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ABSTRACT

Oxidative DNA damage is an inevitable consequence
of cellular metabolism, with a propensity for in-
creased levels following toxic insult. Of the molecules
subject to oxidative modification, DNA has received
the greatest attention, with biomarkers of exposure
and effect closest to validation. There are many che-
micals in workplaces that could cause oxidative DNA
damages such as carcinogens. This review concen-
trated on studies published between the years 2000
and 2012 that used to detect 8-oxodG in humans
(workers), laboratory animals and in cell lines. Given
the recent toxicological results from oxidative stress,
it is important to review these studies to improve the
current understanding of the oxidative DNA damages
by chemical exposures at work. It also suggests that
biomarkers may be responsible for understanding the
role of oxidative DNA damage in disease, highlighting
the need for further studies.
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1. INTRODUCTION

Chemically, oxidative stress is associated with increased
production of oxidizing species or a significant decrease
in the effectiveness of antioxidant defenses, such as glu-
tathione. Oxidative DNA damage is an inevitable cones-
quence of cellular metabolism, with a propensity for in-
creased levels following toxic insult.

The generation of reactive oxygen species (ROS) may
be both beneficial to cells, performing a function in inter-
and intracellular signalling, and detrimental, modifying
cellular biomolecules, accumulation of which has been
associated with numerous diseases. Nevertheless, even
based simply upon reports of studies investigating the
potential role of 8-OH-dG in disease, the weight of evi-
dence strongly suggests a link between such damage and
the pathogenesis of disease. There are many reports de-
scribing elevated levels of oxidatively modified DNA
lesions, in various biological matrices, in a plethora of
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diseases. These include cancer, Parkinson’s disease, Alz-
heimer’s disease, atherosclerosis, heart failure, myocar-
dial infarction, Schizophrenia, bipolar disorder, fragile X
syndrome, sickle cell disease and chronic fatigue syn-
drome. Oxidative stress is likely to be involved in age-
related development of cancer. The reactive species pro-
duced in oxidative stress can cause direct damage to the
DNA and are therefore mutagenic, and it may also sup-
press apoptosis and promote proliferation, invasiveness
and metastasis [1].

The presence of metals in biological systems in an
uncomplexed form (not in a protein or other protective
metal complex) can significantly increase the level of
oxidative stress. The major portion of long term effects is
inflicted by damage on DNA. Some of the less reactive
of these species (such as superoxide) can be converted by
oxidoreduction reactions with transition metals or other
redox cycling compounds (including quinones) into more
aggressive radical species that can cause extensive cellu-
lar damage. Disturbances in the normal redox state of
cells can cause toxic effects through the production of
peroxides and free radicals that damage all components
of the cell, including proteins, lipids, and DNA. Further,
some reactive oxidative species act as cellular messen-
gers in redox signaling. Thus, oxidative stress can cause
disruptions in normal mechanisms of cellular signaling.
Metals such as iron, copper, chromium, vanadium and
cobalt are capable of redox cycling in which a single
electron may be accepted or donated by the metal. Most
important reactions are probably Fenton’s reaction and
the Haber-Weiss reaction, in which hydroxyl radical is
produced from reduced iron and hydrogen peroxide. The
presence of such metals in biological systems in an un-
complexed form (not in a protein or other protective
metal complex) can significantly increase the level of
oxidative stress. In humans, hemochromatosis is associ-
ated with increased tissue iron levels, Wilson’s disease
with increased tissue levels of copper and chronic man-
ganism with exposure to manganese ores. The reaction of
transition metals with proteins oxidated by reactive oxy-
gen species can yield reactive products that accumulate
with time and contribute to aging and disease [2].

Occupational and environmental exposures to metals
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are closely associated with an increased risk of various
cancers. Although carcinogenesis caused by metals has
been intensively investigated, the exact mechanisms of
action are still unclear. Accumulating evidence indicates
that ROS generated by metals play important roles in the
etiology of degenerative and chronic diseases [3].

Oxidative stress-based biomarkers have proved to be
essential in revealing how oxidative stress may be medi-
ating toxicity induced by many known carcinogenic en-
vironmental or occupational exposures. For example,
Arsenic alters multiple cellular pathways including sup-
pression of cell cycle checkpoint proteins, promotion of
and resistance to apoptosis, inhibition of DNA repair,
alterations in DNA methylation, and increased oxidative
stress, by disturbing the pro/antioxidant balance. Arsenic
alters cellular glutathione levels either by utilizing this
electron donor for the conversion of pentavalent to triva-
lent arsenicals or directly binding with it or by oxidizing
glutathione via arsenic-induced free radical generation.
Arsenic forms oxygen-based radicals (OH', O ) under
physiological conditions by directly binding with critical
thiols [4].

Several methods have been developed to detect oxida-
tively damaged DNA. They include chromatographic
techniques, the Comet assay, *“P-postlabelling and im-
munochemical methods that use antibodies to detect oxi-
dized lesions. This lesion is frequently used as a marker
of exposure to oxidants, including environmental pollut-
ants, as well as a potential marker of disease progression
[5]. Especially, the Comet assay (single-cell gel electro-
phoresis) is a sensitive and simple method for measuring
DNA damage. An early modification of the assay in-
volved the application of specific repair endonucleases to
convert lesions to breaks; thus, for example, endonucle-
ase III was used to measure oxidized pyrimidines [6].

From the viewpoint of occupational health, the Indus-
trial carcinogens are mainly classified according to the
guideline of International Agency for Research on Can-
cer (IARC) as Group 1, 2A, 2B, 3 and 4. They are also
classified by American Conference of Governmental
Industrial Hygienists (ACGIH), Occupational Safety and
Health Administration (OSHA), National Toxicology
Program (NTP). The occupational carcinogen classified
by the Occupational Safety and Health Act in Korea is
1A (known or presumed human carcinogens largely
based on human evidence), 1B (known or presumed hu-
man carcinogens largely based on animal evidence) and
2 (suspected human carcinogens but not sufficiently con-
vincing) [7]. As shown in the Table 1, there are many
chemicals in workplaces that could cause oxidative DNA
damages such as carcinogens.

This review concentrated on studies published be-
tween the years 2000 and 2012 that used to detect 8-
0xodG in humans (workers), laboratory animals and in
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cell lines. There are many occupational issues associated
with oxidative DNA damages from chemicals at work.
Given the recent toxicological results from oxidative
stress to cells, animals and workers, it is important to
review these studies to improve the current understand-
ing of the oxidative DNA damages by chemical expo-
sures at work. It will be more helpful to establish the
sustainable, safe and healthy working environment against
oxidative stress from chemical exposure in workplaces.

