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Abstract

Oxidative-stress-induced damage to DNA includes a multitude of lesions, many of which are mutagenic
and have multiple roles in cancer and aging. Many lesions have been characterized by MS-based methods
after extraction and digestion of DNA. These preparation steps may cause spurious base oxidation, which is
less likely to occur with methods such as the comet assay, which are based on nicking of the DNA strand
at modified bases, but offer less specificity. The European Standards Committee on Oxidative DNA Damage
has concluded that the true levels of the most widely studied lesion, 8-oxodG (8-oxo-7,8-dihydro-2’-
deoxyguanosine), in cellular DNA is between 0.5 and 5 lesions per 10° dG bases. Base excision repair of oxid-
ative damage to DNA can be assessed by nicking assays based on oligonucleotides with lesions or the comet
assay, by mRNA expression levels or, in the case of, e.g., 0GG1 (8-oxoguanine DNA glycosylase 1), responsible
for repair of 8-oxodG, by genotyping. Products of repair in DNA or the nucleotide pool, such as 8-oxodG,
excreted into the urine can be assessed by MS-based methods and generally reflects the rate of damage.
Experimental and population-based studies indicate that many environmental factors, including particulate
air pollution, cause oxidative damage to DNA, whereas diets rich in fruit and vegetables or antioxidant sup-
plements may reduce the levels and enhance repair. Urinary excretion of 8-oxodG, genotype and expression
of 0GG1 have been associated with risk of cancer in cohort settings, whereas altered levels of damage, repair
or urinary excretion in case-control settings may be a consequence rather than the cause of the disease.

Introduction
Multiple exogenous and endogenous sources generate ROS
(reactive oxygen species) in mammalian cells. The exogenous
sources include radiation, air pollution and a wide range
of chemicals, whereas endogenous sources of ROS include
mitochondrial respiration, inflammation, biotransformation
and other metabolic processes [1]. Resulting oxidative stress
can cause damage to any base or sugar moiety in DNA and
SBs (strand breaks), some of which are depicted in Figure 1
and are described thoroughly elsewhere [2,3]. The importance
of DNA oxidations is emphasized by their mutagenic
potential, although there are multiple additional roles in
aging and cancer, including, e.g., mitochondrial function,
microsatellite instability and telomere shortening. To deal
with oxidized DNA lesions, a multitude of repair systems
have evolved, including BER (base excision repair), ligation,
NER (nucleotide excision repair) and mismatch repair which
have overlapping specificity and may interact or function
as back-up systems [3]. The oxidatively damaged bases are
preferentially repaired by enzymes of the BER pathway [4,5].
The recognition of the importance of oxidative damage to
DNA has spawned a great interest in possibilities and prob-
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lems related to its formation, measurement, prevention, repair
and consequences in both experimental settings and human
populations [6]. The use of such measurements in populations
may characterize relevant environmental exposures and pre-
dict risk of diseases such as cancer [7]. The notion that fruits
and vegetables or antioxidant supplements might prevent
cancer by reducing the DNA damage rate or improving repair
has received particularly great attention in human studies [8].

Measurement and importance of DNA
oxidation lesions

Oxidative damage to DNA in cells and tissues can be
measured by GLC-MS, HPLC with electrochemical or
MS/MS (tandem MS) detection, immunoassays, **P-post-
labelling and methods such as the single-cell gel electro-
phoresis (comet) assay and alkaline elution based on nicking
of DNA strands at lesions [9]. Except for the nicking-
based and some immunoassays, all of the chromatographic
techniques require extraction of DNA before enzymatic di-
gestion, whereas GLC-MS requires both acid hydrolysis and
derivatization. The major problem found in measuring oxid-
ized bases in DNA is the occurrence of spurious oxidation
during these sample-preparation steps as outlined in Figure 1
[9]. DNA extraction is a critical issue, and the derivatiz-
ation required for GLC-MS is particularly problematic,
as described by the European Standards Committee on
Oxidative DNA Damage (ESCODD), which organized a
large inter-laboratory validation exercise with 25 member
laboratories in which coded samples with defined numbers
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Figure 1| The most well described oxidatively formed lesions in DNA and the most widely used assays with indication of specificity and
extent of potential problems of spurious oxidation during sample work up and analysis
FapyAde, 4,6-diamino-5-formamidopyrimidine; FapyGua, 2,6-diamino-4-hydroxy-5-formamidopyrimidine; 5-OHdC, 5-

hydroxy-2’-deoxycytidine; 5-OHdU, 5-hydroxy-2’-deoxyuridine.
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of 8-oxodG (8-oxo-7,8-dihydro-2’-deoxyguanosine) and
other oxidized guanine lesions were analysed [9]. ESCODD
also concluded that the true levels of 8-0xodG in cellular
DNA is between 0.5 and 5 lesions per 10° dG bases. Among
the oxidized DNA lesions, 8-oxodG has been the most
studied so far because of mutagenic properties in terms
of G>T transversions [5]. The advances particularly in
MS-based analysis now allows inclusion and highly specific
determination of more lesions, particularly by the use of
heavy-isotope-labelled internal standards [10-12].

