CHAPTER 12. BIOMARKERS OF AIR
POLLUTION: DNA AND PROTEIN ADDUCTS

Paolo Vineis

Biomarkers were introduced in the epidemi-
ology of chronic disease under the assumption
that they could enhance research on the health
effects of air pollution, and other exposures, by
improving exposure assessment, increasing the
understanding of mechanisms (e.g. by meas-
uring intermediate biomarkers), and enabling
the investigation of individual susceptibility.

Biomarkersusedintheepidemiologyofcancer
are usually divided into three categories: markers
of internal dose, markers of early response, and
markers of susceptibility. In fact, each category
includes subcategories. For example, protein
adducts and DNA adducts are both markers of
internal dose, but their biological significance
differs. While proteinadductsare notrepaired (i.e.
they reflect external exposure more faithfully),
DNA adducts are influenced by an individual’s
repair capacity. If DNA adducts are not elimi-
nated by the DNA repair machinery, they induce
a mutation. Also, markers of early response are a
heterogeneous category that encompasses DNA
mutations and gross chromosomal damage. The
main advantage of early response markers is that
they are more frequent than the disease and can
be recognized sooner, thus allowing researchers
to identify earlier effects of potentially carcino-
genic exposures. Finally, markers of suscepti-
bility include several subcategories; in particular,

a type of genetic susceptibility related to the
metabolism of carcinogenic substances, and
another type related to DNA repair. Biomarkers
of exposure, such as DNA adducts, are described
here, while markers of early damage are consid-
ered in a separate chapter.

DNA adducts and exposure to air
pollution

Several studies have considered DNA damage
as an end-point of the effects of air pollution,
especially bulky DNA adducts that are related
to exposure to aromatic compounds, including
polycyclic aromatic hydrocarbons (PAHs).

A systematic review was performed to eval-
uate whether metabolites of pyrene and DNA
adducts are valid markers of low-level environ-
mental (not occupational) exposure to PAHs
(Castano-Vinyals ef al., 2004). Thirty five studies
with more than 10 subjects were identified that
evaluated environmental air pollution with
PAHs in relation to metabolites of PAHs, PAH-
DNA adducts, or protein adducts. PAH metabo-
lites and, to a lesser extent, PAH-DNA adducts
correlated well among the groups with exposure
to benzo[a]pyrene (B[a]P), even at low levels of
pollution.
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As Table 12.1 and Table 12.2 suggest, studies
in different countries have shown that the levels
of white blood cell DNA adducts were higher
among subjects who were more heavily exposed
to air pollutants. This has been observed in
different population categories, such as police
officers in Italy and Thailand (Peluso et al., 1998;
Ruchirawa et al., 2002), residents in highly indus-
trialized areas in Poland (Perera et al., 1992), and
bus drivers in Denmark (Nielsen et al., 1996a).
In all of these cases, the differences in the levels
of adducts between more heavily exposed or less
exposed subjects were significant (Table 12.1 and
Table 12.2).

More recently, a group of 114 workers
exposed to traffic pollution and a random sample
of 100 residents were studied in Florence, Italy.
Bulky DNA adducts were analysed in periph-
eral leukocytes donated at enrolment using
32P-postlabelling. Adductlevels were significantly
higher for traffic workers among never-smokers
(P =0.03) and light current smokers (P = 0.003).
In both groups, urban residents tended to show
higher levels than those living in suburban areas,
and a seasonal trend emerged of adduct levels
being highest in summer and lowest in winter
(Palli et al., 2001).

In a study in Greece, the levels of bulky DNA
adducts were measured by 32P-postlabellingin the
lymphocytes of 194 nonsmoking students living
in the city of Athens and the region of Halkida
(Georgiadis et al., 2001). Personal exposures
to PAHs were significantly higher among the
subjects in Athens. However, the highest adduct
levels were observed in a subgroup of students
living in Halkida, with a minimal burden of
urban air pollution. Among these (but not the
remaining subjects), positive correlations were
observed between DNA adducts and measured
personal exposures to chrysene or B[a]P. A much
clearer association of adducts with second-hand
tobacco smoke was observed.