2. RECENT IN VITRO ASSAYS FOR
OXIDATIVE DNA DAMAGES WITH
INDUSTRIAL CHEMICALS

Oxidative DNA damages can be monitored in a variety
of experimental settings. One of the “classical” appro-
aches is the testing of a variety of potential oxidants/
antioxidants in models with subcellular fractions and/or
intact cells. On the basis of the results, the most promis-
ing compounds can be selected for more expensive ex-
periments, that is, studies with animals and humans.
Halonitromethanes (HNMs) and trichloronitromethane
(TCNM) and bromonitromethane (BNM) are genotoxic,
inducing high levels of DNA breaks in the Comet assay,
and that this DNA damage repairs well over time. In ad-
dition, oxidized bases constitute a high proportion of
DNA-induced damage (50% - 75%) [8]. Para-pheny-
lenediamine (p-PD), a suspected carcinogen, is a com-
ponent of permanent hair dyes. It induced DNA damage
was confirmed by the comet and TUNEL assays. p-PD
induced apoptosis through activated initiator caspase-8
and -9, and effector caspase-3/7. It was suggested that
p-PD induce apoptosis which was mediated with cas-
pase-8, caspase-9 and caspase-3/7 activation via the in-
volvement of ROS [9]. The 4-Monochlorobiphenyl hy-
droquinone (PCB3-HQ; 2-(4’-chlorophenyl)-1,4-hydro-
quinone) induced DNA damage and ROS production
only at 37°C in HL-60 cells in Jurkat cells; no significant
DNA damage and ROS production was observed in
HL-60 cells at 37°C if myeloperoxidase (MPO) activity
was inhibited by MPO inhibitor (succinylacetone, SA).
These studies show that the effects of PCB3-HQ are en-
zyme dependent, i.e. PCB3-HQ is oxidized by MPO in
HL-60 cells with the generation of ROS and induction of
DNA damage. However, this is not the case with the
PCB3-pQ, which may produce DNA damage by the re-
activity of the quinone with the DNA or nuclear proteins,
or possibly by indirectly increasing intracellular ROS
levels by glutathione (GSH) depletion [10]. All the phe-
nolic compounds were able to oxidize DNA bases in
human lymphocytes, and also observed that pyrimidine
bases were more strongly oxidized in comparison to
purine ones. It was found that chlorinated catechols and
tetrachlorocatechol (TeCC) in particular, revealed a
higher oxidative potential in comparison to chlorophe-
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Table 1. Chemicals in workplaces that could cause oxidative DNA damages.
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Factor (chemicals etc.)

Industries or Jobs

Target organ

Physical element,
ionizing radiation

Sunlight

Dust, fiber, asbestos

Erionite

Silica, crystalline
Talc containing asbestiform fibres

Wood dust

Metal and metallic compound,
Arsenic and arsenic compounds

Beryllium

Cadmium (compound)

Chromium (VI) (compound)

Nickel (compound),
nickel oxide, nickel sulfide

Wood, fossil fuel and its by-product
benzene

Wood, fossil fuel and its by-product,
coal tar and pitch

Mineral

Vinyl chloride monomer

BCME, CME
Dyes of aromatic amine,
4-aminobiphenyl, benzidine,

2-naphthylamine

Agrichemicals, ethylene oxide

2,3,7,8-TCDD

Aflatoxin
Mustard gas

Strong-inorganic-acid mists
containing sulfuric acid

Formaldehyde

Medical doctor of radiology, radiologist, nucleolar worker, radium
dial painter, underground miner, crewman

Outdoor worker

Mining, milling, insulation, shipbuilding, sheet metal worker,
cement

Waste treatment, sewage, waste from agricultural industry,
environmental pollution control system, cement condensate,
building materials

Granite, stonecutter, ceramic, glass, casting and metal worker

Production of chinaware, paper, paint and varnish, cosmetic

Felling, lumbering, pulp, paper, paper board, furniture, cabinet,
carpenter, construction

Refining of nonferrous metals, arsenic compound, agrichemicals,
arsenic mining

Extraction and processing of beryllium, aerospace, electronic and
nuclear industry, jewelry

Cadmium refining, production of dry cell, cadmium-cupper alloy,
dye or pigment, plating

Manufacturing of chromic acid, dye or pigment, plating, chromium

alloy, stainless steel welding, preservation of wood, leather
manufacturing, waste water treatment, ink, perfume, etc.

Refining of nickel, welding

Solvent for shoe manufacturing, chemicals, pharmaceuticals,
rubber industry, printing, gas additive

Manufacturing of purified chemicals, coal tar products, coke,
aluminum, casting, pavement of a road and construction (roof, slater)

Metalwork, machining, printing, production of cosmetic, medicine

Manufacturing of polyvinyl chloride, refrigerant(before 1974),
extraction of solvent, (vaporizing)high-pressure gas

Media for manufacturing of plastic or rubber products, alkylating
chemicals, ion exchange resin

Manufacturing of dyes and pigment

Chemical industry, sterilization, disinfection

Herbicide of chlorophenol or chlorophenoxy, incinerator, PCB
manufacturing, bleachinf of pulp or paper

Feed production, cargo shipping, processing of rice or corn
Laboratory, soldier

Processing of preserved thing, steel making, petrochemical industry,
phosphatic fertilizer

Pathologist, technician of medical lab, plastic or textile industry

Bone, leuk(a)emia, lung, liver, thyroid
gland, etc.

Melanoma, skin

Lung, mesothelioma (larynx,
gastrointestinal tract)

Mesothelioma

Lung

Lung, mesothelioma

Nasal cavity, paranasal sinus

Skin, lung

Lung

Lung

Lung

Lung, nasal cavity, paranasal sinus

Leuk(a)emia

Skin (lung, bladder)

Skin (bladder, lung, nasal cavity)

Liver hemangiosarcoma (hepatocyte
cancer)

Lung

Bladder

Leuk(a)emia

Lung, sarcoma
(most of the body)

Liver

Larynx (lung, pharynx)

Larynx (lung)

Leuk(a)emia, nasal cavity, pharynx
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Continued

Aluminium production Volatile pitch, aromatic amine

Auramine production

Boot and shoe manufacture and
repair

Coal gasification Coal tar, coal tar fume, PAHs

Coke production Coal tar fume

Furniture and cabinet making Wood dust

Haematite mining (underground)

with exposure to radon Radon, Silica

Steel founding and casting

M: t ti S
agenta production o-nitrotoluene

Isopropyl alcohol manufacture
(strong-acid process)

Painter (occupational exposure
as a)

