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Free radicals and other reactive oxygen or nitrogen species are constantly generated in vivo and can cause oxidative
damage to DNA. This damage has been implicated to be important in many diseases, including cancer. The assessment of
damage in various biological matrices, such as tissues, cells, and urine, is vital to understanding this role and subsequently
devising intervention strategies. During the last 20 years, many analytical techniques have been developed to monitor
oxidative DNA base damage. High-performance liquid chromatography-electrochemical detection and gas chromatography-
mass spectrometry are the two pioneering contributions to the field. Currently, the arsenal of methods available include the
promising high-performance liquid chromatography-tandem mass spectrometry technique, capillary electrophoresis, 32P-
postlabeling, antibody-base immunoassays, and assays involving the use of DNA repair glycosylases such as the comet assay.
The objective of this review is to discuss the biological significance of oxidative DNA damage, evaluate the effectiveness of
several techniques for measurement of oxidative DNA damage in various biological samples and review current research on
factors (dietary and non-dietary) that influence DNA oxidative damage using these techniques.

Keywords reactive oxygen species, fee radicals, DNA damage, cancer, diet

INTRODUCTION

Life styles that involve diets high in fruits and vegetables
have been associated with reduced risk of cancer1,2 and this
association has motivated the National 5 A Day Program.3 Al-
though the bioactive ingredients in fruits and vegetables and the
mechanism of action remains unclear, the focus has been on a
number of antioxidants such as vitamin C, the carotenoids, and a
vast array of polyphenolic compounds such as catechins, antho-
cyanins, flavonoids, and isoflavonoids. A plausible hypothesis
is that these antioxidants may reduce the risk of cancer caused
by oxidative stress. Oxidative stress has been classically de-
fined as an imbalance between prooxidant and antioxidant ac-
tivities leading to damage.4 In the case of cancer the primary
and secondary events are thought to be an oxidative attack on
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versity, San 56-1, Shillim-dong, Kwanak-gu, Seoul 151-921, Korea.

DNA causing point mutations.5 Large-scale intervention stud-
ies of the effects of single and combinations of the antioxidants
vitamin E and β-carotene have been negative for preventing
cancer,6 and two studies found that β-carotene increased the
risk of lung cancers in smokers at pharmacological doses and
similar doses in ferrets caused lung metaplasia with and without
cigarette smoke exposure.7,8 Accordingly, fruits and vegetables
consumption may affect oxidative status via other bioactive com-
pounds or oxidative stress may not be a prominent component
in the continuing dynamics of cancer. Human intervention stud-
ies that include mechanistically based biomarkers of oxidative
damage as intermediate end points, supported by animal and in
vitro experiments, can explore mechanisms and target the opti-
mum strategy for large-scale interventions. In addition, the use
of such biomarkers may provide further proof of a causal rela-
tionship between oxidative damage to DNA and cancer. Cancer-
causing DNA damage includes the loss of genes that act as tu-
mor suppressors and the activation of oncogenes, which promote
cancer.9

Since antioxidants undergo redox reactions they all can be
found in the pro-oxidant state given the right environment and the
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28 E.-S. HWANG AND P. E. BOWEN

development of a prooxidative tissue environment can stimulate
proliferative cell signaling pathways. This paper will give an
overview of the current knowledge of oxidative DNA damage
and cancer incidence and the approaches used to measure in
vivo DNA damage. This will be followed by an exploration
of environmental and dietary factors that have been found to
influence DNA oxidative damage. Finally, an overall conclusion
and suggestions for further research will be given.

OXIDATIVE DNA DAMAGE AND CANCER

Cells are constantly exposed to oxidants from normal
metabolic reactions in the form of reactive oxygen and nitro-
gen species (ROS & RNS) as well as the environment. When
carcinogens enter the body and are activated, they can react with
the DNA to form DNA adducts, chemical compounds resulting
from the attachment of the carcinogen to the DNA. ROS and RNS
can also directly attack DNA causing oxygen-nitrogen adducts
or chain breaks. If the body’s natural defense systems do not
properly repair the damage caused by these adducts and chain
breaks, and additional damage to DNA that controls cell cycle
(including proliferation and apoptosis) occurs, a critical first step
in the development of cancer is taken. Failure of the system of
enzymatic, endogenous, and nutritional antioxidants may lead
to mutagenic oxidative DNA damage as well as dysregulation

Figure 1 Chemical structures of modified DNA bases. These modified bases are formed in DNA as a result of interaction with reactive oxygen and free radical
species. From Cooke et al. (2003).13

of cell cycle control, resulting in carcinogenesis. There is con-
siderable evidence that ROS contributes to the endogenous or
exogenous human carcinogenesis and circumstantial evidence
that antioxidants may prevent or delay the onset of cancer.10,11

TYPES AND MECHANISMS OF OXIDATIVE
DNA DAMAGE

Oxidants from metabolic activity, inflammation, radiation, or
toxins can damage nucleic acids, generating lesions that appear
to contribute to aging and cancer.12 About 20 major oxidative
DNA adducts have been characterized and some of the stable
oxidative DNA base lesion are listed on Fig. 1.13 One of these is
8-hydroxydeoxyguanosine (8-OHdG), an adduct for which spe-
cific cellular repair enzymes exist, and has been shown to cause
G- to T transversions.14 Damage to DNA by ROS has been sug-
gested to: 1) cause structural alterations in DNA e.g. damaged
bases, damage to deoxyribose, intra-DNA cyclic adducts, DNA
interstrand crosslinks, and protein DNA crosslinks.

ROS is able to directly modify DNA bases include hydroxyl
radical (OH∗), singlet oxygen (1O2), peroxyl (RO2

∗) and alkoxyl
(RO*) radicals, and ozone (O3) 2) ROS also activates cytoplas-
mic and nuclear signal transduction. 3) ROS modulates the ac-
tivity of the proteins and genes that respond to stress and which
act to regulate the effecter genes that are related to cell growth,
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DNA DAMAGE, A CARCINOGENESIS BIOMARKER 29

differentiation and death and 4) alters the activity of DNA poly-
merase to decrease fidelity.11

Several research groups have shown that DNA strand breaks
develop rapidly in target animal and human tumor cells ex-
posed to either activated neutrophils or hydrogen peroxide.12,13

ROS and its toxic organic by-products (chloramines and lipid
peroxidation products, such as aldehydes and peroxyl radicals)
are mutagenic leading to point mutations in DNA bases.14 The
chemistry of DNA damage by several ROSs has been well char-
acterized in vitro. Whereas superoxide and hydrogen peroxide
do not react with DNA bases directly, hydroxyl radicals gen-
erate a multiplicity of products from all four DNA bases, es-
pecially in the presence of Ca+2 and Fe+2 via Fenton type re-
actions. By contrast, singlet oxygen is selective for guanine.13

Most of the lesions identified after x-irradiation or other radical-
forming treatments arise from secondary reactions after the ini-
tial radical formation. It is evident that most of the base lesions
fall into families: hydroxylated bases (such as thymine glycol
and 8-hydroxylguanine), ring-opened ruptured forms (formami-
dopyrimidine), contracted forms, and base fragments such as
urea.15 The thymine glycol (TG) residue constitutes a replica-
tion block for DNA polymerase I binding to DNA, in which
the last nucleotide is inserted at the damaged base.16,17 In con-
trast to TG, alkaline degradation of oxidized thymine to urea
residues gives rise to sites that not only block DNA polymerase
I, but also prevents the detectable incorporation of any deoxyri-
bonucleoside monophosphate (dNMP) opposite the lesion. The
formamidopyrimidine type of damage is a more potent block
to DNA synthesis than TG.18 Exposure of DNA in aqueous
solution to conditions that generate active oxygen yields the
most common base lesion, and the one most often measured as
an index of oxidative damage, is 8-hydroxy-deoxyguaonosine
(8-OHdG).19

Free-radical damage to DNA sugars has been known for many
years, but has generally received less direct attention than the
modified bases. The possible biological consequences of the
radical-produced oxidized base-free (AP) sites and deoxyribose
fragments are beginning to receive more attention. The deoxyri-
bose fragments produced in DNA by free-radical attack are po-
tent mutagens and block the action of DNA polymerase and
DNA ligase in vitro.20 The endogenous reactions that are likely to
contribute to ongoing DNA damage in vivo are oxidation, methy-
lation, depurination, and deamination. Methylation of cytosine
in DNA is important for the regulation of gene expression and
normal methylation can be altered during carcinogenesis. Con-
version of guanine to 8-OHdG has been found to alter the enzy-
matic methylation of adjacent cytosines.21,22 On the other hand,
oxidative DNA damage can be repaired by the action of a series
of enzymes and those enzymes may work close to capacity.

