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Abstract

Background: We hypothesized that in Flanders (Belgium), the prevalence of at-risk genotypes for genotoxic effects
decreases with age due to morbidity and mortality resulting from chronic diseases. Rather than polymorphisms in
single genes, the interaction of multiple genetic polymorphisms in low penetrance genes involved in genotoxic
effects might be of relevance.

Methods: Genotyping was performed on 399 randomly selected adults (aged 50-65) and on 442 randomly selected
adolescents. Based on their involvement in processes relevant to genotoxicity, 28 low penetrance polymorphisms
affecting the phenotype in 19 genes were selected (xenobiotic metabolism, oxidative stress defense and DNA repair,
respectively 13, 6 and 9 polymorphisms). Polymorphisms which, based on available literature, could not clearly be
categorized a priori as leading to an ‘increased risk’ or a ‘protective effect’ were excluded.

Results: The mean number of risk alleles for all investigated polymorphisms was found to be lower in the ‘elderly’
(17.0 ± 2.9) than the ‘adolescent’ (17.6 ± 3.1) subpopulation (P = 0.002). These results were not affected by gender
nor smoking. The prevalence of a high (> 17 = median) number of risk alleles was less frequent in the ‘elderly’
(40.6%) than the ‘adolescent’ (51.4%) subpopulation (P = 0.002). In particular for phase II enzymes, the mean number
of risk alleles was lower in the ‘elderly’ (4.3 ± 1.6 ) than the ‘adolescent’ age group (4.8 ± 1.9) P < 0.001 and the
prevalence of a high (> 4 = median) number of risk alleles was less frequent in the ‘elderly’ (41.3%) than the
adolescent subpopulation (56.3%, P < 0.001). The prevalence of a high (> 8 = median) number of risk alleles for DNA
repair enzyme-coding genes was lower in the ‘elderly’ (37,3%) than the ‘adolescent’ subpopulation (45.6%, P = 0.017).

Conclusions: These observations are consistent with the hypothesis that, in Flanders, the prevalence of at-risk alleles
in genes involved in genotoxic effects decreases with age, suggesting that persons carrying a higher number of at
risk alleles (especially in phase II xenobiotic-metabolizing or DNA repair genes) are at a higher risk of morbidity and
mortality from chronic diseases. Our findings also suggest that, regarding risk of disease associated with low
penetrance polymorphisms, multiple polymorphisms should be taken into account, rather than single ones.

Background
Cancer and cardiovascular diseases are the main causes
of severe morbidity and mortality in the developed world
[1]. In western populations, morbidity and mortality rates
of cardiovascular diseases, cancer and some other

potentially fatal diseases increase rapidly between 15 and
65 years of age. According to Seer statistics, cancer inci-
dence among non-hispanic whites in the USA in the year
2007 amounted to 19.2 per 100,000 persons below age
20, and to 874.9 per 100,000 persons aged 50 to 64 [2].
Based on rates from 2005-2007, 41.23% of white men and
women born today in the USA will be diagnosed with
cancer of all sites at some time during their lifetime [3].
Similar trends have been observed in Flanders, (an
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industrialized region in Belgium), which is the area under
study in this report [4]. During youth and early adult-
hood, accidents and suicide are the main causes of death
in Flanders. Between age 40 and 69 for women and age
50 and 79 for men, cancer is the main cause of death in
Flanders. Later in life cardiovascular diseases are the
main causes of mortality and severe morbidity [5]. Inci-
dence of cancer steeply rises with age as carcinogenesis
rests on the accumulation of several critical steps in time
(mutations and also epigenetic events). Mortality from
cardiovascular diseases shows an even more pronounced
increase with age than cancer [5]. Without doubt, expo-
sure to genotoxic carcinogens through smoking, con-
sumption of alcohol and through diverse other life style
related exposures or through environmental pollution
importantly contributes to cancer risk [6]. Genotoxic
substances such as those present in tobacco smoke and
in polluted air also contribute to the causation of cardio-
vascular diseases [7]. Ironically, many of these genotoxic
substances would not be health-threatening if they were
not bioactivated through metabolism. Xenobiotic meta-
bolism can be divided into two important phases [8].
During phase I, compounds can be activated by oxidation
reactions resulting in the formation of highly reactive,
electrophilic intermediates. In addition, these metabolic
processes may contribute to the formation of reactive
oxygen species (ROS) [9], which are inactivated by anti-
oxidant defense mechanisms [10]. Electrophilic metabo-
lites may be detoxified in phase II by the conjugation of
endogenous ligands to the activated compounds, thereby
increasing their hydrophilic nature and facilitating urinary
excretion. An imbalance between oxidative metabolism
and detoxification causes reactive intermediate products
to accumulate, which may lead to DNA damage and even-
tually cause mutations. This may be counteracted by sev-
eral DNA repair pathways which are capable of restoring
DNA damage, thereby reducing mutation frequencies in
genes involved in pathogenic processes including carcino-
genesis and atheromatosis [11,12].
As carcinogenesis and atheromatosis ultimately result

from an interaction between genetic and exogenous fac-
tors, variations between individuals in genes involved in
the relevant pathogenic processes might explain to some
degree why certain individuals within the general popula-
tion are at a higher risk of disease, in spite of the fact that
lifetime exposure to potentially hazardous compounds
often does not greatly differ between individuals [13]. In
2008, we published a study conducted in a random selec-
tion of approximately 800 adolescent or elderly indivi-
duals, showing that part of the inter-individual differences
in their reaction towards exposure to genotoxins can
indeed be explained by genotypic differences [14]. It may
consequently be hypothesized that in a random selection
of individuals, able and willing to participate in a

biomonitoring study and exposed to genotoxic substances,
the prevalence of alleles, potentially affecting risk, will shift
towards a higher frequency of the more ‘protective’ geno-
types in ‘elderly’ individuals compared to adolescents, due
to higher rates of morbidity and mortality among subjects
with more unfavorable alleles.
Twin studies show that genetic differences account for

about a quarter of the variance in adult human lifespan
[15]. However, knowledge about genes that contribute to
human longevity is limited. Few studies comparing preva-
lences of different genotypes between age groups exist,
and contradicting results regarding the impact of certain
genotypes on longevity were reported [16-19]. However,
these studies focused mainly on only a few genotypes. Yet,
it is very unlikely that one single low penetrance poly-
morphism is pivotal in carcinogenesis, atheromatosis and
longevity. It is thus crucial to assess multiple genetic poly-
morphisms simultaneously, in order to obtain a better
insight in human susceptibility, and thus longevity, in
response to exposures to genotoxic substances.
Subjects invited to participate in this population-based

biomonitoring study were randomly selected from the
general population in the study area’s comprising 22% of
the surface area of Flanders and 20% of its population.
Participation in the study implied being able to attend
school (for adolescents) or to attend a consultation held
by study nurses in a local community centre (for adults).
Therefore, persons suffering from severe illness were unli-
kely to participate, although not formally excluded.
Available genotypes of 841 adolescents and elderly

adults who participated in the Flemish Environment and
Health Survey (FLEHS) were analyzed in an attempt to
test the hypothesis that at-risk genotypes in relation to
exposure to genotoxic substances decrease with age in a
randomly selected population of persons able and willing
to participate in a biomonitoring study. These adolescents
[20] and adults [21] were shown to be internally exposed
to: polycyclic aromatic hydrocarbons and benzene, long-
time recognized human genotoxic carcinogens; lead and
cadmium, carcinogenic [22] and indirectly genotoxic
through disturbance of DNA repair and increasing oxida-
tive stress [23-25]; and to the persistent organochlorines
polychlorobiphenyls (PCBs), hexachlorobenzene and p,p’-
dichlorodiphenyldichloroethylene (DDE), potentially
increasing oxidative stress [26].

