampling 
Personal inhalable exposure was measured by means of a IOM sampling head mounted near 
the breathing zone of the worker. For each worker 2 personal air samples were taken daily 
during each half shift and supplementary short duration samples were taken at special high 
risk related tasks. Total airborne particulate matter was collected on glass fibre
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Corporation) with air samplers (Gilair 5 ®, Sensidyne Inc.) at a flow of 2,0 ml/min. Filters 
ere stored at –30°C until fentanyl analysis. 

a 
alf shift at occasions on which high risk related tasks were performed. At the end of this half 

 wipes were taken as described hereafter. The second survey involved the 
stimation of total dermal body exposure through a simple hand wiping protocol. In this 

 (i) in the morning at arrival on the 
b, (ii) at the end of the first or at the beginning of the second half shift and (iii) at the end of 

of the collected samples and the excretion periods were 
gistered. As soon as possible after collection, the urine samples were stored at –30°C until 

 
te

w
 
Dermal sampling 
Dermal exposure to fentanyl was measured in two surveys. The first survey focussed on the 
quantification of fentanyl exposure distribution across the body and served to select the most 
appropriate body part to be sampled in the estimation of total dermal body exposure. In this 
survey five sampling patches were placed on different locations of the body: arm, back, chest, 
neck and lower leg (fig. 2). The sample patches consisted of a transparent dressing with an 4 x 
2,5 cm absorbent pad (OpSite, Smith & Nephew Medical Limited) and were worn during 
h
shift also hand
e
survey the operators involved were asked to wipe their finger tops with a swab previously 
immersed in isotone saline and subsequently repeat this action with an alcohol-wetted wipe. 
All patches and hand wipes were transferred to individual extraction vials and stored at –30°C 
until fentanyl analysis. 
 
Fig. 2: Body location of the five sampling patches applied to evaluate dermal fentanyl exposure. 

 
 
Urine sampling 
Urine samples were collected daily at three time intervals:
jo
the working day. The weight 
re
sample preparation and fentanyl and norfentanyl analysis. 
 
2.3.2. Measurement 

De rmination of airborne and dermal fentanyl 
 
Sampled and QC control glass fibre filters, hand wipe samples and dermal sampling patches 

hydroxide buffer (pH 6) was added. The sample
inutes. For each sample three replicates of 1 ml of the extract were transferred to new 

s were basified with 10 N NaOH and 50 µl of an internal standard 
lution containing deuterated analogues was added. The samples were applied to a 1 ml 

C-MS. 

were transferred to individual extraction vials and 10 ml or 20 ml of a citrate/sodium 
s were shaken automatically during 30 

m
sample tubes. The sample
so
EXtrelut® NT1 SPE column. Elution was carried out using 6 ml of a mixture of n-
heptane/iso-amylalcohol (98,5/1,5 v/v). The extracts were evaporated at 50°C using a gentle 
stream of nitrogen, reconstituted in 30 µl of methanol and analyzed via G
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Determination of urinary fentanyl and norfentanyl 
 
Aliquots of 1 ml of each urine standard and sample were basified with 10 N NaOH and 50 µl 
of an internal standard solution containing deuterated analogues was added. The analytes of 
interest were extracted using the SPE protocol described above. For the determination of 
fentanyl, cooled residues were reconstituted in 30 µl of methanol. For the determination of the 
opioid nor-metabolites, the cooled residues were derivatized with 100 µl of a 0,1 M 
pentafluorobenzoyl chloride solution in chloroform. The residues were allowed to react 
overnight (16 hours) at 4°C. After that period, the samples were dried under a gentle stream of 
nitrogen and the residues were reconstituted in 30 µl of methanol and analyzed via GC-MS. 
 
GC-MS analysis 
 
The analyses were carried out on a Hewlett-Packard 6890 series gas chromatograph equipped 
with an autosampler and a 5973 series mass selective detector (MSD) in electron impact (EI) 
mode (70 eV). For the determination of fentanyl, a 5 µl aliquot of the sample was introduced 
in a splitless way onto a 30-m DB35-MS (J&W). For the analysis of the nor-metabolites, a 
30-m DB5-MS (J&W) column was used. The GC separation was obtained using a program 

ith an initial oven temperature of 70 °C that was increasedw  at a rate of 60 °C/min to a final 
mperature of 280 °C. The mass selective detection system was operated in the selected ion 

SIM) mode. Base ion fragments occurring at m/z 245 for fentanyl, and m/z 250 
yl were monitored and used for subsequent quantification. The norfentanyl-

monitored using their specific molecular ion fragments at m/z 426 
5-norfentanyl. 

te
monitoring (
or df 5-fentan

metabolite derivatives were 
r norfentanyl and m/z 431 for the internal standard analogue dfo

 
Determination of urinary cortisol/6-β-hydroxycortisol ratio 
 
Urinary cortisol and 6-β-hydroxycortisol will be determined by the GC-MS analytical 

rocedure recentlyp  developed and published by Luceri et al. (2001). Briefly, 1 ml urine 
samples were fortified with d2-cortisol as internal standard and were applied to a 1 ml Extrelut 
® SPE column and eluted with 6 ml of dichloromethane. Both analytes of interest were 
subsequently derivatized to dimethoxime tri-(trimethyl-silyl)-ethers (MOX-TMS) and 
analyzed via GC-MS using specific ion fragments (SIM). 
 
Evaluation of neurological end-points 
 
The following parameters will be examined markers of neurotoxicity from exposure to opioid 
analgesics: 
• Test for simple reaction times (visual/auditive) with the computerized Neurobehavioral 

Examination System (NES). 
• Complex visuomotor reaction times. 
• Increased pain thresholds through EMG. 
• Respiratory depression as parameters for acute neurological effects. 

uating 

 
2.3.3. Analysis procedure 
 
Urinary fentanyl and norfentanyl concentrations were adjusted for urinary creatinine content 
(patients, workers) or urinary flow (workers). It should be noted that samples with a urinary 
creatinine content of less than 0,3 g/L were not included in the analysis. 

• A questionnaire for symptoms of drug dependence/craving as instrument for eval
chronic neurological effects.  
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Time weighted average (TWA) respiratory exposure was calculated for each worker for each 
half shift period (4h) and for each working day (8h). 
Dermal exposure surface concentrations (µg/cm²) (as determined through the analysis of skin 
patches and hand wipes) were transformed to an 8h time weighted average (TWA) exposure 
concentration per body part (µg/body part) by multiplying the fentanyl concentration of the 
individual sampler with the anatomical dimensions described by EPA (1989). Total dermal 
body contamination (µg/8h) was calculated by adding the fentanyl TWA surface 
concentration of the individual body parts. In the calculation it is assumed that each of the 
samplers represent a skin region with a certain surface area at which the fentanyl 
contamination is uniformly present. 
Mixed ANCOVA and Variance Components Method of Analysis was used to estimate 
variance components based on maximum likelihood methods (REML). 
Pearson correlation coefficients were used to investigate the relationship between workers’ 
dermal exposure at individual skin regions and total dermal body exposure and to explore the 
relationship between various markers of exposure. In these analyses logarithms of the 

dependent or predictor variables and a selected outcome.  

centrations of fentanyl (blue line) and 
orfentanyl (green line) corrected for administered dose are shown in figure 3. A similar 

,95 confidence intervals. 

exposure values were used. 
Multiple regression analysis was performed to analyse the relationship between several 
in
 
 
2.4. Results 
 
2.4.1. Pilot study in patients 
 
Intra- and inter patient variations in urinary con
n
graph representing intra- and inter-patient variability in urinary norfentanyl/fentanyl ratios is 
shown in figure 4. 
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Fig. 3: Intra- and inter-patient variations in urinary fentanyl and norfentanyl concentrations (µmol/g) corrected for 
administered dose. Vertical bars denote 0
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Fig. 4: Intra- and inter-patient variations in urinary norfentanyl/fentanyl ratios. Vertical bars denote 0,95 confidence 
intervals. 
 
 
The above graphs indicate that a potentially large variability exists in fentanyl clearance and 
durg metabolism -as measured through the urinary norfentanyl/fentanyl ratio- between 
patients. Moreover, for the three parameters examined, the estimation of variance components 
(REML) indicated that the majority of the observed variance was patient related, accounting 
for respectively 77% (urinary fentanyl), 96% (urinary norfentanyl) and 80% (ratio 
norfentanyl/fentanyl) of the total variance (table 1). 
 
Table 1: Mixed ANCOVA and Variance Components method o nalysis to estimate variance components based on maximum 
likelihood methods (REML). 

Parameter examined Variance effect Variance compone Variance 

f a

% Asymptotic p

Urinary fentanyl Between patients 
Within patients 

0,17 
0,051 

77% 
23% 

0,000016 
< 0,00001 

Urinary norfentanyl Between patients 
Within patients 

0,13 
0,0051 

96% 
4% 

0,000011 
< 0,00001 

Urinary norfentanyl/ fentanyl Between patients 
Within patients 

0,18 
0,047 

80% 
20% 

0,000010 
< 0,00001 

 
Finally, when exploring the relationship between urinary fentanyl or norfentanyl and the 
administered dose, multiple linear regression revealed that both parameters are significantly 
(p<0,0001) but rather weakly correlated with the administered dose (r = 0,56 and r = 0,63 
respectively) indicating that inter-patient variability exists in drug clearance and metabolism. 
However, in the multiple regression analysis, non of the parameters indicated in the literature 
(age, sex, ble, again 
indicating that other parameters, like CYP3A4 activity might be an important determinant. 
 
2.4.2. Field study in workers 
 
Dermal sampling

BMI) were found to have significant influence on the examined varia

 
 
Figure 5 shows the results of the assessment of fentanyl exposure distribution across selected 
parts of the body in an elective operator, involved in the fentanyl production. All patches 
applied clearly show detectable amounts of fentanyl. In figure 6 the same data are shown 
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complemented with the measured fentanyl exposure of the arms and hands. It is clear that in 
this worker, the arm  

ce tasks and clearly 

hands and arm ore than the other 
il synthesis and clearly shows 

consistently most 
elevated on operators have various, 

ation of total 
derm al exposure 

on correlation coefficients (r) 
 showed a highly significant 

uded, as well as when 
the ther 

 
ontamination on all skin regions examined and total dermal exposure. Correlation between 

fentanyl contamination in the neck region and on the chest is no longer significant at the α = 
0,05 level in the fentanyl production group. For the other operators only the relationship 
between fentanyl contamination on the arms and total body dermal exposure is significant at 
the indicated significance level. Again, these results might indicate that in these two groups 
workers’ dermal exposure originates from different sources. Nevertheless, the assessment of 
fentanyl skin contamination on the arms appears to be an appropriate parameter in estimating 
total body exposure in all workers included.  

 
 
 

Fig. 5: Ope Fentanyl dermal exposure me  of p

s and hands are highly contaminated body parts. Figure 7 shows the same
graph for two other operators. Operator C was charged with surveillan
shows lower fentanyl dermal exposure than operator A, as was expected. In this operator 

s were also manifestly contaminated but not consistently m
body parts. Operator D was primarily involved in the sufentan
the lowest fentanyl dermal exposure across the body, again being not 

 arms or hands. These results might indicate that different 
possibly task related sources of dermal contamination. 
In order to select the most appropriate body part to be sampled in the estim

al fentanyl body exposure, the correlation between the calculated total derm
and the exposure of the different body parts was explored. Pears
are shown in table 2. Fentanyl contamination at the arms
correlation with total dermal exposure, when all four operators were incl

operators were catogerized in two groups (fentanyl production workers and o
l group of 4 operators high correlations were found between fentanyloperators). For the tota

c
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Fig. 6: Operator A Fentanyl dermal exposure measured through the analysis of patch samplers and hand wipes. 

 

Fig. 7: Operator C and D Fentanyl dermal exposure measured through the analysis of patch samplers and hand wipes. 

 
 
Table 1. Pearson correlation coeffcients (r) between fentanyl level (µg/8h/body part) at 
individual skin regions and calculated total body dermal exposure (µg/8h) 

Skin region All 
(N=4) 

Fentanyl production workers 

(N=2) 
Other operators 
(N=2) 

Operators C and D

0

3

6

9

day 1 day 2 day 3 day 4 day 1 day 2 day 4 day 5

fentanyl
(µg/8h)

12

15

18

Dermal

back

chest

leg

neck

arm

hand

operator C

operator D

 

Neck 
Back 
Chest 
Legs 
Arms 
Hands 

0,87 
0,78 
0,81 
0,84 
0,97 
0,90 

0,56 (NS) 
0,79 
0,61 (NS) 
0,85 
0,97 
0,87 

0,71 
0,28 (NS) 
0,07 (NS) 
0,46 (NS) 
0,92 
0,52 (NS) 

(NS) not significant at the α =0,05 level 
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Figure 8 shows the results of the analysis of the hand wipes taken in the second survey. The 
fentanyl production workers (N=2) show a highly significant (p < 0,0001) higher 
contamination of the hands than the other operators (N=2), as was expected. 

 

 
Air sam
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Fig. 8: Fentanyl exposure of the hands, measured through the analysis of hand wipes. 

pling 

Figure 9 shows the results of the determination of the time-weighted respiratory exposure 
ated over each have shift as compared to the current Occupational Exposure Lim

(OEL) (100 ng/m³) for operator A. It is clear that on a number of occasions po
ry exposure exceeds the current OEL. It should be noted however th

inhalable dust samples were taken outside any respiratory protection used, except for the 
datapoints indicated as white bullets. 
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Fig. 9: Operator A Fentanyl potential respiratory exposure as compared with the Occupational Exposure Limit (OEL). 

Samples taken in the Mururoa protective suite reflect actual respiratory exposure levels and are indicated in white bullets. 
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These datapoints are derived from personal air samples taken inside the Mururoa® protective 
suite and hence reflect actual respiratory exposure, more or less fluctuating around the current 
OEL. 
 

rine samplingU  
 
Figure 10 shows the urinary fentanyl clearance profile in operator A. The first urine sample, 
ollected before fentanyl production was started, showed no detectable amount of fentanyl. 
ll subsequently collected urine samples had detectable amounts of fentanyl, ranging from 15 
g/ml to 1560 pg/m  a urinary clearanc to 2750 pg 
entanyl/min. 

ntanyl levels. It was hypothesized that a delayed fentanyl clearance appeared to 
s a result of unintentional and prolonged exposure through contamination of 

in. This intriguing hypothesis was subject to further exploration during a 

c
A
p l urine, corresponding with e of 18 
f
 

Operator A

500

1000

1500 clearance
(pg/min)

0
27/11 29/11

2000

2500

3000

01/12 03/12 05/12 07/12 09/12 11/12 13/12 15/12 17/12 19/12 21/12 23/12

Staalname tijdstip

urinary
fentanyl

urinary fentanyl (pg/min) morning weekend end of shift vacation

Fig. 10: Urinary fentanyl clearance (pg/min) in operator A. 

 
As was observed from the concentration versus time plots in figure 10, urine samples 
collected during the weekends and on holidays, unexpectedly also showed detectable fentanyl 
nd norfea

occur, possibly a
he worker’s skt

follow-up study involving -amongst other parameters- the evaluation of dermal fentanyl 
exposure (data not shown). 
 
Correlations between markers of exposure 
 
Simple regression analysis revealed a highly significant correlation (r=0,79) between urinary 
fentanyl clearance at the end of each half shift and dermal fentanyl contamination on the 
hands, the latter serving as an estimate for total dermal fentanyl exposure averaged over the 
same period of time (fig. 11). Also a significant (p=0,001) but less pronounced correlation 
(r=0,36) appears between urinary fentanyl clearance at the end of each half shift and time 
weighted average respiratory exposure for the same time period. However, using multiple 
stepwise regression analysis, it was shown that although the correlation between fentanyl 
clearance and hand contamination levels remains highly significant (p<0,0001), the according 
correlation with respiratory exposure is no longer significant (p=0,28). These data probably 
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indicate that the observed respiratory fentanyl levels and fentanyl dermal exposure of the hand 
are interrelated and urinary fentanyl levels and clearance is dominantly determined by 
fentanyl dermal exposure. Hence, it was concluded that fentanyl absorption through the skin 
could present a major route of exposure as compared to respiratory exposure. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Fig. 11: Relationship between urinary fentanyl clearance (log fenta in urine (pg/min) and fentanyl contamination levels of 

the hand (log hand (ng)) and between urinary fentanyl clearance (log fenta in urine (pg/min) and fentanyl respiratory 

exposure (log fenta in air (ng)). All values were log-transformed and were averaged over a half shift period (4h time 

weighted average value). 

 
Inter-individual susceptibility 
 
Up till now, the limited sample size (n = 4) in the conducted field study in workers, does not 

 assessment of internal and external opioid exposure in workers will be 
dopted in future surveys in the exploration of workers’ susceptibility in the pharmaceutical 

industry. 
 
2.5. Discussion 
 
Highly specific and sensitive analytical methods were developed to measure fentanyl in 
personal air samples and dermal patch samplers and to determine this drug and its major 
metabolite in urine of exposed workers. The same methodology was applied for the 
determination or urinary fentanyl and norfentanyl profiles in patients. 
 
In order to evaluate inter-individual differences in drug metabolizing capacity, a pilot study 
was undertaken involving 50 patients treated with fentanyl for the relieve of chronic cancer 
related pain. In this group the clearance of the drugs was used as a probe for the phenotypic 
polymorphism in CYP3A4. It was shown that considerable variability exists between patients’ 
metabolising capacity as expressed by the ratio of urinary norfentanyl/fentanyl. The use of 
drug clearance as a probe for CYP3A4 activity will be further validated using endogenous 
steroid substrates and metabolites (e.g. 6-β-hydroxycortisol/cortisol) as an alternative 
metabolic probe. 

allow for the exploration of inter-individual susceptibility. However, the experience and 
knowledge gained through the research work described above including both the pilot study in 
patients and the
a
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 a first survey involving a group of four fentanyl-exposed workers, a systematic evaluation 
as performed regarding potential and actual respiratory exposure and a collection of urine 
mples was organised in the frame of a biological monitoring strategy. Spatial distribution of 

ermal fentanyl contamination was investigated by means of dermal exposure patch samplers 
laced on five anatomical regions of the body, complemented by the use of hand wipe 
mples. An underlying assumption in this assessment is that the exposure is uniformly 

istributed within the discreet anatomical region. Fentanyl production workers showed high 
ermal contamination levels, especially for the hands and the arms, being significantly lower 
 the other workers. Dermal contamination of the chest, neck region, back and legs had only 
minor contribution to total dermal body exposure in the first group, while contamination of 
ese body regions significantly contributed to total dermal exposure in the second. Therefore, 
 is assumed that dermal exposure in both groups of workers takes place in a different way, 
ing task related in the fentanyl production workers and being probably caused by direct 
ntact with contaminated surfaces in the other workers.  

or the four workers included in the field study, total body dermal exposure showed 
atistically significant correlation coefficients with exposure measured at the individual skin 
gions, especially the arms. However, in the subsequent survey, total body dermal exposure 
as estimated through the much more simple hand wiping protocol described. 
earson correlation coefficients were used to investigate the relationship between various 
arkers of exposure and to explore the importance of different exposure pathways. Total 

ody fentanyl dermal exposure was found to be highly correlated with urinary biomarkers of 
posure, while this correlation was less pronounced in the case of respiratory exposure. 
ultiple stepwise regression analysis revealed that fentanyl absorption through the skin could 

resent a major route of exposure. In these settings, the assessment of the workers’ integrated 
dividual opioid uptake through a biological monitoring strategy is essential. Moreover, 
ntanyl metabolism and clearance may be subject to inter-individual variability and selecting 
e appropriate biomarker of exposure could potentially provide additional information on the 
dividual susceptibility of exposed workers. 
 is expected that this study would later serve as a model for the assessment of occupational 
posure and individual workers’ susceptibility for other pharmaceutical ingredients having 

milar effects. 
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I. Introduction 
 
I.1. Context and general framework of the research 
 
Ionising radiations are known as a strong carcinogen. Exposure of populations of workers at 
he workplace takes place especially in the medit cal and the nuclear sectors. In Belgium more 

er susceptibility observed 
in patients suffering from certain genetic syndromes points to the genetic base for 
radiosensitivity. Workers with this genetic burden will have a significantly enhanced risk for a 
radio-induced malignancy when exposed at the workplace compared to the average risk 
evaluation. Knowledge of the individual radiation sensitivity of the worker can play a very 
important role in the framework of the preventive policy of the occupational medicine. In 
contradiction to the population approximation, resulting in an average risk estimation 
assuming that all individuals are reacting identically to the exposure, an individually tailored 
preventive approach taking into account the individual radiosensitivity becomes desirable. 
 
During the last decennium, a lot of scientific progress has been made in the analysis of the 
human genome. The “Human Genome project” has shown a relatively large genetic variation 
at the individual level. Investigation of the correlation between the individual genotype and 
the in vivo radiosensitivity in radiotherapy patients can lead to genetic profiles associated with 
hypersensitivity to radiation. The enhanced chromosomal radiosensitivity observed in a 
number of populations of cancer patients and in clinically hyperradiosensitive radiotherapy 
patients points to the possibility to use chromosomal radiosensitivity assays for the 
assessment of the individual radiosensitivity at the phenotype level. In the framework of the 
project we investigated the possibility and usefulness to apply  “State of the Art” 
radiosensitivity assays at the genotypic and phenotypic level in occupational medicine in the 
framework of the protection of the worker against the hazards of ionising radiation. The 
essential question to be solved here is if the considered tests are sufficiently sensitive, specific 
and predictive to be used for a reliable biomonitoring for individual radiosensitivity. 
Application of individual genotypic and phenotypic information in an occupational setting in 
the framework of prevention and health at the workplace automatically involves a lot of 
ethical and juridical questions. This kind of implications linked to the project was treated by a 
team of jurists and ethicists participating to the network.  
 
 
I.2. Aims of the study 
 
The main aim of our contribution to the project is the investigation of the value, the usefulness 
and the applicability of candidate-biomarkers for the determination of the individual 
susceptibility to ionising radiation at the genotypic and phenotypic level in the occupational 
medicine of radiation workers. The candidate-biomarkers have to be sufficiently sensitive, 
specific and predictive to be used for a reliable biomonitoring for individual radiosensitivity. 

than 40.000 workers are occupationally exposed to radiation, and the dose received in the 
execution of certain jobs amounts to 10 mSv/year, which means a risk for cancer mortality of 
1 over 50 in a 40 year professional career according to currently applied risk estimation 
methods.  
 
Studies of radiotherapy patients have shown that 1 to 2 % of these patients overreact to the 
therapy, resulting in early or late complications due to a high sensitivity with respect to 
radiation. This together with the enhanced radiosensitivity and canc
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In the first place cytogenetic t
etermination of the chromosom

echniques were optimised and standardised for the 
al radiosensitivity as phenotypic biomarker for 

dicine was evaluated by a 

d
radiosensitivity. Also, molecular techniques for analysis of single nucleotide polymorphisms 
(SNP’s) were elaborated for identification of SNP-profiles as a genotypic biomarker 
associated with an enhanced radiosensitivity. Indeed, SNP’s represent about 90 % of the 
naturally occurring DNA sequence variations.  
 
For the validation of the applied techniques, a population of radiotherapy patients with 
clinical evaluation of the radiosensitivity was used. The value of genotoxicity assays for the 

dividual assessment of the radiosensitivity in occupational mein
study of a population of external radiation workers from the nuclear industry involved in the 
overhaul of nuclear reactors. In the elaboration of the study, a discussion of the socio-ethical 
aspects of the project due to the use of genetic information for assessment of the individual 
radiosensitivity at the workplace became spontaneously prominent. 
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II. Theoretical framework 

nising radiation of cells and tissues and the consequences 
r the human health are dependent on the interactions between radiation, cells and tissues. 

 case in an occupational setting, this depends in 
 by the exposed tissues: the absorbed dose. The 

ity assessment were applied to a population of external 

 
The in vivo effects of exposure to io
fo
After internal and external exposure as is the

e first place on the absorption of radiationth
absorption of radiation in the tissues induces DNA strand breaks in the cells of these tissues. 
These DNA strand breaks can be repaired, fixed, or transformed in a mutation. The latter 
effect of exposure to ionising radiation can lead to carcinogenesis. 
 
Variability in these mutagenic and carcinogenic effects exists at the genetic level: individuals 
carrying one or several alleles with polymorphisms leading to less efficient DNA repair 
capacity and/or deregulation of the checkpoint control of the cell cycle will have a higher 
susceptibility for radiation induced cancer.  More than 100 genes are involved in the detection 
of DNA damage and DNA repair. These genes are responsible for base excision repair (BER), 
nucleotide excision repair (NER), non-homologous-end-joining (NHEJ), homologous 
recombination (HR), cell cycle control and mechanisms of oxidative damage repair. Literature 
data show that several SNP’s in genes involved in these processes are associated with 
radiosensitivity and cancer predisposition. 
 
A reduced DNA capacity results also in an enhanced chromosomal damage in peripheral 

lood lymphocytes after in vitro irradiation of a blood sample. Individuals with an enhanced b
in vitro chromosomal radiosensitivity also have an enhanced risk for radiation-induced 
malignancies. Studies of patients with genetic syndromes associated with an enhanced 
radiosensitivity and cancer predisposition such as ataxia-telangiectasia have shown that the 
scoring of the number of chromatid breaks in dividing lymphocytes after in vitro irradiation in 
the G2 phase of the cell cycle (G2 assay) is a sensitive cytogenetic technique for assessment 
of the radiosensitivity. The same holds for the number of micronuclei in lymphocytes after 
division following an in vitro irradiation in the G0 phase (the micronucleus assay). 
 
In the framework of the project we investigated the sensitivity, specificity and the predictive 
value of the cytogenetic techniques mentioned above for assessment of the in vitro 
chromosomal radiosensitivity in view of a possible application in occupational medicine. 

hese techniques for radiosensitivT
workers occupationally exposed to radiation in the nuclear industry. On the other hand, we 
also elaborated molecular techniques for the analysis of polymorphisms, to gather information 
on genotypes associated with an enhanced radiosensitivity and enhanced risk for radiation 
induced cancer.  
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III Methods 
 
III.1. Populations under study 
 
Populations for the validation studies 
 
For the validation of the chromosomal radiosensitivity assays and the studies at the genotype 
level a population was considered of 48 patients, treated in the past with radiotherapy for 
cervix uteri and endometrium carcinoma, in the Radiotherapy Department of the University 

ospital Gent. For these patients the clinical radiosensitivity during and after the radiotherapy H
treatment was evaluated according to the RTOG (Radiation Therapy Oncology Group) scale. 
Grade 1 and 2 are mild and moderate reactions while grade 3 and 4 are severe to life-
threatening complications. All these patients received a nearly identical treatment and the data 
with respect to the physical dosimetry were recorded. A blood sample was taken of these 
patients at least 6 months after the end of the radiotherapy treatment. The age of the patients 
at time of venepuncture ranged from 35 to 81 years with an average value of 64 years. The 
chromosomal radiosensitivity assays were validated by study of the correlation between in 
vivo and in vitro radiosensitivity. Genotypic information on radiosensitivity resulted from a 
omparison of the SNP analysis data between the patienc t group with high clinical 

st cancer before the age of 35 years, (2) patients with bilateral breast 

radiosensitivity and the group without and with mild reactions. This study was executed in 
collaboration with Prof. M. van Eijkeren of the Radiotherapy Department. 
 
For the validation of the chromosomal radiosensitivity assays, a second population was 
considered consisting of breast cancer patients with a putative genetic predisposition. Patients 
fulfilling one of the following selection criteria were included in the study: (1) patients 

iagnosed with bread
cancer before the age of 50, (3) patients with three first degree relatives affected with 
breast/ovarian cancer, (4) patients with two relatives first/second degree with breast/ovarian 
cancer detected before the age of 50. Sixty-two breast cancer patients were included in the 
study with age ranging from 29 to 69 years and average value 45 years. A blood sample was 
taken at least 9 months after the radio/chemotherapy. This study was performed in 
collaboration with the Department of Medical Genetics, University Hospital Gent, Director 
Prof. A. De Paepe. 
 
60 female workers of the University Hospital Gent, who were not exposed to radiation or 
other mutagenic agents, served as a control population. The study of this control population 
was executed in collaboration with Dr. R. Morthier of the occupational medical service of this 
hospital (IDEWE). The age of these women ranged from 23 to 60 years with average value of 
37 years. 
 
For all these studies the approval of the Ethical Committee of the University Hospital was 
obtained. All participants to the studies were informed on the content and signed an informed 
consent before venepuncture.  
 
 
Population of workers of the nuclear industry 
 
The application of radiosensitivity assays in occupational medicine is most relevant for the 
workers with the highest radiation burden. With respect to the nuclear industry, the external 
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workers involved in the overhaul of reactors (“jumpers”) are the most critical population. In 
the execution of these activities they receive in some cases relatively high doses in a relatively 
short period (up to 10 mSv per month). The activities are jobs related to the cleaning, the 
maintenance and the repair of components in the “hot” zone of the reactors.  The number of 
external workers in the nuclear power plant Doel is important: this group comprises about 
63% of all workers (1636). The group of external workers is a difficult population for 
biomonitoring as this group consists mainly of temporary workers. Physical dosimetry is 

bligatory for these workers, and the occupational medicine service is responsible for this. 

ons of external workers involved in the overhaul of the four nuclear reactors of the 
uclear power plant Electrabel Doel. These revisions took place in the period from April to 
eptember 2000. The study was executed in collaboration with the Medical Service NPP-

 performed by ten companies. A study of the doses received 
y external workers in the nuclear power plant Doel in the period 1990-2000 allowed a 

 three companies with workers receiving the highest radiation burden and this 
to the revision activities of the nuclear reactors. 

nsumed per day within the population of smokers amounted to 16.9 

o
Consequently, biomonitoring of this population was only possible in strong collaboration with 
the local occupational service, Department head Dr. M. Barbé (CBMT). 
 
