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Abstract: The association between ambient air pollution (AAP) exposure and lung cancer risk has been
investigated in prospective studies and the results are generally consistent, indicating that long-term
exposure to air pollution can cause lung cancer. Biomarkers can enhance research on the health effects of air
pollution by improving exposure assessment, increasing the understanding of mechanisms, and enabling the
investigation of individual susceptibility. In this review, we assess DNA adducts as biomarkers of exposure to
AAP and early biological effect, and DNA methylation as biomarker of early biological change and discuss
critical issues arising from their incorporation in AAP health impact evaluations, such as confounding,
individual susceptibilities, timing, intensity and duration of exposure, and investigated tissue. DNA adducts
and DNA methylation are treated as paradigms. However, the lessons, learned from their use in the
examination of AAP carcinogenicity, can be applied to investigations of other biomarkers involved in AAP

carcinogenicity.
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Exposure to air pollution and lung cancer risk

Environmental pollution encompasses a number of
hazardous exposures including air, water, and chemical
exposures. Ambient (outdoor) and household (indoor) air
pollution is a major environmental health risk, affecting
populations in developed and developing countries
alike (1).

Ambient air pollution (AAP) consists of emissions
of complex mixtures of air pollutants from industries,
households, cars and trucks (2). Of these pollutants, fine
particulate matter (PM) has been widely shown to have
adverse effects on human health. Most fine PM comes
from fuel combustion, both from mobile sources such as
vehicles and from stationary sources such as power plants,
industry, households or biomass burning (2). PM can vary
in size from ultra-fine particles (UFP) <100 nm in diameter,
to fine particles ~100 nm -2.5 pum in diameter (PM,;), to
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larger particles up to 10 pm in diameter (PM,,) (3), and
differential PM sizes can affect pathophysiological pathways
independently (3).

On the other hand, household air pollution (HAP) is the
result of cooking and heating households using solid fuels
(i.e., wood, charcoal, coal, dung, crop wastes) on open fires
or traditional stoves. In poorly ventilated dwellings, fine
PM concentrations in and around the home can exceed
acceptable levels for up to 100-fold (4).

Health risks associated with air pollution include but are
not limited to stroke, heart disease, lung cancer, and both
chronic and acute respiratory diseases, including asthma
(5-8). AAP and its health effects are much more frequently
studied compared to HAP.

Of the AAP health effects, lung cancer contributes
greatly to air pollution associated mortality. The association
between exposure to AAP and lung cancer incidence and/
or mortality has been evaluated in a number of prospective
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studies, which are summarized in Tible 1. Despite that
formal statistical significance was not always reached, the
evidence linking exposure to urban air pollutants, mainly
PM,; or PM,,, and lung cancer is generally consistent.
Cohorts from the United States as well as from Europe have
found increased risks of lung cancer with higher exposure
to PM and other substances present in polluted air, with
statistically significant risk ratios (RRs) ranging from 1.14 to
5.21 (Table 1).

Based on the available epidemiological and molecular
evidence, the International Agency for Research on Cancer
(IARC) has recently classified air pollution as Carcinogenic
to Humans (Group 1) 37).

Incorporation of biomarkers in measuring
exposure and evaluating health effects

Biomarkers were introduced in the study of the
carcinogenic effects of AAP 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 measuring intermediate biomarkers), and enabling
the investigation of individual susceptibility.

Biomarkers used in the epidemiology of cancer
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 protein adducts are not repaired (i.e., they
reflect external exposure more faithfully), DNA adducts
are influenced by an individual’s repair capacity. If DNA
adducts are not eliminated 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
carcinogenic exposures. Finally, markers of susceptibility
include several subcategories; in particular, a type of genetic
susceptibility related to the metabolism of carcinogenic
substances, and another type related to DNA repair.

Because of their ability to highlight mechanisms, improve
exposure assessment, and reflect individual susceptibility,
biomarkers have been and will continue to play a vital
role in the investigation of the carcinogenicity of AAP.
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In this review, we assess DNA adducts as biomarkers of
exposure and early biological effect, and DNA methylation
as biomarker of early biological change and discuss critical
issues arising from their incorporation in health impact
evaluations. DNA adducts and DNA methylation are
treated here as paradigms, and the lessons learned from
their use in the examination of AAP carcinogenicity, can
also be applied to investigations of other biomarkers
involved in AAP carcinogenicity.

DNA adducts

DNA adducts are covalent bonds arising from the
interaction of cancer causing chemicals such as polycyclic
aromatic hydrocarbons (PAHs), or metabolites of such
chemicals, with sites in DNA (38). Even though adducts
can be removed by repair proteins, some can persist, and
can contribute to cancer development by causing nucleotide
substitutions, deletions and chromosome rearrangements
during replication (38).