Rubber industry Aromatic amine, solvent

2-naphthyl amine, auramine, other chemicals, pigment

Leather dust, benzene or other solvent

PAHs, silica, metal fume, formaldehyde

Magenta, o-toluidine, 4,4’-methylenebis(2-methylaniline),

Diisopropyl sulfate, isopropyl oil, sulfuric acid

Lung, bladder
Bladder

Leuk(a)emia, nose, paranasal sinus,
bladder

Skin, bladder, lung
Skin, lung (bladder, kidney)

Lung

Lung

Lung
Bladder
Paranasal sinus, larynx, (lung)

Lung (bladder, stomach)

Bladder, (stomach, larynx, leuk(a)emia,
lung)

(Modified from sourced by International Agency for Research on Cancer (IARC), 2009. http://monographs.iarc.ft/ENG/Classification/crthgrO1.php).

nols and chloroguaiacols, and a rise in the number of
chlorine atoms in the compound from each group exam-
ined led to an increase in DNA bases damage [11].
3-Nitrobenzanthrone (3-NBA) is a mutagenic and car-
cinogenic environmental pollutant found in diesel ex-
haust and urban air pollution. These effects were related
to induced DNA damage and changes in cell signalling
pathways. 3-NBA caused most DNA damage as judged
by the amount of DNA adducts (**P-postlabelling assay),
single strand(ss) DNA breaks and oxidative DNA lesions
(Comet assay) detected [12]. Its exposure induced con-
siderable DNA damage resulting in accumulation of cells
in S-phase and a marked increase in apoptosis. Impor-
tantly, nitro-PAHs and amino-PAHs induced both quail-
tatively and quantitatively different effects on DNA da-
mage, cell cycle alterations and cytotoxicity. These re-
sults indicated that certain nitro-PAHs have a consider-
able pro-inflammatory potential [13].

Silicon carbide (SiC)-nanoparticle (NP) exposure cause
reactive oxygen species production, glutathione deple-
tion and inactivation of some antioxidant enzymes: glu-
tathione reductase, superoxide dismutase, but not cata-
lase [14]. Active and native bentonite particles (BPs)
could induce significantly the oxidative stress on human
B lymphoblast cells in vitro. The cytotoxic difference
between active BPs and native BPs may be associated
with the oxidative stress induced by BPs to a certain ex-
tent. The insoluble particle fractions may play a main
role in the oxidative stress induced by BPs [15].

Potassium bromate (KBrO;, PB) was shown to induce
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ROS production (12.5 mM), GSH depletion (1.56 - 12.5
mM) and 8-OH-dG formation (6.25 - 12.5 mM) in HepG2
cells. A significant increase was found in the range of
6.25 - 12.5 mM in lysosomal membrane stability assay.
However, under these PB concentrations, it was not able
to detect the changes of mitochondrial membrane poten-
tial. These results suggest that PB exerts oxidative stress
and genotoxic effects in HepG2 cells, possibly through
the mechanisms of lysosomal damage, an earlier event
preceding the oxidative DNA damage [16]. It was ob-
served that vanadium(IIl) trioxide and vanadium(V)
pentoxide produced DNA single-strand breaks at all of
the concentrations (1, 2, 4, or 8 pg/ml) and treatment
times (2, 4, or 6 h) tested. The results show that the
genotoxic effect of vanadium can be produced by any of
its three oxidation states [17].

Cell death and DNA-damage induced by silver nan-
oparticles (AgNP-P) were prevented by Tiron and di-
methyl thiourea that scavenge O, and H,0,, respec-
tively. These findings demonstrated the role of ROS in
the AgNP-induced cell death and DNA damage [18].
Serious concerns have been expressed about potential
risks of engineered nanoparticles. The 200 nm AgNPs in
particular appeared to cause a concentration-dependent
increase in DNA-strand breaks in NT2 human testicular
embryonic carcinoma cells [19]. The effects of ultra-fine
carbon black particles on oxidative damage or inflamma-
tion were uncertain. The oxidative damage or inflamma-
tion with ultrafine carbon black particles and the coef-
fects with solvent coating to it were evaluated. The oxi-
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dative DNA damage with smaller size carbon black was
increased than bigger one (the range with 500 - 30 nm).
The 0.1% methylcyclohexane increased the damage by
binding with each carbon black (the dose range with 100
ng/mL - 100 pg/mL). It could cause DNA damage by
promoting oxidative stress and inflammatory responses
[20].

Tungsten alloys (WA) produces large amounts of re-
active oxygen species, causes significant amounts of
DNA damage within 24 h [21]. Cadmium (Cd) signifi-
cantly induced a dose-dependent increase in DNA dam-
age with statistically significant differences relative to
controls; the superoxide dismutase and glutathione per-
oxidase activities were significantly decreased. Lipid
peroxidation and protein carbonyl levels were signifi-
cantly increased while glutathione and the total intracel-
lular sulfhydryl groups were decreased showing clearly
that an oxidative stress were generated by Cd [22]. The
results indicate that cellular pro-oxidative stress induced
by Cd is most likely mediated by disruption of redox
homeostasis associated to a mishandling of redox-active
transition metals and causes lipid and protein oxidation
and oxidative DNA damage in vitro.

The TiO, NPs dispersion with large agglomerates
(3min sonication and no serum in stock solution) induced
DNA damage in all three cell lines. An increased level of
DNA oxidation lesions detected in Cos-1 and TK6 cells
indicates that the leading mechanism by which TiO, NPs
trigger genotoxicity is most likely oxidative stress [23]. A
significant LDH release was found only for MWCNTs,
the significant apoptosis induction was found from 10
pg/ml of MWCNT-OH. A concentration-dependent in-
crease of direct DNA damage, significant at 40 pg/ml of
MWCNTs and begin from 5 pg/ml of MWCNT-OH was
detected. Oxidative DNA damage was not observed for
both CNTs [24].

There was a dose-effect relationship between the or-
ganic extract of coke oven emissions (OE-COE) and the
direct DNA damage presented by tail length, tail inten-
sity and tail moment in the Comet assay. The presence of
lesion-specific endonucleases in the assays increased
DNA migration after OE-COE treatment when compared
to those without enzymes, which indicated that OE-COE
produced oxidative damage at the level of pyrimidine
and purine bases. It was indicated that OE-COE exposure
can induce DNA breaks/oxidative damage and genomic
instability in vitro [25]. The FPG-Comet assay appears
more specific for detecting oxidative DNA damage in-
duced by complex mixtures of genotoxic substances.

It has some advantages and disadvantages with using
in vitro system. With aritificial redox reaction systems, it
is mostly inexpensive, fast and provides information
about radical specificity, but it could get no information
about biological effects if effects take place intracellulary.

