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ABSTRACT: The present paper deals with the evaluation of a battery of genotoxicity biomarkers in healthy Flemish

adolescents and their relation with common pollutants occurring in their life environment. DNA damage as reflected by

the comet assay appeared to be most sensitive to ozone (partial r2 ===== 0.102, p <<<<< 0.00001), and to a lesser extent to ortho-

cresol (partial r2 ===== 0.055; p ===== 0.001) and 1-hydroxy-pyrene (1-OH-pyrene, partial r2 = 0.031; p = 0.013). 8-hydroxy-

deoxyguanosine (8-OHdG) was only related to ortho-cresol (r2 ===== 0.069; p <<<<< 0.007). Interestingly, the comet assay results

and urinary 8-OHdG concentrations were positively correlated with a Pearson r ===== 0.21 (p ===== 0.003, N ===== 200). Logistic

regression models revealed significant relations between chromatid breaks and 1-OH-pyrene (relative risk (RR): 1.58;

p ===== 0.008), and t,t-muconic acid (RR: 1.71; p ===== 0.014). There was no correlation between micronucleus formation or

occurrence of chromosomal or chromatid breaks on the one hand and comet or 8-OHdG results on the other hand. Thus,

in this study the comet assay on whole blood samples and urine 8-OHdG measurements especially appeared sensitive

biomarkers for assessing the genetic effects of environmental pollutants to which adolescents may be exposed. Copyright

© 2007 John Wiley & Sons, Ltd.
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ences and the relationship between these exposure and

effect markers.

To assess genetic effects a battery of genotoxicity

markers was applied. This was useful because there is

still a general need for intercomparison between genot-

oxicity biomarker results (Sram and Binkova, 2000). Of

course the latter is especially true for children. This

paper deals specifically with the evaluation of this battery

of genotoxicity biomarkers in this age group. The alka-

line comet assay of whole blood cells (Fairbairn et al.,

1995) and the urinary 8-hydroxy-deoxyguanosine (8-

OHdG) concentration (Loft et al., 1993; van Zeeland

et al., 1999) were evaluated in all participants. The

former is a measure for the loss of DNA integrity

(Lebailly et al., 1998), while 8-OHdG results from a

characteristic form of oxidative DNA damage and appears

in the urine as a specific marker for oxidative stress

(Floyd, 1990; Weitzman et al., 1994). Both biological

effective dose markers reflect short-term (days) DNA

damage. On the other hand, in 100 of the 200 indivi-

duals the ‘early response’ effect markers such as chromo-

some aberrations (chromosome and chromatid breaks)

Introduction

In 1999 a multidisciplinary biomonitoring study was con-

ducted in 200 17–18 year old adolescents living in two

suburbs of the city of Antwerp or in a rural area in the

north-east of Flanders (Staessen et al., 2001). In these

youngsters peripheral blood and urine samples were

analysed for several environmental exposure and effect

biomarkers. Children, and also those at age 17–18 years,

are developing individuals, with possible increased sus-

ceptibility to environmental hazards. Indeed, adolescents

were shown to be an interesting study group to observe

exposure–effect relationships, without being affected by

occupational exposures. The paper of Staessen et al.

(2001) gives an overview of all the examined internal

exposure markers, effect markers, their regional differ-
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and/or micronucleus formation were examined. These

cytogenetic effect markers may be related to rather

persistent DNA effects (over years). This battery of

different genotoxicity markers is frequently applied in

epidemiological studies.

As was already reported by Staessen et al. (2001) the

effect biomarkers were analysed in relation to each of

the biomarkers of internal exposure to environmental

pollutants. In the present paper all internal and external

exposure markers were put simultaneously as indepen-

dent variables in one multiple regression model per

genotoxicity marker. In this way it was possible to relate

the genetic effect markers to the cocktail of several

exposure markers. The examined exposure markers were:

(i) urinary concentrations of 1-hydroxypyrene (a pyrene

metabolite) as a measure for polyaromatic hydrocarbons

(PAHs) exposure, (ii) urinary concentrations of t,t′-
muconic acid and o-cresol, metabolites of the volatile

organic compounds (VOCs) benzene and toluene respec-

tively, (iii) and outdoor ozone concentrations calculated

from ozone measurements in a nearby measuring unit.