In the framework of the project a biomonitoring programme was elaborated for the 
populati
n
S
Doel. The revision activities were
b
selection of

deed due in
 
A first company is responsible for the mechanical and electrical repair and maintenance 
activities of the steam generators, and workers of this company can be considered as 
“jumpers”. A second company is executing cleaning and mechanical maintenance activities in 
the “hot” zone, while a third company is performing isolation works around cooling-water 
circuits. The average doses of these workers amount to 2-5 mSv per year with maximal doses 
of 10 mSv per year. 
 
The population under study exposed to radiation consisted of 41 male workers of the three 
companies selected. Before participation to the study the workers were informed about the 
aims of the study. Written informed consent was obtained from all donors before blood 
sampling. The participants to the study were asked to fill in a questionnaire dealing with data 
important for the study: age, smoking habits, and medical exposures. The age of the 
participants to the study varied from 18 to 55 years with mean value of 30.6 years. Thirteen 
workers were non-smokers. For the smoking population, the average number of cigarette-
years, defined as the number of cigarettes consumed per day multiplied by the number of 
years of smoking, was 208 with a variation from 40 to 750 cigarette-years. The average 

umber of cigarettes con
with a variation from 6 to 25 cigarettes. The accumulated dose received by the workers up 
until before the overhaul of the reactors, according to the official dosimetry records, ranged 
from 0 to 68.7 mSv with average value of 13.9 mSv.    
 
The dose received by the workers during the revision activities was continuously monitored 
by physical methods (electronic dosimetry). A first blood sample, 10 ml blood in a 
heparinized tube, was taken from each participant to the study immediately before start of the 
activities. This sample was the material used for the determination of the individual 
chromosomal radiosensitivity of the worker pre-exposure. On the other hand a fraction of the 
blood sample was used for the micronucleus assay as effect-biomarker.  
 
A second blood sample, 10 ml blood in a heparinized tube and 5 ml in an EDTA tube, was 
taken directly after the revision activities in the “hot” zone according to the following criteria: 
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(1) for workers involved in the overhaul of one reactor directly after these activities, (2) for 
orkers involved in the overhaul of more reactors after the revision with the highest estimate 

ocedures of analysis 

vity, applied systematically 
ithin the project, is the G2 assay on peripheral blood lymphocytes. In this assay the number 

tion of a blood sample in the G2 phase of the cell cycle. The high chromosomal 
diosensitivity of ataxia telangiectasia patients is most striking after irradiation in the G2 

hase of the cell cycle. Very critical for the G2 assay is the temperature of 37 °C in the short 
addition of colcemid to block cell division. 

his is not a problem in the research group as the irradiation equipment is in the same 

e search and localisation of metaphases on 
microscope slides using a scanning platform. The automated scanning with autofocus at a 
speed of 5 camera fields per sec results in a total scanning time of 10 min per slide. During 
the scan all metaphases selected are shown on a high resolution screen allowing an evaluation 
of the quality of the metaphase spreadings. After the scan the system allows automated 
relocation of the selected objects so that they can be scored for aberrations under the 
microscope. The system is also equipped with a motorized slide feeder, which can contain 
eight slides. A comparative study was performed between the results of the G2 assay obtained 
with manual scoring of the metaphases and those obtained with automated localisation with 
the metaphase finder system. This study showed no statistically significant differences. For 
the G2 assay, chromatid aberrations are scored systematically in 50 metaphases by two 
scorers on coded slides.   

w
for the dose involved. This second blood sample allowed a study of the effect of the exposure 
on the individual chromosomal radiosensitivity and a study of the use of the micronucleus 
assay as effect-biomarker. The average exposure time amounted to 5.2 weeks with a variation 
between 1 to 8 weeks. The average dose received during this period was 3.0 mSv with a 
maximal dose of 9.5 mSv.  
 
For the studies performed by the Laboratory for Cellular Genetics of the Free University 
Brussels (VUB), a control population of 31 male administrative workers of the nuclear power 
plant Doel not exposed to radiation was considered in addition to the population of external 
radiation workers. Age of this population ranged from 18 to 57 years with average value of 37 
years.   
 
 
III.2. Pr
 
G2 assay 
 
The first assay for assessment of the chromosomal radiosensiti
w
of chromatid aberrations (breaks and gaps) is scored in lymphocytes in metaphase after an in 
vitro irradia
ra
p
period of 30 min between the irradiation and the 
T
building as the cell culture laboratory.    
After optimisation of the in vitro dose and the cell culture times the following protocol was 
elaborated: starting from an heparinized blood sample, cell cultures are started and stimulated 
with 10 µl of a 1 % solution of phytohaemagglutinin (PHA). After 71h incubation at 37°C, 
cell cultures are irradiated at 37°C with a 0.4 Gy dose of  60Co-γ rays. Thirty minutes after 
irradiation, colcemid (0.15µg/ml) is added. After 60 min, cell cultures are arrested by putting 
them on ice. After an hypotonic shock with 0.075 M KCl during 15 min, the cells are fixed in 
a methanol-acetic acid mixture (3:1), dropped on clean slides and stained with 6 % 
Romanowsky Giemsa.  
 
For the scoring of the chromatid breaks and gaps in the metaphases, a metaphase-finder is 
used. This is a fully automated system for th
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Micronucleus assay 

or the G0 MN radiosensitivity assay, two in vitro irradiation 
60

rding to the criteria defined by 

HDR irradiation 
was calculated using the equation: 
     D = (1-YLDR/YHDR 0 
 

it nu s yield at l  dose rate and YHDR the micronucleus yield at high 

he SNP analysis started from genomic DNA extracted from peripheral blood lymphocytes. 

nal primers for 
mplification of the DNA fragment with the known polymorphism. When the RFLP 

 
A second assay applied in the assessment of the chromosomal radiosensitivity is the 
micronucleus (MN) assay for peripheral blood lymphocytes after in vitro irradiation in the G0 

hase of the cell cycle. Fp
protocols were applied: an irradiation with 3.5 Gy Co γ-radiation given at a high dose rate (1 
Gy/min) (HDR-MN) and an irradiation with the same dose given at a low dose rate (4 
mGy/min) (LDR-MN). The latter procedure was applied because literature data indicate a 
higher sensitivity of the MN assay for chromosomal radiosensitivity when an in vitro dose is 
given at low dose rate. Phytohaemagglutinin (PHA) was added to the blood culture 
immediately after the irradiation. Cytochalasin B (6 µg/ml) was added 24 h after stimulation 
to block cytokinesis. After incubation at 37 °C during 70 h, the cells were harvested, treated 
with a cold hypotonic solution of 0.075 M KCl and fixed with methanol-acetic acid (10:1). 
Finally the cells were dropped on clean slides and stained with Romanowsky-Giemsa. 

icronuclei were scored in 1000 binucleated cells accoM
Fenech. 
 
The dose-rate sparing (D ct of ion RS) effe  the LDR irradiat  compared to the 

RS )×10

w h YLDR the micro cleu ow  
dose rate.   
 
 
SNP analysis 
 
T
For the detection two techniques were applied: the RFLP (Restriction Fragment Length 
Polymorphism) technique and the SnaPshot technique, which is commercially available. Both 
techniques require a first polymerase chain reaction (PCR) with exter
a
technique is applied, specific restriction enzymes are used, which are cutting or not, according 
to the presence or absence of the polymorphism. The DNA fragments are separated and 
visualised with gel electrophoresis. In the application of the SnaPshot technology a second 
PCR with a primer, just binding before the polymorphic DNA locus, is performed. This 
primer is elongated with a fluorescent dideoxynucleotide (ddNTP) during the reaction. After 
denaturation, the fluorescent-labelled PCR fragments are analysed by capillary 
electrophoresis (ABI 310 Genetic Analyser).     
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IV. Results 
 
IV.1. Study of the intra- and interindividual variability of chromosomal 
radiosensitivity assays 
 
Crucial characteristics of a radiosensitivity assay are sensitivity and reliability. To investigate 
these aspects for the HDR-LDR MN assays and the G2 assay a study was performed starting 
from blood samples of a number of donors. The intra-individual variation was studied for two 
donors by collecting 10 blood samples over a period of one year. On the other hand the 
interindividual variation was assessed by blood samples of twelve donors. Also, the 
reproducibility of the assays was studied based on the results of six cultures of the same blood 
sample. In the table below the values for the coefficient of variation CV (defined as the ratio 
of the standard deviation and the mean value expressed in percent) for the inter-culture, the 
intra-individual and the interindividual data are compared. 
 
TABLE 1. CV (%) values of the inter-culture, the intra-individual and the interindividual data 
for the different chromosomal radiosensitivity assays applied 

 G2 assay HDR-MN assay LDR-MN assay 
Inter-culture 6 5 10 
Intra-individual 15 10 17 
Interindividual 17 9 18 

 
Conclusion of this study is that the intra-individual variability is only slightly lower than the 
inter-individual variability for the different assays in a population of healthy donors. The low 
CV values for the inter-culture data show that that the intra-individual variations cannot be 
due to culture effects or scoring. 
 
 
IV.2. Study of the radiosensitivity of a population of radiotherapy patients: 
validation of the G2 assay and SNP-analysis of the XRCC1 gene  
 
For the validation of the techniques applied within the project a retrospective study of a 
population of radiotherapy patients treated for gynaecological tumors was performed. In this 
study a group of 18 patients with moderate and severe reactions on the therapy (grade 2 and 
more on the RTOG scale) was considered as radiosensitive population, while a group of 30 
patients without or with mild reactions (grade 0-1 on the RTOG scale) was adopted as control 
population. For seven patients mitogenic stimulation of the lymphocytes was impossible, very 
probably due to the radio/chemotherapy from the past.  
 
For the G2 assay as radiosensitivity assay, the following mean values and standard deviations 
for the G2 index (being the number of chromatid breaks and gaps per metaphase) were 
obtained: 1.34±0.21(SD) for the radiosensitive population versus 1.15±0.20(SD) for the 
ontrol population. Application of the Student’s t-test shows that the difference in G2 results c

between both groups is statistically significant (p = 0.01). Splitting of the radiosensitive 
population in a group with moderate complications (RTOG scale grade 2) and a group with 
severe complications (RTOG scale grade 3 and 4) gives the following values for the G2 
index: 1.32±0.21(SD) and 1.39±0.24(SD) respectively. The difference between these two 
groups is not statistically significant and this predominantly because of the relatively low 
number of patients with severe complications (7).  
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TABLE 2: Frequencies of the different genotypes considered in different polymorphisms of 
the XRCC1 gene 
 
194 Arg/Trp C>T

Graad 0-1 Graad 2-4 Controlegroep
CC 24/32 (75%) 16/16 20/25 (80%)
CT 7/32 (22%) 0/16 5/25 (20%)
TT 1/32 (3%) 0/16 0/25
q 14% 0% 10%

280 Arg/His G>A

Graad 0-1 Graad 2-4 Controlegroep
GG 30/32 (94%) 14/16 (88%) 25/25
GA 2/32 (6%) 2/16 (12%) 0/25
AA 0/32 0/16 0/25
q 3% 6% 0%

399 Arg/Gln G>A

Graad 0-1 Graad 2-4 Controlegroep
GG 11/32 (34%) 4/16 (25%) 7/25 (28%)
GA 16/32 (50%) 10/16 (63%) 12/25 (48%)
AA 5/32 (16%) 2/16 (12%) 6/25 (24%)
q 40% 44% 48%

632 Gln/Gln G>A

Graad 0-1 Graad 2-4 Controlegroep
GG 13/32 (41%) 4/16 (25%) 10/25 (40%)
GA 17/32 (53%) 8/16 (50%) 14/25 (56%)
AA 2/32 (6%) 4/16 (25%) 1/25 (4%)
q 33% 50% 32%

 
In spite of the clear and statistically significant difference in G2 index between controls and 
radiosensitive patients, and that the radiosensitive patients have a high G2 score on the 
average, the latter is not systematically the case at the individual level. Using the 90th 
percentile of the normal control population as “cut off” value for the G2 index above which a 
patient is considered to have an enhanced chromosomal radiosensitivity, 4 out of 18 patients 
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of the clinically radiosensitive population have a normal value for the G2 index. On the other 
hand 8 out of 30 th patients without/with mild reactions have a G2 index exceeding the 90  

ercentile limit. In the application of the G2 assay as individual biomarker for clinical 

hisms at 4 
ci of the XRCC1 gene which are involved in cancer predisposition according to literature 

e different genotypes the allele frequency q is also given for the population of 
adiotherapy patients with normal response and with mild reactions to the therapy (RTOG 0-

 
>A have no influence on the radiosensitivity status. The genotype associated with 

polymorphism 632 Gln/Gln  G>A would result in a higher radiosensitivity while the genotype 
ass orphism 194 Arg/Trp C>T seems to have a radioprotective effect. 
 

he application of the micronucleus and G2 assays as biomonitor for radiosensitivity was also 
alidated based on a study of breast cancer patients versus a control population of healthy 

ith respect to the micronucleus assay, both the HDR-MN assay with irradiation of a blood 

trol population the HDR-MN assay resulted in an average number of MN of 

atients an average 
alue of 442±89(SD) was obtained: a statistically significant increase (p < 0.001; Student’s t-

test). Using the 90th percentile of the control population as underlimit for increased 
radiosensitivity,61 % of the breast cancer patients has an enhanced radiosensitivity, compared 
to 12 % of the controls. 
 
Also the G2 assay showed a statistically significant increase in radiosensitivity in breast 
cancer patients compared to the control group (p < 0.001). The average value of the G2 index 
(number of chromatid aberrations per metaphase) after a 0.4 Gy irradiation of a lymphocyte 
culture in the G2 phase of the cell cycle was 1.03±21(SD) for the control population, while 
the mean value of the G2 index in the population of breast cancer patients was 1.24±26(SD). 
Using the 90th percentile of the control population as cut off value for increased chromosomal 

p
radiosensitivity with the 90th percentile of the control population as cut off value, the 
sensitivity (78 %) and the specificity (73%) of the assay is thus restricted and not satisfactory. 
 
For the group of radiotherapy patients a SNP analysis was performed for polymorp
lo
data: 194 Arg/Trp C>T, 280 Arg/His G>A, 399 Arg/Gln G>A, 632 Gln/Gln G>A.  In Table 2 
on the preceding page the results of this SNP analysis are summarized. In addition to the 
frequencies of th
r
1), the population with radiosensitive patients (RTOG 2-4) and a population of 25 healthy 
volunteers. This table shows that the polymorphisms 280 Arg/His G>A and 399 Arg/Gln
G

ociated with polym

 
IV.3. Study of the radiosensitivity of a population of breast cancer patients: 
validation of the chromosomal radiosensitivity assays.  
 
T
v
female workers of the University Hospital Gent.   
 
W
sample at high dose rate (1 Gy/min) and the LDR-MN assay with irradiation at low dose rate 
(4 mGy/min) were applied.  

or the conF
741±105(SD) per 1000 binucleated cells while for the breast cancer population an average 
value of 841±143(SD) was obtained. Application of the Student’s t-test indicated a 
statistically significant increase (p < 0.001). Using the 90th percentile of the normal population 
as cut off value for increased radiosensitivity, 45% of the patients are radiosensitive compared 
to 11% of the control population.  
 
Application of the LDR-MN assay for the control group resulted in an average number of MN 

f 346±59(SD) per 1000 binucleated cells while for the breast cancer po
v
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radiosensitivity, 43 % of the breast cancer patients are radiosensitive, while this is only 10 % 
for the controls.  
 
The genetic base for the observed enhanced in vitro chromosomal radiosensitivity of breast 
cancer patient n combination with the results of 
mutation analysis showed that mutations in the BRCA1 or BRCA2 genes with a very strong 

y assays. The results are summarized in 
able 3 below. 

ied in the study. 

 G2 assay HDR-MN assay LDR-MN assay 

s is not clear at all. An analysis of the data i

cancer predisposition are not responsible for the enhanced in vitro radiosensitivity.  
  
For the control population the interindividual variation was compared to the intra-individual 
variation for the different chromosomal radiosensitivit
T
 
TABLE 3. The CV value for the intra-individual and interindividual variation within the 
control population for the different chromosomal radiosensitivity assays appl
 

Intra-individual 15 9 10 
Interindividual 20 14 17 

 
This study indicates that both the HDR-MN and LDR-MN assays and the G2 assay are able to 
assess an increased radiosensitivity at population level. This study was performed in 
collaboration with Prof. A. Vral, Laboratory of Histology, University Gent. 
 
 
IV.4. Investigation of the radiosensitivity of a population of radiation workers of 
the nuclear industry.  
 
Results of the MN assay as exposure monitor for workers exposed to ionising 
radiation 
 
In this study the micronucleus frequency of radiation workers was determined before and after 
exposure, while the received radiation dose was continuously monitored by detailed physical 
dosimetry. This is the ideal experimental set up to investigate the value of the micronucleus 
ssay as individual bio-effect monitor in the na uclear industry for the maximal dose values 

currently received in an occupational setting. The individual data of the workers expressed as 
the difference between the number of micronuclei per 1000 binucleated cells post- and pre-
exposure are represented in this figure as a function of the dose received.  
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This figure shows that the individual increase in the micronucleus yield after the exposure is 
not strongly

umber of m
 correlated with the dose received. A linear regression of the increase in the 

icronuclei, MNpost-pre, versus the dose received H, gives the following 

correlation between MNpost-pre and H. An increase of the number of MN is observed for only 
about half of the workers (21 of the 41 workers). Statistics with the Wilcoxon test do not 
show a significant increase post-exposure (p = 0.69).  
 
This leads to the conclusion that dose values below 10 mSv as received nowadays in the 
nuclear industry cannot be detected with the micronucleus assay without centromere-
detection, even with knowledge of the number of MN before the exposure.   
 
 
Analysis of the baseline micronucleus frequencies before the exposure during 
the reactor overhaul 

 statistical correlation analysis was performed between the baseline micronucleus 

rding to 

ividual age-corrected MN yields versus the accumulated dose received 
in the past, before the exposure during the reactor overhaul, showed almost no correlation. A 
linear fit obtained by linear regression analysis to the data gave the following relationship:  
 

MN = 0.0067 (± 0.024) Hcum  + 7.98 (± 0.59)  
 

with Hcum the accumulated dose in mSv. The Spearman correlation coefficient r is 0.04 
indicating a very weak correlation between the number of MN and the accumulated dose.   
 
 
 

n
relationship: 

MNpost-pre = 0.244(± 0.180) H - 0.46(±0.72)   
 

The Spearman’s correlation coefficient r has the value 0.10 (p = 0.53), indicating a weak 

 
A
frequencies before the exposure, the dose of the workers received during the past years, age 
and smoking habits. As could be expected a very good correlation (Spearman’s correlation 
coefficient r = 0.45; p = 0.004) was found between the number of MN before the exposure 
and the age of the workers. A linear regression analysis shows an increase of 0.228 MN/year 
per 1000 binucleated cells. The observed age dependence can be considered as an internal 
quality control to the data.  
 
After correction of the individual MN frequencies for the age dependence and adjustment to 

e mean age of 30.6 years, the studied population was sorted in three classes accoth
smoking habits (non-smokers; 1-12 cigarettes a day; 13-25 cigarettes a day). Application of 
the Mann-Whitney test to these subpopulations does not show significant changes in MN 
yield (non-smokers mean MN 8.04; 1-12 cigarettes a day mean MN 7.89; 13-25 cigarettes a 
day mean MN 8.27; p > 0.10). A similar analysis with respect to the number of cigarette-years 
also showed no correlation with the MN yield. 
 
An analysis of the ind
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Results of the G2 assay as biomonitor for radiosensitivity of workers exposed to 
radiation 
 
An analysis of the G2 index (number of chromatid breaks and gaps per metaphase) before the 
exposure does not show any effect of age and smoking habits. The individual values of the G2 

dex of the workers before and after the exposure are presented in this figure. The diagonal 

represents the behaviou
 
Based on the cut off value determ  

worker (ind re. The 
gure shows an acceptable correlation of the results of the G2 assay pre- and post-exposure (r 

 assay are affected by the exposure during the revision, the 
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r expected if the G2 index has the same value pre- and post-exposure. 

ined by the 90th percentile, indicated in the figure by the
dashed lines, four workers are radiosensitive pre-exposure while three are post-exposure. One 

icated by the open circle) is radiosensitive before as well as after exposu
fi
= 0.74; p = 0.001). The difference between the average G2 index before (1.02± 0.21(SD)) and 
after exposure (0.99±0.20 (SD) is not statistically significant (Wilcoxon test, p = 0.16). 
Further statistical analysis of the data results in an average intra-individual variation of 9 % 
while the interindividual variation amounts to 20 %. 
 

o find out if the results of the G2T
mean values for the G2 index for the three dose groups (0-2 mSv; 2-4 mSv; 4-10 mSv) pre- 
and post-exposure are compared in the figure below. The error bars represent the standard 
deviations of the mean. The hatched bars represent the values pre-exposure, the black bars the 
values post-exposure. This figure also shows no significant differences before and after the 
xposure.  e
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his is confirmed by the analysis of the individual increase of the G2 index post-exposure 
ompared to pre-exposure versus the dose received by the workers H. All the data consistently 

0.9

1

1.1

1.2

at
id

 b
re

ak
s

 
T
c

 72



show that the result of the G2 assay as a radiosensitivity assay is not influenced by the 

s assay as biomonitor for radiosensitivity of workers 

N assay pre- and post-exposure is 
presented in the figure below. The diagonal line represents the behaviour expected if the 
micronucleus yield has the same value pre- and post-exposure. The figure shows that the 
correlation between the LDR-MN data pre- and post-exposure is poor (r = 0.20) in contrast to 
the results of the G2 assay.  

dividual variations of the results of the HDR-MN and LDR-MN 
assays, similar values were obtained pre- and post-exposure: HDR-MN assay CV = 9 %; 
LDR-MN assay CV=12 %. As the results of the LDR-MN en HDR-MN assays are affected 
by the dose received during the reactor overhaul, a study of the intra-individual variation has 
no use. 
  
In order to assess the effect of the dose received during the revision on the results of the 
HDR-MN and LDR-MN assays, the average micronucleus yields for the three dose groups of 
workers (0-2 mSv; 2-4 mSv; 4-10 mSv) pre- and post-exposure were compared. This 
comparison is presented below for the LDR-MN assay. The error bars represent standard 
deviations on the mean. 
 
 

occupational exposure. 
 
Results of the micronucleu
exposed to radiation 
 
A comparison of the individual results of the LDR-M
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For the LDR-MN data, an almost systematic shift to lower MN yields is observed after the 
exposure, leading to a significant (p = 0.0002) decrease of the average LDR-MN value after 
the exposure (400±45(SD)) compared to before the exposure (445±58(SD)). This tendency is 
also present in the HDR-MN data, but it is less pronounced: 788±77(SD) post-exposure 
versus 826±80(SD) pre-exposure. 
 
The dashed lines in the figure represent the 90th percentiles. Based on these values as cut off 
for enhanced radiosensitivity, one worker (indicated in the figure by the triangle) is a 
candidate for further investigation, as his micronucleus yield value exceeds the 90th percentile 
before as well as after the exposure for the LDR-MN assay. 
 
With respect to the interin
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The hatched bars represent the values pre-exposure, the black bars the values post-exposure. 
This figure shows clearly that the exposure causes a dose-dependent reduction in 
chromosomal radiosensitivity. 
An analysis of the individual data confirms this conclusion. In this figure the individual 
change in the result of the LDR-MN assay post-exposure compared to pre-exposure is plotted 
versus the dose received during the overhaul activities. 
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he data 
what less pronounced. 

 
Combination of in vitro 
irradiation of blood sa  

individual data of the change 

This figure s posure 

phenom ng” dose while 
the 3.5 Gy in vitro
adaptive response effect is not observed for all workers is in agreement with literature data 
regarding the adaptive response induced by in vitro irradiation. These data also show a large 
interindividual variability. 

This figure shows undeniably that a dose in the range 5-10 mSv, received in a short period of 
one to a few weeks, induces a reduction of the chromosomal radiosensitivity. T
obtained with the HDR-MN assay lead to a similar conclusion but some

 the data obtained in the HDR-MN and LDR-MN assays after 
mples at high and low dose rate allows us to calculate the “Dose rate

sparing” (DRS) factor, representative for the DNA repair capacity. In this figure the 
of the DRS factor post-exposure versus pre-exposure are plotted 

versus the dose received in the revision. 
hows that for all workers with a dose exceeding 5 mSv the occupational ex

induces an enhanced DNA repair, which can be explained by the adaptive response 
enon. In our study the occupational in vivo exposure is the “conditioni

 dose of the blood sample acts as the “challenging” dose. The fact that the 
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The fact that the adaptive response does not show up in the G2 assay results is possibly due to 
the time between blood sampling and start of the culture and the in vitro irradiation three days 
later. For the HDR-MN and LDR-MN assays the irradiation takes place at the start of the 
ulture a few hours post-sampling. Indeed, literature data indicate that the adaptive response c

effect is only a few days active after the time of the conditioning dose. An analysis of the 
results of the chromosomal radiosensitivity assays of the blood samples received before the 
exposure during the reactor revision versus the accumulated dose received in the past does not 
show any effect of the dose in agreement with the relatively short lifetime of the effect.  
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V. Discussion 
 
The extensive studies with chromosomal radiosensitivity assays performed in the framework 
of present project have shown their usefulness in the assessment of radiosensitivity of 
populations. On the other hand the specificity and sensitivity of the results based on one blood 
sampling is too low to apply these assays for an individual radiosensitivity assessment in the 
framework of occupational medicine. In the population of radiation workers two individuals 
emerged with a systematic enhanced chromosomal radiosensitivity based on two blood 
samplings in a period of one to a few weeks. A validation study of a population of 
radiotherapy patients as performed in the framework of the project but taking into account the 
result of several blood samplings for assessment of the sensitivity and specificity of the 
chromosomal radiosensitivity assays would give a definite answer to the value of these assays 
at the individual level. Anyway, multiple sampling at different points in time in an 
occupational medicine setting is difficult in daily practice. 
 
The study of the radiation workers has shown also that recent exposures (up to a few days 
before the venepuncture) have an influence on the individual chromosomal radiosensitivity 
status by the mechanism of the adaptive response. The study performed in the framework of 
the project is the first study which shows directly by assessment of the chromosomal 
radiosensitivity that an occupational exposure of 5-10 mSv in a short period has a positive 
effect on the DNA repair and reduces the radiosensitivity. The effect of exposure to radiation 

aspects of biomonitoring of susceptibility. The 
llowing themes were treated: 
• What is the aim of genetic biomonitoring to follow up workers in addition to the 

techniques applied today? 
• How strong is the difference between conventional and the genetic techniques with 

respect to accuracy, relevance, necessity and consequences? 
• What kind of social problems can be introduced by genetic methods in the daily 

occupational medicine practice? 
• How can the results of genetic susceptibility studies be reported to the participants? 

A lot of attention was paid to the communication duty by which an individual has to be 
informed on the results of assays of studies as performed within the present project. The 
problem is that at the moment, the chromosomal radiosensitivity assays are sufficiently 
reliable for a population but not for an individual susceptibility assessment. Therefore we 
decided to communicate the population results anonymously and not to communicate the 
individual results to the participants. Individual reporting would lead to conclusions 
concerning themselves and their family members that go much too far taking into account the 
restricted specificity of the assays.  
 
Studies of patients treated with radiotherapy have shown that the patient-related variability in 
complications is caused by genetic factors. There is a general agreement that with the 
exclusion of patients with genetic syndromes associated with a high radiosensitivity this 
variability is not the result of mutations in one gene but that the individual radiosensitivity is 

and other mutagenic factors, and also of physiological factors in the blood, on the result of 
chromosomal radiosensitivity assays is a serious drawback for the phenotypic approach of 
individual radiosensitivity assessment.  
 
At the occasion of the studies of the chromosomal radiosensitivity of workers from the 
nuclear industry and in control populations, a debate started with different inter-occupational 
medicine services on the social-ethical 
fo
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the result of several interindividual variations in the genome. Individuals with alleles with 
polymorphisms associated with a less efficien DNA repair capacity and/or deregulation of 
the checkpoint-control of the cell cycle will have a higher susceptibility for radiation-induced 
cancer. More than 100 genes are involved in the detection of DNA damage and DNA repair. 
Combination of polymorphisms in these genes will at least to a large extent determine the 
individual radiosensitivity in a population of healthy individuals. In the framework of present 

roject we elaborated molecular techniques for individual analysis of “Single Nucleotide 
olymorphisms”. SNP’s represent about 90% of the naturally occurring DNA sequence 
ariations. The effect on the radiosensitivity of four SNP’s in the XRCC1 gene, playing a 

crucial role in the base excision repair process, and for which it is known that they are 
associated with cancer predisposition was investigated within the framework of the project. 
This kind of studies has to be extended to the large number of genes involved in DNA repair, 
cell cycle control and mechanisms of repair of oxidative damage. The results of these studies 
have to be the base for “radiogenomics”, leading to an individual radiosensitivity assessment 
starting from the individual genomic profile of the genes just mentioned. Recently it was 
shown that summing up the risk alleles is a first simple method for individual radiosensitivity 
assessment. An important advantage of the genotypic approach for assessment of the 
individual susceptibility is that the result is not affected by exposures and physiological 
factors in the blood. Genomic DNA can be extracted from peripheral blood lymphocytes 
present in a blood sample. The molecular techniques elaborated within the project can be 
applied at a large scale.  
 