Methods
Study Population
In the Flemish Environment and Health Survey (FLEHS)
a Stratified Clustered Multi-Stage Design was used as
described for adults by De Coster et al. [21] and for ado-
lescents by Schroijen et al. [20] to include 1,583 adults
(775 men and 808 women) aged 50 to 65 (mean age:
57.6) and 1679 adolescents with a mean age of 14.9 years
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(range: 13.8-16.5) as a random sample of the population
of the 8 areas under study, comprising 22% of the surface
of Flanders and 20% of its population. The primary stage
in the selection of adults was based on municipalities,
and all contacted municipalities collaborated; concerning
the adolescents, 42 of the 50 schools that were contacted
collaborated. Table 1 shows the numbers of subjects
selected using a Stratified Clustered Multi-Stage Design,
the number of subjects participating in the FLEHS, and
the number of subjects for whom genotyping was per-
formed. The adolescents willing to participate had to
attend a consultation with the study nurses in their
respective schools where sampling of urine and blood,
weighing, measuring and filling out of a self administered
questionnaire took place. The adults willing to participate
had to attend a consultation with the study nurses in a
local community centre where sampling of urine and
blood, weighing, measuring and filling out of a self admi-
nistered questionnaire took place. So participants had to
travel some distance in order to participate. Therefore,
persons suffering from severe illness were unlikely to par-
ticipate, although not formally excluded. Among the total
of 1,583 adults participating in the FLEHS, DNA was
available for analysis from a subset of 399 randomly
selected individuals (176 females and 204 males). Among
the 1679 adolescents, DNA was available for analysis
from a subset of 442 randomly selected individuals (182
females and 260 males). A small proportion (N = 47;
11%) of the adolescents reported to smoke 7 ± 7 cigar-
ettes per day and 63 adult individuals (16%) currently
smoked 17 ± 10 cigarettes per day. Individuals who
reported to have an ethnic background other than Cauca-
sian, were excluded from analysis, because the prevalence
of certain genotypes may differ between races [27].
Further inclusion criteria were living in Flanders for
more than 5 years, and being able to complete question-
naires in Dutch. The study was approved by the ethical
committee of the University of Antwerp, and every indi-
vidual signed an informed consent prior to sample
collection.

White blood cell and DNA isolation
Immediately after blood collection, white blood cells
were isolated by lysing erythrocytes using standard pro-
cedures and total white blood cells were stored as cell
pellets at -80°C until DNA isolation. DNA was isolated

in 96 wells plates using the Invisorb® Blood Midi HTS
96 Kit/C (Invitek, Berlin, Germany), and DNA was sub-
sequently stored in 96 wells plates at -20°C prior to gen-
otyping at a concentration between 40 and 100 ng/μl.

Selection of Polymorphisms and Genotyping
28 Low penetrance polymorphisms in 19 genes were
selected. This selection was based on the involvement of
the genes in processes relevant to genotoxicity thereby
focusing on the commonly studied susceptibility genes in
xenobiotic metabolism, oxidative stress defense and DNA
repair (respectively 13, 6 and 9 polymorphisms, Table 2).
Polymorphisms were selected in function of affecting the
phenotype and having a minimum prevalence of 5%.
Moreover, polymorphisms which could not clearly be
categorized a priori as leading to an ‘increased risk’ or a
‘protective effect’ based on available literature data (see
statistical analysis), were excluded from the analysis.
Genotyping was performed using the SNaPShot multi-

plex genotyping method described earlier [28]. Geno-
types were determined in 4 different multiplex reactions
(Table 2). For each multiplex PCR reaction, Tm was opti-
mized: 56°C for multiplex 1, 60°C for multiplex 2, 57°C
for multiplex 3 and 60°C for multiplex 4. Each of the
multiplex PCR products was subsequently genotyped in a
corresponding multiplex SBE reaction and analyzed on
an ABI Prism® 3100 genetic analyzer using Genescan™
Analysis software (Version 3.7).

Statistical Analysis
Risk alleles were identified based on expected phenotypic
effects of the polymorphisms (Table 2). Genotypes were
subsequently coded based on the number of risk alleles:
homozygous carriers of alleles conferring an increase in
risk were coded 2, carriers of 2 alleles with a putative
protective health effect were coded 0 and heterozygous
genotypes were coded 1. In case of GSTT1 and GSTM1,
wild-types were coded 0 and deletions were coded 2; het-
erozygous individuals for these could not be identified
with the SNaPshot procedure. For each individual, a sum
of risk alleles was computed for all polymorphisms taken
together and also for the processes of biotransformation,
biotransformation phase I (CYP450s), biotransformation
phase II (GSTs and NATs), oxidative stress and DNA
repair separately. Differences between the two age groups
concerning these sums of risk alleles were initially exam-
ined using the Mann-Whitney U test. Additionally, both
for adolescents and adults, and for each of the biological
processes under consideration, we determined the num-
ber of persons who showed more than the median num-
ber (based on the whole study population) of risk alleles.
These persons were considered to carry a “high” number
of risk alleles, whereas the remaining were considered to
carry a “low” number of risk alleles. The prevalence of

Table 1 Numbers of persons selected, participating in the
Flesh and for whom genotyping was performed

Invited Participated (%) Genotyped1 (%)

Adolescents 2870 1679 (58.5%) 442 (15.4%)

Adults 4386 1583 (36.1%) 399 (9.1%)
1Randomly selected among the participants.
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these “low” and “high” sums of risk alleles for each biolo-
gical pathway were compared between the two age-
groups by Chi-Square analysis using a 2 × 2 cross table.
The number of persons included is large enough to
detect a difference of 10% in the prevalence of a “high”
number of risk alleles at an alpha error level of 5% with a
statistical power of 82.7%. All statistical analyses were
conducted using SPSS for windows, version 13.0. Results
are presented as mean ± standard deviations.

