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INTRODUCTION

The emerging field of molecular epidemiology is based on the use 
of biomarkers. Biomarkers are measurable biological parameters that 
reflect, in some, way, an individual’s risk of disease – because they indicate 
exposure to a causative (or protective) agent, or because they represent an 
early stage in development of disease, or because they allow an assessment 
of individual susceptibility. Molecular epidemiology detects various 
environmental agents or their metabolites in accessible body matrices, 
measures biological responses to these agents, and defines genotypic or 
phenotypic factors that modify individual susceptibility. Thus, biomarkers 
are obviously divided to three groups: exposure (protein or DNA adducts), 
effect (chromosomal aberrations, micronuclei, hypoxanthine-guanine 
phosphoribosyltransferase (HPRT) gene mutation), and susceptibility (gene 
polymorphisms) (National Research Council, 1989; IPCS, 1993). 

The increase in chromosomal aberrations may be considered a 
signal of early adverse biological effect. Chromosomal abnormalities are 
frequently observed in cancer cells, in spontaneously aborted fetuses, and in 
abnormal newborns. The biomonitoring with the help of cytogenetic 
analysis of human peripheral blood lymphocytes has a long tradition in the 
Czech Republic (Rössner et al., 1995; Sram et al., 2004). Thousands of 
occupationally exposed subjects and controls have been examined by 
cytogenetic analysis since 1974. The system of genetic monitoring helps to 
detect the exposure of population at risk to genotoxic contaminants. The 
obtained data represent a basis for the quantification of exposure and for the 
application of preventive measures. They facilitate the control of 
effectiveness of applied regulatory action.

Recent results show that an increased level of chromosome breaks 
appears to be a relevant marker of future cancer risk (Bonassi et al., 2000; 
Rössner et al., 2005). The establishment of a correlation between 
chromosomal aberrations and cancer has stimulated the development of 
new techniques such as fluorecence in situ hybridisation (FISH) to detect 
aberrations in a variety of exposed populations. FISH painting uses DNA 
probes that paint specific chromosome pairs along their entire lengths. 
This method allows the selective identification of each pair of 
chromosomes in human genome and permits rapid recognition of 
chromosomal breakage and exchange events between painted and non-
painted chromosomes. It provides easy detection of some symmetrical 
forms, like reciprocal translocations, not readily visible with conventional 



staining, and only scored with difficulty applying chromosome banding 
techniques. Translocations frequencies, unlike unstable dicentrics, do not 
essentially change with time after exposure and their visualization by 
chromosome painting is suitable method for assessing past or chronic 
exposures (Salassidis et al., 1994; Salassidis et al., 1998; Stephan et al., 
2000; Lindholm et al., 2002). FISH with whole chromosome paints has 
been the primary method of choice for most investigators who wish to 
quantify and characterize chromosome damage from environmental or 
occupational exposure. The reasons for using FISH painting have been the 
speed of assay and the ability to detect relatively stable events such as 
translocations in parallel with the enumeration of unstable dicentrics. This 
combination of features has enabled investigators to evaluate recent 
exposures as well as those that occurred many years ago and to characterize 
lower level of exposure than were possible with older cytogenetic methods. 
Due to its widespread success few investigators now discuss the utility of 
chromosome painting for assessing exposure to genotoxic agents.

In the field of molecular epidemiology – exposure to chemical 
carcinogens, FISH painting has been applied regretfully rarely (Rubes et al., 
1998; Lindholm, 2001; Verdorfer et al., 2001; Maeng et al., 2004; Zhang et 
al., 2005). The main problem of such studies is the number of people 
involved in experiment due to expensiveness and laboriousness. Our 
database of cytogenetic outcomes measured by three-color painting for 
chromosomes #1 a #4 is unique in many ways. It consists of about 900 
healthy people (some of them were analyzed more then once) from which 
about 500 were occupationally exposed to the wide scale of clastogens.



