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Abstract In living cells reactive oxygen species (ROS)
are formed continuously as a consequence of metabolic
and other biochemical reactions as well as external fac-
tors. Some ROS have important physiological functions.
Thus, antioxidant defense systems cannot provide com-
plete protection from noxious effects of ROS. These in-
clude oxidative damage to DNA, which experimental
studies in animals and in vitro have suggested are an im-
portant factor in carcinogenesis. Despite extensive repair
oxidatively modified DNA is abundant in human tissues,
in particular in tumors, i.e., in terms of 1-200 modified
nucleosides per 103 intact nucleosides. The damaged nu-
cleosides accumulate with age in both nuclear and mito-
chondrial DNA. The products of repair of these lesions
are excreted into the urine in amounts corresponding to a
damage rate of up to 10* modifications in each cell every
day. The most abundant of these lesions, 8-0x0-7,8-dihy-
dro-2’-deoxyguanosine (8-ox0dG), is also the most muta-
genic, resulting in GT transversions which are frequently
found in tumor relevant genes. A series of other oxidative
modifications of base and sugar residues occur frequently
in DNA, but they are less well studied and their biologi-
cal significance less apparent. The biomarkers for study
of oxidative DNA damage in humans include urinary ex-
cretion of oxidized nucleosides and bases as repair prod-
ucts and modifications in DNA isolated from target tissue
or surrogate cells, such as lymphocytes. These biomark-
ers reflect the rate of damage and the balance between the
damage and repair rate, respectively. By means of bio-
markers a number of important factors have been studied
in humans. Ionizing radiation, a carcinogenic and pure
source of ROS, induced both urinary and leukocyte bio-
markers of oxidative DNA damage. Tobacco smoking,
another carcinogenic source of ROS, increased the oxida-
tive DNA damage rate by 35-50% estimated from the
urinary excretion of 8-oxodG, and the level of 8-0x0dG in
leukocytes by 20-50%. The main endogenous source of
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ROS, the oxygen consumption, showed a close correla-
tion with the 8-oxodG excretion rate although moderate
exercise appeared to have no immediate effect. So far,
cross-sectional study of diet composition and intervention
studies, including energy restriction and antioxidant sup-
plements, have generally failed to show an influence on
the oxidative DNA modification. However, a diet rich of
Brussels sprouts reduced the oxidative DNA damage rate,
estimated by the urinary excretion of 8-oxodG, and the
intake of vitamin C was a determinant for the level of 8-
0xodG in sperm DNA. A low-fat diet reduced another
marker of oxidative DNA damage in leukocytes. In pa-
tients with diseases associated with a mechanistically
based increased risk of cancer, including Fanconi anemia,
chronic hepatitis, cystic fibrosis, and various autoimmune
diseases, the biomarker studies indicate an increased rate
of oxidative DNA damage or in some instances deficient
repair. Human studies support the experimentally based
notion of oxidative DNA damage as an important muta-
genic and apparently carcinogenic factor. However, the
proof of a causal relationship in humans is still lacking.
This could possibly be supported by demonstration of the
rate of oxidative DNA damage as an independent risk fac-
tor for cancer in a prospective study of biobank material
using a nested case control design. In addition, oxidative
damage may be important for the aging process, particu-
larly with respect to mitochondrial DNA and the patho-
genesis of inflammatory diseases.

Key words Oxidative DNA damage - 8-Oxo0-7,8-
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Abbreviations EC Electrochemical detection - ELISA
Enzyme linked immunosorbent assay - GC/MS Gas
chromatography — mass spectrometry - HPLC High-
performance liquid chromatography - 8-oxodG 8-
0Ox0-7,8-dihydro-2’-deoxyguanosine - RA Rheumatoid
arthritis - ROS Reactive oxygen species - SIM Selective
ion monitoring - SLE Systemic lupus erythematosus -
dTg Thymidine glycol - Tg Thymine glycol
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Reactive oxygen species and cancer

Knowledge about the pathogenesis of cancer is a prerequi-
site for both prevention and treatment of cancer. In living
cells reactive oxygen species (ROS) are formed continu-
ously as a consequence of both biochemical reactions and
external factors (Fig. 1). Antioxidant defense systems are
frequently inadequate, and damage from ROS has been
proposed to be involved in carcinogenesis and age-related
degenerative diseases [1-9]. Indeed, ROS may act at sev-
eral steps in multistage carcinogenesis (Fig. 1) [8-10].
ROS can damage DNA, and division of cells with unre-
paired or misrepaired damage leads to mutations. If these
relate to critical genes such as oncogenes or tumor sup-
pressor genes, initiation and/or progression may result.
ROS can interfere directly with cell signaling and growth
[10, 11], and cellular damage inflicted by ROS can induce
mitosis, increasing the risk that damaged DNA leads to
mutations and increasing the exposure of DNA to mutag-
ens, including ROS [12]. Mutations may also be induced
by recombination, gene conversion, and nondisjunction
during mitosis [12]. Moreover, mitogenesis increases the
possibility of clonal expansion of cells transformed by on-
cogene activation and/or tumor suppressor inactivation.

Epidemiological evidence from cross-cultural, longl—
tudinal, and case-control studies points almost unani-
mously to reduced risks for cancer, particularly in the
upper gastromtestmal tract and airways, associated with
a diet rich in antioxidants and/or a high content of anti-
oxidants in plasma samples [8, 13, 14]. Table 1 summa-
rizes a review of studies on the apparent relationship be-
tween cancer risk and the intake of fruit and vegetables.
However, so far the potentially active principals of the
fruit and vegetables have yet to be identified. Several ex-
tremely costly large-scale clinical intervention studies of
individual antioxidants have not been successful with re-
spect to prevention of lung cancer or colon adenoma
[15-18] although a combination of vitamin E, B-caro-
tene, and selenium reduced the risk of gastric cancer in a
micronutrient-deficient, high-risk population [19]. Ac-
cordingly, the role of oxidative DNA damage in carcino-
genesis needs to be defined. Moreover, this may provide
possibilities of using intermediary end-points of cancer
risk allowing improved focus of intervention strategies
before large-scale trials.