Several studies have considered DNA adducts as
biomarkers of exposure to genotoxic carcinogens, such as
PAHs, present in AAP, employing cross-sectional and case-
control study designs, some nested within prospective
cohorts. Studies which compared the mean DNA adduct
levels in individuals with estimated high or low external
exposures are summarized in Table 2, whereas studies which
carried out correlation and regression analyses on all subjects
are summarised in Table 3 (52-66). The majority of studies
and two reviews demonstrated 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 a wide range of occupationally
and residentially exposed individuals, such as policemen
in Bangkok (47), Genova (45), and Prague (49,66), school
children in Thailand (50), residents in an industrial area
and rural controls in Poland (39), bus and taxi drivers in
Stockholm (40), bus drivers in Copenhagen (41), students
in Denmark and in Greece (42), as well as street vendors,
taxi drivers, gasoline salesmen and road side residents in
Benin (51). Only two studies reported no association (54,67).

DNA adducts in children

Fetal exposures and DNA adducts in newborns also showed
positive associations (44,53,65). Experimental evidence
indicates that developing fetuses are more susceptible
than adults to the carcinogenic effects of PAHs. To assess
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fetal versus adult susceptibility to PAHs and second-hand
tobacco smoke, a study compared carcinogen-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 non-smoking
African-American and 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
108 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 (68).

Dose-response relationship

Lewtas et al. [1997] (69) observed that human populations
exposed to PAH via air pollution exhibit a nonlinear
relationship between levels of exposure and white blood
cell-DNA adducts. 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 (70). The same exposure—dose
nonlinearity was observed in lung DNA from rats exposed to
PAHs. One interpretation proposed for such an observation
is that saturation of metabolic enzymes or induction of DNA
repair processes occurs at high levels of exposure (71,72).

DNA methylation

DNA methylation is a biochemical process where a methyl
group is added to the cytosine nucleotides mostly found in
CpG dinucleotides and this modification influences gene
expression (73,74). For example, a high percentage of CpG
dinucleotides in repetitive sequences are methylated to
inhibit activation and maintain chromosome stability, but
CpG sites in CpG islands associated with gene promoters
are usually unmethylated. These unmethylated promoter
regions allow for active gene transcription (75,76) and also
have a role in cell differentiation.

Whole genome methylation is most commonly
assessed using surrogate repetitive elements such as
long interspersed nuclear element-1 (LINE-1) and Alu
repeats (77). Hypomethylation of these endogenous
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retro-transposons can lead to activation and reposition
elsewhere in the genome, causing insertional mutagenesis,
transcriptional interference, and genomic instability (77-79).
Further to activating repetitive DNA sequences, DNA
hypomethylation might also contribute to translocations of
these hypomethylated sequences, by loosening chromatin
packaging (79-81).

Exposure to AAP, whether short-term or long-term, has
been shown to be associated with global hypomethylation.
Ten reports (7able 4) have recently investigated the effects
of AAP exposure on global methylation and a number of
them used repetitive elements such as LINE-1, Sata and
Alu elements as proxies to whole genome methylation.
LINE-1 methylation was frequently found to be altered by
exposure to air pollution (82-84). Alu methylation was also
significantly altered in three studies (84,85,87) and Sata in
one study (88). Lastly, global methylation in healthy adults
was decreased following exposure to AAP (86). Despite the
small number of available studies, the replication of findings
supports AAP’ influence on global methylation levels, and
these epigenetic changes can contribute to carcinogenesis at
least as much as genetic changes.

DNA hypomethylation in childven and pre-natal exposures

‘Two studies investigated global methylation in cord blood
and placenta samples and found significant associations with
prenatal PAH and PM2.5 exposures (65,89). In addition,
when comparing children from the polluted region of Ostrava
to children from the non-polluted region of Prachatice,
Rossnerova er al. [2013] (90) found 9,916 differentially
methylated CpGs of which 58 had methylation differences
of >10%. All these sites were found to be hypomethylated in
Ostrava children demonstrating a significant impact of AAP
on the methylation patterns of children.