Mitochondrial DNA Damage

Mitochondrial DNA (mt DNA) is highly susceptible to ox-
idative damage.23 Reasons for greater susceptibility are that mt

DNA is located close to the inner mt membrane, where reactive
oxygen species are generated.23 It is small in size (16.5 kb) and
is not protected by histone proteins as is the case for nuclear
DNA. Also the mitochondria are characterized by the presence
of incomplete repair mechanisms.24−26 Mt DNA fragmentation
seems to be closely related to cellular damage associated with
aging.27−29 Because mt DNA encodes for essential proteins in-
volved in the processes of oxidative phosphorylation, this frag-
mentation leads to dysfunction of the mitochondrial respiratory
chain, further stimulating mitochondrial ROS and RNS gener-
ation and oxidative mt DNA damage, in a sequence of events
which is terminated by the induction of apoptosis (programmed
cell death).27,30

In the mt respiration, superoxide anion is produced at
two points in oxidative phosphorylation: the formation of
ubisemiquinone and NAD reduction.12,23 Instances have been
reported with levels of 8-OHdG being >1% of the guanines
present in the mt DNA although lower values (5 in 106) have
been measured with different techniques.

mt DNA damage has been suggested to be important in sev-
eral human diseases, and 8-OHdG has been detected in mt DNA
at steady-state levels higher than in nuclear DNA.26,31−34 The
reactive species responsible for this damage has not been iden-
tified, since only limited information is available on levels of
other base oxidation products in highly purified mt DNA. In ad-
dition, the elevated level of 8-OHdG could be due not only to
increased oxidative DNA damage, but also to less effective repair
of base lesions in mitochondria as compared with the nucleus.26

Methodological questions are important here: it is difficult to
isolate pure mt DNA and the multiple procedures involved run
the risk of further oxidation, or contamination with oxidized
fractions of nuclear DNA. More work on mt DNA oxidation is
needed.32,34

Nuclear DNA Damage

Oxidation of nuclear DNA can occur through a variety of
mechanisms.12 Chief among these is an attack by ROS and RNS,
mainly hydroxyl radical and singlet oxygen. The production of
ROS and RNS occurs through a variety of endogenous pro-
cesses. Endogenous DNA oxidation has been quantified either
as increased oxidation products in the DNA of cells or as excre-
tion of oxidized bases in urine,35 the latter presumably released
by excision repair of oxidized DNA. Measurement of excreted
bases as an index of oxidation, however, is complicated by the
possibility that they may be derived from the diet, intestinal
flora, or dying cells releasing both nuclear and mt DNA. In the
measurement of cellular DNA oxidation, differentiation must be
made between oxidation of nuclear and mt DNA since oxidation
of mt DNA is higher than that of the nucleus.23 Nuclear DNA
appears to have a degree of protection from oxidation by virtue of
having a low oxygen tension and the radical-scavenging prop-
erties of associated chromatin. Nevertheless, nuclear DNA is
clearly susceptible to oxidation. In measuring total tissue DNA
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30 E.-S. HWANG AND P. E. BOWEN

damage, mtDNA damage, though higher, is largely ignored be-
cause it makes up a small proportion of the total DNA of the
cell.

Many environmental mutagens and carcinogens are known
to react with components of DNA with or without metabolic
activation, and to form adducts with adenine, guanine, cytosine,
and thymine. Among these targets, guanine is known to be one
of the most reactive.36 Kasai and co-workers first observed for-
mation of 8-OHdG from deoxyguanosine (dG) in high yield by a
Fenton-type hydroxyl radical-generating system.37 In addition,
various oxygen radical-forming carcinogenic substances, such
as cigarette smoke tar, asbestos plus H2O2, and ionization ra-
diation are able to induce the formation of 8-OHdG in DNA
in vitro.38,39 In an in vitro DNA synthesis assay, 8-OHdG has
been demonstrated as a potential mutagen due to misreading
(producing a point mutation) of 8-OHdG during DNA repli-
cation. In vitro it has been shown that oxidized guanine bases
in replication DNA will lead to G-T and A-C transversion. 8-
OHdG has been reported in oxidized cancer cell and various
carcinoma tissues. In human cells, oxidatively modified nucle-
obases such as 8-OHdG and strand breaks can be measured in
the DNA from cells and tissues.40 Oxidized bases and nucleo-
sides liberated from DNA repair, the nucleotide pool and cell
turnover can be measured in urine. The excretion rate repre-
sents the average rate of damage in the body, whereas the level
of oxidized bases in DNA is a concentration measurement in
specific cells. The expression of genes relevant for the defense
against oxidative DNA damage, antioxidant and DNA repair en-
zymes can be assessed at the mRNA, protein and activity levels.
Thus, 8-OHdG is a mutagenic adduct and a worthy marker of
carcinogenesis.

DNA Repair Enzymes

Oxidative DNA damage can be repaired by the action of a
series of enzymes, reviewed in and the existence of a low steady-
state level of damage in vivo suggests that these enzymes may
work close to capacity.41,42 Some cancer may be the result of
inadequate DNA repair.43 A reduction in DNA repair capac-
ity has been linked to lung cancer. Smokers with lung cancer
were found to have a DNA repair capacity five times lower than
healthy controls.44 DNA damage and inadequate repair have also
been linked to other chronic diseases of aging.12 Therefore mea-
surement of residual DNA damage by whatever approach will
be a result of the balance between oxidative assault and DNA
repair at the time of measurement.

Nuclear DNA contains billions of base pairs that encode
the vast majority of biomolecules required for cellular func-
tion. DNA repair in the nucleus is essential for survival and
evolution.45

For many years, it was thought that the mitochondria lacked
an extensive or efficient DNA repair system comparable to the
repair system maintaining nuclear DNA. However, recent stud-
ies have shown that mitochondria are capable of repairing ox-

idative damage to mt DNA (e.g., damage to bases and single-
strand breaks) and that the base excision repair pathway plays a
prominent role in mt DNA repair.46 Mitochondria contain uracil
DNA glycosylases, AP endonucleases, and UV endonuleases.
Damage to mt DNA probably has more relevance to the mt
theory of aging than direct damage to lipid or protein because
damaged mt DNA can be propagated as mitochondria in divid-
ing cells, thus allowing the physiological consequences of the
damage to be amplified. In addition, damage to mt DNA could
potentially be more important than deletions in nuclear DNA
because the entire mt genome codes for genes that are expressed
while nuclear DNA contains a large amount of non-transcribed
sequences.