In conclusion, we can state that chromosomal radiosensitivity assays are useful and sensitive 
for studies of the radiosensitivity of populations but cannot be applied at the moment at an 
individual level based on one blood sample, partly because of the observed effect of 
mutagenic exposures and physiological factors in the blood on the result of the assays. For an 
individual radiosensitivity assessment, a genotypic approach by “radiogenomics” based on an 
extensive SNP-analysis seems necessary.  
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I. INTRODUCTION 
 
I.1. Context and general frame of the research. 

he interactions between ionising radiation and tissues. In case 
tion by the 

b), double strand breaks (dsb), base damage, … in the cells of 
e cell will 

esis.  
he most lethal lesion induced by ionizing radiation is the DNA dsb, which when not repaired 

lead to the formation of chromosome aberrations. Literature 
ata have shown that the number of chromosome aberrations induced by ionising radiation can 

that can be 

cer patients 
ow an enhanced chromosomal sensitivity with these techniques and 2) a population of 

nts of which the in vivo clinical radiotoxicity is known.  The value of these 
ytogenetic assays for the identification of radiosensitive individuals in nuclear medicine will 

on of radiation workers from nuclear industry.     

lso investigate genetic variations (RNA 

 
The in vivo effect of exposure to ionising radiation at the cellular level and the effect on 
human health is dependent on t
of external irradiation this effect depends primarily on the absorption of radia
involved tissue. When radiation is absorbed by the target organs it will induce DNA damage 
such as single strand breaks (ss
the target tissues. Dependent on the complexity and the amount of the damage th
repair, not repair or missrepaired the damage. Missrepaired damage resulting in mutations and 
chromosome aberrations can lead by a multistep process to carcinogen
T
or missrepaired by the cell will 
d
vary among different individuals and are correlated with individual differences in 1) the repair 
capacity of the radiation induced lesions and 2) the cell cycle checkpoint mechanisms. 
Mutations in DNA repair genes, cell cycle checkpoint genes, … would by this lead to an 
enhanced chromosomal radiosensitivity and increased cancer risk.  
In the framework of this DWTC programme we will develop techniques that will allow us to 
detect individual differences in radiosensitivity and this as well at the chromosomal 
(cytogenetic analysis) as genetic (RNA expression, gene profile) level.   
 
I. 2. Aims of the research 
 
The major aim of our research team (RUG1, promotor Prof. Dr. L. De Ridder) and RUG2 
(promotor Prof. Dr. H. Thierens) is to investigate the value and the application of genotoxicity 
assays as candidate biomarkers of susceptibility to ionising radiation in the field of nuclear 
medicine of radiation workers. These assays should be characterised by a high reproducibility 
and sensitivity to allow reliable monitoring of the radiosensitivity of radiation workers. 
 
To achieve this goal we will develop, optimise and standardise genotoxicity assays 
used as radiosensitivity biomarkers. As candidate assays to standardise we choose the G2 and 
G0-MN assay as elevated sensitivity to ionising radiation with these assays has already been 
demonstrated in cancer prone genetic disorders (such as ataxia telangiectasia and Nijmegen 
breakage syndrome) and in significant proportions of patients with common cancers (Scott et 
al.,1998 & 1999, Terzoudi et al., 2000). In this programme the optimised and standardised G2 
and G0-MN assay will then be applied and validated by means of 1) a population of breast 
cancer patients this as literature data have shown that about 30-40% of breast can
sh
radiotherapy patie
c
be investigated in a populati
 
As enhanced chromosomal radiosensitivity is probably correlated with defects in DNA repair 
genes or cell cycle checkpoint genes we will a
expression, DNA profile) in those individuals (workers and patients) that were characterised in 
our study by an enhanced G2 or G0-MN response. 
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Activities carried out to study these goals: 
- development and optimisation of G2 assay and G0-MN assay (different irradiation 
procedures).  
- analysis of the reproducibility and sensitivity of the G2 and G0-MN assays. 
- application of the G2 and G0-MN assay in a population of radiation workers (see report 
RUG2, Prof. Dr. H. Thierens). 
- validation of the G2 and G0-MN assay in a population of breast cancer patients.  
- validation of the G2 and G0-MN assay in a population of radiotherapy patients (see report 
RUG2, Prof. Dr. H. Thierens). 
- investigation of the mechanism underlying the formation of G2 chromatid breaks 
- correlation analysis between enhanced chromosomal radiosensitivity and the expression of 
genes involved in the processing of radiation induced DNA damage. 
 
II. THEORETICAL FRAME 

y to affect chromosomal radiosensitivity. In a large number of patients with inherited 

tudies the G2 assay and G0-MN assay were used to evaluate 

ent of genes operating in cell cycle control and apoptosis, and DNA repair genes. 
entification of genetic variables in the processing of radiation induced DNA damage may 

e and quantitative terms.  

 
Defects in DNA damage processing genes (DNA repair genes, cell cycle checkpoint genes) 
are likel
cancer-prone disorders such as ataxia-telangiectasia, Nijmegen breakage syndrome and 
hereditary retinoblastoma an enhanced chromosomal radiosensitivity has been demonstrated 
(reviewed in Scott et al.,1999). More recently elevated chromosomal radiosensitivity has also 
been observed in significant proportions of patients with sporadic cancers with no obvious 
family history (Scott et al., 1998 & 1999; Terzoudi et al., 2000). In breast cancer patients the 
elevated chromosomal radiosensitivity is confirmed in several independent studies (Parshad et 
al, 1996; Patel et al., 1997; Scott et al., 1998 & 1999; Terzoudi et al., 2000; Baria et al., 2001; 
Riches et al., 2001). In these s
chromosomal radiosensitivity. The fact that enhanced chromosomal radiosensitivity is also 
observed amongst blood relatives of radiosensitive cancer patients points to the heritability of 
chromosomal radiosensitivity (Roberts et al., 1999; Burrill et al. 2000). These findings support 
the view that enhanced chromosomal radiosensitivity  may be a marker for cancer 
predisposing genes of low penetrance. The suitability and application of genotoxicity assays, 
such as G2 and G0-MN assay, as candidate biomarkers for susceptibility to ionising radiation 
is by this also of major importance in the industrial medicine of radiation workers.  
Furthermore recent studies investigating the underlying mechanisms of this enhanced 
sensitivity in response to radiation place DNA damage processing as a central theme of 
radiosensitivity. The experimental evidence on cellular radiosensitivity suggests the 
involvem
Id
help to re-evaluate and re-define existing radioprotective measures by incorporating a factor 
of individual radiosensitivity, enriched in both qualitativ
 
III. METHODS 
 
III.1. Analysis procedure 
 
1.Optimized G2 assay: the G2 assay procedure of the Paterson Institute, Manchester (Scott et 
l. 1999) was followed with some minor changes:  

10 % FCS, 0.05 % L-glutamine + peniciline / 

a
0.5 ml of heparinized blood is added to 4.5 ml of complete culture medium (37°C) consisting 
of RPMI-1640 medium supplemented with 
streptomycine (50U/ml peniciline en 50µg/ml streptomycine; Gibco). 10 µl 
phytohaemagglutinine (PHA- P) (1% PHA-P oplossing; Difco, Biotrading) is added as 
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mitogen. Two cultures per donor are set up: one to be irradiated while one serves as control. 
After 70h incubation in a CO2  incubator at 37°C the cultures are irradiated with a dose of 0.4 
Gy gamma rays at 37°C. At 30 min post-irradiation colcemid is added (0.15µg/ml; Sigma-
Aldrich) and 60 min later the cultures are arrested by putting them on ice for 5 min. After a 
cold hypotonic shock with 0.075M KCl, for 15 min on ice, the cells are fixed once in cold 
methanol:acetic acid (3:1) and placed at 4°C overnight. The next day the cells are fixed for 
nother 3 times with cold methanol:acetic acid (3:1). Suspensions of cells are dropped on 

re analysed for the appearance of chromatid breaks and gaps. The 

 

 a dose of 3.5 Gy Co-gamma rays given at a high dose rate (HDR) (1Gy/min); 
ulture 2 is irradiated at 37°C, with a dose of 3.5 Gy Co-gamma rays given at a low dose rate 

ys 

ty of the cell.  

lds from the 

ork of the optimisation and standardisation of the G2 assay procedure our 

5 years old, were 
sted for their sensitivity towards ionising radiation by means of the G2- and G0-MN assay. 

a
clean dry slides, stained with 6% Romanowsky-Giemsa for 20 min and coded. Fifty well 
spread metaphases a
radiation induced numbers of chromatid breaks and gaps are obtained by subtracting the 
spontaneous yields from the yields obtained in the irradiated samples. Per sample 2 slides are 
made and the analyses are done by 2 scorers (per sample each analyst scores 25 metaphases 
on one of the duplicate slides).  

2. Optimised micronucleus (MN) assay:  
For the MN assay 0.5 ml of blood is added to 1.5 ml of complete culture medium (see G2 
assay). 
Per sample, depending on the study,  different cultures are set up:  culture 1 is irradiated at 
37°C, with
c
(LDR) (4mGy/min); culture 3 is irradiated at 37°C, with a dose of 3.5 Gy Co-gamma ra
given at HDR (1Gy/min) but PHA is added with a delay of  6 h after irradiation (HDR-DS 
(delayed stimulation)); culture 4 is sham irradiated. The sparing effect of LDR irradiation 
compared to HDR irradiation (DRS) = 1 – YLDR/YHDR is calculated and used as a measure for 
the repair capaci
24 h after PHA stimulation cytochalasin B (6µg/ml; Sigma-Aldrich) is added to block 
cytokinesis. After a 70h culture period at 37 °C in a CO2 incubator the cells are harvested by a 
cold hypotonic shock followed by fixation in a methanol : acetic acid : ringer (0.9% NaCl) 
solution (10:1:11) and placed at 4°C overnight. The next day the cells are fixed for another 3 
times with cold methanol:acetic acid (10:1). Suspensions of cells are dropped on clean dry 
slides, stained with 6% Romanowsky-Giemsa for 20 min and coded. MN are scored in 1000 
binucleate cells (light microscopy, 10x40) according to the criteria of Fenech (1993). The 
radiation-induced numbers of MN are obtained by subtracting the spontaneous yie
yields obtained in the irradiated samples. Per sample 2 slides are made and the analyses are 
done by 2 scorers (per sample each analyst scores 500 binucleate cells on one of the duplicate 

es).slid   
 
The detailed protocols and results of the optimisation and standardisation experiments are 
published in Radiation Research (paper 3 in annex II).  
n the framewI

research group participated in “The technical workshop on the G2 assay” which was held at 
the University of St.-Andrews in Scotland and which resulted in a paper published in Int. J. 
Rad. Biol. (paper 4 in annex II).   
 
III.2. Materials 
 
1. Study  related to the optimisation , reproducibility, reliability and sensitivity of G2 and G0-
MN assay as biomarkers of radiosensitivity.. 
- fourteen healthy volunteers, 4 males and 10 females aged between 23 and 5
te
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For 12 of these volunteers blood samples were taken once while the two other volunteers gave 

 to individual or experimental parameters could be excluded. For one donor 
entified as radiosensitive with the G2 assay the assay was repeated twice to confirm the 

. 

opulation of radiation workers from 
e nuclear industry. 

cine this are the external 

s involved in the revision of the 4 nuclear reactors in Doel. This 
udy has been performed in close collaboration with the nuclear medicine dept. of Doel (Dr. 

be found in the report of RUG2, promotor Prof. Dr. H. 
hierens. 

ay  in a population of breast cancer patients. 

 are carrier of a BRCA 1 

r patients, aged 
ean 44 ± 10), during a period of 2 years. The study of the breast 

boration with the Department of Medical Genetics, 

ctor for the development of hereditary breast cancer. The blood samples were collected 

men. 
ll patients were given genetic counselling and signed an informed consent. 

blood on nine occasions over a time period of one year. From one blood sample multiple 
cultures per assay were set up to check the reproducibility of both assays in a situation where 
the variations due
id
results. This study was approved by the Ethical Commission of our University
 
2. Application of the G0-MN assay and G2 assay on a p
th
The application of chromosomal radiosensitivity assays in nuclear medicine is most relevant 
for workers that are exposed to the highest doses. In nuclear medi
workers involved in the revision of the reactors (“jumpers”). During the revision they receive 
relative high doses during a short period (up to 15 mSv/month). The work involves cleaning, 
maintenance and repair of the components in the hot zone of the reactor.  
In the framework of the project a biomonitoring programme has been worked out for 
populations of external worker
st
M. Barbé). A detailed procedure can 
T
 
3. Validation of the G0-MN assay and G2 ass
- in this study chromosomal radiosensitivity has been investigated by means of the G2-assay 
and the G0-MN assay in an extensive group (n=62) of breast cancer patients with a family 
history or early onset of the disease. A small number of these patients
or 2 mutation.  
- heparinized blood samples were obtained by venepuncture from 60 normal healthy women, 
aged between 23 and 60 years (mean 37 ± 12) and  from 62 breast cance
between 29 and 66 years (m
cancer patients was performed in colla
University Hospital Gent, Belgium. Patients are referred to genetic consultation because of 
familial or early onset breast cancer. Women fulfilling one of the following selection criteria 
were analysed for presence of a mutation in BRCA1 and BRCA2 as described.  
1.  3 first degree relatives affected with breast and/or ovarian cancer (n=27) 
2.  breast cancer patients from a family where at least in 2 first and/or second degree 
relatives breast and/or ovarian cancer is detected before the average age of 50 years (n=24) 
3.  patients with bilateral breast cancer and both tumors diagnosed before an average age 
of 50 (n=8; 5 of them also fulfil criteria 1 and 3 of them fulfil criteria 2) 
4.  all patients diagnosed with breast cancer before the age of 35 years without a family 
history (n=11) 
 
This group of breast cancer patients was selected for mutation analysis of the BRCA1 and 
BRCA2 genes, because a positive family history and/or diagnosis at young age is a significant 
risk fa
at varying times after breast surgery and radio/chemotherapy (range 9 months to 21 years). 
However the majority of the samples were received 2-3 years after therapy. Data on the 
tumour stage, tumour type, chemotherapy, radiotherapy, oestrogen-receptor and progesterone-
receptor status were also collected. In this study we performed the G2- and the MN-assay on 
blood samples of the patients and on concurrent samples of healthy wo
A
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4.Validation of the G0-MN assay and G2 assay  in a population of radiotherapy patients. 
A detailed description of this population can be found in the report of RUG2, promotor Prof. 

r. H. Thierens. 
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Summary of the results and discussion:  
Although it has been shown in literature that cancer patients have a higher mean G2 and G0-

individuals the use of these assays for the assessment of 
dividual radiosensitivity and susceptibility is still questionable. In order to allow  the 

ssay (HDR, LDR, HDR-DS) were 
performed on repeated blood samples of 14 healthy volunteers taken over a time period of 1 
year. 
The repeat experiments revealed that the intra-individual variability (Table 2) was not 
significantly different from the inter-individual variability (Table 1) for both G2 and G0-MN 
assay. As the intra-individual variability determines the reproducibility of the assay, our 
results highlight the limitations of these endpoints in detecting reproducible differences in 
radiation sensitivity between individuals within a normal population.  
 
 

MN value compared to healthy 
in
quantification of an increased risk for a given individual the inter-individual variation should 
clearly exceed the inter-experimental / intra-individual variation found for a given endpoint in 
the normal population. Because of this, an accurate assessment of the inter- and intra-
individual variation is essential. However, with regard to the G2 assay and the G0-MN assay 
these variations have not been investigated systematically and the results are not always 
straightforward. Because of this lack of clarity we wanted, as part of the DWTC programme, 
to investigate the reproducibility and sensitivity of the G2- and G0-MN assay and optimise the 
assays prior to their application as biomarkers of individual radiosensitivity and susceptibility 
to cancer. For this, the G2 assay and the G0-MN a
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Table 1. Summary of the data used for the study of the interindividual variation among donors 

r different chromosomal radiosensitivity assays.   fo
 
  
Donor/ 
Gender 

Dat
(M/D/Y) 

G
in

 M
D/Y) 

-Me G2 2 Date
dex (M/

N HDR N LDR-M -D
MN 

N HDR S- DRS 

1/M 7/2/99 1.14 10/16/00 0.752 0.315 0.603 0.58 
2/F 7/2/99 1.14 16/0 0.652 0.303 0.519 0.54 10/ 0 
3/F 10/2 0.92 16/0 0.925 2/99 10/ 0 0.332 0.671 0.64 
4/M 10/22/99 0.98 /11/0 0.778 0.358 0.650 0.54 12 0 
5/M 10/7 0.80 - - - - /99 - 
6/F 12/9 1.04 - - - - /99 - 
7/M 1/27 1.14 27/0 0.826 .432 0.48 /00 10/ 0 0 0.780 
8/F 1/27/00 1.28 27/0 0.769 0.366 0.688 0.52 10/ 0 
9/F 3/20/00 0.92 3/20/00 0.845 0.309 0.599 0.63 
10/F 3/20/00 1.02 3/20/00 0.808 0.305 0.620 0.62 
11/F 3/20/00 1.18 3/20/00 0.808 0.337 0.637 0.58 
12/F 3/20  1.10 3/20/00 0.935 0.311 0.856 0.67 /00
13/F 12/11/00 1.58 3/13/00 0.791 0.454 0.603 0.43 
14/F 12/11/00 1.20 3/13/00 0.829 0.502 0.664 0.40 
15/F - - 3/13/00 0.763 0.405 0.683 0.47 
Mean  1.10 06 4 9 0.55  0.8 0.36 0.65
SD  0.19 0.073 0.065 0.085 0.09  
CV(%)  17  9 18 16 13 
90% P  1.35 0.900 0.447 0.768 0.44  
 
*G2 index : n r of brea gaps/ hase  

N, L N, HD N : er of MN ate ce
-YL DR  (Y=y

po problem ssociated w h the sensitivity of these chromosomal assays is that 
h the  radiati  induced yield of aberrations is significantly higher in patient 

les than in samples of normal individuals, considerable overlap exists between both 
r th  and MN cores. Beca e of this, fo ividual a ssment of itivity, a 

ut-off point has to be determined to define whether an individual is radiosensitive or not. In 
ur study the 90th percentile, derived from adopting a normal distribution for the inter-

umbe ks and metap
  HDR-M DR-M R-DS-M numb /binucle ll 
  DRS : 1 DR/YH ield) 
 
 
Another im rtant  a it
althoug  mean on
samp
groups fo e G2  s us r ind sse sens
c
o
individual radiosensitivity (Table 1), was taken as cut-off point for radiosensitivity (this in 
accordance with the studies of Scott et al. 1998 &1999). 
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Table 2. Summary of the data used for the study of the intraindividual variation for two 
donors for different chromosomal radiosensitivity assays.   
 
Donor 7 
 
Date G2 

/D/Y) 
dex Dat

(M/D
HDR-MN

(M
G2 in e MN 

/Y) 
 LDR-MN H S-

M
DRSDR-D

N 
 

10/7/99 - - - - 0.80 -  
1/27/00 1/27/00 0.826 32 0 0.48 1.14 0.4 .780 
1/31/00 1/31/00 0.907 0.451 0.700 0.50 1.18 
2/8/00 0.92 2/8/00 0.922 10 0 0.56 0.4 .686 
2/17/00 2/17/00 0.849 26 0.718 0.62 1.28 0.3
3/20/00 1.20 3/20/00 0.980 0.358 0.686 0.64 
9/10/00 1.14 9/10/00 0.786 0.290 0.778 0.63 
10/10/00 1.08 10/10/0 0.706 0.361 0.675 0.49 
10/16/00 1.22 - - - - - 
Mean 1.11  0.854 0.375 0.718 0.56 
SD 0.15  0.092 0.058 0.044 0.07 
CV (%) 14  11 16 6 12 
 
Donor 8 
 
Date G2 G2 index Date MN HDR-MN LDR-MN HDR-D
(M/D/Y)  (M/D/Y) MN 

S- DRS 

10/22/99 1.24 - - - - - 
1/27/00 1.28 1/27/00 769 0.366 0.688 0.52 
1/31/00 0.94 1/31/00 815 0.458 0.626 0.44 
2/8/00 1.58 2/8/00 845 0.469 0.654 0.45 
2/17/00 1.20 2/17/00 764 0.468 0.797 0.39 
2/25/00 1.16 2/25/00 724 0.394 0.634 0.46 
9/10/00 1.06 9/10/00 647 0.269 0.638 0.58 
10/10/00 1.02 16/10/00 700 0.371 0.678 0.47 
10/16/00 1.38 - - - - - 
Mean 1.21  752 0.399 0.673 0.47 
SD 0.20  68 0.073 0.059 0.06 
CV (%) 16  9 18 9 14 
 
 
Although we accept that a population of e.g. breast cancer patients has a mean G2 and G0-MN 
value that is significant higher than the mean value obtained in a normal population, the 
results of our repeat experiments show that care has to be taken when evaluating individual 
sensitivity.  Indeed, the results of donor 7 and 8 (Table 2) show that  in most occasions the G2 
and G0-MN values were within the normal range (90th percentile as cut-off) but in a few 

ccasions also high values were obtained (data in bold). Baseo d on these high values the 
individuals would have been regarded as sensitive. Thus, the value of chromosomal aberration 
assays for assessment of the individual radiosensitivity based on one blood sample seems very 
questionable. The reason why occasionally high values are obtained within the population 
under study and more especially within the same individual is not yet clear. 
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Table 3. Summary of the data used for the study of the variation between different cultures for 
donor 13 for different chromosomal radiosensitivity assays.   
 
Culture G2-index HDR-MN LDR-MN DRS 
1 1.12 0.770 0.535 0.31 
2 0.98 0.831 0.428 0.49 
3 1.10 0.750 0.413 0.45 
4 1.00 0.825 0.457 0.45 
5 1.02 0.747 0.429 0.43 
6 1.10 0.821 0.462 0.44 
Mean 1.05 0.791 0.454 0.43 
SD 0.06 0.039 0.044 0.06 
CV (%) 6 5 10 15 
 
 
Setting up multiple cultures from the same blood sample (Table 3) showed that the inter-
culture variability is clearly smaller compared to the intra- and inter-individual variabilities 
(Table 2 and 3). This points to a good assay reproducibility when the influence of external 
parameters is excluded. The experimental set up of our experiments, in which at least 2 
volunteers were tested simultaneously, allowed us to conclude that the high and variable G2 

alues found in repeated samples of the same donor taken over a time period ov f 1 year are not 

variability we consider that results obtained with the G0-MN and G2 assay 
ity 

sensitive and 

ard. The results of this workshop have been published in Int. J. Rad. Biol.. For a 
omplete overview of all the results and discussion we refer to the paper (paper 4 in annex II). 

due to experimental parameters such as medium, serum batch, PHA, irradiation conditions, 
etc.,  but are really an intrinsic characteristic of the individual (Table 1-2).  
These findings raise the question whether the high intra-individual variations found in present 
study may be due to the fact that “a blood sample” as starting material is not exactly 
reproducible as the composition of blood (cells and serum) varies according to changes in 
hormone levels, diet, immune status,…. These parameters may have an influence on the 
individual’s behaviour towards ionising radiation. Furthermore, as the ratio of lymphocyte 
subsets in the blood may vary over time within the same individual this may influence the 
number of lymphocytes going into apoptosis and by this also influence the level of radiation 
induced MN.  
Due to the high intra-individual variability and the absence of a significant difference with the 
inter-individual 
which are based on one single measurement are insufficient to determine the radiosensitiv
of an individual. To allow reliable conclusions the results should be based on multiple 
measurements from multiple blood samples. For the determination of the sensitivity of a 

roup of individuals the assays pose no problems and can be regarded as g
reliable. 
The fact that we found no correlation between G2 and G0-MN sensitivity in the same 
individuals, which was also reported by Scott et al. (1998, 1999), may point to the fact that 
these assays are reflecting different mechanisms of chromosomal radiosensitivity. As until 
now little is known about the mechanism underlying the formation of chromatid breaks 
observed in the G2 assay we further studied, in the framework of the DWTC programme on 
susceptibility, the formation of G2 chromatid breaks (results 5).  
 
Concerning the methodology of the G2 assay a workshop has been organised in which a 
standardized protocol for the G2 assay, which was approved by several research groups, has 
been  put forw
c
. 

 86



Summary of the results and discussion: 
lthough requiring stringent experimental conditions to achieve good reproducibility, the G2 

assay has potential as a sensitive marker for cancer susceptibility, and is particularly useful in 
opulation studies. Immediate culture of blood is preferable, but overnight storage of blood 
ither at ambient temperature or at 4 degrees C does not appear significantly to affect G2 

 variability in assay results and should be 
scores on blood from certain 

mples. Thus, determination of an 
dividual's radiosensitivity may require multipl  on different occasions. While it is 

ized that tion between aligne is-aligned discontinuities has no 
ientific basis, so e laboratories have decided for the purpose of reco -keeping to score all 

ed discontinu  gaps, and mis-aligned d nuities as break ll cases the final 
2 score should c  sum of all gaps and breaks.  

 group also c  international H N (human micronucleus project) project 
hich aims to standardise the MN assay. By the HUMN project a large international study has 
een set up to co  intra- and interlabora ations in MN n binucleate 
lls. The results , in which a large num volved, have 

een published in ntal and Molecular agenesis (paper 1  
utation Researc  in annex II). For a complete overview l the results and 

iscussion we ref to the papers of which the reference is given in appendix.  

. Application of assay and G2 assay on a population of radiation workers from 
uclear industry. 
 population of r rs from nuclear industry has been investigated to evaluate the 
alue of the abo d cytogenetic assa to assess individ diosensitivity of 
orkers in nuclear medicine. The results of these udies are discussed i detail in the report of 

romotor ierens, and are lished in Int. J. R  Biol. (paper 6 in 
nex II) and in I adiation (paper 10  II). An important conclusion from 
e study publish is that in vivo expos
 a reduction of t sponse in G0 lymphocyt
e “adaptive re omenon”. With the G2 assay no adaptive repons could be 

emonstrated.  

 

e refer to the paper. 

ummary of the results and discussion: 
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3. Validation of the G0-MN assay and G2 assay  in a population of breast cancer patients.

ournal of Cancer (paper 7 in annex The results of this study have been published in British J
II). For a complete overview of the results and discussion w
 
S  
The chromosomal radiosensitivity of breast cancer patients with a known or putative genetic 
predisposition was investigated and compared to a group of healthy women (details of patient 
population see III.2. Material) . The chromosomal radiosensitivity was assessed with the G2 
and the G0-MN assay. For the G2 assay lymphocytes were irradiated in vitro with a dose of 
0.4 Gy 60Co γ-rays after 71h incubation and chromatid breaks were scored in 50 metaphases. 
For the G0-MN assay lymphocytes were exposed in vitro to 3.5 Gy 60Co γ-rays at a high dose 
rate (HDR) or low dose rate (LDR). 70h post-irradiation cultures were arrested and 
micronuclei were scored in 1000 binucleate cells (detailed description see III.1. Analysis 
procedure).   
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Table 1. Mean values, standard deviations, ranges and 
 Percentage of radiosensitive breast cancer patients and controls 
    
Assay Parameter normals Patients 
       
Age Range 23-60 29-69 
  Mean ± SD 37 ± 12 45 ± 10 * 
       
G2 Population size a 51 54 
  Mean ± SD b 1.03 ± 0.21 1.24 ± 0.25 * 
  Range b  0.6-1.55 0.76-1.82 
  Cut off value b,d 1.29   
  % sensitive d 10 43 ** 
       
MN-HDR Population size a 53 49 
  Mean ± SD c 741 ± 105 841 ± 143 * 
  Range c 495-969 546-1166 
  Cut off value c,d 876   
  % sensitive d 11 45 ** 
       
MN-LDR Population size a 49 51 
  Mean ± SD c 346 ± 59 442 ± 89 * 
  Range c 247-499 263-635 
 Cut off value c,d 422   
 % sensitive d 12 61 ** 
    
a number of successful blood samples; b number of chromatid breaks per cell 
c number of micronuclei (MN) per 1000 BN; d 90th percentile of the controls was selected as cut off 
* Significantly different from controls (p<0.05) (unpaired t-test) 
** Significantly different from controls (p<0.05) (Chi-square test) 
    
 
The results demonstrated that the group of breast cancer patients with a known or putative 
genetic predisposition was on the average more radiosensitive than a population of healthy 
women and this as well with the G2 as with the HDR and LDR MN assay (Table 1). With the 
G2 assay 43% of the patients were found to be radiosensitive. A higher proportion of the 
patients were radiosensitive with the G0-MN assay (45% with HDR and 61% with LDR) 
(Table 1). No correlation was found between the G2 and the G0-MN chromosomal 
radiosensitivity. This again points to the fact that different DNA repair mechanisms or cell 
cyclus checkpoint mechanisms are operating when cells are irradiated in G0 or G2 phase of 
the cell cycle. Of the different subgroups considered, the group of the young breast cancer 
patients without family history showed the highest percentage of radiosensitive cases and this 
as well in the G2 (50%) as in the G0-MN assay (75-78%) (Table 2). 
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4.Inte

cond validation study has been started in a population of radiotherapy patients. This study 
o o o  o .  T . port

tigate if the in vitro radiosen d w
-M ssay te  th ivo cal sens  ob d in
io y patients. The suitabi f cytogenetic assays to predict in  rad

on in vitro and in vivo radiation response are 
sen or od rsta  o  ge c fac res ble 

susceptibility. Genetic variations will be studied by means of SNP (single nucleotide 
poym rphisms) analysis in DNA repair genes and cell cycle checkpoint genes that are 

ses for some of these genes are associated with cancer predisposition and clin al 
diation-hypersensitivity. The characterization of genetic variations associated with higher 

risks of radiation toxicity should provide a solid scientific basis for the understanding of health 
effects of low doses and low dose rates and how information on individual radiosensitivity 
should be incorporated in risk assessment management. This knowledge can also be used to 

ble 2. aT Mean values, standard deviations, ranges and percentage radiosensitivity of
1
f

a

G2

) breast cancer patients with a family history and a BRCA 1 or 2 mutation, 2) non-BRCA patients with a 
amily history and 3) young breast cancer patients without a family history

ssay parameter BRCA1 BRCA2 BRCA1+BRCA2 non-BRCA Young 

Population size 4 7 11 43
b

 a 10
*Mean ± SD 1.20 ± 0.34 1.32 ± 0.18 * 1.28 ± 0.24 * 1.23 ± 0.26 * 1.24 ± 0.26 

Range b 0.78-1.6 1.18-1.68 0.78-1.68 0.76-1.82 0.8-1.65
% sensitive c 25 29 27 47 ** 50 **

N-HDR PoM pulation size a 2 7 9 40 8
 * 940 ± 165 *

Ran
Mean ± SD d 787 ± 140 827 ± 144 818 ± 136 846 ± 146

ge d 688-886 644-1050 644-1050 546-1166 621-1166
33 48 ** 75 **

M

% sensitive c 50 29

N-LDR Population size a 2 7 9 42 9
dMean ± SD 457 ± 42 470 ± 130 * 467 ± 114 * 437 ± 83 * 472 ± 95 *

Range d 427-487 263-635 263-635 267-579 305-576
% sensitive c 100 ** 71 ** 78 ** 57 ** 78 **

 number of successful blood sama ples; b number of chromatid breaks per cell;
c 90th percentile of the controls was selected as cut off; d number of micronuclei (MN) per 1000 BN;
*
* (Chi-square test)
 Significantly different from controls (p<0.05) (unpaired t-test)

Significantly different from controls (p<0.05) * 
No significant differences were found between the different subgroups(unpaired t-test and Chi-square test)

rmediate results of the validation study  in a population of radiotherapy patients. 
A se
is d ne in cl se collab ration with RUG 2 (prom tor Prof  Dr. H. hierens)  An im ant 
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es tial f a go unde nding f the neti tors ponsi for radiation 
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respon ic
ra
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develop new high throughput techniques for the identification of individuals characterised by 
an in ffect due to ionising irradiation.  
 