The present review focuses on estimation and risk
factors of oxidative DNA damage in man, in particular
related to the C-8 oxidation of guanine, the most abun-
dant and best studied lesion.

Fig. 1 Possible roles of ROSin  RQOS
multistage carcinogenesis .
~ ok ROS induced DNA damage
H.O, 2 - ,_
= fi= > o2 o
| \ N J \ i-' \
I\' - (X = .-3;;%\ mlf
(=8 = T o — s
NO P normal initiated initiated reneoplastic malignant
cell cell cells esion tumor
2 cancer
from e.g. ROS induced mitosis
metabolism
inflammation
radiation e mutations in oncogenes or
pollution tumor suppressor genes
Table 1 Studies of cancer risk .
in relation to intake of fruit and  Cancer No. pf Protective Harmful Relative risk:
vegetables. (Modified from a studies (P<0.05) (P<0.05) low vs. high intake
review by Block et al. [13]) (95% CI)
All sites 170 132 6 2.2 (1.2-7.0)
Lung 25 24 0 2.3(2.1-2.8)
Larynx 4 4 0 2.0(1.7-2.5)
Oral, pharynx 9 9 0 2.5 (0.5-5.8)
Esophagus 16 15 0 1.9 (0.7-4.8)
Stomach 19 17 1 2.5 (0.5-5.8)
Colorectal 27 20 3 1.9 (0.3-3.3)
Bladder 5 3 0 2.1(1.6-2.1)
Pancreas 11 9 0 2.8 (1.4-6.4)
Cervix 8 7 0 2.0(1.2-6.4)
Ovary 4 3 0 1.8 (1.1-2.3)
Breast 14 8 0 1.3(1.1-2.8)
Prostate 14 4 2 1.3 (0.6-3.5)




Sources of ROS

There are many sources of ROS in the human body
(Fig. 2) [20, 21]. During mitochondrial respiration 1-5%
of the oxygen undergoes single electron transfer, gener-
ating the superoxide anion radical (superoxide, O,~*) in
amounts corresponding to 2 kg per year for a human be-
ing [22]. Superoxide shows limited reactivity but is con-
verted to hydrogen peroxide (H,0,) by superoxide dis-
mutase [20, 21]. Reduction of hydrogen peroxide to wa-
ter is secured by catalase and glutathione peroxidase.
However, in the presence of transition metal such as iron
and copper hydrogen peroxide is reduced to hydroxyl
radicals (OH®"), the most deleterious ROS. Inhaled smoke
and polluted air as well as ingested food contain ROS
and compounds generating ROS by cooxidation/metabo-
lism [23, 24]. A variety of carcinogens, including ben-
zene, aflatoxin, and benzo[a]pyrene, may exert their ef-
fect partly through generation of ROS during their me-
tabolism [25-27]. Reperfusion of ischemic tissue leads
to generation of ROS through a variety of mechanisms
[28, 29]. The metabolism of arachidonic acid gives rise
to ROS and the respiratory burst from leukocytes in-
cludes superoxide and hypochlorous acid, a ROS known
from household bieach [20]. Nitric oxide is also a physi-
ological free radical produced by phagocytes in addition
to being a vascular relaxant and neurotransmitter {30].
Although neither nitric oxide nor superoxide is highly
reactive, the product of their mutual reaction, peroxyni-
trite, may generate hydroxyl radicals oxidizing DNA or
lead to nitrosation of proteins or deamination of DNA
[31]. Low wavelength ionizing radiation (e.g., gamma
and X-rays) generates ROS by cleaving water to hydrox-
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Fig. 2 ROS generated from one electron transfer in the mitochon-
drial respiration (1-5% of the consumed oxygen [22]) and other
endogenous and exogenous sources, the antioxidant defense sys-
tems, and potential damage to DNA with possible consequences.
PMN, Polymorphonuclear granulocytes; SOD, superoxide dismu-
tase; GSHpx, glutathione peroxidase
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yl radicals, superoxide, and hydrogen radicals [32]. UV
light is also an important source of ROS, including sing-
let oxygen [33].

Oxidative DNA damage products

ROS can attack any cellular structure or molecule. How-
ever, with respect to cancer DNA is considered the most
important target (Figs. 1, 2) [8, 9, 34]. Oxidative damage
to DNA includes a range of specifically oxidized purines
and pyrimidines as well as alkali labile sites and strand
breaks, formed directly or by the repair processes
[35-37]. The apparently most abundant and certainly the
most studied oxidative modification of DNA bases in-
volves the C-8 hydroxylation of guanine (Fig. 3), fre-
quently estimated as the oxidized deoxynucleoside, 8-
0x0-7,8-dihydro-2’-deoxyguanosine (8-oxodG) [5, 35,
38—40]. Oxidation of guanine can also lead to the ring
opened product 2,6-diamino-4-hydroxy-5-formamidopy-
rimidine [35]. Other abundant oxidatively modified
purines and pyrimidines include, 8-oxoadenine, 2-hy-
droxy adenine, FapyAdenine, 5-hydroxymethyluracil, 5-
hydroxycytosine, cytosine glycol and thymine glycol
(Tg). In addition, a large number of other modifications
of bases and sugars have been identified [35, 36]. All
these modifications are present in DNA, and the levels
can be increased in vivo or in vitro by systems generating
ROS. The yield of the individual DNA modifications is
highly dependent on which reactive oxygen species atre
involved. Thus, whereas singlet oxygen induces prefer-
entially 8-0xodG [33], superoxide has too low reactivity
to induce this modification at all [41], and hydroxyl radi-
cals can cause almost any modification [35]. In addition,
the target molecule conditions, such as oxygen tension,
chelation of the transition metals, and the presence of re-
ductants, may influence the yield and pattern of oxida-
tive DNA modifications [353, 36].