Results
In total, 23,548 genotypes were determined. Table 3
shows, per polymorphism, the numbers and percentages

of adolescents and “elderly” with risk alleles. The theore-
tical maximum sum of risk alleles present in an indivi-
dual, computed from this selection of polymorphisms,
is: 28 polymorphisms genotyped per individual * 2 puta-
tive risk alleles = 56 risk alleles. The actual mean of the
individual sum of risk alleles was 17.3 ± 3.0, with a
range from 8 to 27 risk alleles. The mean sum of risk
alleles for all investigated polymorphisms was found to
be significantly lower in the ‘elderly’ (17.0 ± 2.9, range 8
to 25) compared to the adolescent (17.6 ± 3.1, range 10
to 27) population (P = 0.002). Nor in the adolescent nor
in the “elderly” age group the results were affected by
gender or smoking. In addition, subgroups of either a

Table 2 Overview of the selected SNPs, their effect on enzyme function and definition of risk alleles

Polymorphism Expected effect on enzymatic
function

Putuative Risk
Allele

Risk Allele leading to

Biotransformation Phase I

CYP1A2 A > C-154 (1) Higher inducibility -154C

CYP1A1 T > C3801 (4) 3801C

I462V (4) 462V Increased formation of reactive metabolites (phase I
enzymes)

T461N (4) Higher enzyme activity 461N

CYP2E1 G > T-70 (4) -70T

CYP3A4 A > G-391 (4) -391G

Biotransformation Phase II

GSTM1 Del (1) Deletion, no enzyme activity Del

GSTT1 Del (1) Del

GSTP1 I105V (1) 105V Decreased detoxification of reactive metabolites (phase II
enzymes)

A114V (1) 114V

NAT2 I114T (1) Decreased enzyme activity 114T

R197Q (1) 197Q

G286E (1) 286E

DNA Repair

BRCA2 5’UTR (A-
26G)

(2) Modulated expression A-26

N372H (2) Decreased enzyme activity 372H Decreased DNA repair

XRCC1 R194W (2) Increased enzyme activity R194

R280H (2) Decreased enzyme activity 280H

XRCC3 T241M (2) 241M

XPD K751Q (2) 751Q

R156R (2) Decreased enzyme activity 156R Decreased DNA repair

APE1 D148G (3) 148G

OGG1 S326C (2) 326C

Oxidative Stress

mnSOD V16A (3) Decreased enzyme activity 16A

CAT C > T-262 (3) Lower catalase activity -262T Decreased oxidative stress defense

NQO1 P187S (3) Decreased enzyme activity 187S

R139W (3) 139W

MPO G > A-463 (4) Higher enzyme activity G-463 Higher production of free radicals

GPX1 P198L (3) Less efficient final GSH peroxidaxe
complex

198L Impaired GSH metabolism; higher oxidative stress

(1)-(4): different multiplex PCRs (See Materials and Methods).
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“low” or a “high” sum of risk alleles were defined, the
cut-off point being determined by the median sum of
risk alleles in the whole population, namely 17 risk
alleles. The prevalence of a “high” sum of risk alleles
(> 17 risk alleles) was significantly less frequent in the
‘elderly’ (40.6%) as compared to the adolescent (51.4%)
subpopulation (P = 0.002, Chi-Square analysis) (see
Table 4). Subsequently, differences in prevalence of risk
alleles between the two age groups were examined for
different biological processes (biotransformation, Phase I
enzymes, phase II enzymes DNA repair and oxidative
stress) separately.

Biotransformation Pathway
For all polymorphisms in biotransformation-related
genes, the mean number of risk alleles was significantly
lower in the ‘elderly’ age group (5.4 ± 1.9) as compared
to the adolescent age group (5.8 ± 2.2, P = 0.003). Again,
a cut-off sum of risk alleles in biotransformation enzymes
was assessed based on the median value, namely 5. The
presence of a relatively “high” sum of risk alleles in all
selected biotransformation enzymes (> 5 risk alleles) was
less frequent in the ‘elderly’ (44.4%) as compared to the
adolescent population (54.3%, P = 0.005) (Table 4). The
sum of risk alleles coding for biotransformation enzymes,

Table 3 Percentages of adolescents and “elderly” persons with risk alleles

Gene Risk
Allele

Adolescents %
with 1 risk allele

Elderly % with
1 risk allele

Adolescents %
with 2 risk alleles

Elderly % with
2 risk alleles

Adolescents mean
number of risk alleles

Elderly mean
number of risk
alleles

Biotransformation Phase I

CYP1A2 -154C 32.3 36.8 7.3 7.0 0,468 0,509

CYP1A1 3801C 15.1 21.1 2.3 3.3 0,197 0,276

CYP1A1 462V 6.9 6.3% 0.0 0.0 0,069 0,063

CYP1A1 461N 7.6 7.8 0.5 0.0 0,085 0,078

CYP2E1 -70T 6.0 8.8 0.0 0.5 0,060 0,098

CYP3A4 -391G 6.0 5.8 1.1 0.5 0,083 0,068

Biotransformation Phase II

GSTM1 Del n.a.1 n.a.1 56.6 53.4 1,136 1,068

GSTT1 Del n.a.1 n.a.1 18.4 14.3 0,367 0,286

GSTP1 105V 52.3 47.4 16.8 10.5 0,859 0,684

GSTP1 114V 12.5 14.5 2.5 1.0 0,175 0,165

NAT2 114T 49.9 49.6 30.6 19.8 1,113 0,892

NAT2 197Q 39.9 42.9 8.8 6.5 0,576 0,559

NAT2 286E 3.9 5.5 0.0 0.3 0,039 0,060

DNA Repair

BRCA2 A-26 29.9 38.2 3.7 6.1 0,375 0,504

BRCA2 372H 46.2 41.5 9.4 10.6 0,657 0,628

XRCC1 R194 11.0 12.7 0.5 0.8 0,120 0,142

XRCC1 280H 9.7 9.4 0.5 0.3 0,108 0,099

XRCC3 241M 49.8 44.1 16.4 19.5 0,829 0,830

XPD 751Q 42.8 49.9 14.5 11.1 0,720 0,722

XPD 156R 43.7 51.9 24.6 19.7 0,933 0,914

APE1 148G 48.3 47.5 25.2 27.9 0,989 1,033

OGG1 326C 37.2 35.9 7.1 6.6 0,517 0,491

Oxidative Stresss

mnSOD 16A 51.7 51.3 22.4 24.1 0,968 0,995

CAT -262T 30.0 31.7 9.8 8.8 0,499 0,494

NQO1 187S 13.3 5.3 0.2 0.3 0,140 0,058

NQO1 139W 31.1 31.4 4.6 4.3 0,405 0,399

MPO G-463 32.0 36.8 4.6 4.0 0,411 0,449

GPX1 198L 41.6 43.2 7.6 8.8 0,570 0,608
1Not available.
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was further subdivided into those coding for enzymes
involved in bio-activation (phase I) and in detoxification
(phase II) reactions. For phase II enzymes, the mean
number of risk alleles was significantly lower in the
‘elderly’ (4.3 ± 1.6 risk alleles) as compared to the adoles-
cent age group (4.8 ± 1.9 risk alleles, P < 0.001, Figure 1).
Comparison of the prevalence of a “high” sum of risk
alleles (cut off at 4 risk alleles, the median value) in phase
II enzymes-coding genes showed a lower frequency of
“high” sums of risk alleles in the ‘elderly’ (41.3%) as com-
pared to the adolescent age group (56.3%, P < 0.001,
Table 4). The number of risk alleles in genes coding for
phase I enzymes was similar in the two age groups, with
a mean of (1.1 ± 1.0) among the “elderly” and (1.0 ± 1.0)
among the adolescents.