In the ork of this s  sample ady co o   about

iminary results obtained in this study on chromosomal radiosensitivity in radiotherapy 
tien s  

il in o U m of  s) rthe
collected and worked out in future projects.  

5. Study of the mechanism underlying the formation of G2 chromatid breaks. 
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Short summary of the results and discussion:
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Fo  comple verview f all the results and discuss on we re er to the paper. 

 
The aim of this study was to determine, by means of the G2 assay, the number of chromatid 

 compare the kinetics f 

he G2 assay was performed on blood samples of 4 healthy donors that were irradiated with 

T  
 d fast neutrons.       
 
 

breaks induced by low LET γ-rays and high LET neutrons, and to
hromatid break rejoining for radiations of different quality. 

 o
c
T
low LET γ-rays and high LET neutrons. In a first set of experiments a dose-response curve for 
the formation of chromatid breaks was carried out for γ-rays and neutrons with doses ranging 
between 0.1 and 0.5 Gy. In a second set of experiments the kinetics of chromatid break 
formation and disappearance was investigated after a dose of 0.5 Gy using post-irradiation 
times ranging between 0.5h and 3.5h. For the highest dose of 0.5 Gy  the number of 
isochromatid breaks were also scored. 
 
able I.    Dose response for the formation of chromatid breaks following irradiation with Co-60  

     gamma  rays an
         
Donor 1  Donor 2  Donor 3  Donor 4  Mean + S.D. 

  reaks*chromatid breaks* chromatid breaks* chromatid breaks* chromatid breaks*          chromatid b
D
(G on 

ose 
y) Co-60  neutron Co-60  neutron Co-60 Neutron Co-60 neutron Co-60 neutr

                     
0 36 0,34 0,48 0,41 +,1 0,3 0,32 0,48 0,28 0,52 0,  0,11 0,36 + 0,09
                    
0,2 0,74 0,7 0,72 0,52 0,9 0,68 0,72 0,88 0,77 + 0,09 0,70 + 0,15
                     
0 1,61 1,65 1,61 1,88 2,1 1,63 1,67 1,68 +,5 1,55  0,14 1,75 + 0,24
                      
           
* 
sc  

 
 
 
 

number of chromatid breaks are given per metaphase ; per donor 50 metaphases were
ored. 
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T  Gy  
 
 
 

able II.   Chromatid break rejoining in function of the time (h) after irradiation with a dose of 0,5
   Co-60 gamma rays or fast neutrons.    
        
Donor 1 Donor2   Donor3   Donor 4   Mean ± S.D. 

T
(h eaks* 

ime 
)   chromatid breaks* chromatid breaks* chromatid breaks* Chromatid breaks*   chromatid br

a utron fter IR Co-60 Neutron Co-60  neutron Co-60 neutron Co-60 neutron Co-60 ne
                  
0,5 1,06 1,58 1,02 1,36 1,62 1,48 1,74 0,86 1,36 + 0,37 1,32 + 0,31
                  
1 1,76 1,54 1,52 1,48 2,6 2,16 1,78 1,76 1,92 + 0,47 1,74 + 0,31
                  
1,5 1,55 (0) 1,61(0) 1,65 (0) 1,61(0) 1,88 (0) 2,1(0) 1,63 (0) 1,67 (0) 1,68 + 0,14 1,75 + 0,24
                  
2,5 0,66 (4) 0,38 (0) 0,62 (0) 0,6 (0) 0,74 (3) 0,46 (2) 0,7 (10) 0,56 (2) 0,68 + 0,05 0,5 + 0,1 
                  
3,5 0,2 (2) 0,2 (12) 0,34 (8) 0,42 (22) 0,6 (10) 0,3 (10) 0,36 (23) 0,42 (4) 0,38 + 0,17 0,34 + 0,11
                      
           
*
(  

reaks were observed between low LET 

ocess which is triggered by a single dsb.  

anced chromosomal 

ith 
w doses of gamma rays was higher compared to T lymphocytes. Repair proteins involved in 

 number of chromatid breaks are given per metaphase ; per donor 50 metaphases were scored.  
) : % of labelled metaphases (per donor 50 metaphases were scored).  
 
 
No significant differences in the number of chromatid b
γ-rays and high LET neutrons for the 4 donors at any of the doses given (Table 1). The dose 
response curves for the formation of chromatid breaks are linear for both radiation qualities 
and RBE values equal to one were obtained. Scoring of isochromatid breaks at the highest 
dose of 0.5 Gy revealed that high LET neutrons are however more effective at inducing 
isochromatid breaks (RBE of 6.2). The rejoining experiments further showed that the kinetics 
of disappearance of chromatid breaks following irradiation with low LET γ-rays or high-LET 
neutrons are not significantly different (Table 2). T ½ = 0.92h for γ-rays and t ½ = 0.84h for 
neutrons were obtained. 
To conclude our results demonstrate that, applying the G2 assay, at low doses of irradiation 
the induction as well as the disappearance of chromatid breaks is independent of the LET of 
the radiation qualities used (0.24 keV/µm 60Co-γ-rays and 20 keV/µm fast neutrons). As these 
radiation qualities produce the same initial number of dsb, our results are in support of the 
signal model (P.E. Bryant 1998) which proposes that chromatid breaks are the result of an 
xchange pre

 
6. Preliminary results concerning the correlation analysis between enh
radiosensitivity and the expression of genes involved in the processing of radiation induced 
DNA damage. 
As chromosomal radiosensitivity is probably the result of defects in genes involved in the 
processing of DNA damage such as DNA repair genes, cell cycle checkpoint genes, stress 
genes, … a very important aim of the recent programme on susceptibility was to investigate 
the correlation between both endpoints. 
 
In a first study we investigated the expression of DNA repair proteins in different 
subpopulations of lymphocytes  (T and B lymphocytes). In a previous study (Vral et al. IJRB, 
3, 549-555, 1998) we demonstated that the MN response in B lymphocytes irradiated w7

lo
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the non homologous endjoining (NHEJ) repair mechanism were chosen as according to 

tigate if the enhanced 

lthy controls that showed a normal response and 2) a group of individuals 
atients, workers) which showed a radiosensitive response with G2 and G0-MN assay. We 

es because this allows us to dispose of a large number of lymphocytes 

primers have been developed for the following genes: 1) genes involved in 
omologous recombination (RAD51, XRCC2, XRCC3, RAD52), 2) genes involved in non-

 we saw that the RNA was 
rongly degraded. At the moment the cause of this problem is still under investigation. 

3) As  we want to investigate if the enhance chromosomal response is correlated with a 
differential gene expression  we have to be sure that IL-2 cell cultures show the same radiation 
response as blood cultures. To investigate this: A) the G0 MN assay and G2 assay for PBLs 
were optimised for IL2 lymphoblastoid cells and B) the chromosomal radiation response was 
compared between PBLs in a fresh blood sample and the IL2 lymphoblastoid cells derived 
from them. 
 
 
3A) Optimisation of MN assay and G2 assay for IL2 lymfoblastoid cells. 
Optimised protocol

literature NHEJ is the main mechanism to repair radiation induced dsb in mammalian cells. 
Protein expression of the 3 most important genes involved in NHEJ: Ku 70, Ku86 and DNA-
PKcs were analysed by Western Blot. Activity measurements of the catalytic subunit of DNA-
PK were also performed.  From our results we could conclude that enhanced chromosomal 
radiosensitivity observed in B cells is not due to defects in the DNA repair enzymes DNA-
PKcs, Ku70 & 86. The results of this paper have been published in Int. J. Rad. Biol. (paper 2 
in annex II).  
 
In a second study, which is not yet completed, we wanted to inves
chromosomal radiosensitivity observed with G2 assay and G0 micronucleus assay in breast 
cancer patients and radiation workers can be correlated with an altered expression (mRNA) of 
DNA damage processing genes. We started to study differential mRNA expression by real-
time quantitative PCR (Q-PCR) on interleukine 2 (IL2) cell cultures of lymphocytes of 1) a 
group of hea
(p
opted for IL2 cell cultur
what will allow repetitive experiments. IL2 cell cultures have the advantage, compared to 
EBV-transformed cell lines that they represent primary cells. To amplify differences in gene 
expression between the group of normal responders and radiosensitive cases the IL2 cell 
cultures will be in vitro irradiated.  
 
Below follows an overview of the preliminary results:  
1) PCR 
h
homologous endjoining (NHEJ) (XRCC4-XRCC7, Ligase 4), 3) cellcycle checkpoint genes 
(G2/M: Chk1, Chk2, cdk1(cdc2/cyclin B) and 4) other genes involved in the processing of 
DNA damage such as: ATM, CDKN1A (=p21/waf1), GADD45, PARP, XRCC1, DDB2.   
2) Preliminary real time quantitative PCR experiments have been performed. Our first results 
showed that the RNA was not optimal. By Agilent technology
st

: lymphocytes are isolated from the fresh blood samples and frozen down 
in liquid nitrogen.  To set up IL2 cell lines frozen lymphocytes are brought in culture and 
stimulated with PHA and IL2. PHA is only added at the start of the culture while IL2 is added 
each time the cultures are passaged. De stimulated IL2 cultures are grown for 17-20 days 
before they are irradiated and MN assay and G2 assay were performed. For MN assay 
cytochalasin is added immediately after irradiation with 2 Gy gamma rays and cultures are 
harvested 48 h after irradiation. This protocol yielded the best results.  For G2 assay, different 
protocols were tried out but  the obtained yield of good metaphases was to low in all 
procedures. For this reason the comparative study was only performed with the MN assay. 
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3B) comparative study between peripheral blood lymphocytes and IL2 lymfoblastoid cells. 
or this study blood samples were selected from 20 normal responding control donors and 11 
reast cancer patients that showed an enhanced response with the G0-MN assay. The results 
owed that the significantly enhanced radiation response obtained in fresh blood samples of 

reast cancer patients (408MN/1000) versus healthy controls (292MN/1000) after an in vitro 
ose of 2 Gy was not observed in the IL2 lymphoblastoid cells derived from the same 
dividuals. For IL2 lymphoblastoid cells the MN response was comparable in the patients 
82MN/1000 BN cells) and healthy controls (400MN/1000 BN cells).  The reason why the 

nhanced chromosomal radiosensitivity observed in blood samples disappeared in IL2 
mphoblastoid cells  is not solved yet and will be further investigated. 
ther alternatives such as the use of EBV transformed cell lines are under investigation at the 
oment. If also here the chromosomal response would disappear we will have to perform the 

ene expression studies on the frozen stock of PBLs . This however has the disadvantage that 
e amount of material is restricted. The results of these studies are in preparation for 

ublication. 

. Future perspectives: 
 the current DWTC programme studies were started to investigate the correlation  between 

hromosomal radiosensitivity observed in a certain number of individuals (patients, workers) 
nd the expression of DNA damage processing genes. As these investigations are only in a 
rst stage they will be further worked out in future programmes. The detection of mutations, 
olymorphisms in DNA damage processing genes correlated with in vitro chromosomal 
diosensitivity is a very important issue in the framework of susceptibility of workers and 

atients. 

nother important issue that still needs further investigation in future Radiation Protection and 
ealth Programmes is related to the suitability of the chromosomal aberration assays for 
dividual risk assessment. Although the present studies have shown that the G2 and MN 

ssays are suitable and reliable techniques for radiosensitivity assessment in population 
udies, their value for individual risk assessment is still unclear. 
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I. INTRODUCTION 
 
 
I.1. Context and general frame of the research 
 
The general objective of the programme was to develop new tools for the assessment of inter-
individual variability/susceptibility in occupational medicine. 
As indicated in the general introduction, variability is important to consider when assessing 
exposure (variability in exposure biomonitoring) or the consequences of exposure  (variability 
of effects or susceptibility). 
 
Among the different sources of variability, genetic factors (genetic polymorphisms) 
contribute, for some genes, significantly. The most obvious examples are the polymorphisms 
for glutathione-S tranferases GSTM1 and GSTT1 which are absent in respectively 50 and 20 % 
of the Caucasian populations. The introduction of molecular biology methods allows to detect 
these polymorphisms easily (genotyping). The UCL team was responsible for the development 
of most of the genotyping methods necessary for the present programme. 
 
Beside genetic polymorphisms, other factors may influence the functional activity of an 
enzyme involved in xenobiotic biotransformations or DNA repair. In particular, the expression 
or the activity of the enzyme in vivo can be measured (phenotyping methods). The UCL team 
devoted a large part of their efforts during this programme to develop a tool that would allow 
to phenotype CYP2E1, one of the most important enzyme involved in the biotransformation of 
industrial compounds and the expression of which is regulated both at the gene level and post-
transcriptionally. 
 
The tools developed at UCL were implemented in several experimental and field studies in 
collaboration with other partners. The UCL group was in charge of two specific studies 
exploring the role of inter-individual variability: the first one dealt with biomarkers of 
exposure to styrene in human volunteers, the second examined the respiratory impairment in 
workers exposed to cobalt dusts. 
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I.2. Theoretical considerations. 
 
For the interpretation of biological monitoring data, measured values are to be compared with 
reference limit values, established on the allowance of the uptake of a certain amount of a 
chemical agent which is considered to be acceptable for the preservation of the health of the 
subject. Such reference limit values are proposed by several national or international 
organisations such as the American Conference of Governmental Industrial Hygienist 
(ACGIH), which proposes Biological exposures indices (BEI), or the “Deutsche 
Forschungsgemeinschaft” (DFG) which proposes “Biologischer Arbeitsstoff-Toleranz-Wert” 
(BAT).  
 
The most useful biomarkers of exposure should be “health-based”, i.e. derived from long term 
follow-up studies of workers allowing the definition of an exposure level without adverse 
effects in the majority of the workers. Under those conditions limit values may be set up on 

e basis of dose-effect/response relationships and such values are generally called “biological 
ction levels” (BAL). Examples of biomarkers for which a quantitative relation between 
ternal dose and adverse health effects have been identified are relatively scarce: lead in 

lood, cadmium in urine or carboxyhaemoglobin. 
or most substances, however, the dose-effect/response relationship is insufficiently assessed 
nd biological limit values are therefore derived from occupational exposure limits (OEL) in 
ir such as threshold limit values (TLVs) proposed by the ACGIH. These limit values are then 
alled “biological exposure indexes” (BEI) as they represent the concentration of the agent 
at will occur in the body fluids after an eight hour time weighted average inhalation 

xposure at the OEL. Under these conditions, biological monitoring is more an assessment of 
xposure intensity than of the potential risk to health. 
o far, BEIs have been developed on the assumption that individuals do not differ 
ignificantly in their biotransformation capacities. It is clear, however, that this is not the case 
ecause wide inter-individual differences exist in the metabolism of xenobiotics. Among the 
ources of variability, inter-individual differences in uptake (lung, gut or skin) and nutritional 
eterogeneity may be cited. A fraction of the variability observed in the relationship between 
e concentration of a biomarker in a body fluid and the ambient concentration of the 

orresponding toxicant could also be explained by differences in biotransformation capacities. 
hen dealing with those inter-individual variability factors, two situations must be clearly 

istinguished: (a) the measured biomarker is directly implicated in the toxicity mechanism of 
e chemical. In this case, the knowledge of its concentration is sufficient for a health 

ssessment without a need to take into account any inter-individual variability factor , since 
e biomarker itself integrates such variability factors; for this reason this kind of biomarker 

ffers a clear advantage compared to ambient monitoring. The specific carboxylic acids 
roduced in vivo from ethylene glycol derived ethers (e.g. methoxyacetic acid in urine (MAA) 
 assess exposure to methoxyethanol, …) or 2,5-hexanedione as a specific urinary metabolite 

or n-hexane exposure illustrate this situation; (b) when the link between the biomarker of 
xposure and the toxic mechanism is not clearly established or even absent, there is a need to 
entify the sources  of the inter-individual variability in order this time to better assess 
dividual exposure. This is of importance and still remains a better approach than ambient 
onitoring especially to assess residual exposure when individual protective devices are worn 

which is a more and more frequent practice in many countries). For this purpose, integration 
f data on individual metabolic capacity could represent a significant refinement for the 
terpretation of currently used BEI by integrating, for example, data on genotype and/or 

henotype of metabolic enzymes relevant for the biotransformation pathway of the chemical 
of interest.  
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In order to select adequate genotyping and/or phenotyping methods, a detailed characterisation 
of the biotransformation pathways followed by the chemical of interest and the identification 
of particular enzyme isoforms implicated in each step of the metabolism are, of course, of 
primordial importance. Most of these preliminary studies are performed in vitro using human 
liver microsomes. The reactions catalyzed by xenobiotic-biotransforming enzymes are 
generally divided into two groups, called phase I and II. Phase I reactions involve hydrolysis, 
reduction and oxidation. These reactions expose or introduce a functional group (-OH, -NH2, -
SH or –COOH), and usually result in only a small increase in hydrophilicity. Phase II 
biotransformation reactions include glucuronidation, sulfation, acetylation, methylation, 
conjugation with glutathione (mercapturic acid synthesis) and conjugation with amino acids 
(such as glycine, taurine and glutamic acid). The cofactor for these phase II reactions reacts 
with functional groups that are either present in the xenobiotic or are introduced/exposed by 
phase I biotransformation. Most phase II biotransformation reactions result in large increase in 
xenobiotic hydrophilicity, hence they greatly promote the excretion of foreign chemicals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Xenobiotics 

lipophilic 
metabolically stable 

lipophilic polar hydrophilic 

accumulation  
accumulation in fat 
tissues 

phase I 
(bioactivation or inactivation) 
oxidation, reduction, hydrolysis 

phase II 
(bioinactivation) 
conjugation 

polar 

hydrophilic 

extracellular mobilisation 
 
biliary excretion                                distribution 

 
renal excretion 
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Among all the enzymes implicated in the biotransformation of xenobiotics, several are of 
rimordial importance for the biotransformation of industrial and/or environmental toxicants 

atic hydrocarbons (PAHs) for CYP1A1 and 

sformation of industrial and/or environmental toxicants is 
icrosomal epoxide hydrolase (mEH or EPHX1). This enzyme catalyses the hydrolysis of 

 by CYP enzymes to more water soluble 
ihydrodiol derivatives (detoxification pathway). In certain instances however, chemical 

prod
epox
reactive and have been involved in processes such as teratogenesis and initiation of cancer. 
Fina
enzy ous industrial and/or 
environmental toxicants. These enzymes catalyze the conjugation of electrophiles with 
glut
enzy
tran s, sulfotransferases,… 
 
For 
poly l population, including Caucasians. Each 
gene can be found in a wild and most frequent form, called “wild allele”, or in one (for bi-
allel
“var uble exemplar, a particular genotype is 
defined as a combination of two alleles (hetero- or homozygotes). Such polymorphisms can 
have
genotype and phenotypic catalytic activity of the enzyme should be established at least in 
vitro For CYP1A1 (located on chromosome 15), two polymorphic loci have been largely 
stud
(exo
is thought to increase the catalytic activity of the enzyme. This mutation is closely linked with 
nother polymorphism which can be detected by a MspI restriction fragment length analysis 
nd that is characterised by two alleles: m1 (absence of MspI site) and m2 (presence of MspI 

site). The m2 allele is believed to be associated with a higher enzyme inductibility. For 
CYP2E1 (located on chromosome 10), three different polymorphisms detectable with TaqI 
(A2/A1), DraI (D/C), RsaI and PstI (c1/c2) restriction enzymes as well as a 96 bp-insertion 
polymorphism have been described. While reduced CYP2E1 activity in the presence of the 
rare C allele (CYP2E1*6) has been suggested, the in vivo significance of most of these 
polymorphisms is, as yet, far from clear. For EPHX1 (located on chromosome 1), two 
polymorphic sites have been observed in exon 3 (Tyr113/His113) and exon 4 
(His139/Arg139). Based on in vitro studies, the variant allele of one of these sites (exon 3) 
correlated with reduced EPHX1 activity whereas the variant in the other site (exon 4) resulted 
in increased EPHX1 activity. Finally, for the cytosolic GSTs which include five subfamilies 
(A, alpha; M, mu; P, pi; T, theta; Z, zeta), two polymorphic genes have been largely 
investigated, i.e. GSTM1 and GSTT1, and it has been estimated that about 50 and 15% of 
Caucasians lack the gene, respectively. 
 

p
(generally smaller molecules than drugs). For phase I reactions, cytochrome P450 (CYP), in 
particular isoforms CYP1A1 and CYP2E1, have been involved in the metabolic activation of 
many precarcinogens such as polycyclic arom
benzene, dimethylnitrosamine and vinyl chloride for CYP2E1. Another phase I enzyme 
largely implicated in the biotran
m
reactive aliphatic and arene epoxides generated
d

ucts of EPHX1 metabolism (trans-dihydrodiols) may be further derivatized to secondary 
ide species which are poor substrates for EPHX1. These diols-epoxides are often highly 

lly, as phase II enzymes, gluthathione S-transferases (GSTs) are a family of dimeric 
mes which play an important role in the detoxification of numer

athione thereby inactivating potential cytotoxic and/or genotoxic substances. Others 
mes of importance for the biotransformation of industrial chemicals are N-acetyl 

sferases, UDP-glucuronosyl transferase

all previously cited enzymes, differences in the gene nucleotide sequence, called genetic 
morphisms, have been described in the genera

ic polymorphisms) or more (for multi-allelic polymorphisms) variant forms, called 
iant or rare alleles”. As each gene is present in do

 an effect on the enzymatic function and ideally, the relationship between a particular 

. 
ied. The polymorphism of greatest interest is located in the catalytic region of CYP1A1 
n 7) and leads to the substitution of isoleucine by valine (Ile/Val). The presence of valine 

a
a
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II. AIMS OF THE RESEARCH 

ility to develop new 
ethods to assess inter-individual susceptibility/variability factors and to assess their 

upational medicine. 
ased on the previous experience of the partners, two test-toxicants, styrene and cobalt, were 

polymorphisms). 
 
2. exploration of the "DNA array microchips"  technology for genotyping and 
phenotyping in occupational medicine (in collaboration with VUB). 
 
3. experimental study (in vitro and in vivo) of the impact of the considered 
polymorphisms (CYP2E1, GSTs and EPHX1) on the biotransformation of styrene (in 
collaboration with the other partners). 
 
4. experimental study of the impact of polymorphisms on the repair of oxidative damage 
induced by cobalt (in collaboration with VUB). 
 
5. biomonitor orkers exposed to 

collaboration with the other partners of the network, lawyers in 

 
The general objective of the programme was to explore the possib
m
usefulness in occ
B
selected for these investigations. 
 
The specific objectives for the UCL group were: 
 

1. development of phenotyping  (CYP2E1) and genotyping methods (CYP2E1, CYP2B6, 
GSTs and EPHX1, DNA repair enzymes and HLA 

ing study exploring the susceptibility in a population of w
styrene (in collaboration with the other partners). 
 
6. biomonitoring study exploring the susceptibility in a population of workers exposed to 
cobalt. 
 
7. study of the ethical and legal implications of the introduction of susceptibility tests in 
occupational medicine (in 
particular). 
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III. ACHIEVED RESULTS 
 
1. Development of phenotyping and genotyping methods. 
 
1.1.Genotyping  
 
Genotyping was performed after extraction of genomic DNA from an EDTA-anticoagulated 
blood sample. Methods based on classical PCR restriction fragment polymorphism (RFLP) 
were developed for a large array of biotransformation enzymes (CYP2E1 c1/c2, D/C, A1/A2 
and insertion polymorphisms or CYP2E1*5B, *6, *1B and *1D, respectively), GSTM1, 
GSTT1, EPHX1 exon 3 Tyr113/His113 and exon 4 His139/Arg139) and for one enzyme 
involved in the repair of oxidative DNA damage (hOGG1 Ser326/Cys326).  

 Real Time PCR allelic discrimination method was also developed to confirm the PCR 
FLP results for the exon 4 polymorphism in the EPHX1 gene that could be influenced by 
nother polymorphism in codon 119. These tools were implemented in several of the 
xperimental and field studies discussed below.  
YP2B6 genotyping was developed elsewhere in the frame of the specific KUL-study on the 
iotransformation of fentanyl. 

he presence of the polymorphisms leading to the expression of Glu69β was determined by a 

xpressed a

atic 2E1 

xtensively metabolised in the liver to 6-
hydroxychlorzoxazone (HCZX), a reaction mediated by CYP2E1. The chlorzoxazone test is 
generally based on the administration of a single oral 500 mg (or 250 mg) dose to fasting 
individuals. Various CZX pharmacokinetic indexes have been proposed to reflect CYP2E1 

 
Example of a RFLP analysis for CYP2E1 polymorphisms 

 
A
R
a
e
C
b
 
T
reverse-sequence specific oligonucleotide (SSO) test using a probe specific for the GAG 
sequence in exon 2 of the HLA-DPB1 gene (Innolipa, Innogenetics). The results were 

s presence or absence of the polymorphisms without consideration of the allelic e
combinations (see point 6 below). 
 
 
1.2. Phenotyping 
 

lthough the most accurate assessment of CYP2E1 activity is based on direct hepA
measurement and therefore requires a liver biopsy, alternative approaches have been 
developed, to be used on a large scale with non-invasive methods. Until now, the “gold 
standard” method requires the use of a probe drug (chlorzoxazone, CZX) which has to be 
administered to the individual for which a phenotyping test is needed. CZX is a drug formerly 
used as a myorelaxant and which is e

 100



activity : plasma CZX t1/2β, HCZX renal excretion, CZX oral clearance, fractional clearance to 
HCZX and HCZX area under the concentration curve (AUC). Among these, CZX fractional 
clearance to HCZX is the most direct measure of CYP2E1 activity and often serves as a 
standard method to which other proposed approaches are compared. However this procedure 
is time consuming, inconvenient (urine collection,…), and requires subject compliance and 
catheterization for up to 12 hours. The ratio of plasma CZX/HCZX concentrations 
(chlorzoxazone metabolic ratio, CMR) measured 2 hours after the oral CZX dose has been 

rgely used as an alternative to CZX fractional clearance but the correlation between both 
ethods is quite low (r2 = 0.16-0.28) suggesting that single-point ratios do not accurately 
easure CYP2E1 activity. Furthermore, recent in vitro studies suggest that CYP1A1, 
YP1A2 and possibly CYP3A are involved in CZX 6-hydroxylation limiting the specificity of 
ZX for CYP2E1 phenotyping.  

e conducted a field study to assess the value of C posure. 
xposure to styrene was selected as a paradigm  
orkers from a fibreglass-reinforced plastics factory took part in th

oncentration was determined during the whole workshift by passive sampling. Each worker 
ceived a 500-mg chlorzoxazone (CZX) tablet at the beginning of the workday, and blood 
as taken after 2 h for CMR and CYP2E1 genotypes determination. Urine was collected at the 

 

 
 
 
 

1 : mandelic and phenylglyoxylic acid/styrene 
in air) does not correlate with the ch rzoxazone metabolic ratio (CMR) 

n additional objective was to analyse the rela ssessed 
y the chlorzoxazone metabolic ratio (CMR) an
6, *1B and *1D). While the only worker hetero
ighest value of CMR, a trend to lower CMR value for individuals possessing at least one 
utant CYP2E1*6 allele compared with homoz gous wild type was observed.  

 was concluded that in this population of wor ers, the CMR test was able to detect a slight 

la
m
m
C
C
 
W MR in refining biomonitoring of ex

atic situation (Haufroid et al. 2002a). 31
e study. Ambient styrene 

E
w
c
re
w
end of the shift for the determination of styrene-specific metabolites. The integration of CMR 
value as an independent variable to explain inter-individual variability in urinary metabolite 
excretion was not conclusive.  
 