These pollutants have a widespread occurrence and are

emitted into the environment mainly by vehicle traffic

and industry. They may enter the human organism by

inhalation of polluted air and cigarette smoke, by up-

take through the skin, and via the food chain (Perera,

2000). PAHs (Jongeneelen, 2001) and benzene (Duarte-

Davidson et al., 2001) have well-documented DNA

damaging potential and are human carcinogens (Perera,

2000; Golding and Watson, 1999). Toluene is thought

to have little carcinogenic potential. However, it was sug-

gested that some of its minor metabolites might damage

DNA (Murata et al., 1999). Ozone is a pollutant of grow-

ing importance that may be related to the genetic effect

biomarkers values. Exposure to ozone induces DNA

damage in different cells (Haney et al., 1999).

In short, we examined the relation between several

genetic effect biomarkers measured in 17–18 year old

adolescents. These genetic effect markers were set in

relation to some common pollutants occurring in the life

environment of these youngsters.

Materials and Methods

Study Population and Sampling

The present investigation was carried out within the

framework of the Flemish Environment and Health Study

(FLEHS). A detailed description of the overall study pro-

tocol and of the characteristics of the study population

has been published elsewhere (Staessen et al., 2001).

Briefly, the study population was recruited from 524

potentially eligible adolescents born in 1980–1983 and

living in two areas of Flanders. 169 youngsters were not

invited to take part in the study, because they did not

fulfil the requirement of lifelong residence in the study

areas (n = 7), or because the sex quota by area had

already been satisfied (n = 162). Of 355 invited subjects,

207 (58.3%) volunteered to be enrolled. Seven eligible

adolescents were not examined because they recently

moved out of the study area (n = 3) or were not imme-

diately available for study due to illness (n = 2) or travel

(n = 2). The resulting study population consisted of 200

adolescents (17–18 years of age) of whom 120 were

female. Half of the study group was living in a rural area,

whereas the other half was living in the urban region of

Antwerp.

The adolescents were examined at their schools from

May to December 1999. On each examination day, regis-

tered nurses collected spot urine samples and venous

blood samples from eight adolescents. A self-administered

questionnaire was completed to obtain information on

individual characteristics (socio-economical status, diet,

active and passive smoking and alcohol consumption).

Trained school physicians recorded use of medicines,

health status and medical history. The study protocol was

approved by the Ethics Committee of the University of

Leuven. Each participant gave written informed consent.

Biomarkers of Exposure: Internal Exposure to
PAHs or VOCs, and External Exposure to Ozone

Analysis of urinary 1-OH-pyrene was performed accord-

ing to Van Hummelen et al. (1993). Briefly, urine was

enzymatically hydrolysed (β-glucuronidase/sulfatase, pH

= 5 at 37 °C) overnight. Solid phase extraction on a C18-

column was used to clean-up the urine before measuring

1-OH-pyrene with HPLC and fluorimetric detection. The

detection limit was 0.01 µg l−1. A modified Ducos et al.

(1990) method was used to quantify t,t′-muconic acid in

urine. The detection limit was 0.02 mg l−1 (Hotz et al.,

1997). Ortho-cresol in urine was determined by gas chro-

matography with flame ionization detection (Pierce et al.,

1998; Truchon et al., 1999). The detection limit was

0.05 mg l−1. All urinary measurements were standardized

to 1 mmol creatinine l−1 urine. Creatinine was determined

by the colorimetric method of Jaffé (1986). The con-

centrations of the exposure markers were expressed in

molar units rather than SI units, to allow comparison of

the effects on a similar scale. Conversion factors are:

t,t′-muconic acid, 1 mg = 7037 nmol; ortho cresol, 1 mg =
9246 nmol; 1-OH pyrene, 1 µg = 481 pmol. To standard-

ise per mmol creatinine: creatinine, 1 g = 8.840 mmol;

t,t′-muconic acid, 1 mg g−1 = 796 nmol mmol−1; ortho

cresol, 1 mg g−1 = 1046 nmol mmol−1; 1-OH pyrene,

1 µg g−1 = 518 pmol mmol−1.