Repair of oxidative DNA damage

In vivo oxidative DNA damage is repaired continuously
by a variety of enzymes. Strand breaks are annealed, and
modified bases are excised as such or as nucleotides
(Fig. 3) [42, 43]. DNA glycosylases excise bases and
subsequently phosphodiester bonds on each site of the
abasic site are incised by endonucleases, allowing inser-
tion of an intact nucleotide. Some enzymes such as endo-
nuclease III possess both glycosylase and endonuclease
activities for repair of oxidized pyrimidines. The repair
products of this excision, including thymidine, Tg, and
hydroxyuracil, are excreted into the urine. The formami-
dopyrimidine-DNA glycosylase enzyme (Fpg; mutM) in
Echerichia coli repairs the oxidized purines 8-oxogua-
nine and 2,6-diamino-4-hydroxy-5-formamidopyrimi-
dine and to a lesser extent the corresponding adenine de-
rivatives by base excision [44]. The formamidopyrimi-
dine-DNA glycosylase protein appears to repair 8-oxodG
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Fig. 3 Oxidative damage to guanine residues (G) in DNA or in
the nucleotide pool and the relevant repair pathways. OH, Hydrox-
yl radical; 8-0x0dG, 8-o0x0-7,8-dihydro-2’-deoxyguanosine; 8-oxo-
Gua, 8-oxoguanine; polym, DNA polymerase; MutT, enzyme
system that cleaves the phosphates of 8-0xodGTP excretion [50,
111]
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in noncoding and actively transcribed mammalian DNA
sequences with equal efficiency [45]. After liberation of
the damaged base exonucleases incise the apurinic site
for insertion of a new nucleotide. In humans similar two-
step pathways yielding 8-oxoguanine have been identi-
fied, in addition, to repair of 8-0xodG by single-step ex-
cision of the complete nucleotide [46]. The UvrABC
complex in E. coli repair some oxidative DNA lesions by
excision of 11-13 nucleotides, including a damaged base
such as Tg, 8-oxoguanine, and 2,6-diamino-4-hydroxy-
5-formamidopyrimidine as well as abasic sites [47].

Oxidized nucleosides and nucleotides from the cellu-
lar pools may be incorporated into DNA and lead to AT
to CG base substitution mutations in case of 8-oxoGTP
(Fig. 2) [48, 49]. However, the so-called mutT enzyme
sanitizes the nucleotide pool by cleaving the phosphates
of 8-0xodGTP with high affinity [50]. In humans a ho-
mologue to this enzyme has been identified and the ge-
nomic structure and chromosome allocation described
[51, 52]. The expression of this enzyme appears to be
partly tissue and cell type specific [53]. In E. coli the
mutM and mutT repair enzymes cooperate functionally
with mutY, an enzyme which removes adenine misinsert-
ed opposite 8-oxoguanine in DNA [54].

A number of other mechanisms and postreplication
repairs are functional as further lines of defense [42].
Bacteria lacking one or more of the DNA repair mecha-
nisms have increased mutation frequencies. In humans
there are several disease categories with functionally de-
fect DNA repair systems [55, 56]. Some of these have
been shown to have increased cancer risk and increased
levels of oxidative DNA damage.

Consequences of oxidative DNA damage

Oxidative modifications of DNA bases can lead to muta-
tions if left unrepaired or repaired with errors before rep-

lication. The mutational spectra induced by specific ROS
have been studied in bacteriophage and plasmid DNA
[57]. From these studies it appears that although radicals
generated by ionizing radiation damage all four bases,
mutations are usually related to modifications of GC
pairs whereas modifications of AT pairs rarely lead to
mutations ([57] and references therein). The mutations
are clustered in hot spots and are mainly basepair substi-
tutions, whereas base deletions, large deletions, and in-
sertions are less frequent. Hydroxyl radicals from ioniz-
ing radiation induce mainly GC to CG or AT basepair
substitutions, depending on the DNA expression system,
whereas hydrogen radicals preferentially induce GC to
AT substitutions [57]. Singlet oxygen and 1,2-dioxetanes
preferentially induce 8-oxodG and GC to AT basepair
substitutions [33, 57-59]. In agreement, modified gua-
nine such as 8-oxoguanine and apurinic sites are mis-
paired mainly with adenine, at a frequency dependent on
the adjacent base sequences and the involved polymerase
[48, 60, 61]. In contrast, modified adenine, for example,
8-oxoadenine, does not seem to mispair or lead to muta-
tions [62]. Accordingly, the majority of mutations in-
duced by ROS appear to involve modification of gua-
nine, in particular 8-oxoguanine causing G to T transver-
sions. Indeed, 8-0x0dG induces codon 12 activation of c-
Ha-ras or K-ras oncogenes in mammalian systems {48,
49, 63, 64]. In human tumors G to T transversions are
among the most frequent hot spot mutations in the p53
suppressor gene [65, 66]. Moreover, in human fibroblasts
radicals generated from iron and hydrogen peroxide in-
duce GT and CA transversions at the important codon
249 hot spot in the p53 suppressor gene [67]. In addition
to the mutations related to mispairing to oxidized bases,
ROS may also cause reduced fidelity of DNA polymer-
ase B [68] and alter the methylation of cytosine and thus
gene control {69].

A role for ROS in the development of cancer in hu-
mans is further supported by the abundant presence of
oxidative DNA modifications in cancer tissue. Thus, the
lungs from cancer patients contain 25-75 8-oxodG per
10° deoxyguanosine in the apparently normal tissue and
two- to threefold higher values in the tumor, in addition
to a whole series of other oxidative DNA modifications
(Table 1) [70]. For comparison, polyaromatic adducts,
the hitherto suspected tobacco-related carcinogens, de-
termined by 32P postlabeling are 3-4 orders of magni-
tude less frequent than the oxidative modifications in
lung tissues of smokers and nonsmokers [71]. The uri-
nary excretion of 8-oxodG and related biomarkers sug-
gests that the rate of oxidative DNA modifications corre-
sponds to up to 104 affected bases per cell per day [38,
72-74].