 
 

 
 
 
The metabolisation of styrene (metabolic index 

lo
 
A tionship between CYP2E1 activity as a

d frequent CYP2E1 genotypes ( CYP2E1*5B, 
zygous for CYP2E1*1D allele presented the 

b
*
h  
m y
 

Chlorzoxazone metabolic ratio, CMR

It k
influence of some genotypes on the activity of the CYP2E1 enzyme, but it must be recognised 
that this method is not appropriate for refining the biological monitoring of industrial 
compounds that are metabolised by CYP2E1.  
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- 

P2E1 phenotyping on a large scale, such as for the screening of large numbers of samples, 
epidemiological studies or even as an adjunct to improve a biological monitoring 

gramme, requires the implementation of more practical methods. A CYP2E1 phenotyping 
thod by reverse transcription and real-time PCR was developed and extensively validated 
lytically and biologically. This method allows the quantification of the number of mRNA 
ies coding for CYP2E1 in human circulating lymphocytes and was published in the 
rnational literature (Haufroid et al. 2001). 

 
Example of a calibration curve for 
CYP2E1 mRNA quantification by RT-real 
time PCR 
 

 biological validity of this method was examined in several clinical situations known or 
pected to involve alterations in CYP2E1 expression :  
diabetics

 
 
 
 
 
 
 
 
 

 : we have shown in a group of 30 diabetics with unstable disease (glycated Hb 
>6%) that the RT-PCR test on a lymphocyte sample was able to detect a systemic 
induction of CYP2E1 expression that could be expected in this disease, 
hepatitis-  : the same methodology was applied in 30 paired liver biopsy and lymphocytes 
samples from patients with viral hepatitis or controls. In the group of patients, a reduction 
of CYP2E1 expression was noted, especially in association with centrolobular lesions, 
which is consistent with our knowledge of the tissular distribution of this enzyme in the 
liver. In contrast, as expected, no modification was found in peripheral lymphocytes that 
were not affected by this type of pathology, 

 
 
 
 
  
 
 
 

Ludwig's histological score of lobular 
inflamm

 
 
 

 
 
 

 

CY2E1 expression levels according to 

ation 

 
 
- phenotype-genotype relationship : we have also shown that the expression of CYP2E1 in 

lymphocytes of individuals bearers of a C allele (D/C polymorphism of the CYP2E1gene) 
is significantly reduced (Haufroid et al. 2002a), which is consistent with the published 
data, 

- N-methylpyrrolidone (NMP) : the quantification of messenger RNA for CYP2E1 was also 
implemented in a study carried out in volunteers from our laboratory, dealing with the 
metabolism of NMP after dermal application and the role of CYP2E1 in the 
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biotransformation of this industrial solvent (Ligocka et al. 2003). Three experimental 
approaches were used : in the rat, in vitro in human microsomes, and in human volunteers. 
NMP was administered dermally (40 mg/kg) to OFA rats to examine the influence of 

) in the urine fractions collected during the following 48 h was 
analysed by gas chromatography-mass spectrometry. CYP2E1 inhibition led to a 
statistically significant retardation of 5HNMP excretion in urinary fractions collected 
during the first 12 h. In the group of fasted rats, a two-fold increase of CYP2E1 activity 

22% in controls. In vitro, NMP (15 mM) was incubated (up to120 min) with human liver 

onoclonal antibody against CYP2E1, but not 
plication experiment, 12 humans volunteers were 

e fractions were collected 
ajor 

tion of NMP was 67.9%. The highest 
amount of 5HNMP was excreted in urine in the fraction collected between 6-12 h (12.6% 

lved in the first steps of NMP metabolism 
in the rat and, to a lesser extent, in humans. Since large variations in CYP2E1 activity exist 

MP and/or 2HMSI determination in 

CYP2E1 inhibition (5 mg/kg diethyldithiocarbamate, DETC, 30 min before) and CYP2E1 
induction (after 4 days of fasting). The main NMP metabolite 5-hydroxy- N-
methylpyrrolidone (5HNMP

was observed in comparison with the control group. During the first 6 h after dermal 
administration of NMP to fasted rats, about 33% of the dose was excreted in urine versus 

microsomes and the formation of 5HNMP followed Michaelis-Menten kinetics with 
V(max) of 1.1 nmol/min per mg protein and K(m) of 2.4 mM. The formation of 5HNMP 
was inhibited by 35% in the presence of a m
by CYP1A2 antibody. In a dermal ap
exposed by means of a dermal patch to 300 mg NMP; five urin
during the 48 h following the onset of application in order to measure the m
metabolites 5HNMP and 2-hydroxymethylsuccinimide (2HMSI). Before NMP application, 
a blood sample was collected for the quantification of CYP2E1 mRNA in peripheral blood 
lymphocytes (PBLs). The mean dermal absorp

of dose), while 2HMSI peaked in fractions 12-24 h and 36-48 h (3.3 and 3.2% of dose, 
respectively). A significant relationship was found between CYP2E1 mRNA content in 
PBLs and the amount of both the metabolites excreted in urine within 24 h ( r(2)=0.54, 
P<0.01). It was concluded that CYP2E1 is invo

in the human population (at least 5-fold range), it seems justified to take into account the 
activity of this enzyme in an individual for an accurate interpretation of biological 
monitoring of exposure to NMP when relying on 5HN
urine. 

  
Overall, these data tend to support the validity of the method developed that allows to detect 
responses consistent with the biology of the investigated situations. These observations were 
summarised in two publications (Ligocka et al. 2003, Haufroid et al. 2003). 
 
These data were also presented on the occasion of the international symposium on 
biomonitoring organised in Banff in September 2001.  
In addition, this methodology was applied in the framework of an European research 
programme in which volunteers exposed to a controlled concentration of styrene and workers 
were monitored for a range of biomarkers of exposure (Haufroid et al. 2002b).  
 
The genotyping methods developed for this programme were also valorised in a study 
onducted in collaboration with a Japanese team that was interested in the biotransmformation 
f dimethylformamide (DMF) in workers (Nomyiama et al.2001). This study examined 

lelic frequency of this CYP2E1 polymorphism 

c
o
whether consideration of the *1C/*1D CYP2E1 insertion polymorphism is important for 
interpreting the biological monitoring of exposure to N,N-dimethylformamide (DMF) in 
Japanese workers. The insertion genotype, airborne DMF exposure on the last day of a work 
week, and NMF in urine sampled just after the last workshift of the week were determined in 
44 male and female Japanese workers. The al

 103



was 0.261 in this Japanese population of workers. The CYP2E1 insertion polymorphism did 
not contribute to NMF levels even after consideration of BMI or alcohol intake.  
 
The results indicated that CYP2E1 insertion polymorphism does not appear to be an 
important determinant for the interpretation of biological exposure to DMF by the 
measurement of urinary NMF. 
 
 
 
2. exploration of the "DNA array microchips"  technology for genotyping and 

phenotyping in occupational medicine. 

o explore the 
 transpose our results, obtained with artisanal genotyping and phenotyping 

ethods, to a more sophisticated technology. 
ologi

- D ps allowing on of gene 
- roarrays design detect single nucleotide polymorphism s). 
Contacts were taken with 3 partners : the research group of Prof J. Remacle (  ND
la Paix in Namur), the grou mmelen (Ce or Microar nolog
VIB) in Leuven, together with an indu rtner. 
 

cts are still exploratory because the numbers of genes or polymorphisms 

 
In collaboration with Prof Kirsch-Volders (VUB), several contacts were taken t
possibilities to
m
Two types of techn es were explored : 

NA microchi the quantificati expression 
Genotyping mac ed to s (SNP

Facultés  de 
p of Dr P. Van Hu ntre f ray Tech y, 

strial pa

So far, the conta
examined in the frame of our projects remain limited and did not appear to justify the use of 
such sophisticated and expensive technologies. 
 

 
. experimental study of the impact of the considered polymorphisms (CYP2E1, GSTs 3

and EPHX1) on the biotransformation of styrene. 
 

 study was conducted in human volunteers recruited and exposed to styrene vapors in the A
fram  of a European project (Suscepstyrene) (Haufroid et al. 2002). Styrene is one of the 

rin
specific mercapturic acids (phenylhydroxyethylmercapturic acids, PHEMA). 

 extent the use of these metabolites for an accurate assessment of 
styrene exposure. In a group of 26 volunteers selected with relevant genotypes, and exposed to 

ST riability in the urinary metabolite 

e
chemicals for which biological monitoring programs have been validated and implemented in 
environmental studies and occupational medicine. However, inter-individual differences in the 

ary excretion exist both for the main end-products (mandelic acid and phenylglyoxylic u
acid) and for its 
This limits to a certain

styrene vapours (50 mg/m3, 8 h) in an inhalation chamber, we evaluated whether genotyping 
or phenotyping relevant drug-metabolizing enzymes (CYP2E1, EPHX1, GSTM1, GSTT1 and 

P1) may help to explain the observed inter-individual vaG
excretion. Peripheral blood lymphocytes were used for genotyping and as reporter cells for the 
phenotyping of CYP2E1 and EPHX1.  
 
 
The GSTM1 genotype was clearly the most significant parameter explaining the variance in 
urinary PHEMA excretion (6-fold lower in GSTM1 null subjects; P < 0.0001) so that 
systematic GSTM1 genotyping should be recommended routinely for a correct interpretation 
of PHEMA urinary levels.  
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Variant alleles CYP2E1*6 (7632T>A) and His113EPHX1 were associated with a significant 
reduction of, respectively, the expression (P = 0.047) and activity (P = 0.022) of the enzyme in 
peripheral blood lymphocytes.  
 
In combination with GSTM1 genotyping, the phenotyping approach also contributed to 
improve the interpretation of urinary results, as illustrated by the combined effect of CYP2E1 
expression and GSTM1 allelic status that explained 77% of the variance in PHEMA excretion 
and allows the recommendation of mercapturates as specific and reliable biomarkers of 
exposure to styrene.  
 
 

 
Determinants of the urinary excretion of styrene metabolites (including CYP2E1 
phenotyping). 
 
Dependent variables Independent variables Partial r2 Slope p value* 

MA excretion CYP2E1 mRNA 0.22 
Model r2: 0.22 

positive 0.016 

Total VP excretion BMI 0.13 negative 0.066a

Total mercapturic acids GSTM1 
Tobacco consumption 

 

0.71 
0.07 

Mod

positive 
negative 

0.000
0.01

el r2: 0.78 

1 
4 

Total mercapturic acids** GSTM1*CYP2E1 mRNA 0.77 
Model r2: 0.77 

positive 0.0001 

* partial r  p value. 
Tes ed independent variables were five unrelated polymorphisms (GSTM1, GSTT1, GSTP1, EPHX1(exon3 and 

CYP2E1 mRN

2

t
4)), A expression in PBLs, BMI, alcohol consumption, tobacco consumption and age. 

* The same independent variables were selected with three first order interaction term GSTM1*CYP2E1 

 N-terminal valine adducts revealed higher 
NA damage as evaluated by Comet assay (r=0.29, p=0.008).  Frequencies of micronuclei 

*
mRNA, GSTM1*GSTT1 and GSTM1*GSTP1 (after exclusion of one “outlier”). 
a first independent variable selected by the model but excluded in the first step because p>0.05. 
 
This work was published in the international literature and the ECETOC science award 2003 
was presented to V. Haufroid for this innovative publication in the field of toxicology. 
 

 
4. experimental study of the impact of polymorphisms on the repair of oxidative 

damage induced by cobalt (in collaboration with VUB). 
 
see VUB report 

 
 

5. biomonitoring study exploring the susceptibility in a population of workers exposed 
to styrene (in collaboration with KUL, ULg et VUB). 

 
The UCL-team was responsible for the genotyping of the biotransformation enzymes in 
another study conducted in workers exposed to styrene. This study comprised 44 workers 
exposed to styrene and 44 matched referents and examined the influence of genetic 
polymorphisms in biotransformation and DNA repair enzymes on N-terminal Hb adducts 
levels and genotoxic effects (Godderis et al., submitted).  MA concentration in urine was 
201.57 mg/g cr ± 148.32, corresponding to a calculated average airborne styrene exposure of 

.5 ppm ± 9.6.  Individuals with a high level of9
D
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(MN/1000 cells) in mononucleated lymphocytes (MNMC) (0.71 ± 0.88 vs 0.11 ± 0.20, 
p<0.0001), binucleated lymphocytes (MNCB) (3.93 ± 2.75 vs 2.65 ± 1.94, p=0.02) and MN in 
nasal cells (0.52 ± 0.49 vs 0.23 ± 0.31, p=0.04) differed significantly between the exposed and 
referent group.  Early and late in vitro repair capacity was also influenced by styrene exposure.  
The influence of genetic polymorphisms of metabolising and repair enzymes was studied.  
Higher frequencies of MNMC were found in individuals possessing XRCC3 Met241 allele, in 
individuals with XRCC1 Gln399 allele and in styrene-exposed workers homozygous for EPHX1 
His139 (p=0.044).  Analysis of the vitro DNA strand break repair phenotype data showed a 
faster onset of DNA repair after 1 hour in individuals heterozygous for XRCC1 Arg280 
(p=0.043) and in individuals possessing GSTT1 (p=0.043).  Higher residual DNA damage 24 
hours after in vitro SO exposure wa 194s found in individuals homozygous for XRCC1 Arg  

=0.013).  It has to be stated that multivariate analysis could not reveal any significant (p
influence of the genotype on the results of the assays, probably due to a low number of 
participants in this study.   
 
In conclusion, the data suggest that chromosome/genome mutations are formed in workers 
exposed to low concentrations of styrene.  Duration of exposure, age and smoking habits are 
important variables to consider in studies evaluating genotoxic effects on workers.  
Genotyping of metabolising and DNA repair enzymes are important for the assessment of 
individual genotoxic risk to styrene.  The in vitro DNA strand break phenotype might be a 
valuable method to estimate the repair capacity of workers. 
 

 
6. biomonitoring study exploring the susceptibility in a population of workers exposed 

to cobalt. 
 
The types of respiratory disorders that have been related to occupational exposure to cobalt 
include bronchial asthma, chronic bronchitis and the so-called hard metal disease (HMD), a 
fibrosing alveolitis that has mainly been described in workers exposed to a mixture of cobalt 
metal and carbides in the hard metal industry. Because of the characteristics of the disease, 
such as its low prevalence in exposed workers or the lack of correlation with the intensity or 
duration of exposure, authors have suggested the existence of a possible genetic susceptibility 
to HMD. Notably the substitution of a lysine residue by a glutamate in position 69 in the 
HLA-DP beta chain (Glu69β) has been reported to be weakly associated with HMD. An 

creased risk of lung cancer has also been reported in the hard metal industry. 
 cross-sectional study carried out at the end of the eighties in a plant producing metallic 

obalt, cobalt oxides and salts did not detect signs of fibrotic disease in the 82 investigated Co 

toms than 
ontrols and a negative relationship between lung function parameters (mainly FEV1) and the 
tensity or duration of exposure was found. Since these findings suggested a risk of 

reduce exposure and a periodic monitoring of the lung function of the workers was 
plemented from 1988 on. Workers were thus examined at intervals for spirometric 

in
A
c
workers, based on chest radiographs and measurements of lung volumes and diffusing 
capacity. However, exposed workers complained more often of respiratory symp
c
in
respiratory impairment, technical and hygienic improvements were enforced in the plant to 

im
parameters and exposure to cobalt was quantitatively assessed at least annually by the 
measurement of cobalturia. Based on this 13-year surveillance programme (1988-2001), 
enough information was available to investigate in a longitudinal design a possible effect of 
cobalt exposure on the lung function parameters. 
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We therefore analysed these data with the objective of identifying the determinants of lung 
function changes in workers from this cobalt producing plant and included in the respiratory 
monitoring programme between 1988 and 2001. 122 male workers with at least three lung 
function tests (FEV1, FVC) during the follow-up period were assessed. The possible 

to account other potential 
fluential variables such as smoking, age, previous respiratory illness, exposure to other lung 
xicants and the presence of Glu69β, a HLA-polymorphism possibly associated with hard 

ng diseases. Cobalt exposure significantly decreased over the follow-up 
eriod, as reflected by the measurements in air and in urine. The cross-sectional analysis in 

 reveal any association.  

association of spirometric changes with cobalt exposure was examined cross-sectionally and 
longitudinally by using a random coefficient model, taking in
in
to
metal-induced lu
p
2001 did not
 
The main finding was that cobalt exposure contributed to FEV1, not FVC, decline over time, 
only in smokers. No influence of Glu69β polymorphism was detected. Although the amplitude 
of the additional decrement associated with exposure was relatively small (<20%) compared 
to the expected decline in a smoker, the results indicated that further efforts to reduce 
exposure and to encourage workers to quit smoking are still warranted. 
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7. study of the ethical and legal implications of the introduction of susceptibility tests in 

occupational medicine. 
 
The UCL-researchers involved in this programme were in constant contact with the partners 
examining the ethical and legal aspects of susceptibility and genotoxicity testing in 
occupational medicine. Exchanges of information and opinions took place on the occasion of 
the regular meetings organised by the coordinator and through more frequent and informal 
meetings between the researchers. D. Lison was a member of the accompanying doctoral  
committee of Mrs N. Hautenne (Prof P. Vielle, UCL). 

V1 decrements (ml) after 10 years of exposure to cobalt ca
sm
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D. Lison was also invited by the Commission of the social affairs of the Belgian Senate to 
advise senators on the law projects dealing with genetic testing in occupational medicine 
introduced by senators Mahoux et Van Lerberghe. This proposal has now been published in 
the form of a Royal Decree. 
D. Lison gave also a presentation on the use o edicine during 
the workshop organised by OSTC in October 2003 (see annex II). 
  
 
8.   valorisation 
 
PhD theses 
 
Most of the data on genotyping, phenotyping and styrene metabolism were included in the 
doctoral thesis of V. Haufroid (D. Lison promoter, l’UCL) presented on 27 November 2002. 
 
D. Lison was also co-promoter of the doctoral thesis of M. De Boeck (M. Kirsch-Volders 
promoter, VUB) presented on 29 October 2002. 
 
The data on lung function in workers exposed to cobalt compounds will be integrated in the 
PhD thesis of Dr V. Verougstraete (D. Lison promoter, UCL). 
 
 
Publications 
 
The data generated during this research programme were valorised by a total of 21 scientific 
publications (see Annex II). 
 
 
 
 
 
 
 
 
 
 
 
 
 

f genetic tests in occupational m
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CHANGES IN THE CONCEPT OF O

FOR THE PREVENTION OF AND COMPENSATION FOR OCCUPATIONAL DISEASES 
 

 
INTRODUCTION 

 
1

 
This research relates to the use of genetic tests in employment relations. This research is 
carried out in the framework of an interdisciplinary (biology, genetics, occupational medicine, 
toxicology…) and inter academic network. 
 
The scientific component of the project considers the capacity and the utility of having genetic 
tests in the context of workplace health prevention. The le
in
of these tests. This question gives rise today to a number of legislative interventions at the 
Belgian and international levels. For example, UNESCO’s recent draft international 
declaration, the opinion of the European Group on Et
re
2003; groupe européen d’éthique, 2003) These interventions translate the fears caused by 
unregulated use of genetic tests, and show the urgent need to consider the principles and 
values which could form the basis of a clear and securing legal framework. 
 
 
2- Objectives of the research 

The legal component of the project is intended to evaluate the various parameters that make it 
possible to answer the question of the “applicability” of genetic tests in the workplace. What 
are the values concerned? What are the regulatory devices allowing it to be answered? Are 
these devices sufficient? 
 
M
genetics into employment relations, from the point of view of the way in which employment 
and social security law constructs the concept of “occupational hazard,” and the way in which 
this hazard is apprehended in the legal system of prevention and reparation for occupational 
diseases. 
 
Theoretical framework 
 
1. In the first phase, the theoretical framework of fundamental rights and, more specifically, 
the right to respect for private life, was selected in order to analyze the issues arising from
u
a

CCUPATIONAL HAZARD 
 IN RESPONSE TO THE USE OF GENETICS, AND LEGAL IMPLICATIONS  

- Context and motivation of the study 

gal component of the project is 
tended to accompany this scientific reflection with a study of the conditions for application 

hics, the Belgian law of January 28, 2003 
lating to medical examinations in the framework of employment relations, … (UNESCO, 

 

ore particularly, it aims at highlighting the potential consequences of the introduction of 

 the 
se of genetic tests in the workplace. Medical tests and a fortiori genetic tests constitute an 
ttack on the physical integrity and the private life of the person. As such, they are in theory 

rtain tests are, however, legitimate if they meet conditions set by law. This work 
nabled us to answer certain questions and to formulate certain conditions for the application 

prohibited. Ce
e
of genetic tests. 
 
2. In the second phase, the perspective adopted is that of employment and social security law. 
The theoretical framework is based on the concept of occupational hazard that emerges from 
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Ewald’s analysis in his
 
The Welfare State emerges, according to Ewald, f

 work on the Welfare State. 

ollowing the historical conjunction of two 
vents: the scientific discovery of probability and statistics on the one hand and, on the other, 

e insufficiency of the liberal model, and of the need to find another model 

he discovery of statistics and probability represents the technical means which made it 

beral model invite done to find the cause of the harm and to hold its author responsible, on 
he principle that from “natural” distribution of good and bad emerged a principle 

development of industrialization with its accidents and catastrophes highlights 
e insufficiencies of the liberal model, and sets in motion the divorce between the rule of 

quirements of equity. 

It would 
enceforth be necessary to resort to obligation and thus to the law. The concept of 

scission between causality and attribution of responsibility 

e
an awareness of th
in response to the problems arising from the development of industrialization and to the 
phenomenon of industrial accidents. 
 
T
possible to rethink the rule of justice in terms of mutualisation, and hence to modify ways of 
envisaging the sharing of responsibility between individuals, the market and the State. The 
li
the basis of t
of justice. With probability and statistics, we have the means of rethinking the relationship 
between the individual and society (the whole and the part). 
 
In addition, the 
th
justice and the most obvious re
 
This conjunction of factors allows the emergence of the concept of occupational hazard based 
on the idea that social questions are not solved by the principle of freedom. 
h
occupational hazard undergoes a 
for risk, that is to say by the intuition that a principle of responsibility no longe relates to the 

relation between man and nature). 

 balance, by 
 regular appraisal of the relationship of society to itself. Equality is determined concretely by 

 genetic tests, and their consequences for the principle of solidarity 
nd the social contract (Ewald, 1993). 

 the workplace and the current socio-economic context, helping to transform the concept of 

- Historical and descriptive approach 

nalysis of the evolution of the concept of occupational hazard, through successive legislation 
as well as parliamentary work, as regards both prevention and compensation for the risk of 

objective cause of the damage (new 
 
This system engenders a new rule of equality : no longer the formal equality necessary to the 
birth of the contract, that is to say equality of right; but a factual equality based on the prior 
factual identification of inequalities. Equality is indexed on an idea of average and
a
an average. 
 
J. Rawls explains why our notion of justice, based on equality, can only be understood starting 
from a principle of radical ignorance as to our individual destinies (Rawls, 1997). It is here 
that the question arises of
a
 
Our principal hypothesis is as follows: the conjunction between the use of genetic information 
in
risk (by allowing/accentuating anticipation and individualization of risk), will bring about a 
transformation of the legal system of prevention and reparation for occupational hazards. 
 
 
METHODS 
 
1
 
A
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occupational disease. 
 
2 - Multidisciplinary and prospective approach 
 
Multidisciplinary 
- Study of the roles and functions of genes in pathological processes, thanks to discussions 
with the biologists, geneticists and doctors involved in the SSTC project, and starting from 
readings of various works of popular science. 
 
- Integration of a sociological dimension for the comprehension of the models under which the 
concepts of risk and genetics are constructed in employment relations. 
 
Prospective 
- Taking stock (in the current socio-economic context) of the changes in the concept of 
“occupational hazard” i
relations, in order to extract models of evolution of the systems of prevention and 
compensation. 
 
3 –Contextualized approach 
 
- Putting the results in perspective in the current economic and social context (productivity, 
competitiveness, flexibility, globalisation, …) which determines working conditions. 
 
RESULTS AND DISCUSSION 
 
1- Scientific approach to genetics 
 
The first part of this research was devoted to the comprehe
p
contacts and discussions which facilitated a good comprehe

n response to the use of genetic tests in the context of employment 

nsion of genetics from a scientific 
oint of view. In this respect, participation in an interdisciplinary network allowed regular 

nsion of the concepts. 

Comprehension of certain mechanisms: metabolisation of substances, measurements of 

 
- Comprehension of certain scientific concepts: distinction between monogenic and 
multifactorial disease, genetic polymorphism, tests of susceptibility and monitoring tests, early 
biomarkers of effects, adducts, processes of metabolisation, sensitivity of tests, specificity, 
reliability, predictive value, prevalence, false positives, false negatives, mutagenic or 
genotoxic substances, … 
 
- 
exposure, the role and limits of genetics in the pathological processes of occupational diseases. 
 
- Distinction between genetic susceptibility tests and genetic monitoring tests. The purpose of 
susceptibility tests I to identify, at the genome level, certain genes known to be involved in 
pathological processes. Genetic monitoring tests relate to the analysis of the early effects on 
the genetic material of certain substances known to be genotoxic or mutagenic. These are the 
early biomarkers of effects. These early genetic “lesions” could reveal the existence of an 
increased risk of a disease (e.g. certain occupational cancers). 
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2- Analysis of the international, European and Belgian legal framework 
 
An analysis of all of the provisions applicable to the problem was carried out in order to 

etermine the outline of an existing legal framework as well as the conditions imposed by 

om three important questions pertaining to the application of genetics to workplace health 

d
various legal orders. This study is a necessary precondition to the comprehension of the issues, 
in view of adopting a regulatory framework. These provisions were then scrutinized starting 
fr
prevention. These are: the question of discrimination ; of workplace health monitoring ; and of 
consent. This analysis enabled us to examine coherence between regulatory systems. 
- on the subject of discrimination, we note that there is unanimity on the need to prohibit any 
discrimination based on genetic characteristics. However, there are deep divergences on the 
means to be implemented for the enforcement of this prohibition (prohibition of any access to 
genetic information; prohibition of carrying out a test and/or requesting information obtained 
elsewhere; limitation of access to the test for certain purposes(problem of control);free and 
informed consent; …). 
- on the subject of workplace health monitoring, the coexistence of multiple sources does not 
always encourage coherence and unity of concepts. Many questions remain outstanding as to 
precise limits of workplace health monitoring : What purposes could justify carrying out a 
genetic/HIV test prior to recruitme
c
worker colleagues, and/or other third parties (suppliers, customers, …) also be called upon? 
Do these tests have to be expressly permitted or expressly prohibited by law? Is workplace 
health monitoring a matter of “public order”. In this case, will the genetic test necessarily be 
obligatory or optional? Does the Occupational Health doctor have exclusive competence? 
- Lastly, on the question of consent, provisions diverge appreciabl
e

nt, and thus a selection on this basis? What does the 
oncept of “immediate protection ” of the person cover? Can protection of the health of the 

y. Some make consent an 
xception to the prohibition of genetic tests. Other provisions make it a condition of validity of 

the te
emplo
 
3- Ge
 
This 
conce
follow
frame
rights , offer a satisfactory answer to the 
quest
 
We th
European Convention on Human Rights sanctioning the right to respect for private life. This 
study
conce
sauve
as fol to answer 
ertain questions and to exclude the use of certain tests (e.g. tests of genetic susceptibility to 

/candidates. In fact, we think that this framework does not make it possible to 

st. Lastly, some estimate that consent is not enough, given the inequality between 
yer and worker, to justify carrying out a genetic test. 

netic tests and the right to respect for private life 

part consisted of studying and understanding, from a theoretical point of view, the 
pt of private life and its application to the employment relationship. It related to the 
ing question: in the absence of specific legislation as regards genetic tests in the 

work of recruitment or the execution of the contract of employment, do fundamental 
, and particularly the right to respect for private life
ions raised by the application of genetic tests by the employer? 

us confronted the use of genetic tests with the conditions imposed by article 8 of the 

 enabled us to check whether the conditions required by this provision are satisfied 
rning the application of genetic tests in a professional context (Convention de 
garde des droits de l’homme et des libertés fondamentales, 1950). These conditions are 
lows: legality, finality and proportionality. They allow us, at an early stage, 

c
non occupational diseases before recruitment, see below). Furthermore, this first part of our 
research made it possible to determine the limits of the theoretical framework of “fundamental 
rights” in the particular context of industrial relations between an employer and 
workers
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approach all of the questions raised by the application of genetics in the occupational context. 
 
4-Sociological approach to genetics 
 
This part enabled us to re-insert the use of genetics into the context of the employment 
relationship, to study its consequences and implications, and in particular: 
 
- To understand the mechanisms and the issues involved in the social representations of 
genetics in the workplace (social aspects of genetics) as an instrument of workplace health. 
The employment relationship is marked by a certain distribution of power and control. 
Sociological studies (Lebeer et al., 1997; Draper, 1986) have shown that the social 
representations of genetics (susceptibility and monitoring tests) held by the workers and the 
employers diverge appreciably. Thus, in a schematic way, these studies reveal that trade 
unions are more opposed to tests of genetic susceptibility for reasons of discrimination, and 
rather in favour of genetic monitoring tests for reasons of health protection. Conversely, 
employers are rather in favour of tests of susceptibility in particular for reasons related to the 
cost of prevention, and unfavourable to monitoring which they consider likely to “demotivate” 
the workers. Rather than scientific “objectivity”, these are the social representations which 
generally underpin legislative work. 
 