In Denmark, Serensen et al. (2003) meas-
ured personal exposure to particulate matter
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(PM) < 2.5 pym in diameter and exposure to
black smoke in 50 students four times during
1 year and analysed biomarkers of DNA damage.
Personal exposure to PM was found to predict
the presence of 8-0x0-2"-deoxyguanosine (8-oxo-
dG) inlymphocyte DNA, with an 11% increase in
8-0x0-dG per 10 ug/m? increase in exposure to
PM (P =0.007).

In Europe, a case-control study nested in a
large prospective study (European Prospective
Investigation into Cancer and Nutrition [EPIC])
has been completed (Peluso et al, 2005).
Cases included newly diagnosed lung cancer
(n = 115), upper respiratory cancers (pharynx,
larynx) (n = 82), bladder cancer (n = 124), and
leukaemia (n = 166), and deaths from chronic
obstructive pulmonary disease or emphysema
(n = 77) that accrued after a median follow-up of
7 years among EPIC former smokers and never-
smokers. Leukocyte DNA adducts were analysed
blindly using the nuclease P1 modification of
the 32P-postlabelling technique. The intensity
of adduct patterns was generally stronger in the
chromatograms of healthy nonsmokers who
developed lung cancer in the following years
compared with the other samples. The observed
adduct profile has been described previously
among subjects environmentally exposed to air
pollution. Adducts were associated with a subse-
quent risk of lung cancer with an odds ratio (OR)
of 1.86 (95% confidence interval [CI], 0.88-3.93).
The association with lung cancer was stronger
in never-smokers (OR, 4.04; 95% CI, 1.06-15.42)
and among the younger age groups. After exclu-
sion of the 36 months preceding the onset of lung
cancer, the OR was 4.16 (95% CI, 1.24-13.88). In
addition, the authors found an association of
adduct levels with ozone, suggesting a possible
role for photochemical smog in determining
DNA damage of nonsmokers in western Europe.
This is consistent with the previous investiga-
tion in Florence that showed a significant rela-
tionship between cumulative exposure to ozone
and bulky DNA adducts among nonsmokers
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(Palli et al., 2001). Ozone is a marker of photo-
chemical smog. It is produced by a complex
series of reactions involving hydrocarbons and
nitrogen dioxide that are emitted primarily
during combustion of fossil fuels by industry and
transportation activities, and driven by ultravi-
olet (UV) radiation in sunlight. Ozone may have
biological effects directly and/or via free radicals
that react with other air pollutants.

The conditions needed for the formation
of ozone are generally present in modern large
cities, and the average levels at the Earth’s surface
have more than doubled since pre-industrial
times in western Europe. Summer months,
characterized by high temperatures, strong UV
radiation, long periods of solar radiation, and
light winds, provide more favourable conditions
for the production of ozone in the troposphere.
Indeed, episodes with elevated concentrations of
ozone generally occur during periods of warm
sunny weather. Transformation reactions that
occur in the troposphere during such episodes
may induce the formation of highly reactive
PAH and nitro-PAH compounds (Finlayson-
Pitts and Pitts, 1997). Soot aerosols are the main
carriers of PAHs in outdoor air and can react
rapidly on the surface with free radicals, such as
those produced by ozone photolysis (Finlayson-
Pitts and Pitts, 1997). In addition, PAHs such as
anthracene, benzo[a]anthracene, benzo[gh,i]
perylene, B[a]P, indeno[l,2,3-cd]pyrene, and
pyrene may be transformed by UV irradiation,
become directly mutagenic, and form highly
reactive quinone products. After UV activa-
tion, PAHs may produce covalent adducts (e.g.
benzo[a]anthracene, B[a]P, and 1-hydroxypyrene
DNA adducts) (Prodi et al., 1984; Dong et al.,
2000). UV irradiation has been also shown to
synergize with B[a]P to enhance significantly the
expression levels of the tumour suppressor gene
p53 (Saladi et al., 2003). Recently, an enhance-
ment of the signature of mutations produced by
Bla]P, i.e. G > T and C > A transversions, has

been found after UV irradiation (Besaratinia and
Pfeifer, 2003).