Outdoor ozone values were obtained from sampling

points of the Flemish Environment Agency (Vlaamse

Milieu Maatschappij). Individual ozone exposure was

estimated by taking the outdoor 8 h daily values of the
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nearest measuring unit, averaged over 7 days preceding

blood and urine collection.

Biomarkers of Biological Effective Dose and Early
Response

Loss of DNA integrity was evaluated by the alkaline

comet assay (Singh et al., 1988). The whole blood cells

were kept at room temperature for 1 day after the blood

was taken. The comet assay methodology consisted of

embedding the blood cells in agarose and layering on

microscope slides. After lysis of the nuclei, the slides

were put in a horizontal electrophoresis chamber filled

with alkaline buffer to allow unwinding of the DNA.

Electrophoresis in this buffer was followed by washing

and staining with ethidium bromide. The slides were

viewed using an image analysis system (Kinetic Imaging

Inc.). For each person 50 cells were processed and the

median percent of DNA migration in the tail area was

determined and used as a measure of DNA damage. As

a positive control one slide with nuclei from deep frozen

whole blood was added to each electrophoresis chamber.

DNA migration in those positive controls had to be at

least 30%.

In 100 randomly selected adolescents, chromosome

and/or chromatid breaks (including gaps) were counted in

100–200 cultured lymphocytes according to the method

described by Schwartz (1990).

The cytokinesis-block micronucleus assay was per-

formed on whole blood cultures from 100 individuals

using standard procedures (Fenech, 2000). For each indi-

vidual, 1000 binucleated cells were evaluated for the

presence of micronuclei on a Zeiss Axioplan microscope

with a 100× objective. Two blood cultures (from two

individuals from the rural area) failed to give scoreable

slides.

Urinary 8-OHdG was measured by high-performance

liquid chromatography-electrochemical detection accord-

ing to the method described in De Boeck et al. (2000).

Statistical Analysis

Measurements below the detection limit were set half of

this value.

Statistical analyses were performed using Statistica for

Windows (’99 Edition; StatSoft Inc.). Urinary concentra-

tions of 8-OHdG, 1-OH-pyrene, t,t′-muconic acid and

o-cresol were logarithmically transformed in order to

accommodate the assumptions underlying the linear

models. Covariables entered in the models were host

factors such as micronutrients in plasma/serum (vitamins

A and E; selenium), gender, educational level of parents

(highest level of education of father or mother), smoking

behaviour (current tobacco use), environmental tobacco

smoke (hours in smoky environment), alcohol use and

consumption of grilled food. Student’s t-test was used

to compare unpaired data, Chi-square test to compare

proportions and Wilcoxon’s rank test to compare non-

normally distributed data. Differences in exposure or

effect markers between smokers and non-smokers were

analysed using analysis of variance (ANOVA) entering

the above mentioned covariables (except smoking beha-

viour) and the covariable ‘residence’ in the models. Cor-

relations between the biomarkers of genetic effect were

expressed by Spearman rank order correlations. The rela-

tionship between biomarkers of exposure and effect was

investigated using linear regression procedures. All expo-

sure markers were put simultaneously as independent

variables in one multiple regression model per genot-

oxicity marker. In addition to the common regression

coefficients, standardized regression coefficients (SC)

were also calculated. The magnitude of the SC reflect the

relative contribution of each independent variable in the

prediction of the dependent variable. For the frequencies

of micronuclei, chromosome aberrations, chromosome

breaks and chromatid breaks, the individuals were catego-

rized into two groups: the individuals with no observed

damage were classified in group 1, while those with one

or more events of genetic damage were classified in

group 2. This division allowed us to perform logistic

regression for these biomarkers.

Results

Levels of Biomarkers

The study population consisted of 200 adolescents (120

girls and 80 boys) with a mean age of 17.4 years old.

The levels of micronutrients examined as plasma/serum

concentrations of vitamin A, E and selenium were well

within expected ranges. There were no sex differences in

those parameters, neither in life style factors nor social

class. Only alcohol use was higher in boys (65%) com-

pared with girls (29%) (Table 1).