- 
question of knowing if genetic information 
p
recently (law of January 28, 2003). The main arguments and counter-arguments studied within 
the framework of this debate can be briefly summarized as follows: 
 

- the first argumen

genetic information is not the only information concerning th

or other medical or non-medical criteria. 
- the second reason advanced to justify specific treatment of genetic information 
concerns the implications of genetic information for family members. But again, genetic 
information 

exposure to toxins present in the home environment. 
- the potentially discriminatory character of genetic information is also called upon. But 
there too, there is no question of any specificity of genetics. Discrimination exists and 
will exist as long as there remain differences between individuals, whether these are of 
genetic or

individual character. But other information has an even more identifying character than 
genetic information (which can be identical in the case of twins): for example the 
analysis of 

 
Thus it seems that genetic information does not differ fundamentally from other medical 
information, which implies that it is neither necessary, nor even desirable, to treat it differently 
from other medical information (Murray, 2001; Lemmens & Austin, 2001; Gostin & Hodge, 
1999). 
 

To analyze the various arguments advanced in the debate on genetic exceptionnalism, i.e. the 
is different from other medical information to the 

oint of necessitating the adoption of specific legislation, as the Belgian legislature did 

t is based on the predictive capacity of genetics, that is to say on the 
capacity of genetic information to “predict” the future health of individuals. However, 

e future health of the 
person. This prediction can in fact also result from information relating to family history 

is not unique in having consequences for the family. For example, 
information relating to HIV (risk of contamination) or a cancer developed following 

igin or not. 
- It has also been advanced that the specificity of genetic information rests on its 

the human iris, which is unique even in the case of identical twins. 
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However, some maintain that genetics radically modifies our conception of health and disease. 
Indeed, genetics has created a “population of healthy, bu
N
facto medical intervention to a medicine of prevention and risk reduction. Lazzarini maintains 
that the specificity of genetic information lies inforcing us to examine in one context all the 
threats to our autonomy and privacy which have accrued over the last fifty years (Lazzarini, 
2001). 
W
distinction is marked in the social representation of genetics which modifies/will modify our 
epistemological categories. Thus, the transformation of the concept of risk will oblige us to 
rethink the systems of prevention and reparation. In particular, the representation of genetics is
im
an unquestionable prediction of diseases but also possibly of other non-pathological 
characteristics (homosexuality, scientific curiosity, …). Genetics is perceived as a means of 
forecasting all our future ills, a technique to make bodies transparent, with positive aspects 
related to this “transparency” in terms of eradication of diseases, and negative aspects such as 
the feeling o
n
underlie any possible legislative intervention. In addition, in the framework of employment 
relations, these representations translate the relations and distribution of power. 
 
5
 

t at-risk individuals” (Ross, 1992; 
elkin, 1992). This modification highlights the need to shift the focus of medicine from post 

e think that if genetics does not differ “objectively” from other medical techniques, the 

 
pregnated with the idea that tomorrow we will have simple and inexpensive tools allowing 

f a future entirely written in our genes. This representation of genetics is/will be 
ecessarily at work in the acceptance by society of genetic diagnostic techniques, but will also 

- Genetic tests and occupational hazard 

his part had as an aim the analysis and comprehension, in employment and social security 
law kplace 

ealth protection (ex anterisk) and of occupational diseases (ex postrisk), as well as of the 

f 1996, Code on wellbeing, 
) and European (Framework Directive, …) regulation as regards workplace health 

o define the concept of risk 
nd its evolution. 

onsequently, the 

c risk” in the study, analysis and prevention of 

sponsibility for workplace health protection. The employer, 

T
, of the construction of the concept of occupational hazard in the mechanisms of wor

h
bonds which link them. 
 
1°- Occupational hazard in the system of workplace health protection  
 
The study of Belgian (laws of 1899, R.G.P.T., law of 1952, law o
…
protection, as well as reference texts on the subject, allowed us t
a
 
Thus, the representation of risk is no longer founded on a technical model of risk from a single 
cause, but on an ensemble of different, interdependent risk factors. C
prevention of occupational hazards is necessarily subsumed within the framework of 
asystemic, multi-causal and multidisciplinary approach whose centre of concern becomes “the 
man at work”. 
 
The question of the insertion of “geneti
occupational diseases forms part of the problem of weighting between collective risks and 
individual risks. 
 
A study of the respective competences of the agents involved in protection was first carried 
out, in order to better determine the roles and responsibilities of each. We can briefly mention 
that the employer retains final re
however, has a largely symbolic scope since the adoption of the occupational disease scheme. 
One can summarize the mission of the prevention adviser-Occupational Health doctor as 
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follows: epidemiological research
a
 
Within the framework of the monitoring of workers’ health (AR May 28, 2003, M. B ,June 16, 
2003), no provision expressly prohibits recourse to the use of genetic tests by the Occupational 
Health doctor, who has, subject to the 
c
 
The question then arose of knowing if, taking into account the current economic and social 
context, an over estimation of individual risk, including genetics, within the framework of 
prevention, was not likely to transform the principles of prevention into practices of selection. 
 
Thus, what to make of individual genetic information in the framework of a model of 
prevention which is supposed to “privilege collective m
m

, disease prevention, and monitoring of health. The workers 
lso collaborate in the policy of health and safety at work. 

principle of proportionality, a certain freedom in the 
hoice of examinations to be carried out. 

easures of prevention over individual 
easures” and “to adapt the work to the man and not the reverse” (article 6 2 d) and h) of the 

) and f) of the law of August 4, 1996 relating to 
ellbeing? 

practices of collective prevention such as the lowering of 
xposure levels to a threshold acceptable to all the workers? 

A. The concept of occupational hazard in the legal system for occupational diseases 

ystematic analysis of the legislation (1927,1963,1970,1990) on occupational diseases as well 

gislator reasons by analogy. 
The system enshrines and leads to a standardization 

European Framework Directive and article 5 e
w
 
And how to avoid, given the costs of prevention, the danger of slippage towards practices of 
selection or exclusion, instead of 
e
 
2°- occupational hazard in the system of compensation for occupational diseases 
 

 
S
as parliamentary work and the reading of various texts relating to this matter, as well as many 
articles, allow us to describe the evolution of the concept of occupational hazard such as it is 
apprehended by the legal system for occupational diseases (extension, standardisation, 
evolution of causality, collectivisation v. socialisation of risk, …) 
 
Following this analysis, we can make the following observations: 
 
- It is the concept of occupational hazard built into the legal system for industrial accidents 
(the only one which existed at the time) that was used as the “model” for the legal system for 
occupational diseases. For several aspects, the le
- of risk. Prevention then becomes a 

ultiplication of the number of diseases 
overed) (Vogel, 1994). 

simple cost to be integrated into business management. The values related to workplace health 
protection become secondary. 
- The concept of risk is built on successive legislation relating to occupational diseases, on a 
collective, past and environmental model. 
- the extension of the concept of risk depends fundamentally on the context, and on political 
and social choices (extension of the legal system, m
c
- causality remains, paradoxically, a central problem within the framework of the legal system 
of reparation for occupational diseases, even though the choice of the model of occupational 
hazards hould free it completely. 
- dissociation between prevention and reparation, or the lack of coordination between these 
two components, appear to us to be likely to diminish the employer’s responsibility to take 
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care of the health of his workers. 
 
T
of ignorance, a necessary condition fort he principle of equality and for justice in the system of 
reparation (Lois coordonnées du 3 juin 1970 relatives à la réparation des dommages résultant 
des maladies professionnelles; Rawls). 
 
In the framework of the list system, it is in fact enough that the victim was exposed to the risk 
of occupational disease–insofar as this exposure is, according to generally accepted medical 
conditions, likely to cause the disease –for him to be eligible for compensation. Moreover, as 
soon as the occupational disease is at least a partial cause of disability, the disability is 
appreciated completely and not only for its occupational part. T
p
to possible genetic predispositions (Demet et al., 1996). 
 
 
 
Is the use of genetic tests in the context of occupational diseases likely to have an influence on 
the decision to compensate for the disease? This is the question of the limit of the veil of 
ignorance as regards genetic data. 
 
A
occupational exposure, genetic predisposition to an occupational disease is currently not an 
obstacle to its compensation, nor a cause of reduction of allowances. 
 
We think however that the question deserves to be discussed for several reasons: 
 
- Thus, earlier, at the time of determination of the occupational character of a disease in view 
of its inscription on the list, the causal factors between the occupational exposure a
d
certain diseases from being indexed on the list of occupational diseases? 
 
As A. Thébaud-Mony emphasizes, there exists within the legal system for occupational 
diseases an irreducible contrad
th
constantly in search of ‘objective’ technical or medical criteria proving causality between 
work and the disease” (Thébaud-Mony, 1991). 
 
- Moreover, the problem of causality emerges again in the open system which, in Bel
c
he suffers has its direct and determining cause in his occupation. The exercise of the 
occupation must have been the real, dominant and decisive cause of the disease (Vandeweert, 
2002).  Is this always the case when a factor of individual predisposition comes to be 
intercalated between the disease and the exposure? 
 

he current Belgian system of compensation for occupational diseases is blind to risk: the veil 

his principle, called the 
rinciple of indifference to the prior state, further reinforces the veil of ignorance with regard 

B. Genetic tests and occupational diseases 

s the system is blind to risk and allows access to compensation as soon as there is 

nd the 
isease are analyzed. Aren’t genetic factors likely to “scramble” this bond and to prevent 

iction: “the law exempts the victim from the burden of proof by 
e application of the presumption of origin, but the expert charged with applying it is 

gium, 
oexists with the list system. In this case, the victim must prove that the affliction from which 

Lastly, a political and social choice governst he adoption of this system. We know however 
y 

re duction in under-declaration and by better visibility. These changes would involve a major 

- 
that the operation of the legal system for occupational diseases could be improved not ably b
a
increase in costs. The prospects for privatisation of certain risks and the contamination of the 
system of solidarity by reasoning specific to private insurance are likely to harm the principle 
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of ignorance (in the United States, the insurance system depends in broad measure on the 
employer, who is inclined to practise many medical tests). 
 
By pushing the reasoning further, one can imagine a system based on individual liability for 
each person with regard to his health. The idea has been defended many times since the 
discovery of genetics, that each person has a duty of knowledge, that is to say to know “his 
state of health” in order to manage it with due diligence. Pushed to the extreme, this reasoning 
could lead to a recognition of the individual responsibility of each person to choose his 
occupational environm
th
diseases by a system of individual liability in a freely negotiated market for risk. This point 
inevitably raises the question of the autonomy of the person at work. 
 
3°- Genetic tests and the role of autonomy in the system of prevention and protection of health 
in the workplace 
 
To achieve the goal of disease prevention and protection of health in the workplace, the 
legislator can cho
w
individual negotiation (Self Regulation). This dual conception of health in the workplace can 
be seen in the question of consent to at-risk work. 
 
To the question of consent to the carryin

ent, hazardous if necessary, taking into account his health, and to take 
e consequences. This would result in replacing the social security system for occupational 

ose an interventionist model, based on imperative or mandatory provisions 
hich are imposed on the will of the parties, or a model which leaves the field open to 

g out of genetic tests, the answer of the trade unions is 
mbiguous (Lebeer at al., 1997). When it comes to traditional medical examinations, the trade 

to the 
orker to make the choice between his health and access to work. For others, this freedom is 

lding to Self Regulation, consider that the State 
ould not intervene and that it is up to the individual to freely make his choice (Viscusi, 

, the choice to work in an at-risk environment must be a freely negotiable 
hoice within the framework of a market balancing risks against wages, and based on a good 

will be achieved when a worker agrees to work in 
 hazardous post in exchange for a certain wage. This is what is known as “hazard pay”. 

conomic dependence of the job applicant (as well as the worker), he is not on an 
qual footing with the employer. On the contrary, he is very often forced to accept prejudicial 

ist point of view, resulting from the observation of the inadequacy of the common 

a
unions come down in favour of a primacy of the protection of health. They would accept a 
mandatory protection system which would be imposed on their will. As for genetic tests, 
opinions are divided: some feel that personal freedom must remain intact. It is up 
w
illusory ,for the choice is too often dictated by economic need, at the expense of health. 
 
On the question of the free choice of working in a hazardous sector, or of freedom of choice 
between health and employment, some, ho
sh
1984; Posner; Epstein, 1994). 
 
For these authors
c
distribution of information. Thus, a balance 
a
 
Conversely, other authors maintain that the freedom of the workers is but a fiction and that the 
State must intervene to allow a true autonomy. Indeed, these note that in reality, considering 
the state of e
e
conditions to preserve his employment (Nelkin & Brown, 1984). 
 
Various arguments seem to us, following this study, able to be raised in favour of this thesis: 
 
- It is the very basis of employment and social security law that it is constructed from an 
intervention
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law fictions of freedom and equality. Resulting from the social question, employment and 
social security law is founded on the observation of a deep inequality between the worker and 
the employer, and is given the mission of resolving it by protecting the worker (unequal law in 
favour of the worker). In this context, the question arises of the value of consent and the 
reality of the freedom of consent, revived by the current neo-liberal conception of society, and 
by the coercion which financial markets, unemployment and mass precariousness place on the 
employee (Coutrot, 1999). This basis is however questioned by some authors, who observe an 
volution of the responsabilisation of the social policy-holder from the point of view of an 
ctive Welfare State. 

Economic dependence, resulting in particular from the current context of the labour market, 
al 

t opportunities, make the choice of 
orking in a hazardous sector far from voluntary (Nelkin & Brown, 1984). According to 

ies, and instead 
re given the dubious choice between their health and their jobs—a choice that is so heavily 

asset-

perfectly, for 
nformation isn't always known, it is often complex and not easily 

ommunicable, it is often not in the employer’s interest to communicate it, … (Draper, 1984; 

hus, West adds that it can be necessary to correct the imbalance of power between 

tervened to prohibit certain types of genetic tests, that is to 
ay preventive genetic tests, in the occupational context. Analysis of these provisions, 

 
cope of 

pplication of the law, or the type of genetic tests targeted by the prohibition. An analysis of 

if this definition is correct, we deplore such a limited scope of the 
gislation. 

e
a
 
- 
which makes freedom of choice illusory. Thus, Nelkin and Brown show that extern
circumstances, such as economic instability or employmen
w
Draper: “Industrial workers are unable to choose alternative protection polic
a
constrained by economic pressures that it is not a real choice at all”  (Draper, 1986; B
Stanford, 1981). 
 
- It is erroneous to believe that information relating to risk at work is distributed 
various reasons: this i
c
Nelkin & Brown, 1984; Draper, 1986) 
 
- Lastly, the system of workers’ free and informed choice is based on the idea that he is able, 
by balancing interests as divergent as health, employment, the economic future of his family, 
etc…, to make a rational choice, which in our opinion is debatable (Duraffourg, 1985).  
 
T
employers, who may sometimes find it beneficial to maintain a hazardous work environment, 
and workers, who seldom have other choices or the opportunity to demand better working 
conditions (West, 1985 ; Lemmens, 1997). 
 
Following the example of these authors, we think that the question must be: how to transform, 
to improve working conditions so that workers no longer have to choose between their work 
and their health? 
 
4°- Analysis of the law of January 28, 2003 
 
The Belgian legislature recently in
s
however, has shown us that they have not settled the question of the use of genetics in the 
workplace. 

Among the various questions raised by this legislation, we will cite only one: the s
a
the law and preliminary works make it possible to think that the tests concerned are tests of 
susceptibility to non-occupational diseases. We regret however that the text does not specify 
this more clearly and, 
le
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In spite of that, the law envisages an exception to this prohibition. Indeed, a genetic or HIV 
test could be carried out given the adoption of a royal decree debated in the Council of 
Ministers. However, these are precisely the situations which will carry risks of discrimination 
and which would deserve to be discussed in parliament, because they relate not only to 
fundamental rights (right to respect of the private life, of physical integrity) but also because 
they are likely to reverse the order of priority of our principles of prevention, namely the 
adaptation of work to the man and not the reverse. 

ONCLUSION  

- Aptitude, protection of the health of the worker and third parties 

der the terms of three legitimate purposes (aptitude, 
rotection of the health of the person, protection of the health of third parties) which could be 

ndamentales, 1950). 

rinciple of 

iple of utility). 

itoring examinations, they will not carry any more risk of suddenly displaying 

 
 
C
 
As a conclusion, we can present some syntheses which could be useful in the context of the 
adoption of a legal regulatory framework for genetic tests. 
 
A
 
A first examination can be made un
p
used as justification for carrying out genetic tests, and of the principles of legality and 
proportionality (Convention de sauvegarde des droits de l’homme et des libertés 
fo
 
1/ Tests of susceptibility to non-occupational diseases 
 
Within the framework of employment relations, the tests of genetic susceptibility to non-
occupational diseases are not justified by the determination of aptitude(current aptitude),since, 
at the time of the test, the person does not present the symptoms of the disease (p
utility). 
 
Neither do they serve the goal of protection of the health of the person tested, because the 
disease does not have a link to the working conditions. To refuse him access to his work will 
not have any beneficial effect on the evolution of his health (princ
 
The frequently quoted example of the pilot carrying the gene for Huntington’s disease shows 
that the safety of third parties remains the principal justification for exemption from the 
prohibition of this type of test. However, if these people - we mean here all workers in 
hazardous posts and not only certain genetically identified workers - are regularly subjected to 
health mon
symptoms of Huntington’s disease, or another genetic disease, than of any other possible 
health problems. 
 
For these reasons, we think that tests of susceptibility to non-occupational diseases must be 
prohibited both before and after recruiting. 

 
2/ Tests of susceptibility to occupational diseases 
 
For the same reasons, neither aptitude nor the protection of third parties can be called upon to 
justify carrying out tests of genetic susceptibility to occupational diseases in the context of 
employment relations. 
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On the other hand, the question arises of knowing if one can expose a person to a substance 
when he has an increased susceptibility to the occupational disease caused by this exposure? 
Can the protection of the health of the worker be called upon to justify at this stage either a 
refusal to recruit, or a preventive suspension? Can one expose people who one knows - or who 
one will know-to run a much higher than average risk? What would be the consequences? Is it 
necessary to inform the worker? We are confronted here with the limits of this framework of 
analysis. 
 
3/ Genetic monitoring tests 
 
In the same manner, monitoring tests make it possible to observe the early effects of
mutagenic substances. Such effects seem to be precursors to the appearance of occupational 
diseases. Here also, an objective of protection of the health of the person justifies carrying out 
these tests. However, questions identical to those posed above remain outstanding. 
 
 
B- Monitoring of health at work 
 
A second reflection is thus at the heart of the sys
prospect for identification of the issues and impact of the application of genetics. 
 
Thus, let us consider an Occupational Health doctor confronted with a test of genetic 
susceptibility to an occupational disease on the one hand, and an early detection of genetic 
lesions following an exposure to mutagens on the other. 
In both cases, he will be in possession of anticipated information on the risk of appearance of 
an occupational disease. Indeed, the test of susceptibility reveals a weakness, an increased risk 
of developing such an occupational disease after an exposure to a toxic substance. 
In the same way, monitoring tests make it
m

 certain 

tem of workplace health protection in a 

 possible to highlight the early effects of certain 
utagenic substances which seem to herald the appearance of occupational diseases. The 

ssential difference from tests of susceptibility to occupational diseases lies in the fact that in 
athological process is observed, if at an early stage, whereas in the case of 

sts of susceptibility, it is only a matter of increased probability. 

h. The issue relates in particular to weighting 
etween collective risks and individual risks, as well as identifying the appropriate moment to 
tervene. 
hen is the Occupational Health doctor likely to intervene: at the discovery of a simple 
sceptibility, at the appearance of the first early effects, or is it necessary to wait until the first 
mptoms are expressed? 
hich type of information must a decision to suspend, or to refuse to recruit, be based on: is a 

mple susceptibility enough, or is it necessary to await the start of an inexorable process? 
hat answers can the Occupational Health doctor provide to such a discovery: modification 

of the post, lower limits of exposure, temporary or permanent suspension, possibilities of 
redeployment? 
Is it technically and economically possible to lower the thresholds of exposure to harmful 
substances, in order to allow predisposed people to be able to work under suitable conditions 
from the point of view of their health? 
 

e
monitoring tests, a p
te
 
We think that it is at the heart of occupational medicine that these questions must be solved. 
They necessarily bring us back to the capabilities and limits of the Occupational Health doctor 
in his role of prevention and monitoring of healt
b
in
W
su
sy
W
si
W
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The importance of these questions is recalled by Murray: “The danger is that we blame the 
erson and exonerate the environmental or workplace conditions that precipitated the disease. 
ll disease depends on the interaction of organism and environment. Which of the two we 
cus on is a social and political choice with important ethical consequences” (Murray, 1983).  
n the answers to these questions will depend the construction of our system of workplace 
ealth protection. Today, schematically we can summarize it as follows: this system is 
andatory and not subject to agreement by the parties concerned. It is based on multiple and 
terdependent risks factors. It privileges collective measures over individual measures, and 
vocates the reduction of exposure levels to the lowest possible. 
 our model, we think that it would be coherent to prohibit all tests of susceptibility before 
cruitment, because they proceed from a rationale of selection and not of prevention. 
fter recruitment, we think that tests of susceptibility must remain prohibited. Indeed, they 
low only probabilistic information which means that, even if predisposed, some people will 
ever develop the disease. They are likely thus to be wrongfully excluded from their posts. In 
dition, even those not predisposed can still catch the disease. However, application of tests 
 susceptibility, and exclusion of people with predispositions, will undoubtedly make it 

ossible to maintain the amounts of exposure at a certain threshold, or will not encourage their 
duction to levels any lower than necessary. The policy of reduction of exposure levels to the 
west possible would consequently be endangered. 
s for monitoring tests, we think that there is a risk of contradiction with the principle of 
riority of collective measures over individual measures if these tests lead only to measures of 
spension of predisposed workers. We think however that they must be able to be used by the 
ccupational Health doctor insofar as they allow a more accurate interpretation of 
easurements of exposure to substances, a better comprehension of pathological mechanisms, 
d a more effective protection of health at work. But safeguards must be in place in order to 

ive the Occupational Health doctor work the competences, the means, and the autonomy 
ecessary to use these new technologies in the service of health protection and to avoid the 
bversion of protection for selective ends. 

LABORATION 

he results obtained within the framework of the legal component of the project have been the 
bject of various elaborations by means of publications and participations in conferences and 
lloquia. Meetings with specialists allowed a comprehension of certain concepts and a 
itical approach to the results. 
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1. Introduction 
 
 
The statement that human quality of life has become more and more improved by the 
emergence of several industrials processes can obviously be done. Simultaneously, the rapid 
progress of Science has emphasized that many compounds present in our general, 

rofessional, and/or even cellular environment have been shown to display genotoxic 

cell with induced mutation can accumulate additional DNA damages increasing 
e probability to develop hazardous gene alterations.  

s for assessing 

ur team is to develop and contribute to this project by transferring know-
ow as well as molecular and cytogenetic technologies developed and validated in our 

s that we formulated and that refers 

rations in human lymphocytes have been used as a measure of dose to 

entric as the aberration of choice for 

and so the biological indicator of damage declines. The half-life of this 
ss has been suggested to be about 3 years, but it must be dependent on the person and his or 

p
properties. Effect of mutagens is rarely immediately toxic for the cells and their mechanisms 
of action are more insidious ; their cell target molecules being DNA, RNA and proteins. Most 
DNA damages, once established, may persist unless the cell die or a reverse mutation occurs. 
Moreover, a 
th
Exposed human populations to mutagenic carcinogens may be monitored using different 
chemical and biological endpoints. Biomonitoring falls in the latter category ; it consists in 
detecting, characterizing and evaluating the effect produced in an individual exposed to 
potential mutagens and/or carcinogens. 
 
 The purpose of this challenge was not only to provide laboratory data but also to 
illustrate the rationale and the significance surrounding the use of biomarker
exposure to genotoxicants and to describe how the scientific community has a important role 
to play to heighten public awareness and to popularise, share and disseminate results of 
ongoing researches in the field of public health and sustainable development. 
 
 
2. Objectives of the research 
 
 
The objective of o
h
laboratory. The ultimate goal being to contribute to characterize and evaluate genetic effects 
associated with occupational exposures to genotoxic agents.  
Our expertise will also contributes to answer the question
to the capability of measuring variability parameters?  The scientific usefulness to implement 
these tests?, their public health relevance?, and if these tests are potentially useful, to identify 
if  they are applicable in occupational medicine.  
The rationale followed a sequential mode including several distinct phases performed in 
parallel or simultaneously. It comprises : 
 
 
Action 1: Validation of the relevant parameters for the detection of chromosomal 
aberrations using the chromosome painting technique “FISH” (Fluorescent in Situ  
Hybridization). 
 
Chromosomal aber
individuals for many years. The initial development of a methodology for studying 
chromosomal aberrations has established the dic
biological dosimetry because of its low yield in control persons and its ease of scoring. 
However, this system has one disadvantage: the yield of dicentrics decreases with time 
following exposure 
lo
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her state of health. In addition, some evidence suggests that a decrease in dicentric yield is 
much more rapid after exposure to a high dose. However, the stable translocation, is lost much 
more slowly over the time and persists many years after exposure. The initial methodology for 
its detection required karyotyping procedures, and more recently the technique of highlight 
specific chromosomes using molecular probes called FISH or (Fluorescent in situ 
hybridization) chromosome painting, has been used.  
 
However, it is necessary to optimize this procedure, to determine its sensitivity, its limitations 
and generally attempt to validate the method for practical use. Most of the information has 
been obtained from exposure to ionizing radiation, in in vitro and in occupationally exposed 
individuals. 
 
Analyzing the scientific literature for ionizing radiation and FISH, it can be observed that each 
laboratory used its own probe combination, in general, they paint 3 chromosomes 

onocolour and / or tricolour), which accounts for about 20% of the DNA content of the 

T). This simply records each coloured fragment or object 
ontaining a coloured junction (interphase between two colours) using simple rules.  

. The term painting is defined to mean chromosomes that are labeled with probe along their 
ntire length, from the p terminus to the q terminus. This restriction is necessary because 

 between two colors) that may be indistinguishable from chromosome 
arrangements. Relatively minor exceptions are allowable, such as the diminished labeling 

mono-color dicentrics, are formally ignored since painting is not 
strumental in their detection. Similarly, symmetrical intrachanges (inversions) are also 
rmally ignored.  

ion of acentric fragments is limited to those that are at least 
artially painted. Unpainted fragments are ignored. 
. The centromeres should be readily identifiable. This can be accomplished with a suitable 

(m
whole genome and, on each case a counterstain is used (DAPI, propidium-iodide). In our case, 
we paint chromosomes 2, 4 and 8 (tricolour), which accounts for 7,90; 6,29 and 4,80% of the 
DNA content (Total 18,99% of the DNA content). In addition, the centromeres should be 
painted in another colour to distinguish between translocations and dicentrics.  
Once it has been decided which chromosomes to paint it is important to establish how we will 
score the aberrations. Two systems of scoring can be found in the literature. One is that 
proposed by Simpson and Savage (S&S) which strictly applies when only one chromosome is 
painted and is based on mechanistic aspects of aberration formation.  
The second scoring system is known as Protocol for Aberration Identification and 
Nomenclature Terminology (PAIN
c
 
Scoring criteria: 
 
Aside from the implicit criteria that chromosomes should be unambiguously stained and free 
of overlaps and artifacts that would interfere with the analysis, the nomenclature system 
described here involves the following basic assumptions.  
1
e
probes that label only a portion of a chromosome will by definition, have color junctions 
(interphase
re
that is sometimes seen over centromeric heterochromatin (i.e. 1, 3, et 9). 
2. The identification and enumeration of chromosome exchanges is limited to those events that 
result in the conjunction of chromosomes of different colors, or chromosomes of substantially 
different staining intensities. Exchanges between different chromosomes of the same color or 
intensity, such as 
in
fo
3. The identification and enumerat
p
4
counter-stain (propidium-iodide or DAPI) or by simultaneous hybridization of a pan-
centromeric probe. 
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It is recognized that a calibration curve is set up by scoring cells at the first metaphase after 
irradiation, whereas a real sample would be taken several years after irradiation. This means 
that the metaphases seen would generally be derived from stem cell irradiated, that it would be 
in their second or subsequent division. Thus, with regard to calibration the main problem is to 
decide the application of translocation measurements and therefore what calibration is 
required. Acute whole body doses exceeding about 2 Gy will cause deterministic effects 

of a few months. 

s at doses ranging from 1 to 6 

rom the value for full genome dicentrics. At higher doses the 
ield for the sum of one and two way translocations is 10-30% higher than for full genome 
icentrics. Two way translocations alone are about 70-80% of the dicentric yield. The linear 

bout 2 per 100 cells per Gy and is known to within a 

 has been observed a large variation in control translocation yields, both within a laboratory 

old the mean full 

0 cells. The corresponding figures for one and two-way 

ith the « FISH » technique for the detection of chromosomal rearrangements, the 

which means the exposure will be discovered fairly rapid. For this time period, the 
conventional dicentric method of biological dosimetry can be used and there is a little need to 
use FISH. However after a large dose, dicentric yields decrease over periods 
Therefore FISH dosimetry may have a role to play in some recent accidents where it is 
necessary to confirm if the dicentric yield is representative of the dose received. Doses of a 
few Gy received over a period of years will not cause deterministic effects and may pass 
undetected. Under these circumstances FISH would be used and the crucial calibration factor 
is the linear dose coefficient.  
 