Firefighters and oil-well fires

Studies have also been conducted in popu-
lations with specific exposures — for example,
forest firefighters and the United States troops
exposed to oil-well fires in the Persian Gulf.
Forest firefighters are exposed to a wide range of
carcinogenic PAHs in forest fire smoke. PAH-
DNA adducts were measured in 47 California
firefighters at two time points, early and late in the
1988 forest fire season. PAH-DNA adduct levels
were not associated with cumulative hours of
recent firefighting activity. However, firefighters
who had consumed charbroiled food within the
previous week had elevated PAH-DNA adduct
levels, which were related to the frequency of
intake of such food. These findings suggest that
dietary sources of PAH contribute to levels of
PAH-DNA adducts in peripheral white blood
cells (Rothman et al., 1993).

In addition, levels of PAH-DNA adducts were
determined in a group of United States Army
soldiers who were deployed after the Persian Gulf
War and were exposed to oil-well fires. The United
States Army Environmental Hygiene Agency
monitored air and soil for ambient PAHs. PAH-
DNA adducts were measured from DNA samples
in blood cells of 22 soldiers, and bulky aromatic
adducts were measured by 32P-postlabelling in
blood cell DNA samples from 20 of the same
soldiers. Urinary 1-hydroxypyrene-glucuro-
nide levels were determined in a matched set of
samples from 33 soldiers. Contrary to expecta-
tions, environmental monitoring showed low
levels of ambient PAHs in the areas where these
soldiers were working in Kuwait. Both DNA
adducts and urinary 1-hydroxypyrene-glucuro-
nide levels were lowest in Kuwait and highest in
Germany, where the soldiers returned after the
war (Poirier ef al., 1998).
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DNA adducts in children

Experimental evidence indicates that devel-
oping fetuses are more susceptible than adults to
the carcinogenic effects of PAHs. To assess fetal
versus adult susceptibility to PAHs and second-
hand tobacco smoke, a study compared carcin-
ogen-DNA adducts (a biomarker associated
with an increased risk of cancer) and cotinine
(a biomarker of exposure to tobacco smoke) in
paired blood samples collected from mothers and
newborns in New York City, USA. The authors
enrolled 265 nonsmoking African-Americanand
Latina mother—-newborn pairs between 1997 and
2001. Despite the estimated 10-fold lower fetal
dose, mean levels of B[a]P-DNA adducts were
comparable in paired newborn and maternal
samples (0.24 adducts per 10® nucleotides in
newborns, with 45% of newborns with detectable
adducts, vs 0.22 per 108 nucleotides in mothers,
with 41% of mothers with detectable adducts).
These results indicate an increased susceptibility
of the fetus to DNA damage.

Protein adducts

Among newspaper vendors, Pastorelli ef al.
(1996) found a higher level of B[a]P-haemoglobin
adducts, but the difference between these and
levels in less exposed populations was not statis-
tically significant. Richter et al. (2001) studied
haemoglobin adducts formed by aromatic
amines, including 4-aminobiphenyl, in groups
of children, and found that children living in
the most polluted cities had significantly higher
levels of adducts than those living in less polluted
cities.

Dose-response relationship

Lewtas et al. (1997) observed that human
populations exposed to PAH via air pollution
exhibit a nonlinear relationship between levels
of exposure and white blood cell-DNA adducts.
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Among highly exposed subjects, the level of DNA
adducts per unit of exposure was significantly
lower than those measured after environmental
exposures. The observation was confirmed in
a meta-analysis of the epidemiological studies
(Peluso et al., 2001) (Figure 12.1). The same expo-
sure-dose nonlinearity was observed in lung
DNA from rats exposed to PAHs. One interpre-
tation proposed for such an observation is that
saturation of metabolic enzymes or induction
of DNA repair processes occurs at high levels of
exposure (Lutz, 1990; Garte et al., 1997).

Conclusions

On the basis of recent large cohort studies
in the USA and Europe, there are reasonable
grounds for concern that air pollution may
increase the risk of lung cancer, especially in
combination with other known risk factors such
as voluntary and involuntary smoking and occu-
pational exposures. Although there are examples
of biomarkers contributing to the understanding
of the health effects of air pollution, there are still
many aspects that need clarification, such as the
reliability of the markers (e.g. bulky DNA adducts
have a considerable degree of variation by batch
and between laboratories) (Peluso ef al., 2005).