In experimental carcinogenesis involving oxidants, 8-
0xodG and other oxidative DNA modifications accumu-
late in tumor tissue [75, 76]. Moreover, in rats the accu-
mulation of 8-0xodG in liver tissue and the later devel-
opment of preneoplastic lesions and in turn hepatocellu-
lar cancer induced by etinyl estradiol have been reduced
considerably by administration of the antioxidants, vita-



min C and E, and/or B-carotene [76]. Furthermore, rat re-
nal sarcomas induced by oxidizing nickel compounds
contained GGT to GTT transversion, consistent with 8-
0x0dG related mutations, in codon 12 of the K-ras onco-
gene [64].

Reports of exponential accumulation of 8-oxodG and
a correlation with deletions in mitochondrial DNA from
human heart muscle also indicate a role of oxidative
DNA modification from the respiratory chain in the mus-
cle weakness associated with aging [77]. Similarly, 8-
oxodG accumulates with age in both the mitochondrial
and nuclear DNA in the brain [78].

Biomarkers of DNA damage

Cellular DNA

The presence of oxidative damage in genomic and mito-
chondrial DNA from tissues and isolated cells may be
studied by a variety of methods. Gas chromatogra-
phy/mass spectroscopy with selective ion monitoring
(GC/MS-SIM) after acid hydrolysis of chromatin or iso-
lated DNA and derivatization of the bases has been devel-
oped and used extensively for determination of at least 20
different oxidized base and sugar products [35, 79]. For
quantitative analysis the use of isotopes as internal stan-
dards is recommended. However, the most widely used
methods involve enzymatic digestion of the DNA isolated
by various procedures to nucleotides. Usually the nucleo-
tides are further digested by alkaline phosphatase to nu-
cleosides which are subjected to high-performance liquid
chromatographic (HPLC) separation and detection by UV
and electrochemistry (8-oxodG) [39]. Conveniently, this
allows determination of a ratio between the modified and
intact nucleoside in one chromatographic run. Electro-
chemical detection (EC) may be used for some other oxi-
dized nucleosides such as 8-oxodeoxyadenosine and the
corresponding bases whereas thermospray mass spec-
trometry and radiometric detection of tritiated nucleo-
sides can be applied to the liquid chromatography meth-
ods [80, 81]. Alternatively, nucleotides can be subjected
to 32P postlabeling and chromatographic separation and
radiometric detection [82, 83]. In humans these methods
have been applied to accessible cells, such as leukocytes,
with or without separation of lymphocytes, and sperm
cells as well as surgically or postmortem removed tissues
from cancers and various nonmalignant diseases (Ta-
ble 2). Immunological methods have recently been intro-
duced with slot blot based estimation of 8-0xodG in in-
tact isolated DNA by means of polyclonal antibodies or
enzyme-linked immunoassay (ELISA) based estimation
of 8-0x0dG in DNA digested to nucleosides and purified
by an immunoaffinity column [84, 85]. The results of the
latter assay were highly correlated with the conventional
HPLC-EC assay, although when applied to human tissue
the values were six times higher [85].

One problem in relation to the analytical methods is
the frequently 10- to 100-fold higher values obtained by
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GC/MS-SIM than those obtained by the other methods
for oxidized base residues in DNA (Table 2) [86]. This
difference relates particularly to 8-oxodG although one
group has analyzed samples of DNA from plasma im-
mune complexes and of urine with both HPLC-EC and
GC/MS, finding identical results [87]. One early explan-
tation of the apparent discrepancies between the methods
involves a suggested breakdown of §-oxodG to 8-oxo-
guanine and deoxyribose during the preparations for
HPLC [86]. Recently, however, values similar to HPLC
results have been obtained by GC/MS analysis with new
DNA handling procedures [88-90]. These recent studies
also show that guanine and other base residues are exten-
sively oxidized during the derivatization procedures usu-
ally required for GC/MS analysis [89, 90]. Other prob-
lems relate to too high values from the HPLC methods
due to artifactual oxidation during the preparation of the
nucleosides. To minimize this it is recommended either
to avoid phenol or use a special pure grade for DNA iso-
lation and minimize the treatment with alkaline phospha-
tase [54, 91]. The use of antioxidants such as BHT has
also been recommended [92].

In groups of healthy subjects the reported mean levels
of 8-0x0dG in leukocyte DNA are 0.33-7.1 per 103 de-
oxyguanosine, with interindividual coefficients of varia-
tions between 20% and 64%. Regarding variation within
subjects the 8-0xodG levels in leukocytes showed no sig-
nificant correlation (r=0.28) in 19 subjects studied twice
[93] whereas another study reported an intraindividual
variation below 25% in an unknown number of repeated
samples [94].

Indirect methods of estimating oxidative DNA damage
include determination of strand breaks by alkaline elution
of DNA isolated from cells or tissue or by single cell gel
electrophoresis [95-97]. In the latter assay cells, typically
lymphocytes, are embedded in a gel, their membranes are
lysed and subjected to electrophoresis where the DNA
migrates to a comet shape according to the strand breaks.
Both these assays can be refined by treating the DNA
with the specific repair enzymes which introduce strand
breaks where oxidized bases are present [95, 98, 99].

Urine

The repair products from oxidative DNA damage, i.e.,
oxidized bases and nucleosides, are poor substrates for
the enzymes involved in nucleotide synthesis and are
fairly water soluble. Thus they are generally excreted in-
to the urine without further metabolism [38, 100]. Inject-
ed 8-0x0dG is completely excreted into the urine within
4 h in pigs [100]. Among the possible repair products
from oxidative DNA modifications 8-oxodG, 8-oxogua-
nine, Tg, dTg, and 5-hydroxymethyluracil have so far
been identified in urine [38, 72, 88, 101-103] (Table 3).
Of these 8-0xodG and the thymine derivatives are the
most intensively studied.