DNA Repair pathway
For DNA repair enzymes, the mean number of risk alleles
was slightly lower in the ‘elderly’ (8.07 risk alleles) as com-
pared to the adolescent age group (8.25 risk alleles) but
the difference was not statistically significant (p = 0.15).
Comparison of the prevalence of a “high” sum of risk
alleles (cut off at the median value of 8 risk alleles) for
DNA repair enzyme-coding genes showed a lower fre-
quency of “high” sums of risk alleles in the ‘elderly’
(37,3%) as compared to the adolescent age group (45.6%,
P = 0.017, Table 4, Figure 2).

Oxidative Stress pathway
The number of risk alleles in genes coding for oxidative
stress-related genes was similar in the two age groups,
with a slightly lower mean number of risk alleles among
the “elderly” (4.1 ± 1.4) than among the adolescents (4.2 ±
1.4) (p = 0.58 ). A “high” number of risk alleles in oxidative
stress-related genes was defined as > 4 (median value = 4).

The presence of a “high” number of risk alleles was slightly
less frequent in the “elderly” (37.3) as compared to the
adolescents (40.5) (Table 4), but this difference was not
statistically significant (p = 0.35).

Discussion
We hypothesized that, in Flanders (an industrialized
region in Belgium), the prevalence of an at-risk genotype
-associated with a higher sensitivity to genotoxic agents-
decreases with age due to morbidity and mortality result-
ing from chronic diseases. In our study, the prevalence of
at risk genotypes (all genes considered taken together) in
the elderly population was indeed observed to be lower
than in the adolescent population. For the different biolo-
gical processes taken separately, a statistically significant
lower prevalence in the elderly was observed, in particular
for phase II biotransformation genes. Among the elderly,
the prevalence of a high number of unfavorable poly-
morphisms in DNA repair genes was also significantly
lower. For genes involved in oxidative stress, a similar but
statistically non-significant trend was observed. Our
results suggest that Flemish residents carrying more unfa-
vorable genetic traits related to genotoxic effects were
more likely to be severely ill (so as to avoid participation
in a biomonitoring study, participation for which travelling
some distance was required) or to have died before age 50
to 65.
The relation between genetic traits and longevity is very

complex and might well differ in function of the time
interval (e.g. old age versus very old age) [18,29]. Never-
theless, an association was found between polymorphisms
in certain genes and longevity [30,31]. For instance, in an
ethnically homogeneous population, different age groups
showed differences in the prevalence of certain poly-
morphisms in interleukin genes [32]. In particular,

Table 4 Numbers and percentage of adolescents and “elderly” persons with low versus high numbers of risk alleles

Low sum of risk alleles1 High sum of risk alleles1 Chi-Square

Total Adolescents 203 (48.6%) 215 (51.4%) p = 0.002

Elderly 215 (59.4%) 147 (40.6%)

Biotransformation Adolescents 196 (45.7%) 233 (54.3%) p = 0.005

Elderly 204 (55.6%) 163 (44.4%)

Phase I Adolescents 321 (73.8%) 114 (26.2%) p = 0.223

Elderly 258 (69.9%) 111 (30.1%)

Phase II Adolescents 190 (43.7%) 245 (56.3%) p < 0.001

Elderly 233 (58.7%) 164 (41.3%)

Oxidative Stress Adolescents 256 (59.5%) 174 (40.5%) p = 0.348

Elderly 249 (62.7%) 148 (37.3%)

DNA Repair Adolescents 233 (54.4%) 195 (45.6%) p = 0.017

Elderly 247 (62.7%) 147 (37.3%)
1The cut-off point between low and high sum of risk alleles was based on the median number of risk alleles for each specific pathway. A high number of risk
alleles was defined as: Total: > 17 risk alleles; Biotransformation:> 5 risk alleles; Phase I: > 1 risk allele; Phase II: > 4 risk alleles; Oxidative stress: > 4 risk alleles;
DNA repair > 8 risk alleles.
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polymorphisms in genes related to inflammation, oxidative
stress [32-34] and mitochondrial DNA [35] were found to
be associated with differences in longevity. Although there
are some contradictory reports in the literature [36,37]
and although paradoxical effects were reported [18], a ser-
ies of observations indicate that genetic traits in phase II
enzymes, expected on mechanistic terms to increase risk,
are indeed associated in humans with an increase in risk
of cancer [19,38-43] or coronary heart disease [44,45]. In a
cohort of not more than 354 persons Kayaalti et al. [46]
detected an association of the interleukin-6 (IL-6) 174 G/
C promoter region and MT2A -5 A/G core promoter
region single nucleotide polymorphisms (SNPs) with long-
evity in the Turkish population.
Is it plausible to hypothesize that persons, who carry

genetic traits which confer in some way an increased

sensitivity to the pathogenic effects of genotoxic agents,
are more likely to be severely ill or to die from disease
before reaching the age of 50 to 65 years? The answer is
probably yes, because, firstly, the exposure to genotoxic
agents such as fine particles in polluted air, is associated
with a decrease in life expectancy [47]. Secondly, it has
also been shown that persons carrying certain genetic
traits related to DNA repair, oxidative stress or metabo-
lism of genotoxic substances, experience an increased
risk of morbidity and mortality when exposed to geno-
toxic substances [48-50].
It has been established beyond doubt that the general

population in a heavily industrialized region such as Flan-
ders has an internal exposure to heavy metals and geno-
toxic or receptor binding pollutants at a level associated
with multiple biological and health effects [20,21,51-53].