Production of DNA damage primarily
reflects carcinogenic exposures, but is also regu-
lated by inherited and acquired susceptibilities.
Age, gender, body mass index, physical exercise,
consumption of charcoal-broiled food, consump-
tion of fresh fruit and vegetables, and seasonal
variations have also been reported to influence
the formation of aromatic DNA adducts. DNA
adduct levels have been found to be dependent
on polymorphisms in metabolic genes (i.e. the
CYPIAI, Mspl, and GSTMI null genotypes)
(Shields et al.,1993; Ryberg et al., 1997; Pastorelli
et al., 1998; Butkiewicz et al., 2000; Rojas et al.,
2000; Teixeira et al., 2002; Georgiadis et al., 2005).
DNA damage may be repaired, but the ability of
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Fig 12.1 Dose-response relationship between frequency ratios and external concentrations of
benzo[a]pyrene (B[a]P) in work environments in a meta-analysis of occupational exposure to air

pollution.
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The inset shows an extrapolated dose-response curve at low exposure doses, assuming a linear dose-response relation, for B[a]P levels between
0 and 4.5 ng/m?, the lowest value in the database. FRi: frequency ratio for the ith study. Source: Peluso et al. (2001); reproduced with permission

from Oxford University Press.

a person to remove aromatic DNA adducts may
vary from individual to individual.

In conclusion, DNA and protein adducts
seem to be valuable markers of exposure to air
pollutants in spite of errors in measurement.
Since DNA adducts express genetic and acquired
susceptibility, they can usefully complement
other measures of exposure in research on risks
for cancer.

1 See Preface for explanation of updating process.

Addendum (2012 update) '

Christiana Demetriou and Paolo
Vineis
Numerous studies have considered DNA
and protein adducts as biomarkers of exposure
to genotoxic carcinogens, such as polycyclic
aromatic hydrocarbons (PAHs), present in envi-
ronmental air pollution.

The association between air pollution and
DNA adducts was investigated in 26 studies.
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These are cross-sectional and case-control
studies, some nested within prospective cohorts.
Some studies (Perera ef al., 1992; Hemminki
et al., 1994; Nielsen et al., 1996b, 1996b; Yang
et al., 1996; Topinka et al., 1997; Georgiadis et al.,
2001; Merlo et al., 1997; Ruchirawa et al., 2002;
Marczynski et al., 2005; Topinka et al., 2007,
Tuntawiroon et al., 2007; Ayi-Fanou et al., 2011)
compared the mean DNA adduct levels in indi-
viduals with estimated high or low external expo-
sures (Table 12.1), while others (Binkova et al.,
1995; Whyatt et al., 1998; Serensen et al., 2003;
Castafio-Vinyals et al., 2004; Peluso et al., 2005;
Neri et al., 2006; Pavanello et al., 2006; Palli et al.,
2008; Peluso et al., 2008; Pavanello et al., 2009;
Pedersen et al., 2009; Garcia-Sudstegui et al.,
2011; Herbstman et al., 2012) carried out corre-
lation and regression analyses on all subjects
(Table 12.2). As illustrated in Figure 12.2, most
studies (including two reviews) found positive
associations between exposure to air pollution
or chemicals in polluted air and the formation
of DNA adducts in exposed individuals. Subjects
in these studies included, among others, resi-
dents in an industrial area and rural controls in
Poland (Perera et al., 1992), bus and taxi drivers
in Stockholm (Hemminki ef al., 1994), students
in Denmark and in Greece (Nielsen ef al., 1996b),
bus drivers in Copenhagen (Nielsen et al.,
1996a), policemen in Genoa (Merlo et al., 1997),
policemen in Bangkok (Ruchirawa et al., 2002),
and schoolchildren in Thailand (Tuntawiroon
etal.,2007), as well as street vendors, taxi drivers,
gasoline salesmen, and roadside residents in
Benin (Ayi-Fanou et al., 2011). Fetal exposures
were associated with DNA adducts in newborns
(Topinka et al., 1997; Whyatt et al., 1998;
Pedersen et al., 2009). Only two studies did not
find an association (Yang et al., 1996; Serensen
et al., 2003). One study found that students in
a rural area had higher DNA adduct levels than
students in Athens, the most heavily polluted
city; however, exposure to second-hand smoke
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(SHS) explains this paradoxical observation
(Georgiadis et al., 2001).