The comet assay may be the most widely used non-
chromatographic method for assessment of oxidative damage
to DNA [13]. It detects SBs and abasic sites, whereas base
oxidations can be detected by digesting the DNA with
enzymes such as FPG (formamidopyrimidine glycosylase) or
endonuclease III, which nick DNA at oxidized purines and
pyrimidines respectively [14]. This method is recommended
for detection of these lesions with minimum risk of spurious
oxidation [9]. However, it cannot determine specific base ox-
idations because of the insufficient specificity of the enzymes.

Measurement and importance of repair of
DNA oxidation lesions

The complex repair pathways of oxidized bases need to
be taken into account in the interpretation of the levels in

DNA [5]. As shown in Figure 2, a system of repair enzymes
OGGI1 (8-oxoguanine DNA glycosylase 1), NEIL1 (nei-like
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1) and MUTYH (mutY homologue) have been shown to
be central for the prevention of mutations arising from
8-0x0dG in DNA with potential supplementary roles of
NER and the suggested nucleotide incision mechanisms [3].
OGGTI cleaves the 8-0x0G (8-oxoguanine) base from DNA,
whereas the NEIL1 glycosylase may serve as OGG1 backup
[4]. Formamidopyrimidine derivates of guanine and adenine,
5-hydroxyuracil and thymine glycol are preferred substrates
of NEIL1, whereas the activity towards 8-0xoG is weak
and mainly limited to excising lesions in close proximity to
the 3’-end of single SBs, DNA bubbles and single-stranded
structures, where OGG1 has very limited activity [4].
Additionally, NEIL1 may, like AP (apurinic/apyrimidinic)
endonuclease 1, support the action of OGG1, which is
bound to the abasic site after removal of 8-0x0G in DNA
[5].- MUTYH is a mismatch DNA glycosylase that removes
adenine mis-incorporated opposite an oxidized guanine. This
allows insertion of a dC nucleotide and a new possibility for
removal of 8-0xoG by OGGl1, which fortunately has low
affinity when this lesion is opposite adenine.

In addition to oxidation in the DNA, guanine can also
be oxidized in dGTP. NUDT1 (NDP-linked moiety X-type
motif 1) cleaves the pyrophosphate of 8-0xodGTP, which,
upon further degradation, is excreted in the urine as 8-oxodG.
The removal of 8-0xodGTP from the nucleotide pool is im-
portant because otherwise it may be incorporated into DNA
during replication. Recently, a salvage pathway recycling
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Figure 2 | Sources of formation and repair pathway of guanine oxidation in DNA or in the nucleotide pool
0GG1, NEILT, NUDT1T and MUTYH have been shown to be central for the prevention of mutations arising from 8-0xodG in DNA
with potential supplementary roles of NER transcription-coupled repair and the suggested nucleotide incision mechanisms

(NIR).
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8-0x0dG by phosphorylation has been described in vitro
[15]. However, it appears unlikely that the high substrate
concentrations can reflect the i vivo situation and recycling
of a mutagenic lesion removed with high specificity does not
seem favourable from an evolutionary point of view [16].

In principle, there are two different approaches to measure
the enzymatic DNA repair activity in cells [17]. Lesions can
be introduced in DNA in viable cells, and the repair activity is
assessed as the removal of lesions during a subsequent incub-
ation period. The most popular type of repair activity meas-
ured by the comet assay has been the measurement of rejoin-
ing of SBs after ex vivo exposure to clastogens such as hydro-
gen peroxide or ionizing radiation [14]. Although these assays
for DNA repair activity are simple, they suffer from the draw-
back that the genotoxic exposure may damage the repair pro-
teins and initiate apoptosis. Moreover, SBs are generated in
cultured lymphocytes as a result of exposure to atmospheric
oxygen, and they can also accumulate as a consequence of
poor repair activity. The validity of repair assays based on the
rejoining of SBs in antioxidant intervention studies has been
questioned because they cannot distinguish between rejoin-
ing of SBs and ex vivo scavenging effects by antioxidants [18].

These problems can be overcome by assays where extracts
of cells are incubated with substrate DNA containing
a defined number of lesions. Nicking assays with 8-
0x0dG-containing oligonucleotides have been used in large
population studies using extracts from leucocytes and, to
a more limited extent, tumour tissues collected in human
population studies [19-21]. A novel version of the comet
assay has been developed for the measurement of oxoG
repair activity of cell extracts using substrate nuclei treated
with the Ro19-8022 photosensitizer and white light that
generates 8-oxodG and very few SBs [22]. The glycosylase

enzymes incise at the sites of oxidized bases and the repair
activity is measured as the number of incisions that are
generated during the incubation. This approach has been
used in a few studies and indicates that dietary antioxidants
can alter DNA repair activity [17,23]. The repair activity of
Ro019-8022-damaged DNA is believed to mainly represent
OGGT1 [22], whereas NEIL1 and NER enzymes probably
make little contribution to the overall repair phenotype.