AIMS OF STUDY

In spite of proved advantageous in detecting and identifying of 
chromosomal changes in comparison with conventional cytogenetic 
analysis FISH painting have been used regretfully rarely to evaluate genetic 
risk associated with environmental exposure in human populations.

Therefore the aims of this study were: 

1) to verify suitability of FISH painting to evaluate genotoxic 
effects of different environmental clastogenes such as carcinogenic 
polycyclic aromatic hydrocarbons (c-PAHs), acrylonitrile (ACN), ethyl 
benzene (EB), butadiene or irradiation in nuclear power plants; 

2) to compare effectiveness of two cytogenetic approaches - FISH 
painting and conventional cytogenetic analysis on the same occupationally 
exposed groups and matched controls; 

3) to establish a possible connection between other biomarkers and 
chromosomal aberrations; 

4) to follow the spectrum of chromosomal damage in response to 
different genotoxins.



MATERIALS AND METHODS

Subjects:

Acrylonitrile (ACN): the effect of ACN was studied in the 45 
males involved in the polymerization of India rubber and 23 matched 
controls living in the same region (control I) and additional 33 unexposed 
controls from Prague (controls II). Workers were exposed in the last 3 
months before blood collection to 0.05-0.3 mg ACN/m3 according to 
stationary monitoring. 

Ethyl benzene and benzene (EB): the group of 39 male workers 
was recruited in a production line. The concentration of ethyl benzene at 
workplaces ranged from 0.2 to 13.1 mg/m3 and concentration of benzene 
ranged from 0.4 to 15.1 mg/m3 according to stationary monitoring. The 
control group consisted of 55 matched subjects.

1,3-butadiene: the clastogenic effect of 1,3-butadiene was studied 
in 23 workers involved in a monomer production in a chemical plant, 34 
workers were involved in polymer production and 25 matched controls 
were selected from the plant administration. The exposure was measured by 
personál monitoring for 8 h work shift (Albertini et al., 2003).

c-PAHs: the study was undertaken in three European cities, Prague 
(Czech Republic), Kosice (Slovakia) and Sofia (Bulgaria).  The exposed 
group in each site were male police officers (and in Sofia also bus drivers), 
who spent  > 8 h outdoors.  The control group was matched by age, gender 
and length of employment, spending > 90% of daily time indoors. The 
populations were followed in winter, as the highest exposure to PAHs 
occurs during this season at the selected sites. The following levels of air 
pollution were recorded during the study period: for policemen c-PAHs 
12.04±11.10 ng/m3, B[a]P 1.79±1.67 ng/m3, for controls c-PAHs 6.17±3.48, 
B[a]P 0.84±0.60 ng/m3 at Prague; for policemen c-PAHs 21.72±3.12 ng/m3, 
B[a]P 2.94±1.44 ng/m3, for controls c-PAHs 6.39±1.56, B[a]P 1.07±0.66 
ng/m3 at Kosice; for policemen c-PAHs 45.19±25.41 ng/m3, B[a]P 
4.31±2.60 ng/m3, for bus drivers c-PAHs 34.46±33.22 ng/m3, B[a]P 
5.40±3.18 ng/m3, for controls c-PAHs 24.14±16.82 ng/m3, B[a]P 1.96±1.53 
ng/m3  at Sofia (Farmer et al. 2003).



Radiation at the Czech nuclear power plants (NPP): 123
subjects in the Temelin nuclear power plant (two years in use), 114 subjects 
in the Dukovany nuclear power plant (20 years in use), and 53 matched 
controls from Ceske Budejovice. Nuclear power plant workers were divided 
into two groups: subjects with admittance into the monitored zone, and 
others. Long-term exposure (5 – 6 years) to ionizing radiation in the 
monitored zone was 0.471.50 mSv in the Temelin nuclear power plant and 
5.749.57 mSv in the Dukovany nuclear power plant.