The mean urinary concentrations of t,t′-muconic acid

(40.0 nmol mmol−1 creatinine), o-cresol (62.9 nmol mmol−1

creatinine) and 1-OH-pyrene (33.9 pmol mmol−1 creati-

nine) are shown in Table 2. No gender differences in

exposure were observed (data not shown), but there was

a difference between smokers and non-smokers. About

26% (n = 31) of the girls and 24% of the boys (n = 19)

were smokers at the time of the study. Smokers had

higher 1-OH pyrene (56.3 pmol mmol−1 creatinine) and

t,t′-muconic acid (55.2 nmol mmol−1 creatinine) values

compared with non-smokers (respectively 30.0 and 36.1)

(Table 2).

There were, however, no differences in the genetic

effect markers between smokers and non-smokers or

between boys and girls. The mean % chromosomal
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aberrations (1.32%) and the micronucleus frequency

(1.5‰) were low. On average the DNA of the adolescents

showed only 1.16% migration during electrophoresis in

the comet assay, and the urinary 8-OHdG concentration

was 0.48 µg mmol−1 creatinine.

Correlation between Genetic Effect Markers

There was no correlation between the biomarkers of bio-

logical effective dose (comet assay and urinary 8-OHdG

concentrations) and the biomarkers of ‘early response’

(micronucleus, chromosome and chromatid breaks). The

comet results, however, were positively correlated to the

8-OHdG results (Pearson r = 0.21, P = 0.003, n = 200).

On the other hand, for the 36 adolescents, from whom

both micronucleus and chromosomal aberrations were

measured, there appeared to be a negative correlation

between both measurements (Pearson r = −0.34, P =
0.04, n = 36) (Table 3).

Dose-effect Relations between Biomarkers of
Exposure and Biomarkers of Biological Effective
Dose or Biomarkers of Early Response

In order to evaluate to what extent the different biomark-

ers of exposure had influenced the biomarkers of effect,

a linear multiple regression analysis was performed,

with the genotoxic biomarker (comet or 8-OHdG) as the

dependent variable and the exposure markers (t,t′-muconic

acid, o-cresol and 1-OH-pyrene in urine, and average

ozone concentration) put simultaneously as independent

variables in the models. In these models, none of the

Table 1. Characteristics of the study population

Girls (n = 120) Boys (n = 80) P value Total (n = 200)

Host factors

Age 17.3 (0.7) 17.4 (0.8) NS 17.4 (0.8)

Vitamin A in plasma (µmol l−1) 1.9 (0.4) 1.9 (0.3) NS 1.9 (0.4)

Vitamin E in plasma (µmol l−1) 23.4 (3.9) 21.1 (4.9) NS 22.4 (4.4)

Selenium in serum (µmol−1 l−1) 0.9 (0.1) 0.9 (0.1) NS 0.9 (0.1)

Life style

% current smokers 26 24 NS 25

% current alcohol users 29 65 0.001 44

Median (IQR) grilled food (servings/month) 1 (1–8) 3 (1–8) NS 3 (1–8)

Social class

Highest educational level parents:

% workers 28 16 NS 24

% middle class 63 68 NS 64

% learned professionals 9 16 0.08 12

Data that are normally distributed are presented as arithmetic means (SD) and were compared by Student’s t-test. Percentages are compared by Chi-square

test. Data that are not normally distributed are presented as medians and interquartile range (IQR) and were compared by Wilcoxon’s rank test.

Table 2. Exposure and genetic effect markers measured in 200 Flemish adolescents

Biomarker Non-smokers (n = 150) Smokers (n = 50) P value Total (n = 200)

Exposure markera

1-OH pyrene 30.0 (25.7–35.0) 56.3 (42.9–73.9) <0.001 33.9 (29.4–39.1)

t,t′-Muconic acid 36.1 (32.1–40.5) 55.2 (44.4–68.6) <0.001 40.0 (35.9–44.3)

O-cresol 62.2 (52.3–74) 80.0 (58.6–109.3) 0.10 62.9 (54.1–73.2)

Outdoor ozoneb — — — 44.5 (25.7)

Genetic effect markerc

% Comet tail DNA 1.19 (0.48) 1.15 (0.60) NS 1.16 (0.51)

8-OHdG 0.49 (0.46–0.52) 0.50 (0.44–0.56) NS 0.48 (0.45–0.51)

Non-smokers (n = 68) Smokers (n = 32) P value Total (n = 100)

‰ Micronuclei 1.34 (1.58) 2.09 (2.66) NS 1.51 (1.91)