Figure 1 Numbers of risk alleles in Phase II genes among the adolescents and the ‘elderly’. The dashed line represents the cut-off point
between the relatively low (≤ 4) and high (> 4) sum of risk alleles (see methods). Compared to the adolescents there are less “elderly” persons
with five to eleven risk alleles in phase II genes (p < 0.001). Moreover, the mean number of risk alleles is significantly lower in the ‘elderly’
population compared to the adolescent population (P < 0.001). As can be seen from the figure, among the “elderly” the group with 4 at risk
alleles counts the most subjects, more then hundred (107), whereas among the adolescents the group with 5 at risk alleles counts the most
subjects, almost 90 (88).
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Both the adolescent and the adult participants in our
FLEHS biomonitoring study appeared internally exposed
to directly genotoxic agents such as polycyclic aromatic
hydrocarbons, benzene and toluene, to heavy metals
which may indirectly induce genotoxic effects, and to
receptor-binding substances such as PCBs, hexachloro-
benzene and DDE known to induce, at least under some
circumstances, oxidative stress. Many of these pollutants
are substrates for phase II detoxification enzymes [54].
All in all, it seems plausible to hypothesize that unfavor-
able alleles of genes involved in avoidance of genotoxic
effects and in particular of genes involved in phase II
detoxification are indeed associated with early severe
morbidity and early mortality. Also, it is probable that
the morbidity and mortality of persons carrying a high
number of unfavorable genetic traits will differ more
from morbidity and mortality of persons at younger age

(under age 65) than at very old age, when morbidity and
mortality are high among all persons.
Our findings regarding phase II genes are consistent

with results from several case-control studies which have
previously reported an association between polymorph-
isms in NAT, GSTM and GST and various types of cancer
[19,38-43,55,56] or coronary heart disease [44,45]. It is
remarkable that in our study the suggested negative asso-
ciation between unfavorable genetic traits and reaching
age 50-65 without severe morbidity was most pronounced
in relation with phase II enzymes, whereas it was less pro-
nounced in relation to DNA repair genes. Interestingly,
Laczmanska et al. [57] found that polymorphisms in genes
encoding for xenobiotic metabolizing enzymes, had a
greater influence on the genotoxic effect of diepoxybutane
than polymorphisms in genes encoding for DNA repair
proteins, which underlines our findings.

Figure 2 Numbers of risk alleles in DNA repair genes among the adolescents and the ‘elderly’. The dashed line represents the cut-off
point between the relatively low (≤8) and high (> 8) sum of risk alleles (see methods). The number of persons with nine to fourteen at-risk
alleles is smaller among the elderly (p = 0.017). As can be seen from the figure, among the “elderly” the group with 8 at risk alleles counts the
most subjects, more then hundred (109), whereas among the adolescents the group with 9 at risk alleles counts the most subjects, more the
hundred (104).
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For genes involved in oxidative stress, the distribution
of “low” and “high” sums of risk alleles between both
age groups showed the same trend with lower numbers
of risk alleles in the elderly, but this difference was very
small and far from statistically significant. Conceivably,
our “elderly” population was not old enough to allow
differences with adolescents in oxidative stress to be sta-
tistically significant.
The cross-sectional design of the current study and the

rather small number of subjects involved have to be con-
sidered important limitations. Additional observations,
including preferably a prospective study, are certainly
needed to substantiate this particular hypothesis. Still,
the investigated study population appeared large enough
to detect statistically significant differences between the 2
age groups. In addition, the genetic heterogeneity in the
study population can be expected to be limited, as all
participating individuals were Dutch-speaking Caucasians
selected within the same regions in Flanders, and gender
differences between the sub-populations were absent.

Conclusions
The findings in this study may endorse the hypothesis that
the prevalence of a high number of at-risk alleles in genes
involved in genotoxic effects, especially in phase II bio-
transformation genes, decreases with age in a randomly
selected population, suggesting that persons carrying a
higher number of at risk alleles (especially in phase II xeno-
biotic-metabolizing or DNA repair genes) are at a higher
risk of morbidity and mortality from chronic diseases. Our
findings, as those of Rotunno et al [58], also suggest that,
regarding risk of disease associated with low penetrance
polymorphisms, multiple polymorphisms should be taken
into account, rather than single ones. These results further
suggest that it is of importance to continue the debate
about the relevance of inter-individual differences in sus-
ceptibility with regard to human health risk assessment.

List of abbreviations
DDE: p,p’-dichlorodiphenyldichloroethylene; DNA: Desoxyribonucleic acid;
FLEHS: Flemish Environment and Health Survey; GSTM: Glutathione S
transferase M; GSTM1: Glutathione S transferase M1; GST: Glutathione S
transferase; GSTT1: Glutathione S transferase T1; NAT: N-acetyl transferase;
PCBs: polychlorobiphenyls; PCR: Polymerase chain reaction; SBE: Single base
extension; SNPs: single nucleotide polymorphisms.

Acknowledgements
The authors gratefully acknowledge the volunteers for participating and the
nurses for the sample collections. This study was conducted as part of the
Flemish Centre of Expertise of Environment and Health and commissioned,
financed and steered by the Ministry of the Flemish Community
(Department of Economics, Science and Innovation; Flemish Agency for Care
and Health; and Department of Environment, Nature and Energy). The
sponsor was not involved in analysis and interpretation of the data.

Author details
1Department of Health Risk Analysis and Toxicology, Maastricht University,
Universiteitssingel 50, 6229ER Maastricht, The Netherlands. 2Environmental

toxicology, Flemish Institute of Technological Research (VITO), Boeretang
200, 2400 Mol, Belgium. 3Analytical and Environmental Chemistry
Department, ANCH, Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussels,
Belgium. 4Provincial Institute of Hygiene, Kronenburgstraat 45, 2000 Antwerp,
Belgium. 5Department of Genetics & Cell Biology, Research Institute GROW,
Faculty of Health, Medicine & Life Sciences, Maastricht University, PO Box
5800, 6202 AZ Maastricht, The Netherlands. 6Study Centre for Carcinogenesis
and Primary Prevention of Cancer, Department of Radiotherapy and
Experimental Cancerology, Ghent University Hospital, De Pintelaan 185 3K3,
9000 Ghent, Belgium.

Authors’ contributions
HBK contributed to the conception of the study, to the multiplex PCR
analyses and to the drafting of the manuscript. RWLG contributed to the
statistical analysis. RWHG contributed to the multiplex PCR analyses. AMK
developed the multiplex PCR method. GK played a major role in organizing
the Flemish biomonitoring study. GS co-ordinated the Flemish
biomonitoring study. WFB co-ordinated the Flemish Environment and Health
Centre and played a major role in organizing the Flemish biomonitoring
study. JPMG contributed to the interpretation of the data and to the
discussion. JHMvD supervised the laboratory work, contributed to the
interpretation of the data and to the discussion. JCSK contributed to the
conception of the study, contributed to the interpretation of the data and
to the finalising of the manuscript. NAvL played a major role in organizing
the Flemish biomonitoring study, contributed to the interpretation of the
data and wrote the final manuscript. All authors read and approved the final
manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 9 May 2011 Accepted: 5 October 2011
Published: 5 October 2011

References
1. Crimmins EM, Beltran-Sanchez H: Mortality and morbidity trends: is there

compression of morbidity? J Gerontol B Psychol Sci Soc Sci 2011, 66:75-86.
2. Cancer incidence among non-hispanic whites in the USA in the year: 2007

[http://seer.cancer.gov/faststats/selections.php?#Output].
3. Life-time risk of cancer in the USA. [http://seer.cancer.gov/csr/1975_2007/

results_merged/topic_lifetime_risk.pdf].
4. Cancer incidence in Flanders. [http://www.kankerregister.org/].
5. Mortality in function of age in Flanders. [http://www.zorg-en gezondheid.

be/Cijfers/Sterftecijfers/Algemene-sterftecijfers/Sterftecijfers-per-leeftijd-
sterfterisico-en-bevolkingspiramide/].