The assays for the urinary DNA repair products in-
clude HPLC with EC for 8-0xodG and 8-oxoguanine and
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UV for dTg and Tg, whereas all the repair products can
be measured by GC/MS-SIM [88, 103]. The HPLC
methods require extensive clean-up procedures such as
multiple solid-phase extractions, HPLC column switch-
ing techniques, or immunoaffinity columns [38, 72, 74,
104-107]. In both the GC/MS-SIM and HPLC methods
recovery may be a problem requiring labeled internal
standards, and the complicated procedures limit the ana-
lytical capacity. An ELISA assay based on monoclonal
antibodies has been developed for estimation of 8-oxodG
in urine samples [108]. However, the values obtained in
rat urine are three to five times higher than other pub-
lished values. Similarly, in four smokers studied before
and after smoking cessation the urinary 8-oxodG excre-
tion values estimated by the ELISA method were eight
times higher than and showed only a weak correlation
(r=0.42) with the values obtained by HPLC [109].

The repair pathway of 8-oxoguanine in DNA has been
debated in relation to the use of the base or the nucleo-
side as urinary biomarkers [105]. Two different DNA re-
pair enzymes, one with glycosylase activity and one ex-
cising single 8-0x0dG as a nucleotide, have been isolated
from nuclear extracts of a human cell line [46]. In exci-
sion repair deficient human cell lines plasmids contain-
ing 8-oxodG were replicated at a rate of only 25% of the
rate of proficient cell lines and with a three to fivefold
increased frequency of G-T transversion mutations typi-
cal for 8-0xodG [110]. This suggests that nucleotide ex-
cision is the most important pathway for 8-oxodG in hu-
mans. Moreover, the 8-oxodG phosphatase and 8-oxo-
dGMP nucleotidase selectively and rapidly convert the
liberated oxidized nucleotide to a nucleoside ready for
excretion [50, 111]. These enzymes also sanitize oxi-
dized dGTP from the cellular pool and allow its excre-
tion as 8-oxodG. In addition, digestion of damaged DNA
from cell renewal and mitochondrial turnover liberates 8-
oxodG. Animal experiments have shown that injected 8-
oxodG is readily excreted unchanged into the urine
whereas 8-0xodG in the diet or oxidation of deoxygua-
nosine during excretion does not contribute [38, 100,
105]. At least in rats dietary purines are an important de-
terminant of the excretion of 8-oxoguanine, which is far
larger than the excretion of 8-oxodG [105]. However, in
humans the excretion of 8-oxoguanine and 8-0xodG are
in the same range and both are increased by smoking
[74, 102]. Accordingly, although the exact relative im-
portance of the repair pathways remains to be deter-
mined, the urinary excretion of 8-0xo0dG reflects the gen-
eral average risk of a promutagenic oxidative adduct in
DNA of all tissues and organs. It is possible that 8-oxo-
guanine in the urine will become a valuable addition al-
lowing a complete account of the repair of 8-0x0dG in
DNA. The RNA oxidation product 8-oxoguanosine has
also been used a urinary biomarker [112]. The excretion
is three to four times higher than of 8-o0xodG.

The 24-h urinary excretion of 8-0xodG shows a sev-
enfold range within the studied populations and an inter-
subject coefficient of variation of 30—40% (Table 3). The
intraindividual coefficient of variation was 22% in 8 sub-

jects examined twice on a controlled diet for 10 weeks
[113], and in 20 subjects studied twice separated by 130
days the measured 8-oxodG excretion rates were signifi-
cantly correlated (r=0.73) [105]. In urine stored at —20°C
8-0x0dG is stable for at least 4 years ([113]; unpublished
observations). For Tg and dTg excretion the interindivid-
ual coefficients of variation range from 28% to 92% (Ta-
ble 3).

The use of the urinary excretion of repair products as
biomarkers of oxidative DNA assumes extensive repair.
After ionizing radiation the increase in urinary excretion
of Tg and 8-oxodG occurred within 24-h in humans
whereas excess 8-oxodG was removed from mouse liver
DNA after approximately 90 min [114-116]. In a study
of 8-0x0dG in human brain the accumulation rate in the
nuclear DNA corresponded to two lesions per cell per
day [78]. The reported values of the urinary excretion of
the repair product, 8-oxodG, are in the range
200-600 pmol/kg 24 h, which correspond to an average
of 168-504 lesions per day for each of the assumed
5%1013 cells in the body per day [74, 113]. In addition,
the alternative repair product 8-oxoguanine appears to be
excreted in similar amounts [102] Accordingly, the cal-
culated repair efficiency under these assumptions ranges
from 99.4% to 99.8%.

Due to the extensive and rapid repair the urinary ex-
cretion of the repair products reflects the average rate of
oxidative DNA damage in all the cells in the body. In
contrast, the levels of oxidized bases in DNA lympho-
cytes or other accessible cells reflects the steady-state
levels, i.e., the balance between damage and repair, albe-
it only in a surrogate for target tissues. Accordingly, the
two groups of biomarkers are supplementary.

Determinants of oxidative DNA damage

The extent of oxidative modifications in DNA in material
from humans has been studied in relation to a large num-
ber of factors and conditions (Table 2 and 3). In the ma-
jority of studies 8-0xodG has been the choice of mea-
surement. Whereas there is good agreement between dif-
ferent laboratories regarding the values of urinary excre-
tion of the repair products, the values obtained from
DNA isolated from tissues or cells differ by several or-
ders of magnitude, some of which may be related to the
choice of analytical method. For example GS/MS usual-
ly reports 10- to 100-fold higher values than HPLC-EC,
as discussed above. However, even using HPLC-EC the
average values of for example, 8-0xodG in leukocyte
DNA range from 0.3 per 105 deoxyguanosine in a group
of Japanese subjects to 7 per 105 deoxyguanosine in a
group of Italian subjects (Table 2) [117, 118]. Neverthe-
less, the relative difference between groups within each
laboratory appears to be of the same magnitude. More-
over, even the lowest reported number of 8-0x0dG equals
0.1 per 105 intact deoxyguanosine, i.e., two orders of
magnitude higher than adducts of classical aromatic car-
cinogens, such as benzo[a]pyrene in lymphocyte or lung



tissue DNA [71]. The combined urinary excretion rates
of 8-0xodG and 8-oxoguanine in healthy humans corre-
spond to an average oxidation rate of approximately to
300-1000 guanine bases per cell every day as previously
described. In addition, a plethora of other possible oxida-
tive modifications of DNA take place.

lonizing radiation, a classical and pure source of
ROS, particularly hydroxyl radicals, has in a few sub-
jects been shown to increase 8-0xodG levels in circulat-
ing leukocytes (Table 2) [119] and to increase the urinary
excretion rate of 8-0xodG and dTg (Table 3) [107, 114].
This indicates that oxidative DNA modification in vivo
can be detected in humans by means of the biomarkers.