Copyright © 2012 SciRes.

Subcellular fractions could get no informations concern-
ing the metabolism and bioavailability of the antioxi-
dants if effects take place intracellulary. Experiments
with intact cells, it could get only partial information on
intracellular effects, metabolism and signaling pathways
only partly reflected, could get no information on ab-
sorbtion and on organ specific effects and limited infor-
mation about bioavailability [26].

3. RECENT IN VIVO OXIDATIVE DNA
DAMAGES WITH INDUSTRIAL
CHEMICALS

3.1. Experimental Studies with Lab Animals

To clarify whether a kind of DNA damage from ROS is
involved with its potential health hazards, it was mea-
sured the DNA damage through Fpg/Endo III FLARE
(Fragment Length Analysis with Repair Enzyme) assay
with cynomolgus monkeys. The FLARE assay was sug-
gested as being available as a biological tool for DNA
damage induced by welding fume exposure in cynomol-
gus monkeys [27]. And the DNA damage through Fpg/
Endo III FLARE assay was measured to clarify the DNA
damage from cumene exposure. This assay was sug-
gested as being available as a biological marker for DNA
damage induced by cumene exposure in SD rats. It pro-
vided the evidence that cumene exposure may cause
suppression of rOGGL in the rat hepatocytes or lympho-
cytes [28]. Thus, the Comet assay is one of the most
common methods used to measure oxidatively damaged
DNA in peripheral blood mononuclear cells (PBMC), as
a biomarker of oxidative stress in vivo. Modifications to
the alkaline Comet assay by using lesion-specific en-
donucleases, such as formamidopyrimidine-DNA glycol-
sylase (FPG) and endonuclease III (ENDOIIL, also
known as Nth), can detect DNA bases with oxidative
damage.

Fenofibrate (FF), a peroxisome proliferator-activated
receptor-alpha agonist, induces oxidative stress and pro-
motes hepatocarcinogenesis in the liver of rodents. It
belongs to a class of non-genotoxic carcinogens, but
DNA damage secondary to oxidative stress resulting
from ROS generation is suspected in rodents given this
chemical. In the Comet assay, it was suggested that the
FF causes some DNA damage in livers of rats, but is not
a strong genotoxic substance leading to a DNA mutation
since such DNA damage was repaired by the increased
activity of some DNA repair genes [29]. With the sys-
temic organophosphorus insecticide, phorate [O,0O-
diethyl S-[(ethylthio) methyl] phosphorothioate], the
biochemical analysis of catalase and glutathione revealed
significantly lesser activities of antioxidative enzymes
and lipid peroxidation in tissues of phorate exposed rats.
Furthermore, generation of intracellular reactive oxygen
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species and reduced mitochondrial membrane potential
in bone marrow cells confirmed phorate-induced oxida-
tive stress [30]. A kind of per- and polyfluorinated com-
pounds (PFCs), the PFNA associated increase in DNA
single strand breaks (SSBs) was attributed to a subpopu-
lation of moderately damaged possibly associated with
cytotoxicity in primary rat testicular cells. No significant
increase in oxidative DNA damage was measured for any
of the PFCs [31].

The cytogenetic alterations in leukocytes observed in
workers occupationally exposed to styrene can induce
DNA damages. Main route of exposure to these com-
pounds is inhalation, in the presence of the formami-
dopyridine DNA glycosylase, an enzyme able to recog-
nize and excise DNA at the level of some oxidized DNA
bases, a significant increase of DNA damages was ob-
served at the end of the 3rd day of treatment in leuko-
cytes from rats exposed to styrene but not to styrene-
7,8-oxide [32].

As the above, it has some advantages and disadvan-
tages with using in vivo system. With animal studies, it
enable to monitor organ specific effects reflect absorp-
tion and metabolism, but some mammalian/ROS-models
reflect the situation in humans inadequately. It was
shown the commonly used strategies for the detection of
oxidative DNA damage efficiently in Table 2.

3.2. Field Studies with Workers

With human studies, they provide informations concern-
ing absorption and metabolism in humans, most experi-
ments are conducted with lymphocytes or plasma, urine
which provide less information on effects in inner organs.
It requires to establishing controlled conditions in inter-
vention trials.

A study of pesticide applicators and farmworkers was
conducted to examine the relationship between organo-
phosphate pesticide exposure and biomarkers of oxida-
tive DNA damage. 8-OH-dG levels were 8.5 times and
2.3 times higher in farmworkers or applicators (respec-
tively) than in controls. DNA damage (Comet assay) and
oxidative DNA repair were significantly greater in lym-
phocytes from applicators and farmworkers when com-
pared with controls. The findings from these studies in-
dicate that organophosphate pesticides induce oxidative
DNA damage in agricultural workers [33]. A study of
horticultural farmers exposed to organophosphate pesti-
cides (OPs) and controls investigated the relationships
between OP exposure and oxidative DNA damages. They
had higher DNA damage than the controls and there was
a significant positive relationship between dialkylphos-
phate (DAP) and DNA damage with greater than 95%
power. The farmers also had a significant positive rela-
tionship between urinary DAP and §8-OH-dG levels [34].
Oxidative DNA damages have been proposed as mecha-
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nisms linking pesticide exposure to health effects such as
cancer and neurological diseases. The data obtained from
the evaluation of subjects occupationally exposed to pes-
ticide mixtures from Santa Fe province, Argentina, the
results showed modifications in lipid peroxidation, anti-
oxidant defence system, and DNA damage in lympho-
cytes of exposed workers [35].

As silica particles and metals are important occupa-
tional hazards in foundry workers, the exposure may
result in DNA damage and lipid peroxidation through
oxidative stress [36]. A higher risk for oxidative DNA
damage lesions was also found in occupationally PAH-
exposed groups. A higher concentration of hydroxy- py-
rene (1-OHP) was found in the exposed group (0.322 +
0.289 png/g creatinine) relative to the control group
(0.178 £ 0.289 pg/g creatinine). Moreover, higher levels
of 1-OHP were found in workers involved in manufac-
turing processes (0.346 pg/g creatinine) compared to
administrative workers (0.018 pg/g creatinine) [37].