% Chromatid breaks 0.76 (0.92) 0.83 (0.73) NS 0.79 (0.86)

% Chromosome breaks 0.61 (0.75) 0.53 (0.87) NS 0.58 (0.78)

% Chromosome aberrations 1.36 (1.26) 1.26 (1.22) NS 1.32 (1.24)

Geometric mean (95% confidence limits) is shown for normalised data. Data that are not normalised, are presented as arithmetic mean (SD). ANOVA analysis

of difference between smokers and non-smokers was done entering in the model the covariables residential area, educational level parents and gender.
a Units for the exposure markers measured in urine: pmol mmol−1 creatinine for 1-OH pyrene, nmol mmol−1 creatinine for t,t′-muconic acid and o-cresol.
b The individual outdoor ozone concentration is expressed as: mean of 8-h daily ozone values in µg m−3, during 7 days before blood sampling.
c The urinary 8-OHdG was expressed in µg mmol−1 creatinine. Micronuclei were counted per 1000 binucleated blood cells. Chromosome aberrations,

chromatid and chromosome breaks are indicated inclusive gaps.
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covariates (gender, educational level of parents, smoking

behaviour, environmental tobacco smoke, alcohol use,

consumption of grilled food, vitamins and plasma/serum

levels of micronutrients such as vitamin A, E and Se)

showed a significant relationship with the genotoxicity

biomarkers. Still, gender, educational level of parents,

smoking behaviour and levels of micronutrients were

entered in the regression models, as they might have had

an influence in multivariable analysis.

For both genotoxic endpoints, some of the variance

was explained by one or a combination of exposure

biomarkers (Table 4). Three were found significantly to

contribute to DNA damage measured by the comet assay

(overall R2 = 0.294; P < 0.001). Most of the variance was

explained by ozone exposure (partial r2 = 0.102; P <
0.001), followed by exposure to toluene (urinary o-cresol:

partial r2 = 0.055; P = 0.001) and PAHs (urinary 1-OH-

pyrene: partial r2 = 0.031; P = 0.013). Considering the

SCs, the comet assay appeared to be most sensitive to the

atmospheric ozone concentration (SC = 31.4), followed

by o-cresol (SC = 23.0) and 1-OH-pyrene (SC = 16.5)

(Table 4).

Only o-cresol in urine (r2 = 0.069; P = 0.007; SC =
31.0) significantly correlated with urinary 8-OHdG,

which reflects DNA damage through oxidative stress.

Using logistic regression, the relative risk of chroma-

tid breaks for a twofold increase of the urinary concen-

tration of 1-OH-pyrene was 1.58 (95% CI: 1.13–2.20;

P = 0.008) and 1.71 (95% CI: 1.12–2.60; P = 0.014) for

a twofold increase of the urinary concentration of t,t′-
muconic acid (Table 5). The relative risk for chromosome

aberrations was 1.39 (95% CI: 0.98–1.95; P = 0.064) for

a doubling of the urinary 1-OH-pyrene concentration.

None of the biomarkers of exposure were found to be

related to the frequencies of micronuclei and chromo-

some breaks.

Table 3. Spearman rank order correlations between biomarkers of genetic effect

Chromosome Chromosome Chromatid
Comet assay Micronuclei aberrations breaks breaks

8-OH dG 0.21b 0.03 0.11 0.02 0.14

n = 200 n = 98 n = 100 n = 100 n = 100

Comet assay — 0.06 0.07 −0.02 0.13

n = 98 n = 100 n = 100 n = 100

Micronuclei — −0.24 −−−−−0.34a –0.15

n = 36 n = 36 n = 36

Chromosome aberrations — 0.75c 0.81c

n = 100 n = 100

Chromosome breaks — 0.27b

n = 100

a P < 0.05, b P < 0.01, c P < 0.001.

The urinary 8-OHdG was expressed in µg mmol−1 creatinine. DNA migration in the comet assay was given as % DNA in the tail. Micronuclei were counted

per 1000 binucleated blood cells. Chromosome aberrations, chromatid and chromosome breaks are indicated inclusive gaps.