MEASUREMENT OF OXIDATIVE DNA DAMAGE

The measurement of oxidative DNA damage requires reli-
able analytical methods for measuring both ongoing and steady-
state oxidative damage. A variety of methods have been pro-
posed and applied. As shown in Fig. 1, oxidized bases have
additional chiral centers introduced during the oxidation pro-
cess although these isomers are seldom separated and the bi-
ological implication of isomarization is seldom considered.47

Among the modified bases, 8-OHdG is the most abundant.48

Reported levels of background DNA oxidation vary over 400-
fold from about 0.0017 to 6 oxidized bases per 106 bases. To
measure oxidative DNA damage by most of the currently avail-
able methods, one must first isolate DNA. The isolated DNA
is then hydrolyzed and the hydrolysate prepared for analysis of
oxidized bases. Five oxidized bases produced by oxygen free
radical attack on DNA are being studied: thymine glycol, 5-
hydroxylmethyluracil, 8-OHdG, formylamidopyrimidine, and
8-hydroxydeoxyadenine.49 Counter arguments to the use of one
oxidized base as a marker for DNA damage leading to point mu-
tations and to carcinogenesis is the observation that ratio of 8-
OH adenine plus 8-OHdG minus formamidopyridine-adenenine
plus formamidopyridine-guanosine was more correlated with
the aging prostate and predicted the maximal years for prostate
cancer risk. Furthermore, 8-OHdA (although present in much
smaller quantities) increased with age whereas 8-OHdG did
not.50 The reason for substracting the formamidopyridine dam-
age products is that they arrest cell cycle when present and there-
fore prevent the replication of defective cells.

HPLC/Electrochemical Detection (ECD)

Analysis of 8-OHdG using HPLC coupled to electrochem-
ical detection (ECD) with UV detection is a highly sensitive
technique and most frequently used. At least 50 mg of tissues
are needed to extract sufficient DNA although smaller samples
have been used depending upon the extent of DNA damage
in the tissue being measured. The 8-OHdG is released from
the DNA in tissues, by enzymatic or acidic hydrolysis22,51 and
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DNA DAMAGE, A CARCINOGENESIS BIOMARKER 31

detected by ECD via an electronically-driven redox reaction
and deoxyguanosine (dG) is detected simultaneously by UV
detection. This assay is not easily extended to measure other
oxidized nucleosides or the oxidized bases because many are
not electrochemically active. The extent of the oxidative dam-
age is usually expressed as the ratio of 8-OHdG:dG.13 However,
the methodology has some limitations. Separation of 8-OHdG
from other compounds in biological samples requires isolation
of DNA and its hydrolysis to individual bases with high pu-
rity and maximal yield. Each step takes care and monitoring
to eliminate bias. Common DNA extraction protocols and kits
rely on the combined use of protease/phenol/organic solvent
extractions, however, phenol exposure increases the amount of
8-OHdG in the sample. Hydrolysis exposes the liberated bases
to ambient oxygen and transition metal ions and such metals
are potent catalysts of free radical damage and can be present
as contaminants in laboratory reagents52 and equipment, e.g.,
dialysis membranes.53 The result is a wide variation in re-
ported residual ratios of 8-OHdG in various tissues with no
agreed-upon criteria for determining the presence of artifactual
levels.

A major problem with all the assays involves separation of
the very small amounts of analyte from urine, which is a very
complicated matrix. Thus, although several of the products are
electrochemically active and high sensitivity is achievable, the
HPLC methods require extensive cleanup procedures such as
multiple solid-phase extractions, HPLC column switching tech-
niques, or immunoaffinity columns.54,55

GC/MS and LC/MS Detection of Oxidized Bases

The gas chromatography-Mass Spectrometry (GC/MS) tech-
nique has also been extensively used to study DNA base damage
by various free radical generation systems.56 Since DNA must
be extracted, purified, and bases must be liberated, the same arti-
factual issues pertain in sample preparation. High sensitivity of
detection can be achieved by operating the mass spectrometer in
the selected ion monitoring (SIM) mode.56,57 GC/MS with SIM
has been used to characterize oxidative DNA base damage by the
identification of a spectrum of products, including thymine gly-
col, 5-hydroxymethyluracil and 8-OHdG, after acidic hydrolysis
of DNA and derivatization (often by trimethylsilylation) to trans-
form DNA bases and nucleosides into volatile products.22,56,58

When GC/MS is used to measure modified DNA bases, a quan-
titative analysis of these bases in a DNA sample can be achieved
by adding a suitable internal standard (usually the oxidized base
labeled with stable isotope) to the sample at an early stage of
the analysis, such as prior to the hydrolysis of the DNA. One
advantage of the GC/MS approach is that measurement of a
wide range of base damage products allows more descriptive
quantitation of DNA damage and can help to identify the ROS
species that cause damage.58,59 However, DNA is hydrolyzed
(usually by formic acid) and the sample derivertised (often by
trimethylsilylation) to generate volatile products. It has been

argued and also demonstrated that GC/MS might overestimate
(usually 10 times higher values than HPLC/ECD) 8-OHdG as a
result of its artificial formation during derivatization procedures
and formic acid hydrolysis, thus causing the levels of 8-OHdG
measured in a given sample by GC/MS to be higher than the
levels of 8-OHdG measured by HPLC/ECD.48,60 A mixture of
endo- and exonucleases and alkaline phosphatase can also be
used to hydrolyze DNA.56

Coupling liquid chromatography (LC) with MS is a way to
avoid these problems. Because it not only can simultaneously
detect several DNA oxidation products in one sample run with
sufficient sensitivity (5 fmol) (just like GC-MS), but also has the
advantage of avoiding artifactual DNA oxidation formed with
GC. However, the peaks resulting from LC do not match the
height and narrowness of those from GC, and the single quadru-
ple approach is not sensitive and selective enough to match the
sensitivity of HPLC/ECD.61

Immunochemical Determination of 8-OHdG

Immunochemical techniques may be employed to measure
oxidative damage to cellular DNA. Test kits are commercially
available. Following cell isolation, DNA is purified and sub-
sequently digested to yield deoxynucleosides. The amount of
8-OHdG is then determined by competitive enzyme-linked
immunosorbent assay (ELISA). Quantitation of the 8-OHdG
is dependent upon measuring the colored end points result-
ing from assay of the samples and standards of known 8-
OHdG concentration; since this is a competitive assay, the
greater the amount of 8-OHdG within the test, the lower is
the absorbance value. Yin et al.62 developed an immunoaffinity
chromatography-monoclonal antibody-based ELISA method. In
the assay, two monoclonal antibodies have been developed and
characterized by competitive ELISA. Immunoaffinity columns
were prepared with a much more sensitive antibody 1F7 to
isolate 8-OHdG from DNA hydrolysates followed by ELISA
quantitation with another antibody 1F11. An ELISA based on
monoclonal antibodies has been developed for estimation of 8-
OHdG in urine samples.63 However, the values obtained in rat
and human urine samples were 3–5 times higher than other pub-
lished values.35,63 Similarly, in 4 smokers studied before and
after smoking cessation, the urinary 8-OHdG excretion values
estimated by the ELISA method were 8 times higher and showed
only a weak correlation (r = 0.42) with the values obtained by
HPLC.64

Immunohistochemistry using a monoclonal 8-OHdG anti-
body has also been shown to be a sensitive biomarker, especially
when there is limited tissue availability. Toyokuni et al.63 showed
the 8-OHdG levels were higher in rat renal cells after carcino-
gen treatment compared to control using a monoclonal 8-OHdG
antibody (N45.1) on paraffin sections. The specificity of N45.1
was also confirmed for immunohistochemistry based on the fol-
lowing observations: 1) procedures using non-immune mouse
IgG of the same isotype or PBS instead of N45.1 showed no
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32 E.-S. HWANG AND P. E. BOWEN

Figure 2 Immunoreactivity of the 8-OHdG monoclonal antibody on adeno-
carcinoma cells of human prostate from a single subject participating in a 3 wk
intervention study. A) before and B) after tomato sauce supplementation. Ar-
rows point to nuclei to of neoplastic epithelial cells and dark staining denotes
presence of antibody action with 8-OHdG. From Chen (2000)66.