DNA integrity was investigated in the lymphocytes of
50 bus drivers, 20 garagemen and 50 controls using the
Comet assay with excision repair enzymes. Both exposed
groups exhibited higher levels of DNA instability and
oxidative damage to biological macromolecules than the
controls. The incidence of oxidized lesions in lympho-
cyte DNA, but not the urinary levels of 8-oxodG, corre-
lated with exposure to benzene and triglycerides in-
creased this damage [38]. Many studies have reported an
increase of DNA damage is related to hazardous expo-
sure of municipal waste incinerators. Higher tail moment
value was found in workers at fly ash treatment plants
(7.55) than in the workers in bottom ash plants (2.64), as
well as those in blue collar was higher than in white col-
lar workers (5.72 vs. 3.95) [39]. The lead (Pb) exposure
associated oxidative stress was also studied. The results
indicated that the exposed workers had a significantly
higher mean tail length than that of controls. The levels
of antioxidant enzymes were relatively reduced (P > 0.05)
while the rate of lipid peroxidation was higher in the
exposed subjects [40].

A significant negative correlation was observed be-
tween SSBs and styrene concentration at workplace (R =
—0.38); SSBs were also significantly higher in men. The
capacity to repair irradiation-induced DNA damage was
the highest in the low exposure group (1.34 + 1.00
SSB/10° Da), followed by high exposure group (0.72 +
0.81 SSB/10° Da) and controls (0.65 + 0.82 SSB/10° Da).
The mRNA expression levels of XRCCI, hOGGI and
XPC were negatively correlated with styrene concentra-
tions in blood and at workplace and positively with SSBs
[41]. It was investigated the effect of the seasonal vari-
ability of environmental air pollutants on oxidative stress
in a group of 59 city policemen. 8-0xodG levels were
significantly increased by exposure to PM2.5 over a
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Table 2. Commonly used detection strategies for oxidative DNA damages.
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Strategy Description Reference

. Itis one of the most reliably used techniques for detecting Rochette et al. P hotochem Photobiol 2006; 82: 1370-6/
PCR (Polymerase Chain DNA damage as the amplification stops at the site of the Kumar ef al. Biochem Biophys Res Comm
Reaction) g P P 2004; 318: 1025-30/Karakoula ef al. J Immunol Meth

Comet assay

Halo assay

TUNEL assay

HPLC-Electrospray
tandem mass
spectrometry

FISH

Flow cytometry (FCM)

Annexin V labeling

Immunological assay
including
immunofluorescent and
chemiluminescence
thymine dimer detection

Immunohistochemical
assay

ELISA

damage.

It is used to detect mainly single-strand break, double-strand
break, oxidative DNA damage and single- strand break
associated with incomplete excision repair sites caused by
UV radiation, ultrasound, electromagnetic frequency
radiation etc.

It can measure single cells and does not require radioactive
labeling of DNA. It was used to detect the alterations in
DNA organization in individual cell.

It detects DNA fragmentation by fluoresceinating the free
ends of the DNA and it can also detect single and
double-strand breaks.

A urinary-8-hydroxylated species of guanine has been
determined by using this assay. It is used to quantify
5,6-dihydroxy-5,6-dihydrothymidine,
5-hydro-xy-2-deoxyuridine,
8-0x0-7,8-dihydro-2-deoxyadenosine in isolated and
cellularDNA after exposure to y-rays.

With this technique, visualization and estimation of DNA
damage is carried out on a cell by cell basis. Chromosomes
with numerical aberrations are detected efficiently by this
method.

It is useful in detecting chromosomal aberrations,
sister-chromatid exchange, chemical adducts to DNA and
DNA strand breakage. Recently, nucleotide excision repair
has been also detected by alkaline unwinding FCM assay.

DNA fragmentation is only detected in annexin V-positive
cells. Vital cell are negative for both propidium iodide and
annexin V, apoptotic cells are negative for propidium iodide
and positive for annexin V whereas dead cells are positive
for both propidium iodide and annexin V. Apoptosis in
tumors cells caused by X-rays has been recently detected
by using (125)I-radiolabeled annexin V.

It is also one of the methods commonly used for the
detection of oxidative DNA damage but it has limitations
because of cross-reactivity of the antibodies with normal
DNA bases. In this assay DNA damage can be detected and
quantified very efficiently by immunoslot-blot system
utilizing chemiluminescent detection. Immuno-slot-blot
assay is used to detect very low levels of adduct in very
small amount of DNA.

It is applicable to small amount of samples and detect
adducts in specific cell types within the tissue. It is useful
for in vitro and in vivo studies on cancer, oxidative
stress-associated pathologic conditions such as ageing,
neurodegenerative diseases, ischemia-reperfusion injury etc.

In this technique antigens (modified DNA) bound to the plate

which is blocked by the incubation of wells with a dilute
protein solution. Thereafter, unknown samples are similarly
mixed with antibody before addition to the plate. Bound
primary antibody is quantified with enzyme-conjugated
secondary antisera by addition of appropriate substrate
after incubation and washing off non-bound material.
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Continued

It has the capacity to estimate 6-4 photoproducts and
cyclobutane dimers in DNA. In the detection of very low
quantity of cyclobutane pyrimidine dimer (CPD) in

RIA bacterioplankton and marine viruses caused by UV-B
radiation, radioimmunoassay was found to be very effective.
Specific RIAs were used to monitor antibody binding sites
associated with cyclobutane dimers and 6-4 photoproducts.

Jeffrey et al. Photochem Photobiol 1996; 64: 419-27/Miller
et al. ASM News 1999; 65: 535-41.

For the detection of oxidative DNA damage, GC-MS is
commonly used because of its ability to detect wide range
of DNA base product. But this method sometimes
overestimate the oxidative damage due to the derivatization
of hydrolyzed DNA at higher temperature in the presence
of air that result in increase level of 8-OH-guanine,
8-OH-adenine and 5-OH-cytosine. 8-0x0-7,8-dihydroguanine
is the most common type of base damage. Fapy

Jenner et al. Biochem J 1998; 331: 365-9/Douki et al. J
Chem Soc Perkin Trans 1999; 2: 1875-80/Radiat Res
2000; 151: 29-35.

Gas chromatography-mass
spectropmetry and
electrochemical methods

(formamido-pyrimidines) derivatives are also measured

by the use of GC-MS.

(Modified from sourced by Kumari et al.: Detection of DNA damage. EXCLI Journal 2008; 7: 44-62).

2-day period before sampling and by exposure to B[a]P
over a 28-day period, days 57-84 before sampling. These
results indicate that the exposure to environmental pol-
lutants affects urinary excretion of 8-oxodG, lipid per-
oxidation and the frequency of chromosomal aberrations
[42]. The paints exposed group showed higher hippuric
acid and delta-aminolevulinic acid levels (friday samples)
and lower superoxide dismutase activity (monday sam-
ples) in relation to control group. DNA damage index
(Comet assay) was higher in the exposed group, both in
monday and friday samples, compared to the control
group [43]. The results suggest that individuals exposed
to paints have increased levels of DNA damage.