Table 4. Exposure/genetic effect relationships in 200 adolescents (stepwise multiple linear regression)

Independent exposure Regression Standardised Partial Overall
Dependent effect variable variable coefficienta coefficient (SC)a r2 R2 P

Comet tail DNA content (%) in blood cells 1-OH-pyrene in urine 18.9 (3.9/33.9) 16.5 0.031 0.013

ortho-cresol in urine 24.9 (10.2/39.6) 23.0 0.055 0.001

ozone outdoor (7 days)b 0.62 (0.36/0.88) 31.4 0.102 <0.001

0.294

8-OHdG in urine (µg mmol−1 CRT) ortho-cresol in urine 11.8 (6.7/16.9) 31.0 0.069 0.007

a Percentage change (95% confidence interval) associated with a one-unit change in the independent variable.

Table 5. Exposure/genetic effect relationship in 100 adolescents (logistic regression)

Independent exposure Relative riska

Dependent effect variable variable (95% CI interval)b P

Chromatid breaks 1-OH-pyrene in urine 1.58 (1.13–2.20) 0.008

(Breaks per 100 cells) t,t′-muconic acid in urine 1.71 (1.12–2.60) 0.014

Chromosome aberrations 1-OH-pyrene in urine 1.39 (0.98–1.95) 0.064

(Aberrations per 100 cells)

a Relative risk of increase in genetic effect marker for a twofold increase of the exposure marker.
b 95% confidence interval.
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Discussion

In the past years there has been an increasing interest in

biomonitoring and especially monitoring of pollutants and

their effects on children (age range 0–18 years) (e.g.

WHO ‘Children Environment and Health Action Plan for

Europe — CEHAPE’ and EU initiative called: ‘Science,

focused on Children, aiming at raising Awareness, using

Legal instruments and including constant Evaluation —

SCALE’). In 1999 the Flemish Government decided to

set up a pilot biomonitoring study of children to try out

the feasibility of setting up biomonitoring campaigns on

a regular basis. In this context, several genotoxic end-

points were measured in adolescents with lifetime resi-

dence in two different areas of Flanders and these were

related to urinary concentrations of biomarkers of expo-

sure to common environmental pollutants, i.e. benzene,

toluene and PAHs.

Environmental Exposure Markers

Staessen et al. (2001) reported that the 1-OH pyrene,

t,t′-muconic acid and o-cresol concentrations were higher

in the urban compared with the rural area. However,

the mean urinary concentrations of t,t′-muconic acid

(40.0 nmol mmol−1 creatinine), o-cresol (62.9 nmol mmol−1

creatinine) and 1-OH-pyrene (33.9 pmol mmol−1 creati-

nine) were far below reference values for the general

population (Lauwerys and Hoet, 2001), which are

396 nmol, 314 nmol and 1036 pmol mmol−1 creatinine.

Compared with those reference values, two individuals

were observed who had higher t,t′-muconic acid concen-

trations, 21 had higher o-cresol values, and none of the

individuals exceeded the 1-OH pyrene values. No gender

difference was observed in exposure markers. On the

other hand, the 1-OH pyrene and t,t′-muconic acid con-

centrations were higher in smokers compared with non-

smokers (Table 1). This was not surprising. Across five

studies in Europe, the median urinary concentration of

1-OH-pyrene ranged from 80 to 270 pmol mmol−1 creati-

nine in non-smokers and from 170 to 510 pmol mmol−1

creatinine in smokers (Van Rooij et al., 1994).

Genetic Effect Biomarkers

The levels of genotoxic effect biomarkers were within

values observed in other studies. The frequency of chromo-

somal aberrations was on average 1.32%. In 1998, 0.95%

and 1% chromosomal aberrations were found in 44 chil-

dren of 10–12 years old, who resided in two areas of

Antwerp (Nouwen et al., 2001). Steenland et al. (1986)

and Bender et al. (1989) reported 0.98% and 1.49% cells

with chromosomal aberrations for controls below 30

years of age or with a mean age of 10.6 years, respec-

tively. Similar values (1.08% aberrant cells) were found

in a group of Czech adolescents (16–19 years) examined

in the period 1994–1999 (Rössner et al., 2002).