6. Belpomme D, Irigaray P, Hardell L, Clapp R, Montagnier L, Epstein S,
Sasco AJ: The multitude and diversity of environmental carcinogens.
Environ Res 2007, 105:414-429.

7. Weakley SM, Jiang J, Kougias P, Lin PH, Yao Q, Brunicardi FC, Gibbs RA,
Chen C: Role of somatic mutations in vascular disease formation. Expert
Rev Mol Diagn 2010, 10:173-185.

8. Kelada SN, Eaton DL, Wang SS, Rothman NR, Khoury MJ: The role of
genetic polymorphisms in environmental health. Environ Health Perspect
2003, 111:1055-1064.

9. Collins AR: Oxidative DNA damage, antioxidants, and cancer. Bioessays
1999, 21:238-246.

10. Forsberg L, de FU, Morgenstern R: Oxidative stress, human genetic
variation, and disease. Arch Biochem Biophys 2001, 389:84-93.

11. Bohr VA: DNA repair fine structure and its relations to genomic
instability. Carcinogenesis 1995, 16:2885-2892.

12. Shukla PC, Singh KK, Yanagawa B, Teoh H, Verma S: DNA damage repair
and cardiovascular diseases. Can J Cardiol 2010, 26(Suppl A):13A-16A.

13. Perera FP: Environment and cancer: who are susceptible? Science 1997,
278:1068-1073.

14. Ketelslegers HB, Gottschalk RW, Koppen G, Schoeters G, Baeyens WF, van
Larebeke NA, van Delft JHM, Kleinjans JCS: Multiplex genotyping as a
biomarker for susceptibility to carcinogenic exposure in the FLEHS
biomonitoring study. Cancer Epidemiol Biomarkers Prev 2008, 17:1902-1912.

15. Christensen K, Johnson TE, Vaupel JW: The quest for genetic determinants
of human longevity: challenges and insights. Nat Rev Genet 2006,
7:436-448.

Ketelslegers et al. Environmental Health 2011, 10:85
http://www.ehjournal.net/content/10/1/85

Page 9 of 11

http://www.ncbi.nlm.nih.gov/pubmed/21135070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21135070?dopt=Abstract
http://seer.cancer.gov/faststats/selections.php?#Output
http://seer.cancer.gov/csr/1975_2007/results_merged/topic_lifetime_risk.pdf
http://seer.cancer.gov/csr/1975_2007/results_merged/topic_lifetime_risk.pdf
http://www.kankerregister.org/
http://www.zorg-en gezondheid.be/Cijfers/Sterftecijfers/Algemene-sterftecijfers/Sterftecijfers-per-leeftijd-sterfterisico-en-bevolkingspiramide/
http://www.zorg-en gezondheid.be/Cijfers/Sterftecijfers/Algemene-sterftecijfers/Sterftecijfers-per-leeftijd-sterfterisico-en-bevolkingspiramide/
http://www.zorg-en gezondheid.be/Cijfers/Sterftecijfers/Algemene-sterftecijfers/Sterftecijfers-per-leeftijd-sterfterisico-en-bevolkingspiramide/
http://www.ncbi.nlm.nih.gov/pubmed/17692309?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20214536?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12826477?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12826477?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10333733?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11370676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11370676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8603460?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8603460?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20386754?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20386754?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9353182?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18708379?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18708379?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18708379?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16708071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16708071?dopt=Abstract


16. Christiansen L, Brasch-Andersen C, Bathum L, Kruse TA, Christensen K: A
longitudinal study of the effect of GSTT1 and GSTM1 gene copy
number on survival. Mech Ageing Dev 2006, 127:597-599.

17. Muiras ML, Verasdonck P, Cottet F, Schachter F: Lack of association
between human longevity and genetic polymorphisms in drug-
metabolizing enzymes at the NAT2, GSTM1 and CYP2D6 loci. Hum Genet
1998, 102:526-532.

18. Taioli E, Gaspari L, Benhamou S, Boffetta P, Brockmoller J, Butkiewicz D,
Cascorbi I, Clapper ML, Dolzan V, Haugen A, Hirvonen A, Husgafvel-
Pursiainen K, Kalina I, Kremers P, Le Marchand L, London S, Rannug A,
Romkes M, Schoket B, Seidegard J, Strange RC, Stucker I, To-Figueras J,
Garte S: Polymorphisms in CYP1A1, GSTM1, GSTT1 and lung cancer
below the age of 45 years. Int J Epidemiol 2003, 32:60-63.

19. Voho A, Impivaara O, Jarvisalo J, Metsola K, Vainio H, Hirvonen A:
Distribution of glutathione S-transferase M1, P1 and T1 genotypes in
different age-groups of Finns without diagnosed cancer. Cancer Detect
Prev 2006, 30:144-151.

20. Schroijen C, Baeyens W, Schoeters G, Den HE, Koppen G, Bruckers L,
Nelen V, Van De Mieroop E, Bilau M, Covaci A, Keune H, Loots I, Kleinjans J,
Dhooge W, Van Larebeke N: Internal exposure to pollutants measured in
blood and urine of Flemish adolescents in function of area of residence.
Chemosphere 2008, 71:1317-1325.

21. De Coster S, Koppen G, Bracke M, Schroijen C, Den HE, Nelen V, Van de
Mieroop E, Bruckers L, Bilau M, Baeyens W, Schoeters G, van Larebeke N:
Pollutant effects on genotoxic parameters and tumor-associated protein
levels in adults: a cross sectional study. Environ Health 2008, 7:26.

22. Beyersmann D, Hartwig A: Carcinogenic metal compounds: recent insight
into molecular and cellular mechanisms. Arch Toxicol 2008, 82:493-512.

23. Hartwig A, Asmuss M, Ehleben I, Herzer U, Kostelac D, Pelzer AT,
Schwerdtle T, Bürkle A: Interference by toxic metal ions with DNA repair
processes and cell cycle control: molecular mechanisms. Environ Health
Perspect 2002, 110(Suppl 5):797-799.

24. Garcia-Leston J, Mendez J, Pasaro E, Laffon B: Genotoxic effects of lead: an
updated review. Environ Int 2010, 36:623-636.

25. Jomova K, Valko M: Advances in metal-induced oxidative stress and
human disease. Toxicology 2011, 283:65-87.

26. Silberhorn EM, Glauert HP, Robertson LW: Carcinogenicity of
polyhalogenated biphenyls: PCBs and PBBs. Crit Rev Toxicol 1990, 20:440-496.

27. Garte S, Gaspari L, Alexandrie AK, Ambrosone C, Autrup H, Autrup JL,
Baranova H, Bathum L, Benhamou S, Boffetta P, Bouchardy C, Breskvar K,
Brockmoller J, Cascorbi I, Clapper ML, Coutelle C, Daly A, Dell’Omo M,
Dolzan V, Dresler CM, Fryer A, Haugen A, Hein DW, Hildesheim A,
Hirvonen A, Hsieh L, Ingelman-Sundberg M, Kalina I, Kang D, Kihara M, et al:
Metabolic gene polymorphism frequencies in control populations.
Cancer Epidemiol Biomarkers Prev 2001, 10:1239-1248.