In order to measure this linear coefficient in vitro many thousands of cells need to be scored at 
low doses. Several laboratories have produced calibration curve
Gy. At lower doses the amount of scoring done has generally been insufficient to obtain a 
good estimate of the linear term. For high energy gamma rays such as 60Co or 137Cs which are 
the main radiations for which the technique would be used the best estimate of the linear term 
actually, is probably derived f
y
d
coefficient for full genome dicentrics is a
tandard error of about 15 –20%. s

 
It
and between laboratories. However, a clear age related effect is evident. From 20 years to 70 
years the translocation yield increased by a factor of 3 or more. At 20 years 
genome two-way translocations yield was about 2 per 1000 cells. At 60 years and over, the 
yield was about 10 per 100
translocations combined were about 3 and 15 per 1000 cells. 
 
 
Action 2: The use of FISH technique for biological dosimetry in the nuclear power plant 
workers. 
 
After having identify and validate the relevance and impact of confounding parameters 
associated w
analysis of the frequency of the translocations present in peripheral human lymphocytes, has 
been performed in order to assess «a posteriori» ionizing radiation doses to which subjects 
have been exposed.  
 
 
THEORETICAL FRAME 
 
 
It has been largely described the obvious carcinogenic and genotoxic properties of Ionizing 
Radiation (IR). Ionizing radiation can randomly cause damage to all cellular components and 
are able to induce numerous types of DNA lesions by complex direct or indirect mechanisms. 
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Such molecular lesions range from base and sugar alterations to single- and double-strand 
breaks and nucleoprotein-DNA cross-links. If cellular mechanisms do not act efficiently to 
control and regulate the cell cycle and allow more time for completion of the repair of DNA 

an 

trospective dosimetry 
fter exposure to IR. The frequency of chromosomal aberrations (dicentric chromosomes) was 

u
the fluorescent in situ hybridization (FISH) technique using DNA chromosome-specific DNA 

robes has increased the sensitivity of the technique and eased the detection limit of stable 
hromosome aberrations (especially translocations) in human.  

taff members. 

volved in the recycling of nuclear fission products, in 
ean age is 48.13 years (SD= 10.94). 

 group of 20 healthy unexposed men from the administrative area, aged 39.45 years (SD= 

damage prior to DNA duplication and subsequent mitosis, multiple mutagenic events may 
occur and lead to numerical and/or structural chromosome aberrations. It has been proposed 
that carcinogenic process requires successive and cumulative changes in the genome. 
Therefore, radiation induced genetic lesions - that are not repair or misrepaired – and  may be 
responsible for the occurrence of mutations that will accumulate. This will lead individuals 
that carry them to be at higher risk of developing some cancers in the future.  
Methods allowing the early detection or evaluation of induced genetic damages in hum
are proven to be contributive for identifying heavily (or more susceptible?) exposed 
subjects. Biological tests have been developed that allow biological re
a

sed to detect or quantify radiation-induced effects. However due to the recent introduction of 

p
c
The present study was conducted to detect - using the FISH technique - if genetic effects could 
have been induced in workers involved in the  recycling of nuclear fission products and 
therefore potentially exposed to IR. Our study concerned also and simultaneously unexposed 
administrative s
 
 
MATERIALS AND METHODS 
 
 
The study comprises 30 male workers in
 nuclear power plant in Belgium; the ma

A
11.64) was used as a control.  
Whole blood cultures were set up as follows: 500 µl whole blood was added to 5 ml MEM 
(Life technologies) supplemented with 15 % fetal calf serum (Life technologies), 2 % 
phytohaemagglutinin (Life technologies), 1 % penicillin-streptomycin (Life technologies), 1 
% L-glutamine (Life technologies) and 4 % BrDU (25 % w/v in MEM) (Sigma). The cultures 
were incubated for 52 h at 37°C including a 1 h 15 min colcemid (Life technologies) treatment 
(0.06 µg/ml) before harvest. Consequently the cells were treated with a hypotonic solution 
(0.075 M KCl) for 10 min and fixed three times with 3:1 methanol: acetic acid (Merck-
Belgolabo). 
FISH analysis of the chromosome aberrations was performed with a cocktail of chromosome-
specific probes for chromosomes WCP 2 spectrum green, WCP 2 spectrum orange, WCP 4 
spectrum green, and WCP 8 spectrum orange used according to the manufacturer (Vysis, 
Downers, Ill,USA) WCP chromosome painting system. 
Each slide was treated with 100 µg/ml RNAse (Boehringer) followed by a pepsin digestion 
(0.005 % solution Boehringer) before denaturation at 70°C in a mixture containing 70 % 
formamide in a 2 X SSC buffer. The DNA mixture probe was also denaturated at 72°C and 10 
µl DNA probe were deposited per slide. Hybridization was performed overnight at 37°C in a 
humidified chamber. The slides were then washed three times at 45°C in a 50 % formamide 
(Sigma)/2X SSC solution and one time in 2 X SSC/0.1% NP-40. Finally DAPI I (10 µl/slide) 
was applied to the slides for chromosome counterstaining. The slides are stored at 4° C before 
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observation. For the scoring a Diaplan Leitz microscope with 630 x magnification was used. 
The PAINT was used as nomenclature system for describing the structural aberrations 

counterparts of the translocation were present, the translocation was termed as 

osomes 2, 4 and 8 to a frequency 
of translocations for the whole genome following the formula of Lucas  
 
Fp = 2.05 X (fp2 X(1- fp2) + fp4 X(1- fp4) + fp8 X(1- fp8) - fp2  X fp4 - fp2  X fp8 – fp4  X fp8) 

X FG 
 
 
where Fp represents the frequency of translocations observed for the three chromosomes and 
fpx the length of each individual painted chromosome relative to the whole genome. For the 
chromosomes 2, 4 and 8 a fp value of respectively 7.976%, 6.338% and 4.828% was adopted 
from Mortons. 
For the determination of the equivalent total-body dose a calibration curve was used based on 
the translocation frequencies in in vitro Co gamma-ray curve obtained from irradiated blood 
samples.  

FG = (0.050 ± 0.013)D2 + (0.031 ± 0.004)D + (0.002 ± 0.007)  
 
 
RESULTS AND DISCUSSION 
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aterial to an intact terminal end of a chromosome; the majority are thought to be reciprocal 
volving a small telomeric region which is beyond the limits of detection by FISH.  
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detected by the chromosome painting.  
Between 200 and 300 metaphases were analyzed by person and they were scored only if they 
appeared to be complete and all parts of the six painted chromosomes appeared somewhere in 
the cell. A bi-coloured chromosome with one centromere was classified as a translocation. If 
both reciprocal 
a two ways (complete) translocation, and as a one way (incomplete) translocation if only one 
bicoloured monocentric was present. Cells containing visible complex rearrangements were 
taken into account (Cells arising from the interaction of >=3 breaks on >=2 chromosomes). 
We extrapolated the frequencies of translocations for chrom

 
In the pooled data set, the mean translocation frequency of the worker group was significantly 
elevated compared with the control group. The number of one and two ways translocations in 
the worker group is increased by a factor of 1.7 and 2.6 respectively, when it is compared with 
the control group. The number of one way translocations is higher in both groups, however 
this finding is in contrast with previous studies on which it has been observed a higher number 
of two way translocations (Finnon et al., 1999). 
This prevalence of one way can be explained by the fact that some apparently one-way 
exchanges may be caused by incomplete rejoining of b
m
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and 4.9 Gy 5-8 years after exposure, Snigiryova estimate doses between 0.32 up to 
Chernoby

1.0 Gy for 
l clean-up workers (Salassidis et al. 1994; Snigiryova et al., 1997). 

o ed in chromo mal rearrangeme ts than 
ted, this finding is not statistically significant, however contradictory results on the 
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reported in the literature (Ste  1995; Lambert et al., 2001; Natarajan et al., 
1992).Figure 1 
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Within the battery of biomarkers available today for detecting occupational exposure to 
physical genotoxicants, the conventional chromosome aberration methodology has been 
proven to be an efficient qualitative and quantitative tool for detecting exposure to IR. 
Nowadays, the FISH technology makes possible to detect stable chromosomal aberrations and 
rearrangements that could not be observed when conventional approach is used. This offers 
advantages to detect biological effects relevant in term of health risk. Therefore, the 
Chromosome Painting Methodology sounds to be one of the most sensitive approaches in case 
of chronic - or chronic like – occupational exposure to IR. 
 
 
Table 1. Number of translocations according to the age of worker population  
Expressed in number of aberration per 1000 cells    

Age Cells obs. One 
way  

Two 
ways

No. trans No. dic No. ins Ace Ring 

         
30-39 (n=2) 324 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
40-49  (n=12) 2952 4,07 2,03 6,10 0,34 0,34 1,02 0,00 
50-59  (n=13) 3586 3,63 2,79 6,41 1,12 1,12 0,00 0,28 
>60  (n=1) 300 3,33 3,33 6,67 0,00 0,00 6,67 0,00 

Figure 1: Chromosomal involvement in the 

Chrom 8

rearrangement formation 

0

0,001

0,002

0,003

0,004

Chrom 2 Chrom 4

Tr
an

sl
oc

at
io
n/

ce
ll 0,005

0,006

Ctrl Obs
Ctrl Expect
Exp Obs
Exp Expect

 129



Table 2. Number of translocations according to the smoking habits of the 
workers 

 

Expr
cells 
Ciga o. ins Ace Ring

essed in number of aberration per 1000      

rette/year Cell. obs. One Two No. trans No. dic N
way  ways

         
0 (n=11) 0,00 0,39 1,58 0,00 2536 3,55 2,76 6,31 
1-300 (n=9) 2612 4,21 1,15 5,36 1,53 0,77 0,77 0,38 
300-750 (n=8) 2038 3,43 3,43 6,87 0,49 0,98 0,00 0,00 
 
 
Action 3: New mechanisms of action : endocrine disruption. 
 
Beside of the activities performed in the laboratory within the framework of the project, 
related with the study of effects of ionizing radiations in human population, we also have 
focused our attention to the potential role of the new called “endocrines disruptors” and their 
relevance to mutagenicity, carcinogenicity and reprotoxicity  
The in vivo effect of a given toxic agent on the cellular machinery and its consequence on 

ne disrupters are chemicals known to interfere with the synthesis, transport, 

r effluent, and they may be present in the 

 health effects due to a potential exposure to endocrine disruptors has been described 

human health are dependent on many interactions between the agent and the different levels of 
physiology. Before a chemical toxicant reaches its final target(s), its systemic concentration 
can be modulated by varying absorption rates and its chemical structure can be modified by 
activation or detoxification enzymes. Once the agent reaches its target(s) the lesion induced 
can be directly fixed, repaired or transformed into a mutation or a functional deficiency. 
Alternatively the toxicant can induce necrosis or the damaged cells can be blocked at a given 
stage of the cell cycle and triggered to apoptosis or can induce, for example, the cell to divide 
many times inducing the overexpression of the genes.  
 
Endocri
metabolism and elimination of natural hormones (estrogens, androgens, thyroid hormones) , in 
addition they can interfere with physiological systems dependant of hormones such as 
reproduction and sexual development, as well as the hypothalamic-pituitary axis. These type 
of substances -estimated 87,000 kinds - are introduced into the environment by industrial 
detergents, fertilizers, pesticides, and pulp and pape
water, food and air.  
 
We have been analyzing this extremely complex problematic under many different aspects, 
first the fact that populations can be exposed continuously to a low dose of this type of 
substances. The exposure is not only due to a single type of substance; the presence of a 
mixture of compounds is the general rule. This exposure can happen in an inadvertent way 
and specific susceptible populations can be exposed to similar and/or higher doses, for 
example the fetus, newborns, children and elderly population. Second, different types of 
human
in the scientific literature mainly during the last 10 years, however some reports of adverse 
health effects in rats exposed to endocrine disruptors have been published on the 60s and 70s. 
Third, the difficulty to establish a methodology for the study of this type of substances, 
because the interaction between the possible affected systems –endocrine, reproductive- are 
extremely complex and that, it can affect very different types of populations –marine and 
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terrestrial wildlife, mammals and especially humans-. A general procedure for the study of this 

The coherence of the data for each endpoint and in the cellular response chain.  

ould be 

rowth, and reproduction of 

cterization focuses on the qualitative evaluation of the adverse effects of an agent 

and adequate epidemiologic studies and case reports for the 

ssessment are the intensity or frequency of the response with increasing dose, the 

type of substances should include:  
• The collection of the available data from the toxicological literature, considering: the 

epidemiological studies, mechanistic studies, obtained by in vitro data and in vivo data. 
• The evaluation of these data using an approach that considers:  

• The endpoint that has been measured and its relevance to endocrine effects, 
• How it has been measured, the reliability and confidence in the specific assay, 
• The quality of the study and its protocol and 
• 

• Finally, the development of a risk assessment framework for endocrine disruptors 
provides a robust tool with which to evaluate the impacts of natural and synthetic 
substances on the wildlife and human health. This framework balances exposure 
characterization versus effects characterization, taking into accounts the need for test 
validation, data acquisition, and field monitoring.  

 
valuation and analysis of reported environmental endocrine disruption phenomena shE

examined from a risk assessment perspective. Generally, quantitative risk assessment includes 
estimation of levels of exposure to a toxic substance that leads to specified increases in 
lifetime incidence rates or in the probable occurrence of an undesirable consequence.  
 
The ecological risk assessment framework is conceptually similar to the approach used for 
human health risk assessment, with a few distinctions. Ecological risk assessment considers 
effects beyond individuals of a single species and may examine population, community, or 
ecosystem-level risks. The framework consists of three major phases: problem formulation, 
analysis (which includes exposure and effects assessment), and risk characterization. The end 

oints for ecological risks most often considered are survival, gp
individuals of a few representative species and populations. Although not specific to endocrine 
disruption effects, some limited inferences about endocrine-controlled processes may be 
made.  
 

azard charaH
on human and animal health and ecological well-being. Health end points of particular 
concern with environmental hormones are reproductive (including developmental) effects, 
cancer, and neurological and immunologic effects.  
 

or human health, relevant F
agent(s) are preferable. In the absence of this information, pertinent test animal toxicology 
studies should provide useful information. In vitro studies may provide useful data for 
elucidating mechanisms of toxicity but are not sufficient by themselves to characterize a 
hazard. Important factors to consider in the evaluation of a hazard include inherent toxicity, 
route of exposure, dose level, timing and duration of exposure, body burden, susceptible 
populations and interspecies differences, and all of the assumptions and uncertainties in the 
data.  
 
Dose-response assessment is the process of characterizing the relationship between the dose of 
an agent and the incidence/degree of an adverse effect. Factors to consider in the dose-
esponse ar

shape and slope of the dose-response curve, pharmacokinetics (uptake, distribution, 
metabolism/detoxification, elimination), and the methods used for extrapolation of data from 
surrogate or sentinel species to ecological end points or to humans.  
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The exposure assessment component of the paradigm attempts to measure the intensity, 
frequency, and duration of exposure to an agent in the environment or to estimate hypothetical 
exposures that might arise from the release of new chemicals. Factors to consider in the 
exposure assessment include the amount of the agent in the environment; reactivity; half-life; 
environmental fate and disposition of the agent; the magnitude, duration (acute, subchronic, 
lifetime), schedule (timing), and route of exposure (oral, inhalation, dermal, aquatic); the size 
and nature of the exposed population; and all of the uncertainties and assumptions in the 
estimates.  
 
Exposure assessment for potential endocrine disruptors is important in directing specific-
effects testing, such that risk assessment and risk management can proceed. Exposure 
assessment may be defined as the contact between the bioavailable fraction of the compound 
of interest and the organisms of concern. A tiered approach to exposure assessment whereby 
conservative assumptions in the estimate are progressively refined is likewise appropriate for 
endocrine disruptors as well as compounds that may be active via other mechanisms.  
 
Potential for exposure should drive the selection of appropriate test organisms in hazard 
assessment. For example, where a pesticide is sprayed directly onto crops, it is reasonable to 
expect potential exposure to aquatic organisms and birds via spray drift. The expected 
environmental concentrations should then be compared with the toxic concentration to aquatic 
organisms and birds to determine the potential ecological risk. For natural or synthetic 
substances discharged via wastewater into rivers, aquatic organisms are expected to be 
exposed if the substance is not degraded during wastewater treatment. In addition, the 

nature of endocrine activity, development of a credible risk assessment 
r specific endocrine-disrupting agents is not feasible. Another factor to consider in the 

bioaccumulation and biomagnification potential of the substance should be assessed to 
determine if fish-eating birds and mammals might also be at risk.  
 
Once potential for exposure is determined, suitable effects tests should then be selected and 
the hazard assessed. In comparing the degree of toxicity with the level of exposure, the risk of 
the compound may then be characterized and any necessary risk management can be 
conducted.  
 
Risk characterization is the process of estimating the incidence of a health or ecological effect 
under various conditions of human and biotic exposure. It draws together the hazard, dose-
response, and exposure assessments. It discusses the assumptions, uncertainties, and 
limitations of all of the data.  
 
With respect to recent reports of hazard (i.e., endocrine disruption causing human health or 
ecological effects), a critical element for risk assessment is the exposure assessment 
component. Without a clear understanding as to the magnitude and distribution of exposure 
and the potency and 
fo
evaluation of possible risk is whether testing paradigms in past or current use are capable of 
adequately identifying an agent as an environmental endocrine disruptor.  
 
Some of the effects that has been associated with potential exposure to endocrine disruptors 
includes:  
 
Female Reproductive System. A variety of chemicals have been shown to disrupt female 
reproductive function throughout the lifespan in laboratory animals and humans (e.g., 
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diethylstilbestrol). These effects include the disruption of normal sexual differentiation, 
ovarian function (i.e., follicular growth, ovulation, corpus luteum formation and maintenance), 

rtilization, implantation, and pregnancy. Only a few agents are associated with direct 

rized by 
berrant location of uterine endometrial cells. It affects approximately 5 million women in the 

ions have an association with human 
ndometriosis has been reported. No statistically significant correlations between disease 

y animal endometriosis models for testing chemicals and xenobiotics. 
everal novel models for predicting potential causative agents of endometriosis are available.  

ines in this disease. Clearly, there is a need for research on 
e etiology of breast cancer. With respect to chemically induced breast cancer, there is a need 

ales compared with that observed in rodents. Further intense research on the 
opulation exposed to DES might allow stratification of effects by timing and level of 

fe
interference with the endocrine reproductive axis. Examples are those with estrogenic activity 
or the potential to interact with the aryl hydrocarbon (Ah) receptor. Exposure to toxicants 
during development is of particular concern because many feedback mechanisms functioning 
in the adult are absent and adverse effects may be noted at doses lower than those observed in 
the adult. Additionally, studies that include multigenerational exposure should be conducted, 
followed by time of exposure and dose level required for effect.  
 
Endometriosis is a painful reproductive and immunologic disease of women characte
a
United States from 15 to 45 years of age and often causes infertility. The etiology of this 
disease is unknown. In a single study with a small number of animals, research has suggested 
a link between dioxin exposure and the development of endometriosis in rhesus monkeys. The 
severity of this lesion was dependent on the dose administered. Recently, a small pilot study to 
test the hypothesis that serum dioxin concentrat
e
severity and serum levels of halogenated aromatic hydrocarbons were found. These 
preliminary data, admittedly for a limited population, suggest that serum dioxin concentrations 
may not be related to human endometriosis. There is a need to develop and validate 
nonprimate laborator
S
 
Human breast cancer is a major health problem in the United States. Although considerable 
information is available on risk factors for human breast cancer, the mechanisms of mammary 
gland carcinogenesis and the precise role played by chemical carcinogens, physical and 
biological agents, varied lifestyles, genetic susceptibility, and developmental exposures have 
yet to be elucidated. It has been hypothesized that exposure to organochlorines, some 
pesticides, and/or polyaromatic hydrocarbons (PAHs) might play a role in the etiology of 
mammary gland neoplasms via an endocrine disruption pathway, perhaps via an estrogen-
mimetic route or alternative estrogen pathways. With respect to the possible role of hormone 
disruption by chemicals in the occurrence of breast cancer, there is a lack of sufficient 
evidence implicating organochlor
th
to develop and validate both in vitro short-term tests and in vivo animal testing models for 
predicting human breast cancer risk following chemical insult. Finally, given the wealth of 
human epidemiologic data on human breast cancer but limited specific agent exposure data, it 
is not possible to assign a specific chemical or physical cause and effect at this time. Further 
epidemiologic investigations to address the issue are needed, as well as complementary 
mechanistic studies.  
 
Male Reproductive System. Convincing evidence exists in rodents that exposure to chemicals 
that have estrogenic activity, reduce androgen levels, or otherwise interfere with the action of 
androgen during development can cause male reproductive system abnormalities that include 
reduced sperm production capability and reproductive tract abnormalities. Results obtained 
from observation of men exposed to diethylstilbestrol (DES) in utero demonstrate a limited 
potential of exogenous estrogens to disrupt the reproductive system during development in 
human m
p
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exposure. Apparently, no increased incidence of reproductive system cancer has been found in 
those men.  
 
Controversy persists as to the allegation that human sperm production has decreased over the 

ast 50 years. However, the firm data indicating an increase in human testicular cancer, as 
 of other plausibly related effects, support the concept that an 

dverse influence has occurred or still exists. Whether these effects in humans can be 

eydig cell hyperplasia and tumors are a significant problem in testing with laboratory 

potential exists for sufficient exposure.  

 receptor function as reflected in 
enome expression.  

elopment and in the sexually mature organism. 
xposure during development may be of particular concern because many of the feedback 

ual. Because of the complex role that the central nervous 
ystem plays in regulating endocrine function, cells within the brain are potential targets for 

p
well as apparent occurrence
a
attributed to an endocrine disruption by environmental chemicals is unknown at present, and 
research into the cause(s) is needed. It is possible that the mechanism by which estrogenic 
chemicals impair development of the male reproductive system is via antiandrogenic 
properties rather than or in addition to activity related to estrogen receptor activation.  
 
L
species. Scientific evidence shows that human incidence of the tumors is low relative to that in 
rodents and that not all modes of induction in test species are relevant to humans. However, 
occurrence of Leydig cell tumors in test species may be of concern with certain modes of 
action if the 
 
Testing for endocrine-disrupting potential of environmental chemicals should include the 
ability to detect antiandrogenic activity in addition to estrogenic activity. Testing also should 
be able to detect alteration in androgen receptor and Ah
g
 
Little is known about the causes of human prostatic cancer, but age, genetics, diet, endocrine 
status, and environmental risk factors have been proposed. With respect to the cause(s) of 
human prostate cancer, a single retrospective epidemiology study has established a weak but 
statistically significant association between acres sprayed with herbicides and prostate cancer 
deaths. Furthermore, an occupational study of coke-oven workers has found an association 
between coke-oven emission and significant excess mortality from cancer of the prostate. 
Whether herbicide or polyaromatic hydrocarbon exposure contributes to the increasing 
incidence of human adenocarcinoma of the prostate and whether the mechanism is triggered 
by an endocrine disruption remain to be determined. More research is required before 
assigning a specific endocrine disruption (or any other) mechanism as a specific cause of 
human prostate cancer.  
 
Hypothalamus and Pituitary. There are a number of ways that environmental agents may 
alter neuroendocrine function both during dev
E
functions of the endocrine system are not operational during this period, permanent changes in 
endocrine function may be induced at levels of exposure to a toxicant that have no effect in the 
adult animal, and compounds that are considered antiestrogenic in the adult (i.e., tamoxifen, 
dioxin) may act as estrogens in the developing organism. Similarly, exposure to such agents in 
the adult can modify the feedback of endogenous hormones as well as behavior (i.e., libido, 
appetite, aggression) of the individ
s
environmental chemicals that have no impact on steroid hormones directly but yet will lead to 
a disruption of endocrine function. There is a substantial need to better characterize the role of 
the brain and pituitary when evaluating suspected reproductive toxicants in both the male and 
female.  
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Thyroid. Numerous environmental agents have been found to alter thyroid hormone levels 
.g., urea derivatives, polyhalogenated biphenyls, and chlorinated dibenzo-p-dioxins). 

ers (1999), suggesting that strains of mice commonly used in toxicity testing are 

le and female 

w as 0.1 mg/kg/day; this is similar to the dose required for 

ized C57BL/Tw mice, three daily doses of 100 µg of clomiphene, 
moxifen or nafoxidien or 1 µg of estradiol but not keoxifene exhibited decreased uterine and 

vaginal weights at 60 days of age. Similarly, while TCDD can inhibit certain estrogenic 
effects in adults, weanling Sprague-Dawley female rats are apparently insensitive to the 
antiestrogenic effects of TCDD. 
 
For human health risk assessment two-generation reproduction studies and the 2 year cancer 
bioassay should be able to detect many adverse effects, however these were not designed 
specifically to identify mechanisms of action of endocrine disruption, subtle functional deficits 
or transplacental carcinogenesis that might result after exposures at critical stages of 
development not currently included in testing protocols.   

(e
Thyroid hormones are critical to normal growth and development; thus, developmental 
exposures may have lasting adverse effects. 
 
Sensitive sub-populations 
 
Current tests used for the detection of this type of substances, have underestimated toxic 
effects due to the fact that some groups in the population may be unusually sensitive to these 
kind of substances. The concern is largely based on the hypothesis put forward by Spearow 
nd co-worka

insensitive to oestrogenic compounds. 
 
The study of Spearow was done only using immature mice of different strains, which were 
compared without an assessment of the effects in mature mice; the observed effects may well 
reflect differences in maturation of the distinct mouse strains rather than the effects of 

estrogens. o
 
The mouse strain commonly used in toxicity testing (CD1 mouse) is generally recognised as 
highly effective in detecting a wide variety of reproductive effects and remains the strain of 
choice for reproduction tests in mice (Chapin et al., 1997). 
 
Studies on in utero exposure to the estrogenic drug diethylstilbestrol (DES) have served as an 
important model for delineating problems associated with exposure to estrogenic compounds 

 both animal models and in humans; DES-induced effects on the main
reproductive tracts strongly support the endocrine-disruptor hypothesis Bisphenol A, an 
important intermediate in the production of polycarbonates, is a weakly estrogenic industrial 
compound in most, but not all, assays. For example, bisphenol A induces mammary gland 

rowth in Noble rats at doses as log
the potent estrogen DES to induce the same response. The estrogenic activity of bisphenol A 
in CF-1 mice has also generated controversy; vom Saal et al. reported that foetal exposure to 
low doses of bisphenol A (2 or 20 µg/kg/day) resulted in increased prostate weight in the male 
offspring. Results for bisphenol A, E2, and DES all gave low dose inverted U-shape dose-
response curves for this effect; at higher doses, decreased prostate weight was observed in the 
offspring. In contrast, Cagen et al. did not observe this low dose effect for bisphenol A or DES 
in CF-1 mice. Thus, the "low dose" hypothesis for this response should be resolved for 
bisphenol A and other estrogenic compounds. 
 
It has been also observed an age-dependent difference in susceptibility to endocrine disruptors. 

 adult ovariectomIn
ta

 135



 136

GENERAL DISCUSSION. 
 
Our research focused on the social implementation of the acceptability of occupational 
technological risks. The aim included to identify the risks and hazards perception of subjects 
having already been involved in previous biomonitoring studies performed in the framework 
of “occupational welfare” granted by the SSTC.  
 
Issued from a multidisciplinary approach, the results gained are intended to contribute to a 
better risk and/or hazard identification, evaluation, information, communication and 
perception.  
 
The integration of the knowledge related to the « occupational health welfare » into a 
sustainable development requires not only the development of sophisticated biological 
technologies allowing detection of early biological effects but also to take into account others 
variables inherent to health welfare such as social, psychosocial, environmental and legislative  
parameters.  
 
Therefore, it appears essential to keep in mind that every human and industrial activity 
includes risks for which the evaluation and characterization are obviously associated to 
uncertainties inherent to the technological issues. Identify the respective and relative fraction 
of uncertainties constitutes a new challenge that requires a total decompartmentalization of 
skills in order to gain proactively a novel and real interdisciplinary approaches. Such 
integrated approach will allow the adjustment of transversal decisions by combining specific 
points of view from different disciplines : respective views of the same reality. 
 
Crossing and interlinking skills and knowledge between partners will contribute to help 
stakeholders to take knowledge based decisions with regards of technological, scientific, 
economical and social parameters. 
 
In some way biomonitoring studies are inspired by the precautionary principle as well as by 
the recognition of scientific uncertainties. It aims to identify any health threats as early as 
possible and consists therefore of precautionary  measures to health protection. The lack of 
certainties should, in this case, not be considered as a pretext for postponing measures aiming 
to prevent health effects. In this sense, coordination and communication steps are essentials 
both between respective concerned scientist, between scientists and public authorities and 
between the scientific community and the society. For us, it seems obvious that the scientific 
community has a important role to play to heighten public awareness and to popularise, share 
and disseminate results of ongoing researches in the field of public health and sustainable 
development.  
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Mandelic acid is one of the major urinary excretion products after styrene absorption.  The activation and deactivation of Styrene occurs mainly 
through the intermediate formation of styrene oxide and further styrene glycol.  Mandelic acid is related to styrene glycol.  As a consequence 
mandelic acid is the preferred metabolite to be sampled for biomonitoring purposes.  Mandelic acid in the urine is detected through High-pressure 
liquid chromatography (RSD: < 10%).  The detection limit is 50 mg/l 

Choice ADVANTAGES 
• Mandelic acid is a metabolite derived from styrene oxide (the 

•

DISADVANTAGES

reactive metabolite of styrene) 
• It takes into account absorption by all routes 
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abo tes as e.g. phenylglyoxylic acid.  As a consequence urinary mande

e exposure. 
Applied in  Styrene Ionising Radiation Opioid Analgesics  Cobalt
 In vitro  

 
  

 
 

 In vivo    
  

 

 Biomonitoring 
urine 

 
 

 
X 
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Test Ad NA and Haduct  (Ds emoglo in)s b

External exposure Intern posure Genetic effects Suscep ility: 
genotype 

Susceptibility: 
phenotype 

al ex Early effects tibBiomarker of 

Biological effective 
d e 

    
os

 

Developed by  U L UG ULg VUB KUL C
   

 
X   

P
 

rinciple t bounds between genotoxic agents an cleophilic molecules, e.g. DNA (target site adduct) and Haemoglobin, Albumin 
).  The formation f stable carcinogen-DNA adducts are consid  critical events in the initiation of the carcinogenic process.  
te with tumor incidence. Haemoglobin and Albumin adducts are used as surrogates for DNA adducts when they correlate 

ely with target site adducts (DNA adducts).  Adducts determination occurs t ugh GC-MS analysis o  other techniques (32P-postlabeling, 
HPLC,…) depending on the agent and the type of adduct. 