positivity; 2) preincubation of N45.1 with 8-OHdG suppressed
the nuclear staining. The 8-OHdG index of quantitative im-
munohistochemistry, as analyzed by NIH image freeware, cor-
related reasonably well with the 8-OHdG amount determined

by HPLC/ECD.63 Won et al.65 also used this antibody to study
oxidative DNA damage induced by ischemia-reperfusion insults
in gerbil hippocampus. They found that the levels of 8-OHdG
immunoreactivity (by immunodensity) increased by more than
3-fold at 30 min after ischemia. This increase remained elevated
(up to 4-fold) for at least 12 h. These findings suggested that
DNA damage may be involved in delayed neuronal death in the
hippocampus.65 We have also used this antibody to study the
effect of tomato sauce consumption on oxidative DNA damage
to prostate tissue cell populations in men with prostate cancer.
Figure 2 shows immunoreactivity of the 8-OHdG monoclonal
antibody on adenocarcinoma cells of human prostate before and
after tomato sauce supplementation.66 Although this technique
provides more information on specific types of cell undergoing
damage the methods must be considered semiquantitative. Also,
of 18 literature citations using histochemical antibody tech-
niques have used peroxidase instead of alkaline phosphatase.
Preliminary studies in our laboratory demonstated the artifactual
development of 8-OHdG with the use of peroxidase compared
to alkaline phosphatase.

COMET Assay

The single-cell gel electrophoresis (comet) assay is a very
simple, rapid, and sensitive technique to analyze DNA damage
at the individual cell level and specifically for detecting DNA
strand breaks. The principle of this assay is based upon the abil-
ity of denatured, cleaved DNA fragments to migrate out of the
cell under the influence of an electric field. Undamaged DNA
migrates slowly and remains within the confines of the nucleoid
when a current is applied. Whereas damaged DNA which is often
fragmented migrates further. Evaluation of the DNA “comet”
tail (which is produced from fragmented DNA) shape and
migration pattern allows for assessment of DNA damage. Figure
3 shows typical COMET fragmentation patterns.67 In this assay,

Figure 3 Typical COMET fragmentation patterns. DNA damage level in-
creases from class I to V as indicated by the increasing tail migration (class
I: 0–6%; class II: 6.1–17%; class III: 17.1–35%; class IV: 35.1–60%; class V:
60.1–100%). From Giovannelli et al. (2002)47

cells are immobilized in a bed of low melting point agarose.
Following gentle cell lysis, samples are treated with alkali to
unwind, denature the DNA, and hydrolyze sites of damage, and
then subjected to electrophoresis. The cells are than stained with
a fluorescent DNA intercalating dye. The sample is visualized
under the microscope by epifluorescence. As an alternative, sil-
ver staining allows standard light microscopy to be used for data
analysis.

The comet assay has been used in various studies to inves-
tigate the effect of ROS on DNA, and the protective effects
of certain dietary antioxidants.68,69 When peroxides are used
the assay becomes an assessment of residual antioxidant activ-
ity which prevents peroxide attack on DNA. It is increasingly
used in genotoxicity testing as well as in human biomonitoring
studies.

32P-Postlabeling

This method derived its name from the fact that the 32P
label is incorporated into the DNA after it has been iso-
lated from tissue. In the original procedure, DNA is iso-
lated from the tissues/cells and then digested enzymatically
to deoxyribonucleaside 3′-monophosphates using micrococcal
endonuclease and spleen phosphodiesterase. Deoxyribonucle-
oside 3′-monophosphates are then converted to their corre-
sponding 5′−32P-labelled 3′,5′-bisphosphates by transfer of 32P
from a molar excess of γ 32P-ATP using T4 polynucleotide
kinase (PNK). Labelled bisphosphates are then separated us-
ing multidirectional anion-exchange TLC on polyethyleneimine
(PEI) cellulose plates. In the first elution, labeled normal 3′,5′-
bisphosphates, adenosine triphosphate (ATP) and inorganic
phosphate migrate away from the origin onto a paper wick,
this is subsequently removed, retaining any chemically mod-
ified nucleoside 3′,5′-bisphosphates at the origin. During the
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Table 1 Published studies reporting oxidative DNA damage in pre-cancer or cancer patients

Mean ± SD (or range)
Experimental protocol Source of DNA Lesion Assay per 105 base Reference

211 gastric adenocarcinoma patients Normal vs. tumor-adjacent 8-OHdG HPLC-EC 2.86 ± 0.11 vs. 7.54 ± 0.43 (71)
vs. tumor gastric tissues vs. 6.29 ± 0.30

31 patients with renal cancer Normal vs. renal cancer tissue 8-OHdG HPLC-EC 3.6 ± 1.1 vs. 5.6 ± 2.3 (72)
22 patients with breast cancer Normal vs. breast cancer tissue 8-OHdG HPLC-EC 5.1 ± 3.3 vs. 3.6 ±1.9 (73)
11 liver metastasis patients, Normal vs. inflamed liver 8-OHdG HPLC-EC 1.6 ± 0.7 vs. 3.2 ± 2.1 (74)

15 chronic hepatitis patients,
13 liver cirrhosis patients, and Cirrhotic vs. cancer tissue 2.3 ± 1.4 vs. 2.3 ± 1.6

18 liver cancer patients
5 cervical cancer patients after Before vs. after brachytheraphy 8-OHdG GC/MS-SIM (20–40) vs. (30–82) (75)

undergoing brachytheraphy in biopsy tissue 5-OHmU (5–15) vs. (9–30)
8-OH-Ade (12–30) vs. (15–83)

9 healthy children vs. 9 acute Healthy children vs. lymphocyte 8-OHdG GC/MS-SIM 26.9 ± 7.7 vs. 62.1 ± 27.8 (76)
lymphoblastic leukemia (ALL) DNA of all patients 5-OHmU 5.3 ± 3.0 vs. 6.4 ± 3.3

8-OH-Ade 14.2 ± 3.9 vs. 30.4 ± 10.5
5 patients with lung cancer Normal vs. lung cancer tissue 8-OHdG GC/MS-SIM (25–75) vs. (50–200) (77)

FapyGua (25–33) vs. (50–120)
5-OHmU (4–15) vs. (5–19)

38 healthy control vs. 25 breast cancer patients Leukocyte 5-OHmU GC/MS-SIM 8.3 ± 2.5 vs. 11.2 ± 4.6 (78)
14 various cancer patients after undergoing Urinary excretion before vs. after 5-OHmU GC/MS-SIM 74.9 ± 9.5 vs. 96.3 ± 8.7 (79)

chemotherapy by adriamycin chemotherapy

next elutions (D3 and D4) chemically adducted nucleoside 3′,5′-
bisphosphates are resolved. A fifth elution (D5) reduces back-
ground radioactivity on the plates. Chromatography conditions
are varied depending on the type of adduct studied and opti-
mum conditions need to be determined experimentally for each
adduct. The adduct spots on the chromatography plates are lo-
cated by screen-intensified autoradiography using high-speed
X-ray film. The result of multidimensional TLC is the produc-
tion of a unique fingerprint or profile of DNA adducts. The
amount of radioactivity present in a particular spot or region can
be determined by excising that part of the chromatographic plate
and measuring its radioactivity by Cerenkov counting in a liquid
scintillation counter (LSC).

32P-postlabelling has several advantages over other methods.
This technique is extremely sensitive and requires only small
(1–10 µg) quantities of DNA. The sensitivity of the assay is as
low as one adduct per 107–1010 unadducted nucleotides, corre-
sponding to attomoles of DNA adduct per µg DNA and within
the range of adducts routinely encountered in human samples.
32P is widely used in molecular biology as a labeling agent.
However, in 32P-postlabelling larger quantities of δ32P-ATP are
routinely used. Since 32P is a high-energy β-emitter, appropriate
safety measures need to be taken before commencing work.