Age

So far no published study has systematically addressed
age as a determinant of the markers of oxidative modifi-
cation of DNA in humans. From the studies involving
different age groups it appears that the urinary excretion
rate of the repair products decreases with age (Table 3).
However, the 8-oxodG levels in leukocyte DNA ap-
peared to increase linearly with age corresponding to
0.09£0.01 per 105 deoxyguanosine per year [118]. Simi-
larly, mitochondrial DNA from muscles and both nuclear
and mitochondrial DNA from brain accumulate 8-oxodG
with age [77, 78]. The accumulation of 8-0xodG in nu-
clear DNA from brain corresponds to approximately
0.04 modifications per 105 deoxyguanosine per year, or
two modifications per cell per day [78]. Similar results
regarding tissue DNA and urinary excretion of 8-oxodG
have been obtained in aging rats [3]. These data thus
suggest that the rate of damage decreases with age, pos-
sibly along with the decreasing rate of metabolism,
whereas the steady-state levels increases due to failing
repair.

Metabolism, exercise, and diet

A close relationship between the urinary excretion rate
of 8-0x0dG and 24-h oxygen consumption or the
change in resting metabolic rate after energy restriction
has been shown in humans [113, 120]. Similar correla-
tions, including dTg excretion, have been reported
across species [73, 103, 121, 122]. This apparent rela-
tionship between oxidative DNA damage and oxygen
consumption is thought to be due to the 1-5% undergo-
ing single electron transfers to generate ROS during
mitochondrial respiration [22]. Hydrogen peroxide for-
mation per milligram of mitochondrial protein [123]
and the summed mitochondrial surface area [124] have
been shown to be correlated with the metabolic rate
across species. In accordance, 8-0xodG is 10-15 times
more abundant in mitochondrial DNA than in nuclear
DNA [78, 125, 126]

Exercise would be expected to inctease the metabolic
rate and might thus increase the rate of oxidative DNA
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damage in parallel with the signs of lipid and protein ox-
idation related to exercise that has been well described
[127]. However, this notion is only partially supported
by the limited available data from athletes. Immediately
after running or swimming, involving energy expenditure
of approximately 30004000 kJ, the creatinine-corrected
concentration of 8-oxodG in urine was unchanged
whereas the levels of 8-0x0dG in lymphocyte DNA were
unchanged and reduced, respectively (Tables 2, 3) [128].
An unchanged 8-0x0dG to creatinine ratio was also re-
ported after a 6-min all-out rowing bout [129]. After 90-
min exercise bouts at 65% of maximal oxygen uptake
there was no significant change in the 24-h excretion of a
product of oxidative RNA modification, 8-oxoguanosine
[112]. However, these data should be interpreted with
caution since the extent of exercise was limited, the uri-
nary collection periods for 8-0xodG were very short, and
immediately after exercise and the creatinine concentra-
tion used for correction could be affected by increased
production during exetcise, as supported by increased
plasma concentrations of creatinine after running [128].
Similarly, acute changes in the lymphocyte DNA could
be related to the recruitment of young lymphocytes, as
shown by increased counts after exercise [128]. In fact,
10 h after a massive exercise effort in a marathon run a
130% increase in the urinary 8-oxodG to creatinine ratio
has been reported [130]. Moreover, data from the au-
thors” laboratory show a significant increase in the 8-
0oxodG to creatinine ratio in 20 soldiers after a period of
30.days with extensive exercise 8—~11 h per day [131].

In rodents energy restriction consistently increases
life span and reduces the incidence of both spontaneous
and well as carcinogen induced tumors {132, 133]. This
effect may be related to a decreased metabolic rate and
improved coupling of mitochondrial respiration with less
ROS generation [133, 134], in addition to increased ac-
tivity or expression of antioxidant and DNA repair en-
zymes [133-135]. Accordingly, in rodents energy restric-
tion is associated with decreased levels of oxidative
modifications in nuclear and mitochondrial DNA from
liver and mammary gland [136, 137] and with decreased
lipid peroxidation and oxidative modification of protein
[133, 134, 138, 139]. Similarly, in a single human sub-
ject energy restriction by 40-50% for periods of 10 days
reduced the urinary excretion rate of 8-oxodG and dTg
by 50-80% [103]. However, in a controlled study of 16
subjects on a diet containing 80% of their weight-main-
taining energy for 10 weeks there was a slight increase in
the rate of urinary 8-oxodG excretion and no change in
the 8-0xodG levels in lymphocyte DNA (Table 3) [113,
140]. In this study a control of 8 subjects continued on a
diet with 100% of their weight-maintaining energy.

The reduction in fat intake to a target of 15% of the
energy for 3-24 months reduced the level of 5-hydroxy-
uracil in DNA of circulating lymphocytes by 68% in 9 of
21 women at risk of breast cancer, compared to the re-
maining 12 who continued with a fat intake in excess of
30% of the energy [141]. However, a cross-sectional
study observed no relationship between the percentage
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of energy intake from fat and the excretion of 8-oxo-
dG[74].

With regard to the effect of metabolism, exercise, and
diet on the rate of oxidative DNA modification a clear
relationship has been shown for oxygen uptake, and mas-
sive exercise appears to increase the damage whereas
limited exercise may have no effect. Possible effects of
energy restriction and dietary fat have not been finally
established.