To investigate associations between occupational ex-
posure to cooking oil fumes (COFs) and potential oxida-
tive and genotoxic effects in kitchen workers. Occupa-
tional exposure to COFs led to increased oxidative dam-
age in Chinese kitchen workers. Urinary 1-OHP and
8-0xodG are noninvasive and effective biomarkers for
assessment of oxidative damage in restaurants workers
[44]. It was indicated that the genetic damage was de-
tectable in road paving workers occupationally exposed
to bitumen and also demonstrate the high sensitivity of
Comet assay to assess early oxidative effects induced by
exposure to bitumen fumes at low doses and confirm the
suitability of urinary 1-OHP as a biomarker of PAH ex-
posure [45]. Sewage workers are exposed to multiple
chemicals among which many are suspected genotoxi-
cants. Therefore, they might incur oxidative DNA dam-
age [46]. Significantly higher levels of 8-oxodGuo ad-
ducts and DNA strand breaks were found in both pre-
and post-shift blood samples of exposed workers com-
pared to those of the referents. No positive associations
between DNA damage and magnitude of airborne expo-
sure to vapours and aerosols of bitumen could be ob-
served in this study. It was indicated the increased oxida-
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tive DNA damage in workers exposed to vapours and
aerosols of bitumen compared to non-exposed referents
at the group level [47].

The occupational workers were continuously exposed
to mixture of pirimiphos methyl, chlorpyrifos, temephos
and malathion on a regular interval as per usage and ac-
tivity. The Comet assay using lymphocytes of exposed
workers showed significantly higher mean comet tail
DNA % value (60.43% vs. 31.86%) and tail moment
(TM) value (14.48 pm vs. 6.42 pm) in occupational
workers as compared to controls. These results suggest
that the exposure to mixture of pirimiphos methyl,
chlorpyrifos, temephos and malathion may induce DNA
damage [48]. It was investigated the role of oxidative
processes in the genotoxicity associated with exposure to
waste anaesthetic gases. The ROS generation and plasma
and urine concentrations of thiobarbituric acid-reacive
substances (TBARS) and 8-iso-prostaglandin F», (8-iso-
PGF,,), respectively, were elevated, while glutathione
peroxidise (GPX) activity was reduced in nurses exposed
to waste anaesthetic gases. Occupational exposure to
N,O is associated with increased oxidative DNA damage
and the level of exposure plays a critical role in this re-
gard. Increased oxidative stress may represent a mecha-
nistic link between chronic N,O exposure and genotoxic-
ity [49].

4. CHEMOPREVENTION OF OXIDATIVE
DNA DAMAGES FOR WORKERS’
HEALTH

DNA repair is an essential cellular function, which, by
removing DNA damage before it can cause mutations,
contributes crucially to the prevention of cancer. Micro-
nutrients can influence DNA repair, usually but not al-
ways enhance activity. Different modes of DNA repair
are likely to be subject to different regulatory mecha-
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nisms.

Phytochemical compounds present in legumes have
gained a lot of interest because of their possible chemo-
preventive agents. They exerted significant protective
activity against free radical-induced DNA damage. This
activity was more potent against ROO radical-induced
DNA damage than against that induced by OH radicals.
It was implied that these phenolic compounds may act as
chemopreventive agents [50]. The generation of ROS in
the body from carcinogen, mutation and DNA damage in
cancer is protected by natural antioxidants (phytochemi-
cals) with antimutagenic effect. The chromosomal aber-
ration (CA) test and Comet assay were used to evaluate
the anti-genotoxicity of ginsenoside Rb; and Rg;, in
CHO-K1 (Chinese hamster ovary fibroblast) cell in vitro.
In the Comet assay, the tail moment values were de-
creased in all the Rb; and Rg; treated groups. So the
ginsenoside Rb,, Rg; are thought as an antioxidant phy-
tochemicals to protect mutagenicity [S1]. Antioxidant
activity of Acacia salicina extracts was determined to
protect against DNA strand scission induced by hydroxyl
radicals. Protection against methylmethanesulfonate-
induced mutagenicity was observed for total oligomer
flavonoids (TOF), methanol, and ethyl acetate extracts
[52]. It was indicated that instant decaffeinated coffee
(IDC) and chlorogenic acid (5-O-caffeoylquinic acid;
CGA) protect PC12 cells from H,0,-induced apoptosis
by blocking the accumulation of intracellular ROS and
the activation of MAPKSs [53]. The 50% methanolic ex-
tracts obtained from different plant parts contained sig-
nificant amounts of polyphenols with superior antioxi-
dant activity as evidenced by the scavenging of several
radicals. C. icosandra, R. damascena and C. scariosus
showed significant potential for preventing oxidative
DNA damage and radical scavenging activity [54].

The blood samples of the endemic regions showed se-
vere DNA damage with increased levels of ROS and
lipid peroxidation. Three months curcumin intervention
reduced the DNA damage, retarded ROS generation and
lipid peroxidation and raised the level of antioxidant ac-
tivity. Thus curcumin may have some protective role
against the DNA damage caused by arsenic [55]. Che-
moprevention to protect the normal cells from the con-
version to cancer cells using safe chemicals is becoming
popular as an effective strategy to conquest the cancer. It
is focused on many industrial chemicals that induce the
oxidative DNA damages which workers are exposed to
and the preventive effects of phytochemicals in each
stage of damages, and the relationship between the phy-
tochemicals and the expression of the enzymes.

Pre-treatment with Opuntia ficus indica f. inermis
methanolic flowers extract (OMFE) at oral doses 250,
500 and 1000 mg/kg body weight was found to provide a
dose-dependent protection against ethanol-induced gas-
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tric ulcer by averting the deep necrotic lesions of the
gastric epithelium, by preserving normal antioxidant en-
zymes activities, by inhibiting the lipid peroxidation, the
oxidation of protein and the DNA fragmentation in gas-
tric mucosa [56].

Some of the isolated compounds like phenylethanoid
derivatives showed stronger antioxidant capacity than
trolox and were also able to significantly inhibit S-ga-
lactosidase induction caused by the mutagen agent nitro-
furantoin [57]. It was conducted to evaluate the ability of
aqueous and ethanolic extracts of four Fabiana species to
inhibit key enzymes in inflammatory processes, free ra-
dical scavenging properties and genotoxic effects. Fabi-
ana bryoides ethanolic extract showed an interesting ef-
fect: it inhibited spontaneous mutagenesis, which could
be considered as an antimutagenic effect in the TA9S8
(+S9) and TA100 (+S9/—S9) strains [58]. A possible pro-
tective effect of fish oil against oxidative damage pro-
moted by methylmercury (MeHg) in sub-chronically
exposed rats was evaluated. Methylmercury exposure
was also associated with DNA damage. A significant
DNA protective effect (about 30%) was observed with
fish oil treatment. It was demonstrated the oxidative da-
mage even after low-level MeHg exposure and the pro-
tective effect of fish oil [59].