Cheng et al.70 studied the role of the environment in
Taiwanese females in lung cancer development in Taiwanese
female nonsmokers, based on DNA adduct formation by both
32P-postlabeling and ELISA. DNA adduct levels evaluated by
32P-postlabeling (2.00–165.92 adducts/108 nucleotides) were
relatively higher than those evaluated by ELISA (0–145.90
adducts/108 nucleotides) in all study subjects. The variations
in DNA adduct levels evaluated by 32P-postlabeling were 73-
and 44-fold in lung cancer patients and noncancer control,
respectively.

OXIDATIVE DAMAGE TO DNA IN VARIOUS TISSUES

Oxidative DNA adducts have been measured using animal
and human tissues, urine, blood cells, specifically in circulating
leukocytes. They can be categorized into two major types of stud-
ies: 1) to compare the DNA oxidative damage levels between
cancer patients and healthy controls (Table 1); 2) to evaluate
DNA oxidative damage levels after antioxidant intervention in
a group of humans. Most studies have shown that cancerous
tissues have higher DNA oxidative damage levels than non-
cancerous tissues. Intervention studies have shown that short-
term (more than 1 month) supplementation with antioxidants in
the form of vegetable components or diet modification can de-
crease DNA oxidative damage whereas antioxidant supplemen-
tation has failed to alter oxidative DNA damage. The following
fluids and tissues are currently used to study the influence on the
enzymatic defense system of the body and oxidative free radical
damage to DNA.

Urine

Several base damage products are excreted in urine including
the 8-OHdG, 8-OHadenine and 7-methyl-8-Ohguanine10,54,80,81

but the one most exploited is 8-OHdG usually measured by
a method involving HPLC/ECD.82,83 Among the possible re-
pair products from oxidative DNA modifications, 8-OHdG, 8-
oxoguanine (8-oxoG), thymine glycol (Tg), thymidine glycol
(dTg), and 5-hydroxymethyluracil (5-OHmU) have so far been
identified in urine.35,84 The repair products from oxidative DNA
damage, i.e., oxidized bases and nucleosides, are poor sub-
strates for the enzymes involved in nucleotide synthesis; they
are fairly water soluble and generally are excreted into the urine
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without further metabolism.81,84 The validity of this urinary
measurement is supported by the fact that the level of 8-OHdG
is presumably not changed by the diet source of 8-OHdG, since
nucleosides are not absorbed from the gut. Thus excretion is
presumed to reflect integrated endogenous DNA damage which
has been repaired with the damaged nucleosides excreted in the
urine. However, it is possible that some or all of the 8-OHdG
excreted in the urine may arise from deoxyGTP.85

In a study of 169 humans, the average 8-OHdG excretion was
200-300 pmol/kg BW/24 h, corresponding to 140–200 oxida-
tive modifications of guanine per cell per day.54,81 Furthermore,
32 smokers in this study excreted 50% more 8-OHdG than 53
non-smokers, indicating a 50% increased rate of oxidative DNA
damage from smoking. GC/MS has also been used to measure
8-OHdG in urine and the limit of detection was 1.8 pmol corre-
sponding to a level of 8-OHdG in urine of 35 mM.86 The validity
and meaning of these urinary measurements of oxidative DNA
damage is also worth considering.

The assays for the urinary DNA repair products include
HPLC with ECD for 8-OHdG and 8-oxoG and with UV
absorbance detection for dTg and Tg, whereas all the repair
products can potentially be measured by GC/MS.82,87 The
complicated extraction procedures cause recovery problems in
both HPLC and GC/MS-SIM methods and may require labeled
internal standards. Moreover, the complicated procedures limit
the analytical capacity.

Blood (Leukocytes)

The utility of leukocyte DNA 8-OHdG as a reliable in vivo
marker for DNA damage resulting from oxidative stress is de-
pendent on vigorous control of artifactual development of 8-
OHdG during the assay. Only limited leukocyte DNA 8-OHdG
values are reported from healthy US human populations and
range from 0.33 to 7.10 × 10−5.35 Takeuchi et al.88 found no
correlation between two repeated measures of leukocyte DNA
8-OHdG in 19 healthy subjects. These data suggest that this
biomarker may have improved reliability when two or more re-
peated measures are performed, which is also true for serum
cholesterol measurements.89 Leukocyte 8-OHdG is a steady-
state measure resulting from constant oxidative attack and re-
pair, thus residual damage should appear fairy rapidly from the
induction of oxidative stress.90 The circulating leukocyte DNA
damage would be a reflection of overall cellular DNA damage,
although there are no data to compare DNA damage in various
tissues. Analysis of 8-OHdG in DNA, most notably from lym-
phocytes, has been done but is hampered severely by the fact
that artificial formation during sample clean-up overwhelms the
background level (some say by up to 2 orders of magnitude.83

It has been suggested that a straight extraction of DNA from
whole blood may overcome artifact development.91

Duthie et al.92 found that a 20-week supplementation with
vitamin C (100 mg/d), vitamin E (280 mg/d), and β-carotene
(25 mg/d) resulted in a 37.2% (p < .002) decrease in endoge-

nous oxidative base damage in lymphocyte DNA of both smok-
ers and non-smokers as assessed by the comet assay, which was
not statistically significant by week 10.54

Oral Cells

Oral cells can be easily and repeatedly collected by a non-
invasive method. Romano et al.93 determined DNA damage in
oral cells from 109 healthy volunteers by an immunohistochemi-
cal method. They found 1.43-fold increases in the DNA 8-OHdG
adduct content from smokers versus non smokers (p = 0.001),
showing that tabacco smoke led to a measurable increase of ox-
idative damage in oral cells. Feng et al.94 assessed DNA damage
in buccal cells from individuals chronically exposed to arsenic
via drinking water in Ba Men, Inner Mongolia using the TUNEL
assay. The results showed that the mean frequencies of position
cells were 7.5-fold higher in the arsenic exposure group than in
the controls. When buccal cells are harvested it makes a differ-
ence in the level of DNA damage using HPLC-EC detection of
8-OHdG. We found that buccal cells have more damage when
harvested 7 days vs. 3 days after initial harvesting (unpublished),
presumably because of longer exposure to oxidative damage.

Prostate and Mammary Gland

Whereas some LC-MS-MS assays are sufficiently sensitive
to be able to measure the residual oxidized bases in samples as
small as 10 ng.95 Biopsies from prostate, mammary gland, etc
provide about 10 mg of tissue. It would be logical to use an im-
munohistochemical method for the quantitation and localization
of 8-OHdG on sections of prostate tissue. Chen et al.96 deter-
mined resected prostate tissue oxidative damage in prostate can-
cer patients after 21-day, tomato sauce-based, whole-food inter-
vention. Oxidative DNA damage was measured by HPLC/ECD.
The 8-OHdG/dG ratios for 32 patients who participated in the
study were compared with those of randomly selected prostate
cancer patients who did not participate in the study. DNA dam-
age in prostate tissue was roughly 2-fold higher than leukocyte
damage and ther was a high correlation between two. They found
that prostate tissue oxidative DNA damage was 28.3% lower in
men who had the intervention than in the randomly selected pa-
tients. One of the problems in measuring whole tissues is that
any sample will contain cells of varying types which may also
differ greatly in the degree o DNA damage. In this same study we
found that 8-OHdG, measured histochemically, was greatest in
prostate epithelial cells where cancer starts and cancer cells had
more damage than hyperplastic and normal epithelial cells.97

STUDIES EXAMINING EXOGENOUS CAUSES
OF DNA DAMAGE

Not surprisingly, many of the factors that have emerged as
modulators of cancer risk in epidemiological studies have also
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DNA DAMAGE, A CARCINOGENESIS BIOMARKER 35

been found to modulate DNA damage measured by the various
measures discussed. These can be divided into non-dietary and
dietary factors.