In all groups questionnaires on personal medical history and life-
style (smoking, alcohol consumption, eating habits) had to be filled in by all 
participants. In addition, analysis of cotinine level in urine and vitamins A, 
C, E in plasma were done to objectify smoking status and dieting. As 
biomarkers of susceptibility genetic polymorphisms in genes CYP1A1, 
EPHX1, GSTM1, GSTT1, GSTP1, XPD, XRCC1, hOGG1, p53, MTHFR, 
and MS were observed.

Cell cultivation and slides preparation
Whole venous blood cultures were established within 24 h after 

blood collection in sodium-heparinised tubes.  Lymphocyte cultures were 
set up in the tissue culture flasks, each culture containing 0.6 ml of whole 
blood and 7.5 ml of medium (cultivation medium for one culture was 
composed of RPMI 1640 1.06 ml, calf serum 1.80 ml, distilled water 4.24 
ml, glutamine 0.10 ml, NaHCO3 (7.5%) 0.16 ml, PHA -15 0.10 ml).

The cultures were cultivated at 37oC and harvested after 48 h of 
incubation for conventional cytogenetic analysis and 72 h of incubation for 
FISH to obtain a sufficient number of mitoses. Colchicine (Fluka) was 
added to a final concentration of 0.5 g/ml 2 h before the end of the 
incubation. The cells were collected by centrifugation, re-suspended in pre-
worm (37ºC) hypotonic solution (0.075 M KCl) for 10 min and fixed in 
acetic acid/methanol according to the standard protocol (Rössner, 2003). 
For conventional cytogenetic analysis slides were prepared from fresh 
suspensions after last fixation by staining with 5% Giemsa solution (pH 
6.8). For the FISH proceeding the cell suspensions were stored at -20ºC.  
Slides were always prepared using the air-dry method on the day before 
painting by FISH. The FISH analysis using commercial WCP (whole 
chromosome painting) probes differing in colors (Cambio, UK) for 
chromosome #1 (biotinylated, red) and #4 (FITC-labelled, green) was 
carried out according to the manufacturers chromosome painting protocol 



with slight modification. Since irradiation has long been known to induce 
dicentric chromosomes, pancentromeric probes (Cambio, UK) were added 
to visualize chromosomes with more than one centromere for Temelin and 
Dukovany nuclear power plant workers. The slides for both techniques 
were randomly numbered and after the painting scored “blind” in numerical 
order. 100 metaphases per subjects were scored for conventional 
cytogenetic analysis and 1000 for FISH. 

Statistical evaluation: Possible effect of occupational exposure 
to clastogens to the cytogenetic endpoints was tested by Kruskal-Wallis test 
comparing average values in each compared groups and by Spearman 
correlation coefficient comparing the short-term and long-term irradiation 
doses. Data from different study groups, as well as the influence of age and 
smoking status on the aberration pattern, were estimated by the Statistica © 
Multiple regression analysis.



RESULTS AND DISCUSSION

ACN: The conventional cytogenetic analysis did not reveal any 
differences in the frequency of chromosomal aberrations determined in the 
exposed group, controls I and controls II. The FISH technique, however, 
detected significant difference (P<0.05) between the FG/100 in exposed (2.03
± 1.18) and control group I (2.01 ± 1.23) when compared with the control 
group II (1.47 ± 1.50). It is worth to mention that smoking did not influence 
the frequency of translocations in any assayed groups. The frequency of stable 
aberrations was positively correlated with age (R = 0.375, P<0.001), and 
negatively with plasma level of vitamin C (R = -0.213, P<0.05). 

The obtained results indicate that occupational exposure to 
concentrations of 0.05 – 0.3 mg ACN/m3 does not represent a significant 
genotoxic risk. Differences between exposed and control group I versus 
controls II by FISH implies a possible effect of other factors in the region of 
petrochemical industry, which may increase the level of stable traslocations.

EB: Ethyl benzene is produced by benzene alkylation of ethylene. 
During the production process, workers are exposed to mixture of several 
chemicals, especially ethyl benzene and benzene.