To our knowledge, no study has ever shown

micronuclei frequencies in such a large group of similarly

aged adolescents reviewed in Neri et al. (2003). The

mean micronucleus frequency observed in our study was

low (1.5‰), and is certainly within the range that can be

expected for this age group (Bonassi et al., 2001). Sur-

prisingly, the micronucleus data in these youngsters were

negatively correlated to the chromosomal aberrations

observed (Pearson r = −0.34, P = 0.04) (Table 3). This

might indicate that the observed micronuclei formation

could be caused by aneuploidy rather than DNA breaks.

The mean value of the alkaline comet assay (1.16% DNA

migration) was similar to the mean value of 1.20% obtained

from a control group of non-smokers from our institute (on

average 32 years old; unpublished result). The average

urinary 8-OHdG concentration in the present study was

higher (0.48 µg mmol−1 creatinine) than reported values,

i.e. 0.36 µg mmol−1 creatinine (Lagorio et al., 1994) and

0.29 µg mmol−1 creatinine (Tagesson et al., 1993).

Contrary to some of the exposure markers, there was

no difference in genetic effect markers between smokers

and non-smokers. This could be because the study exam-

ined school boys and girls, who started smoking on

average only 2 to 3 years ago. Nevertheless, conflicting

reports exist on the smoking influence on genotoxicity

results. Hong et al. (2000) reported a 48% higher concen-

tration of urinary 8-OHdG in adult smokers compared

with non-smokers. On the other hand, van Zeeland et al.

(1999) found less 8-OHdG in the leukocytes of smokers

(on average 17 years of smoking) compared with non-

smokers. Møller et al. (2000) reported that several stud-

ies finding differences in DNA damage assessed by the

comet assay, showed only slightly higher levels in DNA

damage for smokers compared with non-smokers. How-

ever, Hininger et al. (2004) found a 56% higher level

in DNA damage assessed by the comet assay for

individuals smoking for 18 ± 9 years compared with

non-smokers.

Despite a few reports showing a positive association

between smoking and micronuclei, the large majority of

studies (reviewed in Bonassi et al., 2003) did not find

any association. Also, in 5710 adults (among them 1409

smokers) examined in 24 laboratories of 16 different

countries smoking caused an increase in micronuclei

frequency, only when the interaction with occupational

exposure was taken into account (Bonassi et al., 2003).

Relationship between Markers of Exposure and
Markers of Genetic Effect

Despite the low levels of genetic damage, the relation-

ships between the genotoxic biomarkers and internal/
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external biomarkers of exposure to common environmen-

tal pollutants (benzene, toluene, PAHs, ozone) were inves-

tigated. No influence of plasma/serum concentrations

of vitamin A, E and/or selenium on any of the DNA-

damage biomarkers was found, possibly because of the

low levels of DNA damage or the adequate nutritional

status for these antioxidants.

DNA migration measured with the comet assay as well

as chromatid and chromosome breaks (the latter border-

line non-significant) correlated with urinary 1-OH-pyrene

(Tables 4, 5). This finding suggests continuous exposure

to this pollutant. 1-OH-pyrene in urine originates from

the metabolism of pyrene, which is present in all PAH

mixtures. Thus, 1-OH-pyrene in urine can be considered

as a biomarker that indirectly reflects exposure to PAHs

(Jongeneelen, 2001). In the general population, smoking

and diet are considered the most important sources of

PAH intake (IARC, 1983). Inhalation of polluted urban

air may be an additional source. The mutagenic prop-

erties of PAHs have been extensively described in the

literature. In spite of the relative rapid clearance of 1-

OH-pyrene from the body (6–35 h), it was still detectable

in the urine of 80% of the study group, suggesting con-

tinuous exposure to PAHs. Therefore, it is plausible

that short-term as well as long-term DNA effects were

observed.

The comet assay and also urinary 8-OHdG concentra-

tions correlated well with urinary o-cresol (Table 4).

Murato et al. (1999) reported that metabolites of toluene

induce formation of 8-OHdG in calf thymus DNA treated

with the metabolites in the presence of Cu(II) and

NADH. It is not entirely clear by which mechanisms

toluene exposures may contribute to the observed short-

term DNA damage in peripheral blood cells. The pres-

ence of minor toluene metabolites might be a possible

explanation. Also interaction with unknown factors,

might result in the occurrence of DNA damaging com-

ponents in blood cells.