An evident accumulation of Cr in peripheral red blood
cells was accompanied by a significantly decreased se-
rum folate in chromate exposed workers. The decreased
serum folate was associated with an increased urinary
8-hydroxy-2’-deoxyguanosine, DNA strand breaks and
global DNA hypomethylation. These findings suggest
that chronic occupational chromate exposure could in-
duce folate depletion, which may further promote DNA
damages and global DNA hypomethylation [60]. It was
shown that activity of antioxidant enzymes of plasma
and brain tissue and total antioxidant capacity in plasma
decreased significantly due to oxidative stress generated
by MeHgCl. Administration in higher dose of both kind
of linolenic acid restored all the activities of the antioxi-
dant enzymes and also reduced lipid peroxidation and
increased total antioxidant capacity in plasma. a-Lino-
lenic acid was more efficient antioxidant than a-eleo-
stearic acid against oxidative DNA damage [61].

The reduced form of CoQjo (ubiquinol, Q;oH,) is an
effective antioxidant in biological membranes. With re-
gard to several studies, CoQ, provides protective effects
on several markers of oxidative DNA damage and ge-
nomic stability [62]. Vitamin C supplementation de-
creased the frequency of chromosomal aberrations in
groups with insufficient dietary intake who were occupa-
tionally exposed to mutagens. The prevalence of DNA
adducts inversely correlated with vitamin C levels in
groups environmentally exposed to high concentrations
of c-PAHs. Increased vitamin C levels decreased DNA
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strand breakage induced by air pollution. The §8-oxodG
levels were decreased by vitamin C supplementation [63].
Several epidemiological and experimental studies have
been reported that lutein (LT) presents antioxidant prop-
erties. The protective effects of LT against oxidative
DNA damage induced by cisplatin (¢cDDP) in a human
derived liver cell line (HepG2) were investigated. The
results indicate that cDDP induces pronounced oxidative
stress in HepG2 cells that is related to DNA damage and
that the supplementation with the antioxidant LT may
protect these adverse effects caused by the exposure of
the cells to platinum compound [64].

Resveratrol (3,5,4’-trihydroxy-trans-stilbene; RV) is a
naturally occurring polyphenol widely distributed in food
and dietary plants. The dietary phytochemical resveratrol
has become a focus of intense research owing to its roles
in cancer prevention. At the stage of DNA damage for-
mation, RV protects the genome as an antioxidant via
inhibition of inflammation, suppression of metabolic car-
cinogen activation, de novo expression of genes that en-
code detoxifying proteins and possibly even via radical
scavenging properties [65]. RV inhibited cell prolifera-
tion, generated ROS, and caused DNA SSBs. Most of the
up & down-regulated proteins obtained from the 2D gel
electrophoresis were identified as apoptosis-related pro-
teins. It also regulated the expression of proteins in-
volved in the redox pathways and apoptosis [66]. It was
observed that RV acts as a potent 5-lipoxygenase (5-
LOX) inhibitor obtained from natural sources. The result
indicated that RV is a strong antioxidant in reduceing
lipid peroxidation and preventing DNA damage. It sig-
nificantly decreased the extent of DNA strand break and
also induced apoptosis in carcinogen-challenged rat mam-
mary tissue. Moreover, RV also activated the base exci-
sion repair (BER) system in mRNA and protein levels in
DNA auto-repair process [67].

The study investigated the protective effects of green
tea polyphenols (GTPP) on tributyltin (TBT)-induced
oxidative damage. The possible protective mechanism
may be due to the powerful ability of GTPP to scavenge
ROS and prevent DNA breaks [68]. The protective ac-
tion from orally administered ellagic acid (EA), benzyl
isothiocyanate (BITC), an extract of epigallocatechins
(Tegreen™) as well as chlorophyllin (CHL) against
benzo[a]pyrene (B[a]P)-induced DNA damage and cy-
togenetic effects was investigated. In Comet assay, CHL
or EA caused a 3-fold decrease of SSB, and a 2-fold de-
crease of FPG sites in comparison to animals treated with
B[a]P [69]. Pre-incubation with low micromolar level
polyphenols, quercetin or rutin can significantly attenu-
ate DNA damage in cell lines, indicating that the poly-
phenols did not work through an enzymatic mechanism.
The inhibitory effect of polyphenols has to be assigned to
non-enzymatic repair mechanism rather than to enzy-
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matic repair mechanism or antioxidant mechanism [70].
Pre-treatment with mangiferin (MGN) significantly in-
hibited MeHg-induced DNA damage. Also, pre-treat-
ment with MGN significantly reduced MeHg-induced
oxidative stress. MGN pre-treated cells demonstrated a
significant increase in the GSH and GST levels followed
by a significant decrease in malondialdehyde (MDA) for-
mation. These are indicated the protective effect of MGN
against MeHg. Anti-lipid peroxidative potential plausibly
because of its free radical scavenging ability, reduced the
oxidative stress [71]. Oral administration of Pu-erh black
tea extract (PBTE) effectively suppressed, urinary 8-
OH-dG and DNA damage in isolated renal cells, ame-
lioration of oxidative stress and modulation of antioxida-
tive system. PBTE administration ameliorated QCT-
induced nephrotoxicity by mitigating oxidative stress
[72]. It was shown the typically used chemopreventive
phytochemicals and their dietary sources in Table 3.

5. DISCUSSION

Free radicals and other reactive species are constantly
generated in vivo and cause oxidative damage to DNA at
a rate that is probably a significant contributor to the
development of cancer. Measurement of 8-hydroxylated
guanine is the commonest method of assessing DNA
damage, but there is no consensus on what the true levels
are in human DNA [73].

A variety of biomarkers have been used to monitor
exposed populations to determine potential health haz-
ards from their exposure to toxic agents in workplaces.
However, the majority of these biomarkers have been
focused onto the identification of biological damage
from the exposure. Therefore, there is a need to develop
functional biomarkers that can identify exposure-induced
functional deficiencies. More importantly, these defi-
ciencies should be positioned along pathways that are
responsible for the development of specific diseases. The
challenge assay has been used in different laboratories to
show that a variety of exposed populations (with expo-
sure to air pollutants, chemicals at work) expressed ab-
normal challenge response. The predicted health cones-
quences of some of these studies have also been vali-
dated [74]. 8-OH-dG, DNA strand breaks and DNA repair
capacity were measured as biomarkers of early effects of
carcinogenic compound exposure. The urinary S-phenyl-
mercapturic acid (S-PMA) and DNA damage by the
Comet assay were both sensitive to exposure to low lev-
els of benzene, and glutathione (GSH) seems to play an
important defence role against benzene-dependent DNA
damage [75].