Both compared cytogenetic methods indicated a significant increase 
in the frequency of the aberrations. Unusually high level of chromosomal 
damage initiated an implementation of several preventive measures in the 
production line, which was followed by a significant decrease in the workers 
exposures. A sample of 12 workers, who had more than 5% of AB.C., was 
cytogenetically analyzed after a further 10 months period. The results 
confirmed improved working conditions. The frequency of aberrant cells 
determined by conventional cytogenetic analysis decreased in these subjects 
from 4.17 ± 2.08 to 2.75 ± 1.14 %AB.C. (P<0.05). The FG/100 determined by 
FISH decreased from 4.57 ± 2.15 to 2.18 ± 1.25 (P<0.001). 

The information about exposure to carcinogens and persistence of 
translocations detected by FISH are lacking. Our data are first on this topic. 
They indicate, that substantial decrease in personal exposure to ethyl benzene 
and benzene in the course of more than 6 months can also decrease the level of 
stable translocations determined in peripheral lymphocytes. We can 
hypothesize that cells carrying several translocations do not circulate for years, 
but may be also eliminated as cells carrying chromosomal breaks. It seems to 
be pertinent to use FISH analysis repeatedly on the same subjects, trying to 



specify the relationship between the exposure and effect (expressed as stable 
translocations) and use this method in the similar way as the conventional 
analysis not only to detect the exposure to clastogens but also to check an 
efficiency of improved working conditions.

1,3-butadiene: In this case neither conventional nor FISH painting 
detected statistically significant differences in the frequency of chromosomal 
aberrations. Because the FG/100 of controls (2.67 ± 2.13) was unexpectedly 
high and significantly differed from other controls examined in Czech 
Republic, we attempted to reanalyze the data after excluding all subjects with 
suspected clonality. We found  the FG/100 of 1.72 ± 1.14 in the monomer 
production workers, 2.73 ± 1.51 in workers involved in polymerization, and 
2.06 ± 1.31 in controls. The differences between the FG/100 found in the 
polymerization unit and both remaining groups reached the 0.05 level of 
statistical significance. It may be assumed that FISH is more sensitive to 1,3-
butadiene exposure than conventional method. The exposure higher than 1 
mg/m3, which is the basis difference between polymerization unit and 
monomer production unit exposures, could induce stable translocations.

c-PAHs: In Prague, a significant increase was observed in all studied 
FISH endpoints in the police officers compared to the control population 
(P<0.05). This difference is most apparent between exposed and control 
nonsmokers (FG/100=1.56 ± 1.34 vs. 1.14 ± 1.02, P<0.05). In Kosice, the 
exposed group differed from controls in the endpoints % AB.C. (0.29 ± 0.19 
vs. 0.21 ± 0.20, P<0.05) and t/1000 (3.91 ± 3.14 vs. 2.84 ± 3.10, P<0.05). In 
Sofia were followed two exposed groups: police officers and bus drivers. 
FISH endpoints were significantly higher in police officers compared to 
controls (FG/100=1.60 ± 0.99 vs. 0.82 ± 0.79, P<0.01). In bus drivers 
compared to controls there was an increase in % AB.C. (0.25 ± 0.18 vs.0.13 ±
0.13, P<0.01) and t/1000 (3.24 ± 2.28 vs. 2.13 ± 2.05, P<0.05). This was the 
first study when the FISH method was used to analyze the impact of 
environmental air pollution.

In contrast, the conventional cytogenetic analysis did not reveal any 
impact of the ambient air pollution in the both studied groups from Prague.
That is in agreement with previous European studies, where no increase of 
chromosomal aberrations by the conventional method, SCE or micronuclei 
by air pollutants was observed (Binkova et al., 1996; Bolognesi et al., 1997 
a,b). We may conclude that FISH analysis indicates that police officers in 
Prague, Kosice and Sofia as well as bus drivers in Sofia represent groups



with increased genotoxic risk. It could be also postulated that the FISH 
seems to be more sensitive than conventional cytogenetic method, the
increase of genomic translocations represent a more significant health risk 
for their carriers, especially for the process of carcinogenesis.