Tobacco smoking and other environmental exposures

Tobacco smoking has consistently been shown to in-
crease the urinary excretion rate of 8-oxodG by 30-50%
(Table 3) [74, 104, 120, 128]. Similarly, tobacco smok-
ing increased the creatinine-corrected concentration of
the alternative repair product 8-oxoguanine in the urine
[102]. With regard to leukocyte DNA two studies have
shown similar effects on the levels of 8-0xodG while one
study failed to show a relationship with smoking status
(Table 2) [93, 117, 118]. In DNA isolated from placentas
the 8-oxodG values estimated by ELISA were signifi-
cantly higher in smokers than in nonsmokers as deter-
mined by questionnaires although there was no signifi-
cant correlation with plasma cotinine levels [85].

The mechanism of oxidative stress from tobacco
smoking may involve both an increase in the rate of
metabolism with an increase in mitochondrial produc-
tion of ROS in the cells, and the presence of ROS and
ROS-generating compound in the smoke. Tobacco
smoke and several of its constituents, including hydro-
quinone and cathecol, have been shown in vitro to gen-
erate ROS and to induce oxidative damage to isolated
DNA and to produce 8-oxodG in cell cultures [142,
143]. The volatile phase of tobacco smoke induces lipid
peroxidation and lipoprotein oxidation in human plas-
ma in vitro [23]. In accordance, low concentrations of
the important antioxidants, ascorbic acid and [-caro-
tene, have been found in the plasma of smokers, sug-
gesting increased consumption and reduced antioxidant
capacity [23, 144, 145].

A number of toxic occupational and other environ-
mental exposures could be expected to act partly by in-
ducing oxidative damage to DNA. The biomarkers dis-
cussed in the present review seem well suited for the
study of such hypotheses. The leukemogenic effect of
benzene, a component of gasoline and an industrial
chemical, may be related to its metabolism and to induc-
tion of oxidative DNA damage, as shown by the forma-
tion of 8-0x0dG both in cell cultures and in bone marrow
in vivo [25]. Indeed, the creatinine-corrected urinary
concentration of 8-0xodG was found to be correlated sig-
nificantly (r=0.34) with benzene exposure in 65 fuel fill-
ing attendants [118]. Although asbestos induces 8-oxo-
dG in vitro [146], there was no significant difference be-
tween patients with asbestosis and a hospital control
without exposure [147]. Nevertheless, rubber, azo dye,
and asbestos-exposed workers from Poland have been re-

ported to have increased ratios of 8-0xodG to creatinine
in the urine [148]. Exposure to heavily polluted urban air
for 3 h increased the urinary creatinine corrected concen-
tration of 8-oxoguanine, the alternative repair product of
8-0x0dG in DNA [102].

So far, tobacco smoking and occupational or other en-
vironmental exposures known to be carcinogenic appear
to induce oxidative DNA damage. Whether this is an im-
portant part of their mechanism in man has yet to be
demonstrated.

Antioxidant and phytochemicals

Antioxidant supplementation could be expected to re-
duce the rate of oxidative DNA modification, but as yet
the data have provided limited support for this notion.
The daily administration of 20 mg B-carotene for 20
weeks had no effect on the excretion rate of 8-oxodG
[149] in smokers. In agreement, neither B-carotene nor
vitamin E reduced the risk of lung cancer in a large-scale
clinical intervention study involving approximately
30’000 smokers [15]. Similarly, the urinary excretion of
the RNA damage product, 8-oxoguanosine, was not af-
fected by the daily administration of vitamins C
(1000 mg) and E (533 mg) and B-carotene (10 mg) for 1
month [112]. In fact, a positive correlation between the
creatinine corrected 8-oxodG levels in urine and the
plasma levels of o-tocopherol has been reported in pa-
tients with cystic fibrosis [87], although a biological
mechanism for such an association is hard to conceive.
In contrast, the 8-oxodG levels in DNA from human
sperm depend on the concentration of vitamin C in the
seminal plasma, as shown both in relation to the sponta-
neous variation and as a result of vitamin C depletion
[150]. In this context sperm DNA may be a special case,
where vitamin C is the dominating antioxidant.

A potential DNA protective effect of specific vegeta-
ble components was suggested by a 28% reduction in the
rate of urinary 8-oxodG excretion after a diet with 300 g
Brussels sprouts in comparison with 300 g noncrucifer-
ous vegetables [151]. Indeed, cruciferous vegetables
such as Brussels sprouts and broccoli contain certain
phytochemicals which are anticarcinogenic possibly by
inducing enzymes scavenging electrophiles and by mim-
icking the cellular protective response to oxidative stress
[152, 153].

So far antioxidant supplementations have failed to al-
ter the estimated rate of oxidative DNA damage except
that vitamin C appears to be important for sperm DNA.
Similarly, controlled trials of antioxidants have generally
failed to show protection from cancer. Specific plant
constituents, for example, from Brussels sprouts, may be
responsible for the beneficial effects of vegetable- and
fruit-rich diets indicated by epidemiological studies [8,
13, 14]. The use of biomarkers of oxidative DNA dam-
age in intervention studies may target optimum combina-
tions of phytochemicals and antioxidant supplementation
for use in large scale cancer prevention trials.



Diseases

The biomarkers of oxidative DNA modifications have
been studied in relation to a variety of diseases, in partic-
ular cancers. A number of cancers from lung, colon, ova-
ry, and breast have been studied with the GC/MS-SIM
assays for a range of oxidatively modified DNA bases.
Most of these were found to be higher in cancerous tis-
sue than in the surrounding histologically normal tissue
(Table 2) [70, 154-156]. Moreover, in lung cancer tis-
sues decreased activities of the antioxidant enzymes su-
peroxide dismutase and catalase were also found [156].
However, although the comparisons are relative between
cancerous and noncancerous tissue, the data obtained by
GC/MS analysis should be interpreted with caution due
to the potential artifactual formation of oxidative modifi-
cations during sample preparation, as previously dis-
cussed. With the HPL.C-EC assay for comparison of 8-
oxodG in cancerous and cancer-free tissues the levels
were not increased in breast or liver cancer [157, 158]
whereas the levels were increased by 54% in renal cell
carcinoma [159].