Non-Dietary Factors and DNA Damage

Exercise

Because exercise increases whole body and tissue rates of
oxygen consumption, it has been hypothesized that exercise may
cause oxidative stress and tissue damage.98−100 During exercise,
oxygen consumption can increase up to 10- to 15-fold above
resting levels, thus temporarily increasing the rate of mitochon-
drial free radical production.101 There have been many reports
showing that exercise may cause oxidative stress, e.g., the direct
detection of free radical generation in rat muscle and liver;102−103

increases in oxidative damage biomarkers such as protein car-
bonyls and thiobarbituric acid reactive substances;104,105 effects
on mitochondrial function;106,107 and decreases in levels of an-
tioxidants and antioxidant enzymes in the heart,102 blood,108

lung,109 liver,108,110,111 brain,103 and muscles.104,108,112 How-
ever, there are also reports showing that exercise fails to re-
sult in a functionally significant level of oxidative stress in the
heart.113

During intensive exercise, uptake and consumption of oxygen
greatly increase, resulting in the production of oxygen radicals.98

By using a 42 km marathon race as a model of massive aerobic
exercise, Tsai et al.101 demonstrated a concurrent 2-fold increase
in the urinary excretion of 8-OHdG measured by ELISA kit
(Bioxytech 8-OHdG-EIA kit, OXIS, Portland, OR).

The increase in oxygen consumption has been shown to
be closely related to oxidative damage of DNA in humans.114

There was a close association between oxidative DNA damage
as assessed by the urinary excretion of 8-OHdG and oxygen
consumption in 33 healthy premenopausal women. In the 12
women who smoked, 8-OHdG excretion was increased by 35%,
although oxygen consumption increased only 10% compared
with the 21 nonsmoking women. These findings raise the pos-
sibility that exercise induces oxidative damage of biomolecules
including DNA in the body, thereby modifying the incidence of
degenerative diseases and aging. However, epidemiologic stud-
ies suggest that physical activity is associated with decreased
incidence of certain types of cancers.115,116

Some studies have observed exercise-induced DNA damage
most associated with vigorous exercise conditions accompa-
nied by muscle damage.117,118 Hartmann et al.117 studied the
effect of physical activity on DNA damage with healthy vol-
unteers. In a first multiple step test, the volunteers ran on a
treadmill as long as possible with increasing speed. In a second
test they had to run for 45 min with a fixed individual speed
which was defined to ensure aerobic metabolism. In the first
test, the white blood cells of all subjects showed increased DNA
migration in the COMET assay. The effect was seen 6 hr after
the end of the exercise and reached its maximum 24 hr later.

After 72 hr, DNA migration decreased to about control level.
The distribution of DNA migration among cells clearly demon-
strated that the majority of white blood cells exhibited increased
DNA migration and that the effect was not only due to a small
fraction of damaged cells. In the second exercise, during aer-
obic metabolism, the effect on DNA migration was not seen.
Sato et al.118 measured the levels of white blood cell 8-OHdG
by HPLC/ECD after mild acute exercise in healthy male sub-
jects. The basal 8-OHdG levels of physically active subjects
were significantly lower than those of sedentary subjects (1.5 8-
OHdG/106dG vs. 2.8 8-OHdG/106dG). After mild exercise for
30 min, the 8-OHdG levels of the sedentary subjects significantly
decreased (2.8 to 2.0 8-OHdG/106dG), suggesting that a mild
exercise has a beneficial effect on the maintenance of low lev-
els of 8-OHdG probably by keeping the repair system at higher
levels.

However, some studies failed to detect DNA damage us-
ing moderate exercise conditions and/or trained subjects who
may have acquired elevated antioxidant capacity through
training.82,119 Pilger et al.82 examined the effect of a regular
running exercise on the urinary levels of 8-OHdG in 32 long-
distance runners and in a group of untrained healthy subjects.
The range of 8-OHdG measured by HPLC/ECD in urine was
0.12–6.45 µmol/mol creatinine in both groups, and no signifi-
cant difference in the mean excretion levels between runners and
controls was observed. These data give no reason to believe that
physical exercise in trained individuals may induce a disturbance
of the oxidant-to-antioxidant balance. Sumida et al.119 investi-
gated the effects of acute exhaustive exercise and β-carotene
supplementation on urinary 8-OHdG excretion by HPLC/ECD
in healthy nonsmoking men. Fourteen untrained male (19–22
years old) volunteers participated in a double blind design. The
subjects were randomly assigned to either the β-carotene or
placebo supplement group. Eight subjects were given 30 mg of
β-carotene per day for 1 month, while six subjects were given
a placebo for the same period. All subjects performed incre-
mental exercise to exhaustion on a bicycle ergometer both be-
fore and after the 1-month β-carotene supplementation period.
The 24-hr urinary excretion of 8-OHdG was unchanged for the
3 days after their exercise either before or after supplementa-
tion in both groups. However, the baseline urinary excretion of
8-OHdG before exercise tended to be lower after β-carotene sup-
plementation, suggesting that a single short period of incremen-
tal exercise does not induce oxidative DNA damage, while β-
carotene supplementation may attenuate it. Muscle damage and
the subsequent inflammation are involved in exercise-induced
DNA damage, particularly in the case of leukocytes. In fact,
exercise-induced DNA damage in blood cells has been shown
to be closely related to an increase in plasma creatine phospho-
kinase (CPK) activity,117 a marker of muscle damage. It has
also been reported that intensive exercise induces an increase
in plasma myeloperoxidase levels, a marker of neutrophil acti-
vation in vivo.120 When the neutrophils are activated, they re-
lease reactive oxygen species (ROS) that damage the neutrophils
themselves, in addition to damaging other cells or tissues.88,121
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Smoking

Cigarette smoke contains about 3,800 chemicals, includ-
ing many carcinogenic compounds such as polycyclic aromatic
hydrocarbons (PAHs), tobacco specific nitrosamines, aromatic
amines, and free radicals.122 During metabolic processes, other
compounds in cigarette smoke can be directly or indirectly me-
tabolized into free radicals.123 For example, the tar in each puff of
smoke contains about 104 radicals;124 benzo[a]pyrene (B[a]P)
metabolically produces various types of B[a]P-quinones, which
further generate free radicals and oxidatively damage DNA, pro-
tein, and antioxidant enzymes.125−127 Reactive oxygen species
(ROS) can be produced by cigarette smoke-induced phagocytic
cells and cause oxidative damage to DNA, protein, and lipids.10

Since cigarette smoke lowers plasma levels of antioxidants
such as vitamin C and β-carotene, smokers may need an addi-
tional intake of these antioxidants over the recommended dietary
allowance for the general population.128 However, in terms of
chemoprevention of oxidative damage, the necessary dosage and
the role of antioxidants are not yet clearly defined.

Asami et al.129 compared the level of 8-OHdG by HPLC/ECD
in lung tumor tissues and normal tissues from 30 previously un-
treated lung cancer patients (14 current smokers, 7 ex-smokers,
and 9 non-smokers) by surgical lobectomy or pneumonectomy.
The mean level of 8-OHdG/105 dG in the lung tissue from cur-
rent smokers (0.74 ± 0.21) was 1.23- and 1.43-fold higher than
that of the ex-smokers (0.60 ± 0.21) and non-smokers (0.52 ±
0.25), respectively. There was a positive correlation between the
8-OHdG levels in the lung tissues and the number of cigarettes
smoked per day. Nia et al.130 investigated the effects of smoking-
induced oxidative stress in healthy volunteers (21 smokers vs. 24
non-smokers) by quantifying various markers of oxidative DNA
damage and repair. Lymphocytic 8-OHdG levels measured by
HPLC/ECD, were 0.76-fold lower in smokers as compared with
non-smokers (p = 0.05). Urinary excretion of 8-OHdG assessed
by ELISA did not differ significantly between smokers and non-
smokers (p = 0.3).