Predictors of the frequency of aberrant cells by  conventional method 
in the Prague groups were polymorphisms of CYP1A1 and XPD. Predictors 
of the frequency of translocations by FISH were age, smoking, B[a]P-like 
DNA adducts (corresponding to the exposure of c-PAHs), folate, 
polymorphisms of CYP1A1, GSTP1, EPHX1, p53 MspI and MTHFR. We 
may speculate that cancer susceptibility of individual subject is enhanced by 
deficiency in the detoxification of toxic metabolites formed from air 
pollutants. Mutant variants of DNA repair genes increase the susceptibility of 
their carriers. Chromosomal aberrations may be understood as a complex 
biomarker, reflecting the exposure to carcinogens as well as their effects on 
our genetic background.

It was the first time when the relationship between DNA adducts 
(biomarker of exposure) and chromosomal aberrations by FISH (biomarker of 
effect) was observed. We may speculate that a long term exposure to ambient 
air concentrations of c-PAHs 20-25 ng/m3, B[a]P 2.9-3.5 ng/m3 (Binkova et 
al., 2003) may already damage DNA, inducing DNA adducts. They remain 
unrepaired and finally are manifested as structural chromosomal aberrations –
translocations. The fact that ambient air concentrations of c-PAHs induce 
simultaneously DNA adducts and structural chromosomal changes seem to be 
of a high importance. It means the increased risk of cancer and atherosclerosis 
(De Flora et al., 1997; Binkova et al., 2002). Despite the fact that air pollution 
is only one factor among others (as stress or life style), it might be concluded 
that city policemen in downtown of Prague are at higher risk of cardiovascular 
diseases. The obtained knowledge should be used for prevention.

NPP: We observed no statistical differences using the 

conventional cytogenetic analysis: 1.90  0.95 and 1.82  1.19 % AB.C. (% 
of aberrant cells) in the Temelin NPP, and 2.39  1.01 and 2.33  1.04 % 
AB.C. in the Dukovany NPP, for monitored zone workers and others, 
respectively. In the control group, we found 2.25  0.82 % AB.C. Genomic 
frequency of translocations (FG/100) measured by FISH also did not 
significantly vary: 1.89  1.40 and 2.01  1.68 in the Temelin NPP, and 
2.48  1.93 and 2.14  1.62 in the Dukovany NPP for monitored zone 
workers and others, respectively. In the control group, FG/100 was 1.83 
1.19. We may attempt to explain our results by very low doses of radiation 



(beneath the average annual background radiation of 1.0 mSv, the public 
dose limit mandated by ICRP) (ICRP, 1991), which were detected as the 
long-term exposure in the Czech nuclear power plants.

Following factors were identified as potential confounders by the 
conventional cytogenetic analysis: XPD-6, by the FISH: age, GSTP1 and 
p53Bst genotypes, long-term use of medication, alcohol consumption, and 
smoking. No association between the dose of irradiation and the level of 
chromosomal aberrations in any NPP was detected either by the 
conventional cytogenetic analysis or by FISH. 

We may conclude that low doses of ionizing radiation to which 
workers in the Czech NPP are exposed do not represent by themselves any 
significant risk of genetic damage as measured by the conventional 
cytogenetic analysis and FISH.

Pattern of chromosomal aberrations measured by FISH:
finally, we attempted to compare the impact of four different exposures (ACN, 
EB, c-PAHs, and irradiation at NPP) on the FISH parameters. Compared to 
controls, the increased frequency of aberrant cells was observed only in the 
group of workers from the ethyl benzene production. The increase of 
traslocations in other groups corresponded to the higher age of these subjects.