Theactivity of NUDT1 can be assessed in tissue extracts by
measurement of the 8-0xodGMP formed from 8-0xod GTP
by HPLC analysis [24]. The expression levels of mRNAs of
DNA repair enzymes have also been used to estimate repair
capacity and demonstrate up-regulation of, e.g, OGGI
transcription from oxidative stress [25,26]. However, the
correlation between the mRNA levels and the OGGI-
related incision activity is not strong [20,23,27]. NUDT1 also
appears to be subject to regulation as shown by increased
expression by oxidants in cell culture systems [15,28].

The 5 OGG1 (human OGG1) gene has a common genetic
polymorphism with a variant S326C, which appears to in-
crease susceptibility to ROS in vitro; however, 8-0xod G levels
and incision activity towards an 8-oxodG-containing oligo-
nucleotide in extracts from leucocytes and target tissues gen-
erally showed no difference between the genotypes [23,24],
whereas the comet-assay-based OGG1 activity measurement
showed substantial difference between the genotypes [29].

Urinary excretion of DNA base damage
repair products

The urinary excretion of products of damaged nucleotides
from cellular pools or DNA may also be important. Of
the many oxidative damage products, 8-0xodG is also the
most studied in urine with assays based on HPLC-EC
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Table 1 | Studies addressing the possible protective effect on oxidative damage to DNA of diet rich in or supplements of antioxidants

and of high-quality design as identified in [43]

0Of a total of 145 identified intervention studies, 45 with a total of more than 2300 participants could be included for the listing here, and they are
divided into studies showing a significant effect reduction in levels of damage (pos) or showing null effects of the intervention on the biomarkers.

Type of intervention

All interventions

Antioxidant supplements  Antioxidant-rich diets

Oxidized pyrimidine by use of endonucelase Ill enzyme in the 5 pos/10 null 3 pos/3 null 2 pos/7 null
comet assay

Oxidized purines by use of FPG enzyme in the comet assay 2 pos/5 null 1pos/2 null 1pos/3 null

8-0x0dG measured in mononuclear blood cells by HPLC-based 3 pos/3 null 1pos/3 null 2 pos/0 null
analysis, excluding studies with levels =10 per 10° dG bases

8-0x0dG measured in urine by HPLC-based analysis 6 pos/10 null 1pos/6 null 5 pos/4 null

8-0x0dG measured in urine by ELISA 3 pos/8 null 1 pos/5 null 2 pos/3 null

Total 16 pos/29 null 6 pos/14 null 10 pos/15 null

(electrochemical detection), CE (capillary electrophoresis)—
EC, GLC-MS, HPLC-MS/MS and ELISA [30]. ELISA
yielded severalfold higher concentrations, although with
reasonable correlations; » = 0.42, 0.83 and 0.88 were obtained
in three different trials, with the highest correlations being
achieved when HPLC-purified fractions of 8-oxodG were
used before the antibody-based detection step [9-11]. This
discrepancy was substantiated further by comparison be-
tween the ELISA and a HPLC-MS/MS-based analysis [31].

In a steady state, the urinary excretion of 8-oxodG and
similar products should, in principle, reflect the average rate
of oxidative damage in the whole body, whereas the level of
lesions in DNA from target cells or surrogate cells, such
as leucocytes, should reflect the balance between damage
and repair only in these cell types [12]. The relatively
limited influence of the repair capacity in steady state was
demonstrated by the only 26% lower 8-0x0G excretion and
unchanged 8-0x0dG excretion in OGGI-knockout mice
[32]. So far, the presence of purines or oxidized DNA in
the diet has not been shown to contribute to the urinary
excretion of 8-0xoG and 8-oxodG [33,34]. Nevertheless, a
study with more than 100 subjects showed no correlation
on an individual level between the levels of 8-oxodG in
leucocytes and the excretion of 8-oxodG and 8-oxoG
measured by chromatographic methods [13].