Besides the above mentioned correlations with 1-OH

pyrene and o-cresol, DNA migration in the comet assay

was most influenced by ozone exposure (Table 4). Of

course, the relative contribution of the exposure bio-

markers to the comet-regression-model may reflect (i) the

relative abundance of the respective environmental pollut-

ants, and/or (ii) it may reflect the difference in potency of

these specific environmental pollutants to cause the speci-

fic genotoxic endpoint. Oxidative DNA damage caused

by ozone could even have been assessed more speci-

fically by the application of enzymes such as: endonu-

clease III (converts oxidized pyrimidines to strand breaks)

or formamidopyrimidine glycosylase (FPG, recognizes

altered purines) in the comet assay (Gedik et al., 1998).

Unfortunately this was not applied here. Nevertheless,

also in in vivo exposed mice, ozone doses of 250 µg m−3

induced single strand breaks in murine bronchoalveolar

lavage cells measured with the comet assay (Haney et al.,

1999). Calderon-Garciduenas et al. (1999) reported that

the combination of both the comet assay and 8-OHdG in

nasal biopsies might be useful for monitoring oxidative

damage in individuals exposed to polluted atmospheres.

Our study observed a good correlation between the comet

assay results and urinary 8-OHdG (Pearson r = 0.21, P =
0.003). 8-OHdG urinary excretion is known to reflect

current oxidative DNA damage and repair (Hong et al.,

2000).

In our study the best measure for ozone exposure in

relation to the genetic effect markers appeared to be the

8 h daily values averaged over the week before blood and

urine collection. The maximum 8 h daily ozone concen-

tration of 1 day before sampling correlated less, or not,

with the comet assay (data not shown). This could indi-

cate that this effect biomarker mainly reflects oxidative

DNA damage caused during some days, and not (only)

hours, before sampling. In contrast, Lebailly et al. (1998)

reported that DNA damage detected by the alkaline

comet assay seems to reflect mainly ongoing exposure to

genotoxic agents, but not an accumulation of damage.

For practical considerations, our study examined DNA

migration in the comet assay only 24 h after blood collec-

tion. In this time, the DNA repair of lesions detected by

the comet assay is considered to be complete (Collins

et al., 1997). Nevertheless, a good correlation was

observed between DNA migration in the comet assay and

the exposure parameters. Moreover, there was a correla-

tion between the comet assay results and urinary 8-

OHdG. It is possible that accumulation of low DNA

damage over a longer time period, may be decisive for

the detection of mutagen exposure with the comet assay.

Plappert et al. (1994) concluded this, based on the expo-

sure of mice in inhalation chambers to benzene and/or

toluene for up to 8 weeks, followed by 48 h residence in

a normal atmosphere. After this repair period, the persist-

ence of DNA damage was higher at 8 weeks of exposure

compared with 2 weeks. To increase the sensitivity of the

comet assay, the use of repair inhibitors (aphidicolin or

ara-C) has been proposed for human biomonitoring stud-

ies (Crebelli et al., 2002; Speit et al., 2003). Neverthe-

less, conflicting results with respect to the enhancement

of the sensitivity of the comet assay, led Speit et al.

(2005) to conclude that an appropriate experimental

protocol still has to be defined.

In conclusion, the alkaline comet assay on blood cells,

chromatid breaks in blood and urinary 8-OHdG appeared

to be sensitive biomarkers of environmentally induced

genetic damage in 17–18 year old youngsters. Alterna-

tively, the nature and level of the pollution in their life

environment might have been such that induced genetic

damage was most readily detectable by those assays.

Interestingly, the comet assay results correlated well with

urinary 8-OHdG, a marker of oxidative stress. Because

there is still a great need for knowledge on the biological/

clinical importance of increased genetic damage of the
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latter biological effective dose markers, this study also

examined some markers of early effect. There was no

correlation between the appearance of micronuclei,

chromosome or chromatid breaks and blood cell DNA

damage in the comet assay or urinary 8-OHdG.

In children biomonitoring studies, non-invasive bio-

markers are recommended. In this context, the comet

assay on a blood sample of a single finger prick or

urinary markers such as 8-OHdG, seem to be the most

interesting. Our data suggest that the comet assay and

8-OHdG measured in vivo have at least a good capacity

for measuring genetic effects of pollutants appearing in

the life environment of school boys and girls.
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