Critical issues in evaluating the relationship
between AAP and biomarkers

Using the pool of evidence on DNA-adducts and DNA
methylation as paradigms, a number of critical issues in
health impact evaluations using biomarkers arise and several
directions for the future of the field can be drawn. The
lessons learnt from the experience are critical since the
mechanisms through which AAP causes cancer remain to be
elucidated and biomarkers of exposure can be incorporated
in more accurate exposure assessments.
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Confounding

Only 17 of the studies on DNA adducts reviewed here,
adjusted for various potential confounders and not all
have adjusted for smoking and PAHs in diet, indicating
lack of adequate adjustment for confounding. Dietary
habits can affect DNA adduct formation, as studies have
demonstrated strong negative associations between DNA
adducts and consumption of fresh fruit and vegetables, olive
oil, and antioxidants as well as positive associations between
consumption of charbroiled food and DNA adducts (91,92).
In addition, there is almost complete consensus amongst
studies in humans, in animals and iz vitro that smoking,
whether active or passive, is associated with DNA adduct
formation (93). Also, a recent study has evidenced city-specific
spatial and temporal environmental inequalities that relate
to the historical socioeconomic make-up of the cities (94).
These inequalities become especially important in studies
comparing subjects from different cities/rural-urban areas.
Considering that PAHs in diet, smoking, exposure to second
hand smoke, and socioeconomic status are factors that have
an impact on DNA adduct and protein formation, inclusion
of these exposures as potential confounders is imperative
when investigating the association between exposure to
AAP and DNA adducts. It is conceivable, therefore, that
the next generation of biomarker studies in relation to AAP
could and should address confounding in a more systematic
way (e.g., by measuring cotinine as a more accurate
reflection of exposure to tobacco). In contrast, almost all
studies assessing DNA methylation changes, perhaps due to
being more recent, have adequately adjusted for a number
of clinical and environmental confounders, including
smoking. Further highlighting the inadequate adjustment
in the DNA adducts reviewed studies, the confounders
considered did not address other carcinogenicity pathways
such as inflammation and epigenetics. Considering that
these are pathways shown to be influenced by AAP (95-97)
and are also shown to be implicated in carcinogenicity
(96,98), future studies should use in confounder adjustments
markers that are relevant to more than one carcinogenicity
pathways.

Reversibility of changes and individual susceptibilities

A second issue that arises from the review of the evidence
pool on DNA adducts, is the plasticity and reversibility
of the biomarker investigated. Whereas protein adducts
cannot be repaired and thus better reflect exposure, DNA
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adducts can be eliminated by DNA repair mechanisms and
are therefore more transient indicators of external exposure.
DNA methylation changes have also been shown to be
reversible. In addition, other markers of AAP exposure
have differential response and step transition times varying
at each step with half-lives counted in hours for e.g.,
1-hydroxypyrene (1-OHP), oxidized nucleobases, and gene
expression, whereas bulky adducts show half-lives of weeks
and for chromosomal aberrations (CAs) and micronucei the
half-life can be years (95). Hence timing of exposure and
the kinetics of the carcinogen and biomarker need to be
incorporated in the design of future studies.

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 involved in adduct formation and DNA repair (i.e., the
CYP1AL, Mspl, and GSTMI null genotypes, the XRCC3-
241Met homozygote variant allele, and the XPD-Lys751GIn
polymorphism with at least 1 variant allele) (99-103).
Recently, it was demonstrated the even mitochondrial
genetic background can modify the relationship between
AAP and biomarkers of inflammation, because of the role of
mitochondria in reactive oxygen species production (104).
Thus, individual susceptibility can influence different
carcinogenicity pathways in different and multi-faceted
ways, highlighting the importance of its inclusion in such
investigations.

Intensity, duration, and timing of exposure

Furthermore, the issues of intensity, duration, and timing
of exposure are of primary importance when evaluating the
impact of AAP. As previously discussed, studies show that
developing fetuses are more susceptible than adults to the
carcinogenic effects of PAHs (44,62,68). Exposure at this
critical developmental 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 (105). Similarly, timing of exposure
can be of relevance to other air pollution carcinogenicity
biomarkers. For example, exposure to coal and wood
smoke after the age of 20 was shown to reduce global DNA
methylation levels, but exposure before 20 years was not
associated with methylation changes (106).

Studies also show that exposure to PAHs and DNA
adduct formation are not linearly associated (69). Instead,
among highly exposed subjects the level of DNA adducts
per unit of exposure was significantly lower than those at
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lower exposures (70).

There is little evidence in the literature about the impact
of duration of exposure on the formation of DNA adducts,
since no studies have investigated the impact of short-term
exposure on DNA adduct formation. However, with respect
to mortality, it has been shown that short-term exposure-
mortality associations were substantially lower than
equivalent long-term associations, a finding which suggests
larger, more persistent cumulative effects from long-term
exposures (107).

Lastly, the exact composition of AAP exposures needs
to be defined in future studies. According to a recently
published study, the size fraction of the particles in air
are likely to affect different pathophysiological pathways
independently (3), therefore AAP exposures with different
fractions of differently sized particles might have different
biological effects.