Two studies have found an increased urinary excre-
tion rate of 8-oxodG or 8-oxodG to creatinine ratio in
patients with malignant diseases [104, 107], whereas a
third showed rates of Tg and dTg excretion similar to
those of healthy control subjects [160] (Table 3). Various
cancer treatments, including radiation and certain che-
motherapeutic agents, have been reported to increase the
8-0x0dG excretion rate [107, 114].

Higher levels have recently been reported of several
oxidative DNA modifications, including 8-oxodG, in hy-
perplastic tissue than in surrounding normal tissue in pa-
tients with benign prostatic hyperplastic [161]. The ex-
cess oxidative modification was apparently found in hy-
perplastic tissues with decreased activities of superoxide
dismutase and catalase, supporting a preventive role of
these antioxidant enzymes [161].

Transition metals such as iron and copper catalyze the
production of hydroxyl radicals in Fenton-type reactions.
Thus, Wilson’s disease and hemochromatosis with defect
storage and accumulation of copper and iron resulting in
liver cirrhosis would be expected to involve oxidative
DNA damage. Surprisingly, the levels of 8-oxodG were
not increased in liver tissue from patients with end-stage
disease requiring transplantation as compared with liver
tissue from donor organs (Table 2) [162]. However, it
should be noted that the 8-0xodG levels in the donor liv-
er tissue were much higher than the values reported by
other investigators (Table 2), and it may not be the prop-
er control. In fact, other yet unidentified bulky DNA ad-
ducts were found in the liver tissue from the patients
with the storage diseases [162]. Moreover, Long-Evans
cinnamon rats have a copper storage defect and develop
hepatic cancer preceded by increased 8-oxodG the liver
DNA [163].

The level of 8-0x0dG in liver tissue from patients with
chronic hepatitis is higher than normal tissue obtained at
liver resection for metastases [158]. Indeed, chronic hepa-
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titis is an important risk factor for development of hepato-
cellular carcinoma, which frequently contains GT trans-
versions potentially arising from 8-oxodG, in the p53 tu-
mor suppressor gene. Moreover, transgenic mice with
chronic hepatitis destined to develop carcinoma accumu-
late 8-0xodG progressively in the liver DNA [164].

Fanconi anemia is an autosomal recessive disease
characterized by chromosomal instability, cellular sus-
ceptibility to cross-linking agents, and oxygen and an in-
creased risk of malignant diseases, suggesting a link to
oxidative DNA damage [94, 165]. Leukocyte DNA from
these patients and to a lesser extent their siblings and
parents contains substantially increased levels of 8-oxo-
dG [94]. Moreover, transformed lymphoblasts from the
patients show increased susceptibility to 8-0xodG induc-
tion by incubation with hydrogen peroxide, possibly due
to a deficiency in catalase activity [165].

An important role of oxidative damage has been sug-
gested in autoimmune diseases including rheumatoid ar-
thritis (RA) and systemic lupus erythematosus (SLE).
Lymphocytes isolated from patients suffering from either
disease contain increased levels of 8-0x0dG in the DNA
[79]. In the urine the concentration of 8-0x0dG per creat-
inine is increased in RA patients compared to that in
healthy controls whereas SLE patients excrete virtually
no 8-oxodG [87]. A study on cultured blood monocytes
tsolated from SLE patients showed reduced capacity for
repair of 8-0xodG induced by incubation with hydrogen
peroxide [87]. In DNA isolated from immuncomplexes
precipitated from plasma 8-oxodG was a 100-fold more
abundant in SLE patients than in RA patients and com-
pared to usual values of nuclear DNA [87] (Table 2).
This oxidatively modified DNA may be a source of the
DNA antibodies characteristic for SLE. Accordingly,
both RA and SLE patients may suffer from an increased
rate of oxidative DNA damage, and the latter also from
deficient repair. This may contribute to the pathogenesis
and even to the increased risk of malignant diseases in
these patients [79, 87].

In patients with cystic fibrosis the creatinine-correct-
ed concentration of urinary 8-0xodG in urine was higher
than that in healthy controls, offering a possible explana-
tion of the increased cancer risk in these patients [166].
However, as creatinine production may be affected by
this disease, these data require confirmation from a study
with quantitative urine collection.

In summary, most studies involving cancer tissue or
other samples from patients with malignant diseases or
diseases associated with an increased risk of cancer show
signs of an increased rate of oxidative DNA modification
or in some instances deficient repair. This supports the
experimentally based notion of oxidative DNA damage
as an important mutagenic and apparently carcinogenic
factor. However, the proof of a causal relationship in hu-
mans is still lacking. This could be possibly be supported
by demonstration of the rate of oxidative DNA damage
as an independent risk factor for cancer in a prospective
study of biobank material using a nested case control de-
sign.
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Conclusion

Exposure to ROS and cellular production of ROS are
facts of life. Although a large number of protective
mechanisms, from antioxidants to DNA repair enzymes,
have been described, resulting oxidative damage to DNA
is abundant in human tissues. Accordingly, a concept of
balance between physiological/metabolic functions and
deleterious effects has emerged as the basis for develop-
ment of degenerative diseases, including cancer.

The most abundant oxidative DNA modification, 8-
oxo0dG, is also the most mutagenic one, resulting in GT
transversions frequently found in tumor-relevant genes. A
plethora of other oxidative modifications of base and sug-
ar residues frequently occurs in DNA, but they are less
well studied and their biological significance less appar-
ent. Several methods for invasive and noninvasive study
of oxidative DNA modifications in humans have
emerged. The biomarkers used in this context include uri-
nary excretion of oxidized nucleosides and bases as repair
products and modification in DNA isolated from surro-
gate cells, such as lymphocytes, or in target cells. These
biomarkers will reflect the rate of damage and the bal-
ance between the damage and repair rate, respectively.

The data from human studies obtained so far support
the experimentally based notion of oxidative DNA dam-
age as an important mutagenic and apparently carcino-
genic factor. However, the proof of a causal relationships
in humans is still lacking. In the future the use of the bio-
markers may provide this evidence and allow further in-
vestigation of the qualitative and quantitative importance
of oxidative DNA modification and carcinogenesis in hu-
mans and also elucidate possible preventive measures.
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