Genetic polymorphisms are increasingly recognized as
sources of variability not only in toxicokinetic but also in
toxicodynamic response to environmental agents. How-
ever, the implications for risk assessment are limited by
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Table 3. Typically used chemopreventive phytochemicals and their dietary sources.

Phytochemical Dietary source Functions related oxidative stress

Curcumin has carcinogenic and pro-oxidant effects may be seen in addition to

Curcumin Turmeric anticancer and antioxidant effects.

Resveratrol increased intracellular glutathione levels which protected them against
Resveratrol Grapes . . 2

cigarette smoke extract-induced oxidative stress.

Capsaicin-induced apoptosis was in association with the elevation of intracellular
Capsaicin Chilli peppers reactive oxygen species production. It has potential as a novel therapeutic agent for

the treatment of leukemia.

It is known to have antimitogenic, anticarcinogenic, anti-inflammatory, and

Caffeic acid phenethyl ester (CAPE)  Honey

immunomodulatory properties in vitro. Another study also showed that CAPE
suppresses acute immune and inflammatory responses and holds promise for

therapeutic uses to reduce inflammation.

[6]-Gingerol appeared to inhibit/intervene sodium arsenite(iAs) induced

cyto-degeneration of pancreatic B-cells and hepatocytes, helped in scavenging the

free radicals.

It significantly increases the production of the enzyme glutathione S-transferase

(GST), which binds electrophilic toxins in the cell. Garlic protects nerve cells from

oxidative stress, also in vitro.

The protective effect of EGCG may in part be a consequence of the reduction in
oxidative stress and the pro-inflammatory response.

Indole-3-carbinol is an AhR activator and enhances microsomal ROS production
resulting in the upregulation of Nrf2 gene batteries.

Geinstein do a direct antioxidation with some proxidative features and activation
of Nrf2 antioxidative response

Sulforaphane is a promising antioxidant agent that is effective to attenuate

oxidative stress and tissue/cell damage in different in vivo and in vitro

experimental paradigms.

Lycopene can be accessible for other benefits such as antioxidation. Lycopene

[6]-Gingerol Ginger
Diallyl sulphide Garlic
Epigallocatechin-3-gallate (EGCG) Green tea
Indole-3-carbinol Cabbage
Genistein Soybeans
Sulphoraphane Broccoli
Lycopene Tomatoes

is also the most efficient oxygen and free radical quencher. Lycopene also may

help decrease the impact of oxidative load from pylori infections in the stomach.

(Modified from Sourced by Young-Joon Surh. Nature Reviews Cancer 2003; 3: 768-780).

the likelihood that polymorphisms in multiple BER
genes interact to modulate DNA repair [76]. Emerging
evidence suggests that mitochondrial (mt) DNA damage
may be a trigger for apoptosis in oxidant-challenged pul-
monary artery endothelial cells (PAECs). Understanding
the rate-limiting determinants of mtDNA repair may
point to new targets for intervention in acute lung injury.
One of the key BER enzymes is Oggl, which excises the
base oxidation product 8-oxoguanine. It was suggested
that Oggl plays a critical and possibly rate-limiting role
in defending PAECs from oxidant-induced apoptosis by
limiting the persistence of oxidative damage in the mi-
tochondrial genome [77]. It was indicated that the PON1
and CYP2D6 genotypes can modulate DNA damage
elicited by some organophosphate pesticides (OPs) pos-
sibly through gene-environment interactions [78]. Oxida-
tively damaged DNA base lesions are considered to be
mainly repaired by 8-oxoguanine DNA glycosylase
(OGG1) mediated pathways. The effect of the OGGI
Ser326Cys polymorphism on the level and repair of oxi-
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datively damaged DNA in mononuclear blood cells
(MNBC) by means of the Comet assay were investigated.
It was indicated that the OGG1 Ser326Cys polymer-
phism has limited influence on the DNA repair incisions
by extracts of MNBC, whereas the apparent increased
risk of cancer in subjects with the Cys/Cys genotype may
be because of higher levels of oxidatively damaged DNA
[79]. DNA repair of oxidative damage should therefore
play a pivotal role in defending humans against cancer. It
is focused on the most common and widely studied sin-
gle nucleotide polymorphisms (SNPs) of oxidative DNA
damage repair proteins trying to bridge the information
available on biochemical and structural features of the
repair proteins with the functional effects of these vari-
ants and their potential impact on the pathogenesis of
disease [80]. With molecular studies, the ROS constantly
attack DNA. It was shown that the E3 ligase Mule can
ubiquitinate and degrade Pol 4, and that the control of
Pol 1 levels by Mule has functional consequences for the
ability of mammalian cells to deal with 8-0x0-G lesions.
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In contrast, phosphorylation of Pol 4 by Cdk2/cyclinA
counteracts this degradation by recruiting it to MutYH
on chromatin to form active 8-0xo-G repair complexes
[81]. The 8-oxoGua is an abundant and mutagenic lesion
excised by oxoguanine DNA glycosylase 1 (OGG1) and
measurable in urine or plasma by chromatographic me-
thods with electrochemical or mass spectrometric detec-
tors, reflecting the rate of damage in steady state. A com-
mon genetic OGG1 variant may affect the activity and
was associated with increased levels of oxidized purines
in leukocytes without apparent effect on 8-oxoGua ex-
cretion or major change in cancer risk. One prospective
study found increased risk of developing lung cancer
among non-smokers associated with high excretion of
8-oxoGua. Urinary excretion of 8-oxoGua is a promising
biomarker of oxidatively damaged DNA [82]. Gluta-
thione S-transferases (GSTs) are members of a multigene
family of isoenzymes that are important in the control of
oxidative stress and in phase II metabolism. It was
shown that GST polymorphisms and GST activity can
apparently influence DNA stability and repair of oxi-
dised bases, suggesting a potential new role for these
proteins in DNA damage processing via DNA damage
signalling [83].

In this review I have summarized information on more
than 80 references, most of which were published in last
three years, it is suggested that some shortcomings asso-
ciated with biomarkers, along with gaps in our knowl-
edge, may be responsible for the failure to produce con-
sistent and definitive results when applied to under-
standing the role of oxidative DNA damage in disease,
highlighting the need for further studies.
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