28. Knaapen AM, Ketelslegers HB, Gottschalk RW, Janssen RG, Paulussen AD,
Smeets HJ, Godschalk RWL, Van Schooten FJ, Kleinjans JCS, Van Delft JHM:
Simultaneous genotyping of nine polymorphisms in xenobiotic-
metabolizing enzymes by multiplex PCR amplification and single base
extension. Clin Chem 2004, 50:1664-1668.

29. van Heemst D, den Reijer PM, Westendorp RG: Ageing or cancer: a review
on the role of caretakers and gatekeepers. Eur J Cancer 2007,
43:2144-2152.

30. Bonafe M, Olivieri F: Genetic polymorphism in long-lived people: cues for
the presence of an insulin/IGF-pathway-dependent network affecting
human longevity. Mol Cell Endocrinol 2009, 299:118-123.

31. Nishigaki Y, Fuku N, Tanaka M: Mitochondrial haplogroups associated with
lifestyle-related diseases and longevity in the Japanese population.
Geriatr Gerontol Int 2010, 10(Suppl 1):S221-S235.

32. Mustafina OE, Pauk VV, Mustafina RS, Tuktarova IA, Nasibullin TR:
[Polymorphism of cytokine genes and human longevity]. Adv Gerontol
2010, 23:339-345.

33. Naumova E, Ivanova M, Pawelec G, Constantinescu I, Bogunia-Kubik K,
Lange A, Qguz F, Carin M, Franceschi C, Caruso C, Middleton D:
’Immunogenetics of Aging’: report on the activities of the 15th
International HLA and Immunogenetics Working Group and 15th
International HLA and Immunogenetics Workshop. Tissue Antigens 2011,
77:187-192.

34. Incalcaterra E, Caruso M, Balistreri CR, Candore G, Lo PR, Hoffmann E,
Caimi G: Role of genetic polymorphisms in myocardial infarction at
young age. Clin Hemorheol Microcirc 2010, 46:291-298.

35. Pizza V, Agresta A, D’Acunto CW, Festa M, Capasso A: Neuroinflammation
and Ageing: Current Theories and an Overview of the Data. Rev Recent
Clin Trials 2011.

36. Wilson MH, Grant PJ, Hardie LJ, Wild CP: Glutathione S-transferase M1 null
genotype is associated with a decreased risk of myocardial infarction.
FASEB J 2000, 14:791-796.

37. Garte S, Taioli E, Popov T, Kalina I, Sram R, Farmer P: Role of GSTT1
deletion in DNA oxidative damage by exposure to polycyclic aromatic
hydrocarbons in humans. Int J Cancer 2007, 120:2499-2503.

38. Hashibe M, Brennan P, Strange RC, Bhisey R, Cascorbi I, Lazarus P,
Ophuis MB, Benhamou S, Foulkes WD, Katoh T, Coutelle C, Romkes M,
Gaspari L, Taioli E, Boffetta P: Meta- and pooled analyses of GSTM1,
GSTT1, GSTP1, and CYP1A1 genotypes and risk of head and neck
cancer. Cancer Epidemiol Biomarkers Prev 2003, 12:1509-1517.

39. Taioli E, Mari D, Franceschi C, Bonafe M, Monti D, Bertolini S, Marinelli D,
Garte S: Polymorphisms of drug-metabolizing enzymes in healthy
nonagenarians and centenarians: difference at GSTT1 locus. Biochem
Biophys Res Commun 2001, 280:1389-1392.

40. Vineis P, Veglia F, Anttila S, Benhamou S, Clapper ML, Dolzan V, Ryberg D,
Hirvonen A, Kremers P, Le Marchand L, Pastorelli R, Rannug A, Romkes M,
Schoket B, Strange RC, Garte S, Taioli E: CYP1A1, GSTM1 and GSTT1
polymorphisms and lung cancer: a pooled analysis of gene-gene
interactions. Biomarkers 2004, 9:298-305.

41. Vineis P, Veglia F, Garte S, Malaveille C, Matullo G, Dunning AM, Peluso M,
Airoldi L, Overvad K, Raaschou-Nielsen O, Clavel-Chapelon F, Linseisen JP,
Kaaks R, Boeing H, Trichopoulou A, Palli D, Crosignani P, Tumino R,
Panico S, Bueno-De-Mesquita HB, Peeters PH, Lund E, Gonzalez CA,
Martinez C, Dorronsoro M, Barricarte A, Navarro C, Quiros JR, Berglund G,
Jarvholm B, et al: Genetic susceptibility according to three metabolic
pathways in cancers of the lung and bladder and in myeloid leukemias
in nonsmokers. Ann Oncol 2007, 18:1230-1242.

42. Raimondi S, Paracchini V, Autrup H, Barros-Dios JM, Benhamou S, Boffetta P,
Cote ML, Dialyna IA, Dolzan V, Filiberti R, Garte S, Hirvonen A, Husgafvel-
Pursiainen K, Imyanitov EN, Kalina I, Kang D, Kiyohara C, Kohno T,
Kremers P, Lan Q, London S, Povey AC, Rannug A, Reszka E, Risch A,
Romkes M, Schneider J, Seow A, Shields PG, Sobti RC, et al: Meta- and
pooled analysis of GSTT1 and lung cancer: a HuGE-GSEC review. Am J
Epidemiol 2006, 164:1027-1042.

43. Lee KM, Kang D, Clapper ML, Ingelman-Sundberg M, Ono-Kihara M,
Kiyohara C, Min S, Lan Q, Le Marchand L, Lin P, Lung ML, Pinarbasi H,
Pisani P, Srivatanakul P, Seow A, Sugimura H, Tokudome S, Yokota J,
Taioli E: CYP1A1, GSTM1, and GSTT1 polymorphisms, smoking, and lung
cancer risk in a pooled analysis among Asian populations. Cancer
Epidemiol Biomarkers Prev 2008, 17:1120-1126.

44. Li R, Boerwinkle E, Olshan AF, Chambless LE, Pankow JS, Tyroler HA, Bray M,
Pittman GS, Bell DA, Heiss G: Glutathione S-transferase genotype as a
susceptibility factor in smoking-related coronary heart disease.
Atherosclerosis 2000, 149:451-462.

45. Izzotti A, Cartiglia C, Lewtas J, De FS: Increased DNA alterations in
atherosclerotic lesions of individuals lacking the GSTM1 genotype. FASEB
J 2001, 15:752-757.

46. Kayaalti Z, Sahiner L, Durakoglugil ME, Soylemezoglu T: Distributions of
interleukin-6 (IL-6) promoter and metallothionein 2A (MT2A) core
promoter region gene polymorphisms and their associations with aging
in Turkish population. Arch Gerontol Geriatr 2011.