In order to add biological credibility and certainty to
the impact assessment of AAP, future studies need to aim in
bridging current gaps in knowledge about the timing of air
pollution effects, the influence of duration of exposure, and
the persistence of effects.

Target vs. surrogate tissues

Another important consideration is that most biomarker
studies available to date use surrogate tissues, such as
blood. AAP is more likely to have the largest impact on
sites of deposition where doses are highest, such as the
upper aerodigestive 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. Biomarkers that show great potential for
the assessment of AAP exposure and respiratory effects are
biomarkers in exhaled breath. Such biomarkers include but
are not limited to exhaled nitric oxide (FeNO), exhaled
breath condensate (EBC) pH, 8-isoprostane, and interleukin
1B (108,109). These exhaled biomarkers of airway oxidative
stress and inflammation can provide a more reliable
indication of biologically effective dose with respect to
respiratory effects than biomarkers in surrogate tissues (109).
Biomarkers relevant to other carcinogenicity mechanisms in
exhaled breath remain to be identified.

Measurement error and other biases in study design and

analysis

Even though the use of biomarkers can improve exposure

© Journal of Thoracic Disease. All rights reserved.

assessment in future investigations, the studies included
in this manuscript point to an overall need for better and
more carefully designed studies to assess the carcinogenicity
of AAP. The majority of studies reviewed here used
measurements from stationaly air pollution monitoring
stations or residence/occupation in a heavily polluted city
as proxies to personal exposure to AAP. However, future
studies should rely more on individual exposures with the
use of mobile, individual sensors, as some of the more
recent studies have (66,88). In addition, studies focusing
on the comparison of means can only account for a limited
number of confounding factors (7izble 2), introducing bias,
and thus more sophisticated statistical analyses should be
the preferred in future investigations.

Despite the discussed limitations, DNA adducts and
DNA methylation are undeniably valuable biomarkers of
exposure and early biological effect regarding AAP. A recent
review (95) recognized in addition to DNA adducts and
DNA methylation, 1-OHP, CAs, micronuclei (MN), and
oxidative damage to nucleobases, as valid biomarkers of
exposure to air pollution. These biological markers cover
the whole spectrum of progression from external exposure
to tumour formation. 1-OHP is an excellent marker of
internal dose for PAH exposure, and DNA adducts and
oxidized nucleobases are markers of the biologically
effective dose, whereas MIN, CA, and DNA methylation are
good markers of early biological effect (95). DNA adducts
and DNA methylation have also been suggested to be
predictive for the risk of future cancer (56,98,110,111).

Future directions

Application of DNA adducts and DNA methylation as
biomarkers of exposure and early biological effect in large
prospective studies on AAP has the potential to reduce
measurement error and elucidate possible mechanisms
of carcinogenesis. In addition, careful consideration of
confounders, use of personal air monitors, investigation of
different aetiologically relevant time-windows, and use of
target tissues where possible can also improve the quality
of future studies thus allowing more weight to be placed
on their conclusions. Therefore, high quality prospective
population studies can strengthen causality assertions and
improve understanding, offering possible avenues through
which to combat the problem of AAP carcinogenicity.

The genomics era has led to great improvements
in the understanding of cancer biology, and together
with the development of high-resolution and high-
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throughput technologies interrogating other -omics
(such as epigenomics, transcriptomics, proteomics, and
metabolomics) they have yielded an unprecedented
perspective on cancer omics. These technologies and the
emerging knowledge can be used to identify even more
biomarkers of AAP exposure and carcinogenicity. Such
biomarkers will enable elucidation of new and better
understanding of existing carcinogenesis pathways, thus
advancing research and addressing the aforementioned
gaps in knowledge. Key to such investigations is a
multidimensional approach which will help put markers
from a specific -omic level into the broader, cellular and
molecular context.

Lastly, future studies can be of a transitional nature,
aiming to bridge the gap between lab experimentation and
population based epidemiology. Validation of iz vitro results
and incorporation of in vitro markers in population studies
will also strengthen causality inferences, offering multi-level
evidence for the carcinogenicity of AAP and the importance
of timing, duration, intensity, reversibility of changes and
individual susceptibility.

Conclusions

In conclusion, DNA adducts and DNA methylation are
important biomarkers that can be used in the investigation
of the relationship between AAP and its carcinogenic
effects, as they not only improve exposure assessment
but also increase our understanding of mechanisms
underlying this association. These biomarkers should be
used in properly designed future studies of air pollution
carcinogenicity. These studies are needed to address current
knowledge gaps which would in turn open avenues for
prevention, diagnosis, and treatment of cancers and other
diseases resulting from air pollution exposure.
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