There was a significant correlation between oxidative DNA
damage and protein damage in smokers.131 Fraga et al.132

demonstrated that smokers had higher 8-OHdG levels in their
sperm DNA than those of nonsmokers. Shen et al.133 determined
the level of 8-OHdG by HPLC/ECD in sperm DNA and coti-
nine concentration in seminal plasma in 60 healthy subjects (28
smokers vs. 32 nonsmokers). They found that the sperm DNA
of smokers contained 1.6 times higher ratio of 8-OHdG than
that of nonsmokers. The level of 8-OHdG in sperm DNA was
also closely correlated to seminal cotinine concentration. Ox-
idative damage to sperm DNA could result in improper sperm
function, infertility, birth defects, genetic disease, and cancer
in offspring by increasing heritable mutation and chromosome
abnormalities.134,135

Age

Cancer is a disease of old age, and the risk of carcinoma in-
creases exponentially with age.136 The age dependence has been

explained by accumulation of mutations in the tumor-initiating
cell that then expand to a clinical cancer.137 Associated events
include an age-dependent increase in oxidative damage to DNA
and a decrease in DNA damage repair.138,139 Ames and Saul140

reported the first data on the effect of aging on DNA oxidation.
They observed a significant (∼2-fold) increase in 8-OHdG lev-
els in nuclear DNA isolated from liver, kidney, and intestine of
male rats between 2 and 24 months of age. Later, Ames et al.141

reported that the levels of 8-OHdG in mt DNA isolated from
male rat liver increased 2- to 3-fold with age. A number of re-
searchers have observed an age-related increase in the level of
8-OHdG in both nuclear DNA and mt DNA in a variety of tissues
of rats and mice.142 On the other hand, many investigators have
been unable to detect a significant increase in DNA oxidation in
rodent tissues with increasing age.143

So far, no published study has systematically addressed age as
a determinant of the markers of oxidative modification of DNA
in humans. Mecocci et al.144 measured markers of oxidative
damage to DNA in sarcoplasmic reticulum membranes in mus-
cle biopsies from vastus lateralis of 44 young (≤35 years old; 22
males, 22 females) and 44 elderly (≥70 years old; 23 males, 21
females) healthy subjects of both sexes using the HPLC/ECD.
They found a 3.2-fold increase (p < 0.001) in 8-OHdG in the
elderly group, more evident in males. Both young males and
young females differed significantly from old males and females
respectively. Furthermore, levels found in old males were signif-
icantly higher (1.7-fold) than in old females. From the studies
involving different age groups it appears that the urinary ex-
cretion rate of the repair products decreases with age. Corre-
spondingly, the 8-OHdG levels in leukocyte DNA appeared to
increase linearly with age corresponding to 0.09 ± 0.01/105♣

deoxyguanosine per year.145 Similarly, mt DNA from brain accu-
mulated 8-OHdG with age.144,146 The accumulation of 8-OHdG
in n DNA from brain corresponds to approximately 0.04 modi-
fications per 105 deoxyguanosine per year, or two modifications
per cell per day.144 Similar results regarding tissue DNA and uri-
nary excretion of 8-OHdG have been obtained in aging rats.147

Although the rate of repair appears to decrease with age, these
data cannot distinguish whether the rate of oxidative damage
also increases. Since aging mitochondria generate greater ROS,
increased oxidative attack on DNA is a possibility.148

Gender

Gender differences have been found but the data is not con-
sistent, probably related to the differences in study populations
and the DNA damage measurement techniques employed. In
addition, as part of another study, Cheng et al.70 compared lev-
els of prostate DNA adducts using both 32P-postlabeling and
ELISA techniques and data from both assays show remark-
ably higher DNA adduct levels in females compared to males

♣Due to the possible artifactual development of 8-OHdG during assay procedure these vales
may be overestimated.
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(32P-postlabeling: 49.23 ± 37.67 adducts/108 nucleotides for fe-
males, 31.17 ± 25.51 adduct/108 nucleotides for males; ELISA:
27.29 ± 34.63 adduct/108 nucleotides for females, 9.45 ±
18.48 adduct/108 nucleotides for males). However, Mendoza-
Nunez et al.149 reported opposite results. They evaluated 160
subjects of over 60 years of age (44 males, 116 females) to de-
termine gender and DNA damage in lymphocytes of elderly with
the COMET assay. DNA damage was observed in 72 of the 160
study subjects (45%); 64% of males and 38% of females. Chen
et al.150 found higher leukocyte 8-OHdG/dG (16.8% in healthy
young males compared to females using the HPLC-EC method-
ology while the women had a 15.6% lower kcal/kg BW energy
intake. Proteggente et al.151 also found gender differences in a
variety of bases as measured by GC/MS.

DIETARY FACTORS AND DNA DAMAGE

Cancer prevalence among various populations around the
world may be related to differences in their intake of specific
dietary items. For example, the diet of Asian women has more
soy and tea, with less fat, particularly saturated fat, than that of
Western women. Each of these common food items may inhibit,
or in the case of fat, promote the development of cancers of the
breast and reproductive tract. In this part, we reviewed various
dietary factors and their association with DNA damage.

Caloric Restriction

A calorie-restricted (CR) diet compared to ad libitum feed-
ing has been shown to markedly decrease chemically induced
tumor incidence in rodents,152,153 and increase life span.154−156

Although, enhanced detoxification of xenobiotics by calorie re-
striction may account for the marked effect of dietary manipu-
lation on chemical carcinogenesis, many studies have indicated
that reduced oxidative damage and altered rates of cell division
and/or apoptosis may also be involved.157−159

The influence of calorie restriction on free radical metabolism
has been described, and suggests that a decline in ROS is
a likely mechanism by which calorie restriction mediates its
protection.157,159 Calorie restriction not only attenuates the gen-
eration of ROS by liver mitochondria, but also alters the activities
of the electron transport chain complexes, I, III, and IV.160 In a
study of 83 healthy subjects lean/male subjects excreted more
urinary 8-OHdG than obese/female subjects which was thought
to be related to differences in metabolic rate. These investiga-
tors tested this hypothesis by placing subjects on a CR diet and
observed a large decrease in 8-OHdG excretion.81 That CR may
produce decreases in oxidative DNA damage is demonstrated by
animal studies. 8-OHdG/dG in skin dermal cells of adult male
rats fed CR diets was directly proportional to daily caloric in-
take/g organ weight (a measure of whole-body metabolic rate)
and glycated hemoglobin levels.161 In another study,162 40%
CR rats had 44% lower 5 hydroxymethyl uracil/thymine ratios
(another DNA damage product) in liver and 32.3% lower in

mammary gland compared to control animals. Low fat diets de-
creased oxidative damage but the differences were less and not
statistically significant. Lopez-Torres et al.148 studied long-term
CR in rats and found that mt DNA damage, measured as HPLC-
EC detection of 8-OHdG, was increased with age but abol-
ished with CR whereas nDNA damage was unaffected by age
or CR.