 
 

Adducts are co
(nontarget site adduct

ducts correla

valen  d nu  
 o ered

DNA ad
quantitativ

 
rhro

Choice ADVANTAGES 
• DNA is a target molecule in carcinogenesis 
• It takes into account absorption by all routes 
• It integrates exposure from all sources 
• Adducts show individual exposure, metabolic capacity, and 

DNA repair capacity. 
• Adduct forming chemicals, e.g. many anticancer agents, are 

potentially dangerous. 
• Adducts can show active ingredients in complex mixtures  
• Data obtained may be directly related to adverse effects 
• Haemoglobin adducts refer to the exposure of the previous 4 

months 
• DNA adducts refer to recent exposure 
• Haemoglobin and DNA of lymphocytes are easily available 

through venous bloodpunction 

DISADVANTAGES 
• DNA adducts are subjected to repair 
• labour intensive 
• Possible interference  
• Existence of background adduct levels 

Importance 
 
 
 
 
 
 
 

Assays for the level of carcinogen-adducts provide a measure of the biologically effective dose for certain carcinogens. 
Human adduct formation is a promising biomarker for molecular cancer epidemiology. Satisfactory analytical techniques now exist for the 
measurement of many DNA and protein adducts caused by human exposure to genotoxic agents. These will likely lead to improved risk assessment 
for groups of exposed individuals and may indicate opportunities for chemoprevention. 
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Applied in  Cobalt Styrene Ionising Radiation Opioid Analgesics 
In vitro 
human haemoglobin 
rat
m

 
 

  
 

  

 haemoglobin 
ouse haemoglobin 

X 
X 
X 

 In vivo 
rat haem  
mouse haem obin 

oglobin
ogl

 
 

 
X 

 X

  

 Biomonitoring 
human haemoglobin 
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Test CYP2E1 genotyping 

External exposure Internal exposure Early effects Genetic effects Susceptibility: 
genotype 

Susceptibility: 
phenotype 

Biomarker of 

     X  
Developed by KUL    UCL UG ULg VUB 
    X  

 

Principle 
 
 
 

Detection by restriction fragment length polymorphism (RFLP) of the 3 most frequent allelic variants of CYP2E1 (CYP2E1*1B or A1/A2, 
CYP2E1*5A or c1/c2, CYP2E1*6 or D/C) on a PCR amplification product obtained from a blood sample. 

Choice ADVANTAGES 

Simple 

Does not necessitate expensive equipment 
 

DISADVANTAGES 

Time consuming 
 

Importance etection of variant genotypes with y increased or d metabolicD  possibl ecreased  activity  
Applied in  C t Sty ene Ionising adiati Opioid A algesics obal r R on n
 In vitro 

human lymphocytes 
    

X 
 In vivo 

rat lymphocytes 
rat pneumocytes 

    

 Biomonitoring 
human lymphocytes 

    
X 

 Patients  X   
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Test HLADR Glu69 genotyping 
External exposure Internal exposure Early effects Genetic effects Susceptibility: 

gen pe oty
S : usceptibility

phen type o
Biomarker of 

      X
Developed by KUL UCL UG g VUB UL
 

 
 X    

Principle 
 
 
 

Detection of the presence of glutamic acid on position 69 of the ß chain of the DPß1molecule ( GAG sequence of codon 69 of exon 2 of the DPB1 
gene (reverse-sequence specific oligonucleotide (SSO) probe line-blot method ). 

Choice ADVANTAGES 

Simple and accurate 
 

DISADVANTAGES 

Expensive 
 

Importance etection of variant genotypes with possibly increased or decreased metabolic activity  D
Applied in  Cobalt Styrene Ionising Radiation Opioid Analgesics 
 In vitro 

ymphocytes 
    

human l  
 In vivo 

rat lymphocytes 
    

rat pneumocytes 
 Biomonitoring 

human lymphocytes 
 
 

   
X

 Patients     
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Test GST genotyping 

External exposure Internal exposure Early effects Genetic effects Susceptibility: 
genotype 

Susceptibility: 
phenotype 

Biomarker of 

      X
Developed by KUL     UCL UG ULg VUB
    X  

 

Principle 
 
 
 

Detection by restriction fragment length polymorphism (RFLP) of the allelic variants of glutathione S-transferases isoforms (GSTT1, GSTM1 and 
GSTP) on a PCR amplification product obtained from a blood sample. 

Choice ADVANTAGES 

Simple 

Does not necessitate expensive equipment 
 

DISADVANTAGES 

Time consuming 
 

Importance Detection of variant genotypes with possibly increased or decreased metabolic activity  
Applied in  Cobalt Styrene Ionising Radiation  Opioid Analgesics  
 In vitro 

human lymphocytes 
    

X 
 In vivo 

rat lymphocytes 
rat pneumocytes 

    

 Biomonitoring 
human lymphocytes 

  
X 

  

 Patients    X 
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Test Epoxide hydrolase genotyping 

External exposure Internal exposure Early e tic effects Susceptibility: Susceptibility: ffects Gene
genotype phenotype 

Biomarker of 

      X
Developed by KUL UCL UG U g VUB L
    X  

 

Principle 
 
 
 

Detection striction fragment le lymorphism (R  the allelic variant icrosomal epoxide ase (at residues 113 d 139) on  b  rey ngt  poh FLP) of s of m  h rolyd an
a PCR amplification product obtained from a blood sample. 

Choice ADVANTAGES 

t necessitate expensive equipment 

DISADVANTAGES 

Simple 

Does no
 

Time consuming 
 

Importance y increased or decreased metabolic activity  Detection of variant genotypes with possibl
Applied in  Cobalt Styrene Ionising Radiation Opioid Analgesics 
 In vitro   

human lymphocytes 
  

X 
 In vivo 

phocytes rat lym
rat pneumocytes 

    

 Biomonitoring 
cyhuman lympho tes 

    
X 

 Patients    

 

X 
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Test OGG1 genotyping 

External exposure Internal exposure Early effects Genetic effects Susceptibility: 
gen pe oty

S : usceptibility
phen type o

Biomarker of 

      X
Developed by KUL UCL UG g VUB UL
     X 

 

Principle 
 
 
 

Detection by restriction fragment length polymorphism (RFLP) of the most frequent allelic variants of OGG1 (Ser/Cys) on a PCR amplification 
product obtained from a blood sample. 

Choice ADVANTAGES 

Simple 

Does not necessitate expensive equipment 
 

DISADVANTAGES 

Time consuming 
 

Importance Detection of variant genotypes with y increased or de metabolic possibl creased  activity  
Applied in   cs C tobal  Styrene Ionising adiati on Opioid AnalgesiR
 In vitro 

ymphocytes human l
    

 In vivo 
rat lymphocytes 

s rat pneumocyte

    

 Biomonitoring 
ymphocytes human l

 
X 

 
X 

 
X 

 

Patients     
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Test XRCC1/3 genotyping 

External exposure Internal exposure Early eff etic effects Susceptibility: Susceptibility: ects Gen
genotype phenotype 

Biomarker of 

      X
Developed by K L U L UG U g VUB U C L
     X 

 

Principle 
 
 
 

Detection  restriction fragment len  polymorphism (RFLP) f the most frequen ariants of XR odon 194 , Arg/Trp don 399,  by gth o t allelic v CC (c1  ; co
Gln/Arg; codon 280, Arg/His) and XRCC3 (codon 241, Thr/Met) on a PCR amplification product obtained from a blood sample. 

Choice ADVANTAGES DISADVANTAGES 

Simple 

Does not necessitate expensive equipment 
 

Time consuming 
 

Importance Detection of variant genotypes with possibly increased or decreased metabolic activity  
Applied in  lgesics  Cobalt Styrene Ionising Radiation Opioid Ana
 In vitro 

uman lymh phocytes 
    

 In vivo   
rat lymphocytes 
rat pneumocytes 

  

 Biomonitoring 
human lymphocytes 

 
X 

 
X 

 
X 

 

 Patients     
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Test COMET assay 

External exposure Internal exposure Early effects Genetic effects Susceptibility: 
geno ype t

S : usceptibility
phen type o

Biomarker of 

    X  X
Developed by KUL UCL UG g VUB UL
     X 

 

Principle 
 
 
 

Single cell gel (SCG) electrophoresis or 'Comet assay' is a rapid and very sensitive fluorescent microscopic method to examine DNA damage and 
repair at individual cell level. This technique is used for detecting various forms of DNA damage (e.g., single- and double-strand breaks, oxidative 
DNA base damage, and DNA-DNA/DNA-protein/DNA-Drug crosslinking) and DNA repair in virtually any eukaryotic cell.  

Choice ADVANTAGES 

cell/cell approach, applicable on many cell types, no obligation in vitro 

cultivation step required, possible estimation of DNA repair capacity 

after in vitro challenging, low cost, fast, simple, gives some indication of 

cell death 
 

DISADVANTAGES 

detected DNA damage ≠ fixed mutations, low specificity, need for 

internal standard to minimise experimental variation, controversial 

onfounding fac
 

ctors (age, smoking,...) 

Importance many cell types 
 ranging from aging and clinical investigations to genetic toxicology and 

Detection of recent DNA damage  (alkali labile sites) and is applicable on 
This assay has critically important applications in fields of toxicology
molecular epidemiology.  

Applied in  Cobalt Styrene Ionising Radiation Opioid Analgesics 
 In vitro   

human lymphocytes X X X 
  

 In vivo 
hocytes 

   
rat lymp
rat pneumocytes 

 
X 
X 

 Biomonitoring 
tes 

 
X X 

 
X 

 
human lymphocy

 

 Patients     
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Test Sister Chromatid exchange Assay 

External exposure re ts Internal exposu Early effec Genetic effects Susceptibility: 
genotype 

Susceptibility: 
phenotype 

Biomarker of 

      X
Developed by KUL    UCL UG ULg VUB 
     

 
 

Principle 
 
 
 

The Sister  Chromatid Exchange assay is sensitive but not specific method to examine the effects induced at a cytological level by chemica
lesions (that were not repaired during the GO/G1 phase)  and that persist  up to the S-phase. This assay is used to screen molecular DNA 

l DNA 
damages 

such as DNA-adducts, alkylation or methylation of  DNA bases.  Under some instances, it may also give some indications of DNA repair sensitivity: 
cells of patients with DNA repair defects ( Xeroderma Pigmentosum) show a larger induced SCE frequency than “normal” individuals. 

Choice ADVANTAGES 

Theoretically applicable on any cells able to divide twice (2 S-phases) in 

mber, therefore, the mean value expressed 

 based on many observations. Also, this methodology requires BrdU 

. Low cost. Biomarker of ex osure or early biologic  effects. 

tentially damaged population of cells. 

culture; this assay is mainly used in human lymphocytes and cell lines. 

Every cell display a SCEs nu

is

and gives to possibility to check cyt ty by scoring the ation otoxici  prolifer

rate index p al

Gives insights in po  sub
 

DISADVANTAGES 

Low specificity, time consuming, controversial confounding factors 

er control. Absence of cancer risk 

predictivity. 
 

(age, smoking,...) but that may be und

Importance  repaired DNA damages applicable on many cell  types 
applications in fields of xicology, genetic toxi logy and molecular epi emiology.  

Detection of non
This assay has  to co d

Applied in C t St e Ionising adiation Opioid Analgesics  obal yren R
 In vitro 

human lymphocytes  
 
 

 
X

 
 

 

 In vivo 
rat lymphocytes 
rat pneumocytes 

 
 

   

 Biomonitoring 
human lymphocytes 

 
 

 
X 

 
 

 

 Patients     
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Test P53 hotspots 

Ex Internal exposure ternal exposure Early effects Genetic effects Susceptibility: 
geno ype t

S : usceptibility
phen type o

Biomarker of 

     X  
Developed by KUL UCL UG g VUB UL
  X   X 

 

Principle 
 
 
 

Restriction site mutation (RSM) assay based on the PCR amplification of a fragment of a selected gene mutated on a specific restriction site. 

Choice ADVANTAGES 

Specific, very sensitive, rapid 

Detects gene mutations and therefore complements other genotoxicity 

assays (CA, MN, comet, …) 
 

DISADVANTAGES 
 
Cannot detect unsuspected mutations  

Importance tabolic activity  Detection of variant genotypes with possibly increased or decreased me
Applied in Cobalt Styrene Ionising Radiation Opioid Analgesics  
 In vitro 

human lymphocytes 
 

X 
 
 

  

 In vivo    
rat lymp
rat pneu

hocytes 
 

mocytes 
 Biomonitoring 

human lymphocytes 
   

X 
 

X 
 Patients     
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Test Conventional Chromosome Aberration  Assay 
External exposure Internal exposure Susceptibility: Susceptibility: Early effects Genetic effects 

genotype phenotype 
Biomarker of 

      X
Developed by KUL UCL U   VUB G ULg
      

 

Principle 
 
 
 

Method ng the early detecti luation of indu netic damages in h n contributive for id ng heavily (or more susceptible?) s all wio on o  evar ced ge uma ent fyii
exposed subjects to ionising radiations. These biological tests allow a biological retrospective dosimetry after exposure to IR. Up to recently, the 
frequency of chromosomal aberrations (dicentric chromosomes) was used to detect or quantify radiation-induced effects. In vitro cultured 
lymphocytes are “harvested “ at the first metaphase and the structural and/or numerical chromosome aberrations are scored during microscopic 
evaluation.  

Choice ADVANTAGES 
When used in human lymphocytes it gives a clear indication of 

DISADVANTAGES

chromosomal rearrangements. Biomarker of exposure and early 
biological effects. Low cost, high specificity. Indicator of cancer risk 
predictivity when used in biomonitoring studies included in molecular 
epidemiological studies. Indicator of mutagenic/ clastogenic properties 
when used in screening chemicals. Gives indication of both stable or 
unstable aberrations types. 
 

 
Time consuming, controversial confounding factors in biomonitoring 

...). studies (age, smoking,
Requires very experienced scorer and a large number of cells to be 
scored. 
 

Importance 
ons in fields of toxicology, genetic toxicology,  and

Detection of non repaired DNA damages applicable on many cell  types 
This assay has applicati  molecular epidemiology.  

Applied in  Cobalt Styrene Ionising Radiation Opioid Analgesics 
 In vitro   

X human lymphocytes   
  

 In vivo 
at lymphocytes 

   
r
rat pneumocytes 

 
 

 Biomonitoring 
ymphocytes human l

 
 

 
 

 
 X

 

 Patients
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Test FISH Ch n  Assay romosome Aberratio

External exposure Internal exposure Early effects Genetic effects Susceptibility: 
genotype 

Susceptibility: 
phenotype 

Biomarker of 

      X
Developed by KUL     UCL UG ULg VUB
      

 

Principle 
 
 
 

Methods allowing the early detection or evaluation of induced genetic damages in human contributive for identifying heavily (or more susceptible?) 
exposed subjects to ionising radiations. The fluorescent in situ hybridisation (FISH) technique using DNA chromosome-specific DNA probes has 
increased the sensitivity of the technique and eased the detection limit of stable chromosome aberrations (especially translocations) in human. FISH 
analysis of the chromosome aberrations is generally performed with a cocktail of chromosome-specific probes for different sets of chromosomes 
(e.g. WCP 2 spectrum green, WCP 2 spectrum orange, WCP 4 spectrum green, and WCP 8 spectrum orange). These biological tests – need some 

ta - to allow a precise biological retrospective dosimetry more extensive da after exposure to IR.  
Choice A NDVA TAGES 

en sed in human lymphocytes it allows a clear indication of one Wh u of 
the u  as translocations; 
suc a nogenic processes. 
Bio ogical effects.  Required less 
exp n eneticist than conventional technique, automation 
pos e sensitivity. Indicator of cancer risk predictivity when 
use  b . 
 

DIS

pec liar stable chromosomal  rearrangements such
h tr nslocations are known to be important in carci
marker of exposure and early biol
erie ced cytog
sibl . High 
d in iomonitoring

ADVANTAGES 
uming, controversTim  cons  in biomonitoring 

stud es (a
Re
scor . ion of 
the o d by 
usin 3
represen
hromosome is randomly involved in translocation; such clear 

assessment is still under consideration.  
 

e ial confounding factors
i ge, smoking,...). 

quires experienced scorer and a very large number of cells to be 
Very high ced ost. Additional data needed to assess if the fract

gen me analysed (generally  ± 20 % of the genome is considere
g  different chromosome sets -ch 2, 4 and 8 for example) is 

tative of the entire genome. Use a prerequisite that every 
c

Importance Detectio mages applicable on many cell  types 
Thi  assay molecular epidemiology.  

n of non repaired DNA da
s  has applications in fields of toxicology, genetic toxicology and 

Applied in ene Ionising Radiation Opioid Analgesics  Cobalt Styr
 n vit oI r  

human lymphocytes 
 
 

 
 

 
X 

 

 In vivo 
rat lymphocytes 
rat pneumocytes 

 
 

   

 Biomonitoring 
human lymphocytes 

 
 

 
 

 
X 
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Test Micronucleus assay 

External exposure Internal exposure Early effects Genetic effects Susceptibility: 
genotype 

Susceptibility: 
phenotype 

Biomarker of 

    X  X
Developed by KUL UCL UG ULg VUB 
   X  X 

 

Principle sition of mitosis (cell division). It may arise from a whole lagging chromosome 
(aneugenic event leading to chromosome loss) or an acentric chromosome fragment detaching from a chromosome after breakage (clastogenic 
vent) which do not integrate in the r nuclei. 

 
 
 

A micronucleus (MN) is formed during the metaphase/anaphase tran

e  daughte

Choice ADVANTAGES 
• Cell/cel
• Simulta

l approach  
neous detection of ch osome + genome mutations  
nation between clast n/ aneugen  

detection of apop s/necrosis  
on many cell type

Rapidity  
• Cheap  
• Simplicity  
• Potential for automation  
• Statistical power  
• Discrimination between cells which underwent nuclear division 

and cells which did not  
• Enables detection of dicentric bridges as nucleoplasmic bridges  
• Assessment of cell proliferation (% binucleated cells)  

 

DISADVA AGES

rom
• Discri
• Possible co-

Applicable 

mi oge
tosi
s  • 

• 
 

NT  
•  not detect all structural chromosome aberrations (only 

acentric fragments)  
• Re uires cell division for expression of MN  
• P ible interference of cyto-B with test chemical; like spindle 

ns  
• ble interference with other inhibitors of cytokinesis  
• Cytotoxicity of cytochalasin B itself varies between cell types 

and sometimes even between subtypes of the same cell type  

 

Does

q
so s

poiso
Possi
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Impo
 

rtance 

 

The micronucleus test detects chromosome and 
Scoring of micronuclei can be performed relativ an biomonitoring: lymphocytes, fibroblasts and 
ex ells, wi  vitro c . M  ob ated cell d when the 
ep when th sal layer. 
The combination of the micronucleus assay with fluorescence  situ hybridisation (F with a probe lab eri-)centrom of the 
chromoso FISH assay) allows d ination between m nuclei containing a le chromosome (ce re positive micronuc s) and an 
acentric c some fragment (cen ere negative micron us). 

 
 

 
 
 
 

genome mutations 
ely easily and on different cell types relevant for hum 

Nfoliated epithelial c
ithelial surface, but 

th/without extra in
ey are in the ba

ultivation step served in exfoli s are not induce

elling the (p

the cells are at 

in
cro

ISH) 
who

eri on c regi
leum s (

hromo
e is im

trom
cr i

ucle
 ntrome

 

Applied in  Cobalt Styrene Ionising Radiation Opioid Analgesics 
 In vitro 

human lymphocytes 
 

X 
   

X 
 In vivo  

X 
   

rat lymphocytes 
rat p une mocytes X 

 Bio nimo toring  
hum  l

 
X an ymphocytes X 

 
X 

 

 Pati sent      
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Test Gene expr alysis wi R 
 

ession an th real-time RT-PC

External exposure Intern posure Gene Suscep ility: 
geno pe 

Susceptibility: 
phenotype 

al ex Early effects tic effects tib
ty

Biomarker of 

   X  X  
Developed by  U L UG ULg VUB KUL C
   

 
X   

Principle d from in vitro i adiated IL-2 cell cultu s, followed by ment to remove ntaminants. This treated RNA is 
,that is used as a template in the RT-PCR. 

nology combines the DNA amplification with the d tection of the pro The detection method ased on changes in fluorescence 
proportional to the increase in product. 
 

The RNA is extracte
d in cDNA 

rr re  a DNase treat  co
converte
This tech e ducts.  is b

 
 
 

Choice ADVANTAGES 
• Less time consuming than gel based analysis 
• No need of post-PCR manipulations 
• Reduces contamination opportunities 
• Good accuracy 
• Very sensitive method 
• High-throughput capacity  
• Applicable on many cell types  
• Rapidity  
• Simultaneous measurement of  gene expression in many 

different samples 
• High degree of potential automation 
• Statistical power  
 

 

DISADVANTAGES 
• This technique requires good quality RNA 
• Use of different housekeeping genes to normalize the gene 

expression data 
• More expensive than classical PCR 

  

 

Importance Several literature data have shown that a high percentage of breast cancer patients is radiosensitive. As this radiosensitivity may be linked with the 
expression pattern of genes involved in the processing of DNA damage (DNA repair, cell-cycle checkpoint and stress genes) it would be interesting 
to investigate differential gene expression. By using the RT-PCR technology it is easy to analyse the gene expression pattern of these specific genes 
in radiosensitive individuals and compare it with the expression pattern of the non sensitive ones.  
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Applied in  Cobalt Styrene Ionising Radiation Opioid Analgesics 
In vitro 
hu

    
man lymphocytes  

 
X 

 In vivo 
rat lymphoc es 
rat pneum  

   
yt

ocytes

 
 
 

 Biomonitori gn  
human lymphocytes   X 

    

 Patients           X  
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Test CYP2E1 phenotyping 

External exposure Internal exp usceptibility: Susceptibility: osure Early effects Genetic effects S
genotype phenotype 

Biomarker of 

      X
Developed by KUL UCL UG U g VUB L
    X  

 

Principle 
 
 
 

Real-tim ification of mRNA CR in human pe ononucleated solated from bloode quant by T-PR ripheral m  cells i . 

Choice ADVANTAGES 

Specific 

DISADVANTAGES

Very sensitive 

Rapid 
 

 

Necessitate expensive equipment and reagents 

Does not measure the protein or the enzyme activity 
 

Importance Detection of variant genotypes with possibly increased or decreased metabolic activity  
Applied in  Cobalt Styrene Ionising Radiation Opioid Analgesics 
 In vitro 

human lymphocytes 
 

 
   

 In vivo  
rat lymphocytes 
 
rat pneumocytes 

   

 Biomonitoring   
human lymphocytes 

  
X 

 Patients     
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Test Determinati s in urinon of the opioids and their metabolite e 

External exposure Internal exposure Early effects Genetic effects Susceptibility: 
geno ype t

S : usceptibility
phen ype ot

Biomarker of 

 X     X
Developed by K LU   UG g VUB U LC UL
 X     

 

Principle 
 
 
 

The main metabolic pathway of the opioid analgesics is the oxidative N-dealkylation at the piperidine nitrogen, resulting in the formation of nor-
metabolites. Only a few percent of the opioids are excreted unchanged in urine. The opioids and their nor-metabolites are extracted from urine using 
a simple, one step solid phase extraction procedure (SPE). The analytes are subsequently analyzed using a highly specific and sensitive gas 
chromatographic mass spectrometric GC-MS method. 
 

Choice A NDVA TAGES 
e assessment of occupational exposure to opioid analgesics, In th

the m j
into cc
view f 
and to ption through the skin could 
pres  he 
app ri
informat tibility of exposed workers. 
 

DIS
one of 

a or advantages of biological monitoring is the fact that it takes 
ount absorption by other roa utes of exposure than the lungs. In 

o the highly lipophilic nature of especially sufentanil and fentanyl 
a less extent of alfentanil, absor

ent an important concomitant route of exposure. Selecting t
rop ate biomarker of exposure could potentially provide additional 

ion on the individual suscep

ADVANTAGES 
ecially in a production environmenEsp

avo e
com u
theo ic
producti also present as neat reagents 
n the working environment. 

In view of compliance measurements, a quantitative acceptable 
biological exposure index (BEI) is not yet determined. 

t, precautions should be taken to 
id xternal contamination of the urine samples with the opioid 

nds. The use of thpo e nor-metabolites as biomarkers could 
ret ally circumvent the risk of external contamination but in some 

on processes these compounds are 
i

Importance A r d le quantitative assessment of occupational exposure to potent opioid analgesics which takes into account absorption by various 
ro

api and reliab
utes.  

Applied in  Ionizing Radiation Opioid Analgesics  Cobalt Styrene
 In vitro 

hum  l
  

 
 

an ymphocytes   
 

 In vivo 
rat l p
at pneumocytes 

 

 

   
ym hocytes  

r
 Biomonitoring 

human urine 
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 Patients    X 
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Test G2 assay 

External exposure Intern posure Gene Suscep ility: 
geno pe 

Susceptibility: 
phenotype 

al ex Early effects tic effects tib
ty

Biomarker of 

   X  X  
Developed by  U L UG ULg VUB KUL C
   

 
X   

Principle ells are in vitro i iated in the G2 phase f the cell cycle and c matid breaks are score  in the subsequent metaphases. The 
ime of 90 mi es you that the me phases analysed wer  G2 phase of the cell cycle when irradiated. Per sample 

d breaks are scored in 50 met phases. Although th  mechanism invol n the formation of G2 hromatid breaks is not completely 
elucidated yet, processes such as DNA dsb repair and cell cycle control are involved. 

In the G2 assay the c
st-irradiation t

rrad o hro d
short po
chromati

n assur
a

ta
e exact

e in
ved i  c

 
 
 
Choice ADVANTAGES 

• Cell/cell approach  
• Low background frequencies; low background variability 
• No age effect on the background and radiation induced 

chromatid break frequency  
• Very short post irradiation time (90 min): no interference with 

radiation induced apoptotic cells 
• The assay is performed at a low irradiation dose (0.4 Gy)    
• Applicable on many cell types: lymphocytes, fibroblasts, 

lymphoblastoid cell lines 
• Rapidity  
• Cheap  
• Simplicity  
• Automated selection of metaphases is possible; also potential 

for automated detection of the chromatid breaks 
• Discrimination between cells which went into mitosis and cells 

which did not  
• Assessment of cell proliferation: mitotic index  

 

DISADVANTAGES 
• Does not detect all structural chromosome aberrations (only 

chromatid breaks are scored)  
• Requires stimulation of resting cells; chromatid breaks are 

scored in metaphases  
• At the moment the exact mechanism of chromatid break 

formation is not completely known  

 

Importance 
 
 
 
 

The G2 chromosomal radiosensitivity assay is a cell-cycle based technique which has been used by several groups investigating links between  
human chromosomal radiosensitivity and increased cancer susceptibility. Although requiring stringent experimental conditions to achieve good 
reproducibility the G2 assay has potential as a sensitive marker for cancer susceptibility and is particular useful in population studies.  
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Applied in  Cobalt Styrene Ionising Radiation Opioid Analgesics 
In vitro 
hu

   

Annex 
 

 

 
man lymphocytes  
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 In vivo 
rat lymphoc es 
rat pneum  
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ocytes

 
 
 

 Biomonitori gn  
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 DNA Strand Break Repair Phenotype  Assay 

Annex 
 

 

 
Test
B

D
  
Principle 
 
 
 
Ch

Impor

Applied in
 

 

 

 
 
 

External exposure Internal exposure Early effects Genetic effects Susceptibility: 
genotype 

Susceptibility: 
phenotype 

iomarker of 

  X   X 
eveloped by KUL UCL UG ULg VUB 

   X 
 

In vitro repair phenotype based on the Single cell gel (SCG) electrophoresis or Comet assay.  The in vitro repair capacity  is assessed after in vitro 
exposure to the challenging mutagen. It is possible to detect with one test, three parameters: initial DNA damage at the base level, DNA 
vulnerability after in vitro exposure and repair capacity. 

oice ADVANTAGES 
Offers the possibility to estimate whole repair phenotype as a result of 
the complex interaction of different repair enzymes. 
Cell/cell approach, applicable on many cell types, low cost, fast, simple, 
gives some indication of cell death 
 

DISADVANTAGES 
Not a direct measure of  DNA repair but rather a measure of the 
percentage of  unrepaired damage to DNA. The cell types used are not 
necessarily same as the target organ. For population monitoring, 
possibility of selection bias. Small sample sizes may affect the power of 
the tests.  

tance Detection of recent DNA damage  (alkali labile sites) and is applicable on many cell types.  Determination of inter-individual differences in  DNA 
repair capacity. This assay has critically important applications in fields of toxicology ranging from aging and clinical investigations to genetic 
toxicology and molecular epidemiology.  
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