Protein adducts and exposure to air
pollution

Far fewer studies (Hemminki et al., 1994;
Pastorelli et al., 1996; Nielsen et al., 1996c;
Richter et al., 2001) have examined the rela-
tionship between exposure to air pollution and
protein adducts, and their results are incon-
sistent (Table 12.3). Only one study (Richter et al.
2001) shows a statistically significant association
between exposure to air pollution and protein
adducts, while another shows a significant asso-
ciation between exposure to diesel exhaust and
protein adducts (Nielsen et al., 1996¢). The other
two studies show either no significant association
(Pastorelli ef al., 1996) or significant association
only between certain subject groups (Hemminki
et al., 1994).

Critical issues in evaluating the
relationship between air
pollution and biomarkers

Confounding

Of the studies on DNA adducts, only 14
adjusted for various potential confounders
and only 7 of those 14 adjusted for PAHs in
diet, indicating lack of adequate adjustment
for confounding. Similarly, adjustment for
confounders was minimal in the studies on
protein adducts. Considering that PAHs in diet,
smoking, and exposure to SHS are factors that
have great impact on DNA adduct and protein
formation, these exposures need to be accounted
for when investigating the association between
exposure to air pollution and DNA adducts.
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Reversibility of changes and individual
susceptibilities

A second issue is the plasticity and revers-
ibility of protein and DNA adduct changes.
Protein adducts cannot be repaired and thus
better reflect exposure, whereas DNA adducts
can be eliminated by DNA repair mechanisms
and are therefore more transient indicators
of external exposure. In addition, one needs
to consider inherited and acquired individual
susceptibilities, as DNA adduct levels have been
found to be dependent on polymorphisms in
metabolic genes (i.e. the CYPIAI, Mspl, and
GSTMI null genotypes) (Shields et al., 1993;
Ryberg et al., 1997; Pastorelli et al., 1998), which
may determine an individual’s ability to remove
DNA adducts.

Intensity, duration, and timing of exposure

Furthermore, the issues of intensity, duration,
and timing of exposure are of primary impor-
tance when evaluating the impact of air pollu-
tion. Studies show that developing fetuses are
more susceptible than adults to the carcinogenic
effects of PAHs (Topinka et al., 1997; Pedersen
et al., 2009). Exposure at this critical develop-
mental stage may cause subtle changes that may
or may not be repaired. If not repaired, these
changes can persist and lead to increased risk
of dysfunction and disease later in life (Barouki
et al., 2012). Studies also show that exposure to
PAHsand DNA adduct formation are notlinearly
associated (Lewtas et al., 1997). Instead, as shown
in Figure 12.1, among highly exposed subjects
the level of DNA adducts per unit of exposure
was significantly lower than those at lower expo-
sures (Peluso ef al., 2001). There is little evidence
in the literature about the impact of duration of
exposure on the formation of protein and DNA
adducts.

Target versus surrogate tissues

Another important consideration is that most
studies available to date use surrogate tissues,
such as blood. Air pollution is more likely to have
the largest impact on sites of deposition where
doses are highest, such as the upper aerodiges-
tive tract and lung. If DNA and protein adducts
are investigated in target tissues, the associations
observed are likely to be much stronger, more
reliable, and more accurate.

Conclusions

Despite these considerations, DNA adducts
are undeniably a valuable biomarker of exposure
to air pollution. A recent review (Demetriou
et _al., 2012) recognized DNA adducts, along
with 1-hydroxypyrene (1-OHP), chromosomal
aberrations (CAs), micronuclei (MN), and oxida-
tive damage to nucleobases, as valid biomarkers
of exposure to air pollution. These biological
markers cover the whole spectrum of progres-
sion from external exposure to tumour forma-
tion. 1-OHP is an excellent marker of internal
dose, and DNA adducts and oxidized nucle-
obases are markers of the biologically effective
dose, whereas MN, CA, and DNA methylation
are good markers of early biological effect. DNA
adducts have also been suggested to be predictive
for the risk of future cancer (Peluso et al., 2005;
Veglia et al., 2008). This multilevel evidence
adds to the plausibility of a causal association
between exposure to ambient air pollution and
lung cancer.

In conclusion, biomarkers, including DNA
adducts, are without question a valuable tool
in the investigation of the relationship between
air pollution and cancer since they not only
improve exposure assessment but also increase
our understanding of mechanisms underlying
this association.
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