47. Pope CA III, Ezzati M, Dockery DW: Fine-particulate air pollution and life
expectancy in the United States. N Engl J Med 2009, 360:376-386.

48. Betti M, Ferrante D, Padoan M, Guarrera S, Giordano M, Aspesi A,
Mirabelli D, Casadio C, Ardissone CCF, Ruffini E, Betta PG, Libener R,
Guaschino R, Matullo G, Piccolini E, Magnani C, Dianzani I: XRCC1 and
ERCC1 variants modify malignant mesothelioma risk: a case-control
study. Mutat Res 2011, 708:11-20.

49. Zhu XX, Hu CP, Gu QH: [CYP1A1 polymorphisms, lack of glutathione S-
transferase M1 (GSTM1), cooking oil fumes and lung cancer risk in non-
smoking women]. Zhonghua Jie He He Hu Xi Za Zhi 2010, 33:817-822.

50. Moore LE, Baris DR, Figueroa JD, Garcia-Closas M, Karagas MR, Schwenn MR,
Johnson AT, Lubin JH, Hein DW, Dagnal CL, Colt JS, Kida M, Jones MA,
Schned AR, Cherala SS, Chanock SJ, Cantor KP, Silverman N, Rothman N:
GSTM1 null and NAT2 slow acetylation genotypes, smoking intensity
and bladder cancer risk: results from the New England bladder cancer
study and NAT2 meta-analysis. Carcinogenesis 2011, 32:182-189.

Ketelslegers et al. Environmental Health 2011, 10:85
http://www.ehjournal.net/content/10/1/85

Page 10 of 11

http://www.ncbi.nlm.nih.gov/pubmed/16574194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16574194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16574194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9654200?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9654200?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9654200?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12690010?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12690010?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16638627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16638627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18221770?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18221770?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18522717?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18522717?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18496671?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18496671?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12426134?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12426134?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20466424?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20466424?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21414382?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21414382?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2165409?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2165409?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11751440?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15331501?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15331501?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15331501?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17764928?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17764928?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19027825?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19027825?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19027825?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20590837?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20590837?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21137202?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21299522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21299522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21299522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21187577?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21187577?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10744635?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10744635?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17330842?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17330842?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17330842?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14693745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14693745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14693745?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11162685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11162685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15764294?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15764294?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15764294?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17496311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17496311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17496311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17000715?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17000715?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18463401?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18463401?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10729397?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10729397?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11259393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11259393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19164188?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19164188?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21277872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21277872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21277872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21211368?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21211368?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21211368?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21037224?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21037224?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21037224?dopt=Abstract


51. Staessen JA, Nawrot T, Hond ED, Thijs L, Fagard R, Hoppenbrouwers K,
Koppen G, Nelen V, Schoeters G, Vanderschueren D, Van Hecke E,
Verschaeve L, Vlietinck R, Roels HA: Renal function, cytogenetic
measurements, and sexual development in adolescents in relation to
environmental pollutants: a feasibility study of biomarkers 2. Lancet
2001, 357:1660-1669.

52. Dhooge W, den HE, Koppen G, Bruckers L, Nelen V, Van De Mieroop E,
Bilau M, Kim Croes, Willy Baeyens, Greet Schoeters, Nicolas Van Larebeke:
Internal exposure to pollutants and sex hormone levels in Flemish male
adolescents in a cross-sectional study: associations and dose-response
relationships. J Expo Sci Environ Epidemiol 2011, 21:106-113.

53. Dhooge W, Den HE, Koppen G, Bruckers L, Nelen V, De Mieroop Van,
Bilau M, Croes K, Baeyens W, Schoeters G, Van Larebeke N: Internal
exposure to pollutants and body size in Flemish adolescents and adults:
associations and dose-response relationships. Environ Int 2010,
36:330-337.

54. van Iersel ML, Verhagen H, van Bladeren PJ: The role of biotransformation
in dietary (anti)carcinogenesis. Mutat Res 1999, 443:259-270.

55. Agudo A, Sala N, Pera G, Capella G, Berenguer A, Garcia N, Palli D,
Boeing H, Del Giudice G, Saieva C, Carneiro F, Berrino F, Sacerdote C,
Tumino R, Panico S, Berglund G, Simán H, Stenling R, Hallmans G,
Martínez C, Bilbao R, Barricarte A, Navarro C, Quirós JR, Allen N, Key T,
Bingham S, Khaw KT, Linseisen J, Nagel G, et al: Polymorphisms in
metabolic genes related to tobacco smoke and the risk of gastric cancer
in the European prospective investigation into cancer and nutrition.
Cancer Epidemiol Biomarkers Prev 2006, 15:2427-2434.

56. Hung RJ, Boffetta P, Brennan P, Malaveille C, Hautefeuille A, Donato F,
Umberto Gelatti U, Spaliviero M, Placidi D, Carta A, Scotto di Carlo A,
Porru S: GST, NAT, SULT1A1, CYP1B1 genetic polymorphisms,
interactions with environmental exposures and bladder cancer risk in a
high-risk population. Int J Cancer 2004, 110:598-604.

57. Laczmanska I, Gil J, Karpinski P, Stembalska A, Kozlowska J, Busza H,
Trusewicz A, Pesz K, Ramsey D, Schlade-Bartusiak K, Blin N, Sasiadek MM:
Influence of polymorphisms in xenobiotic-metabolizing genes and DNA-
repair genes on diepoxybutane-induced SCE frequency. Environ Mol
Mutagen 2006, 47:666-673.

58. Rotunno M, Yu K, Lubin JH, Consonni D, Pesatori AC, Goldstein AM,
Goldin LR, Wacholder S, Welch R, Burdette L, Chanock SJ, Bertazzi PA,
Tucker MA, Caporaso NE, Chatterjee N, Bergen AW, Landi MT: Phase I
metabolic genes and risk of lung cancer: multiple polymorphisms and
mRNA expression. PLoS One 2009, 4:e5652.

doi:10.1186/1476-069X-10-85
Cite this article as: Ketelslegers et al.: Prevalence of at-risk genotypes for
genotoxic effects decreases with age in a randomly selected population
in Flanders: a cross sectional study. Environmental Health 2011 10:85.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Ketelslegers et al. Environmental Health 2011, 10:85
http://www.ehjournal.net/content/10/1/85

Page 11 of 11

http://www.ncbi.nlm.nih.gov/pubmed/11425371?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11425371?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11425371?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20010975?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20010975?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20010975?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20181395?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20181395?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20181395?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10415444?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10415444?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17164366?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17164366?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17164366?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15122594?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15122594?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15122594?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17078101?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17078101?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19479063?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19479063?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19479063?dopt=Abstract

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study Population
	White blood cell and DNA isolation
	Selection of Polymorphisms and Genotyping
	Statistical Analysis

	Results
	Biotransformation Pathway
	DNA Repair pathway
	Oxidative Stress pathway

	Discussion
	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