Multiple regression analysis indicated a significant decrease in the 
percentage of translocations in the group exposed to EB (P<0.05). However, 
reciprocal translocations increased in ACN (P<0.05) and NPP-exposed 
(P<0.05) groups. Furthermore, the groups exposed to ACN, EB, and c-PAHs 
exhibited a significant increase in a relative number of insertions (P<0.05, 
respectively) when compared to controls. Nevertheless, we cannot fully 
exclude the possibility that this difference is rather a consequence of small 
absolute numbers of insertions and that they lack any meaningful biological 
background – for example, in the control group there were no insertions at all. 
Smoking led to significantly increased FG/100 (P<0.01) but had no effect on 
relative numbers of different types of aberrations. The analysis of the types of 
chromosomal aberrations revealed that relative numbers of translocations and 
reciprocal translocations increased with age (P<0.05), whereas a relative 
number of acentric fragments decreased (P<0.01). The lack of centromeres in 
these fragments can lead to impaired distribution of genetic material during 
cell division and subsequent elimination of such affected cells. 

In the group exposed to acrylonitrile, the proportion of cells with 
aberrations on chromosome #1 decreased significantly (58.8 ± 32.7, vs. 73.8 ± 
33.6 in the control subjects, adjusted to age and smoking, P<0.001)), but with 



aberrations on chromosome #4 increased (47.0 ± 34.1, vs. 29.4 ± 32.2 in the 
controls, P<0.05). In the group exposed to ethyl benzene, there was a 
significant decrease in the proportion of cells with aberration on chromosome 
#1 (61.0 ± 24.0, vs. 73.8 ± 33.6 in the controls, P<0.05) and an increase on 
chromosome #4 (45.6 ± 24.6, vs. 29.4 ± 32.2 in the controls, P<0.05). Similar 
trends of the decrease of chromosomal aberrations on chromosome #1 and 
increase on chromosome #4 were observed also in the groups exposed to c-
PAHs and NPP-exposed (P<0.10). It can be hypothesized that an unequal 
distribution of aberrations on individual chromosomes can be attributed to an 
uneven distribution of repair genes and/or genes regulating the cell cycle on 
the chromosomes and that these genes can be specifically activated or 
deactivated by the exposure agents or their metabolites. The results of 
Surralles et al. (1998) indicated that the level of excision repair synthesis is 
higher in high gene density chromosomes (chromosome #1 in our case) and, 
therefore, that these chromosomes are preferentially repaired. Moreover, 
transcription-coupled repair, a specialized nucleotide excision repair pathway, 
was shown to be organized in clusters incorporating predominantly early-
replicating gene-rich bands within the human genome (Surralles et al., 2002). 
Chromosome #4 is known to be gene-poor and late-replicating whereas  
chromosome #1 has more chance for being repaired. Also Puerto et al. (1999) 
verified that chromosome with high gene density are preferentially repaired in 
human cells.

We may hypothesize that FISH analysis using whole chromosomes 
painting may determine a specific pattern of stable chromosomal aberrations 
induced by chemical carcinogens. The ability to detect specific chromosomal 
aberrations in specific chromosomes using FISH method may be a powerful 
tool for monitoring individuals at increased risk of cancer. In future we should 
try to standardize the FISH analysis using whole chromosomes painting and 
propose the interpretation of results for the human risk assessment.



CONCLUSIONS

Suitability of FISH painting as biomarker of early effect in the field 
of molecular epidemiology was proved.

All our results suggest that the FISH technique is more sensitive 
than the conventional cytogenetic analysis. It was particularly apparent in 
case of police officers exposed to the levels of air pollution common in 
urban environment. In contrast to the FISH, the conventional method was 
not able to detect a chromosomal damage under these conditions.

The plausibility of this idea will be further examined in future 
srudies. However, we may put forward an idea that for the risk assessment 
for human health translocations may be evaluated as more significant 
chromosomal aberrations than breaks. 

The connection between chromosomal aberrations measured by 
FISH and such biomarker of exposure as DNA adducts was established for 
the first time.

In addition, it could be hypothesize that FISH analysis using whole 
chromosome painting may determine a specific pattern of stable 
chromosomal aberrations induced by chemical carcinogens. The ability to 
detect specific chromosomal alterations in specific chromosomes may be a 
powerful tool for monitoring individuals at increase risk of cancer.

This study was utilizing an unique pool of human biological 
material.
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