Influence of environment, diet and
supplements

Inhalation of direct or indirect oxidants has been associated
with elevated DNA oxidation. Short-term exposure to
ambient air levels of vehicle emissions, especially ultrafine
particles mainly found in diesel exhaust, has been shown to
increase the levels of oxidized purines in lymphocytes [27,35—
37]. Animal studies indicate that prolonged exposure to diesel
exhaust particles induce OGG1 expression and no increase in
8-0x0dG levels [25]. Very recently, exposure to wood smoke
in humans was shown to increase YOGG1 mRNA levels and
possibly excretion of 8-0x0G and 8-0x0dG, although this was
not statistically significant [38]. Similarly, long-term heavy
exposure in bus drivers can cause increased urinary excretion
of 8-0x0dG [39]. Smokers have consistently elevated urinary
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excretion of 8-oxodG, whereas the levels in lymphocytes
appears to be more variable [6]. This could be due to different
regulation of the repair mechanisms among smokers and
non-smokers, although such studies of repair activity have
shown mixed results, and there might be interactions with
nutritional status and antioxidant intake [17,21,40].

The possible protective effect on oxidative damage to
DNA of diets rich in or supplements of antioxidants has
been addressed in a large number of studies, as outlined in
several reviews [8,41-43] and in Table 1. The biomarkers have
included oxidized bases in leucocytes or urinary excretion of
8-oxodG. Of 145 intervention studies identified, 45 were of
good design quality with control of confounding from other
time-dependent factors. Typically parallel group or cross-
over designs in random orders were used. More than a third
of the intervention studies showed reduced levels of damage
during intervention. This is significantly more than expected
by chance, and similar size and power in studies with and
without reports of significant effects indicate that this is not
likely to be due to publication bias [8,43]. Although not stati-
stically significant, there are trends that antioxidant foods
are more efficient than supplements, especially with respect
to urinary excretion of 8-oxodG, and that the effects are
more likely to be demonstrated in subjects with oxidative
stress [43]. Nevertheless, the real problem may be that very
few studies have statistical power to detect effects that are
of realistic size, i.e. reductions of 10% or less, and the large
differences in protocols preclude use of meta-analysis.

Relationship between oxidative damage
to DNA and risk of cancer

The variant allele of the 5 OGGI polymorphism has been
shown to be weakly associated with risk of lung cancer in
a large scale study and meta-analysis [44,45]. The relatively
weak association may be related to the fact that the genotype
requires interaction with environmental factors to affect risk.
Thus exposure to smoky coal was a particular risk factor for
adenocarcinoma of the lung among carriers of the variant
hOGG] allele [46], whereas fruit and vegetable intake was
only protective in relation to lung cancer in subjects homo-
zygous for the variant HJOGG allele [47]. The importance of



8-0x0dG for carcinogenesis is also underscored by observ-
ations that biallelic germline variants of the MUTYH gene
are associated with multiple colorectal tumours [4].

Several case-control studies have indicated a relationship
between high excretion rates of 8-0xodG or levels of oxidized
bases in DNA from leucocytes and risk of cancers [6]. Simil-
arly, hOGGT activity was shown to be reduced in mononuc-
lear blood cells from patients with cancer of the lung, head or
neck as compared with healthy controls [19,21,48]. Moreover,
the activity was correlated between the lung tissue and
mononuclear blood cells [19]. The 8-oxod GTPase activity by
NUDT!1 has been shown to be higher in tumour than normal
tissue from 33 patients [49]. However, these differences
could well be because the cancer disease affects the levels of
DNA damage and the repair capacity, and prospective cohort
studies are required to address causality [6]. Such studies are
extremely challenging because large numbers of subjects are
needed and measurement of oxidative damage to DNA in
leucocytes requires isolation of cells immediately after blood
sampling and cryopreservation in specific medium. So far,
only a few prospective studies have been able to address
this issue by means of urinary excretion of 8-oxodG and
by mRNA expression of yOGGI, NUDT! and MUTYH in
buffy coat samples stored from a cohort for 9-13 years [7,50].
Urinary excretion of 8-oxodG and expression of hOGGI
mRNA were positively associated with risk of lung cancer
in non-smokers and subjects with variant A OGG1 alleles
indicate further that these biomarkers of oxidative stress to
DNA bases are relevant for carcinogenesis.

Conclusion

Analytical validation of biomarkers of oxidative damage to
DNA bases, the related repair capacity and urinary excretion
of the resulting products is making good progress. Biomon-
itoring studies show consistent dose-response relationships
with respect to relevant exposures, e.g. air pollution, and the
variation is well described. Intervention studies of effects of
antioxidant supplements and diets indicate decreased levels
of oxidatively damaged DNA, partly due to increased repair.
Levels of oxidatively damaged DNA may be high and repair
capacity low in tumour tissue and leucocytes from cancer
patients, although these findings could be due to reverse
causality. Nevertheless, prospective study of oxidatively
damaged DNA of surrogate or target cells as a predictor
of risk is extremely difficult due to sampling and storage
problems, whereas genetic polymorphisms in the relevant
DNA repair genes are free from such concerns and support
the importance of oxidative damage to DNA for cancer
development. So far, urinary excretion of repair products and
expression of JOGGI mRNA were positively associated
with risk of lung cancer in non-smokers, and subjects with
variant JOGG] alleles support further this view.
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