Fats

Although under some revision, dietary fat has been thought
to be a major cancer risk factor based on reports of posi-
tive correlations between dietary fat intake and increased in-
cidence and mortality especially in comparisons for cancers
of the breast, colon and prostate.163,164 Present epidemiologi-
cal and experimental data have linked a high dietary intake of
ω-6 polyunsaturated fatty acids (PUFAs) such as linoleic acid
(C18:2), especially in association with a low intake of ω-3 PU-
FAs such as docosahexaenoic acid (C22:6), to increased risks
for cancers of the breast, colon and possibly, prostate.163,165

Linoleic acid is the only fatty acid that is carcinogenic in an-
imal models.166 Dietary fats, specially ω-6 and ω-3 PUFAs, af-
fect a variety of steps in the multistage carcinogenesis process.
Persistent cellular oxidative stress and enhanced peroxidation
of PUFAs leads to macromolecular damage and disruption of
signaling pathways.167 Trans-4-Hydroxyl-2-nonenal, one of the
major lipid peroxidation products, is formed by the oxidation of
linoleic or arachidonic acid (ω-6 PUFAs) and is readily oxidized
by fatty acid peroxides to form 2,3-epoxy-4-hydroxynonanal.
This bifunctional alkylating agent can react with DNA to yield
etheno adducts and other base adducts.165 Etheno adducts are
highly miscoding lesions in mammalian cells and are thought
to initiate the carcinogenic process through specific point muta-
tions, as shown with the known carcinogens vinyl chloride and
urethane.168

Lipid peroxidation generates reactive DNA adducts in human
cells and may contribute to diet-related cancer. Nair et al.169

analyzed leukocyte DNA from volunteers in a carefully con-
trolled dietary study and showed that a high intake (65%) of ω-6
PUFAs moderately increased the frequency of malondialdehyde
(MDA)-derived DNA adducts, and to a somewhat greater degree
in women than in men. In contrast, the frequency of etheno-
DNA adducts in leukocytes was 40 times greater in women
and not increased in men, with a huge interindividual varia-
tion in lipid peroxidation-derived DNA damage. Wang et al.170

used the 32P-post-labelling technique to quantify putative MDA-
deoxyguanosine and MDA-deoxyadenosine adducts, and found
a 3-fold increase in the level of these lipid peroxidation-derived
adducts in normal breast tissue from breast cancer patients in
comparison with cancer-free controls. Lipid peroxidation de-
rived products and oxidative DNA base damage have been as-
sociated with increased breast cancer risk. Lipid peroxidation,
as measured from MDA in urine, in pre-menopausal women
with mammographic dysplasia was approximately double that
in women without these radiological changes.171
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The amount of fat consumption may reflect the levels of ox-
idative damage to DNA. Fats are readily oxidized upon storage,
and a higher fat intake thus would be accompanied by a higher
intake of oxidized fatty acids. Oxidized fatty acids could, in turn,
cause production of ROS that can damage DNA. The effect of
a low fat diet on levels of oxidative DNA damage in peripheral
nucleated blood cells was studied in 21 women at high risk for
breast cancer who were randomly assigned to a normal or low
fat (15% of calories from fat) diet for 7 days.172 The concen-
tration of oxidized thymine, specifically 5-hydroxymethyluracil
(5-OHmU), was 3-fold higher in the group who consumed their
usual diet compared to those who consumed 20% fat as energy
diet and there was a significant, linear relationship between daily
total fat intake and leukocyte 5-OHmU. Djuric et al.173 extended
these studies to explore the interaction between low fat and lower
energy diets in healthy premenopausal women by randomly as-
signing women to consume controlled, low-fat, low-energy or
low-fat, low-energy combination diets for 12 wks. Leukocyte
5-OhmU was decreased in significantly more women consum-
ing any of the experimental diets compared to the control group.
The same research group174 examined the effects of five differ-
ent dietary fat intakes on levels of oxidative DNA damage in rats.
Animals fed diets containing 3, 5, 10, 15, or 20% corn oil for
20 weeks. 5-Hydroxymethyl-2-deoxyuridine (5-OHmdU) was
measured in lymphocytes and mammary gland using GC/MS.
Levels of 5-OHmdU in lymphocytes increased with dietary fat
levels, and mean levels were significantly higher in animals fed
20% oil than in all other groups. Mammary gland 5-OHmdU
levels in animals fed 5%, 10%, or 15% fat were significantly
higher than in animals fed 3% fat. Increasing polyunsaturated
fatty acid intake (PUFA) from 5% of energy to 15% of energy
for 2 wks 7 significantly increased leukocyte DNA damage as
measured by the COMET assay in 21 healthy non-smoking men.
The effect was abolished by vitamin supplementation to 80 mg/d
compared to 5–7 mg/d.175 Other studies have also shown that
the type of oil and the level of its antioxidant capacity mod-
ulates DNA damage.176,177 These data suggest that oxidative
DNA damage may be a mechanistic link between dietary fatty
acids and cancer risk. However, lard intake with a large increase
in fat energy decreased DNA-adduct levels as measured by 32P-
postlabeling but increased DNA repair mechanisms and resulted
in no increase in oxidative DNA damage in liver, colon, or the
urine of the experimental rats.178

Antioxidant Vitamins and Minerals

Epidemiological studies indicate that a diet rich in fruit and
vegetables is associated with lower incidence of various forms
of cancer.179−180 This protection is commonly attributed to the
dietary content of antioxidants such as vitamin C, vitamin E, and
various carotenoids.181−183 Antioxidant supplementation could
be expected to reduce the rate of oxidative DNA modification,
but as yet the data from intervention studies have provided lim-
ited support for this notion. The daily administration of 20 mg
β-carotene for 20 weeks had no effect on the excretion rate of

8-OHdG in smokers.184 Similarly, the urinary excretion of the
RNA damage product, 8-oxoguanosine, was not affected by the
daily administration of vitamin C (1000 mg) and E (533 mg)
and β-carotene (10 mg) for 1 month.185 These data are in agree-
ment with the observation that neither β-carotene nor vitamin E
reduced the risk of lung cancer in a large-scale clinical interven-
tion study involving approximately 30,000 smokers.186 These
trials do not address the possibility that correction of DNA-
damaging, oxidative stress by antioxidant supplementation may
only be effective for a subpopulation possessing poor antioxi-
dant status since diets containing high amounts of β-carotene or
vitamin E are linked with lower risk in numerous case-control
and cohort studies. Furthermore, antioxidant vitamins can also
be considered to possess pro-oxidant properties, which has been
confirmed experimentally.187−189

Despite the failure of antioxidant supplement clinical trials
to show decreases in DNA damage and cancer incidence, an-
tioxidant vitamins have been shown to modulate oxidative DNA
damage in cells, cell free systems, and in animals. More exten-
sive reviews of these substances are necessary.

Vitamin C

Addition of vitamin C to purified DNA or isolated nuclei in
the presence of redox active metal ions results in single-strand
breaks and base modifications such as 8-OHdG.190−192 This is
thought to be due to binding of reduced metal ions to DNA
(ascorbate maintains them in a reduced state) and resultant site-
specific hydroxyl radical production and oxidative damage.190 In
the absence of added metal ions, however, vitamin C inhibits the
formation of 8-OHdG in purified DNA exposed to peroxynitrite
or UV light.191,193,194 Vitamin C also acts as an antioxidant in
cells, inhibiting oxidative DNA damage in isolated and cultured
cells exposed to hydrogen peroxide and UV-visible light.195,196

In contrast, several studies have shown increased formation of
oxidative DNA damage in cultured cells and isolated human
lymphocytes in the presence of added vitamin C.197−198 In view
of the above findings, the pro-oxidant effect of vitamin C is
most likely due to the presence of contaminating metal ions in
the media.190−192

Vitamin C supplementation studies have been conducted
in animals to determine the effects on oxidative DNA
damage.199−200 Vitamin C manipulation in guinea pigs, equiva-
lent to marginal deficiency, optimum intake, and megadose in-
take, had no effect on the hepatic steady-state levels of 8-OHdG,
as determined by HPLC/ECD, despite up to a 60-fold variation in
vitamin C levels in the liver.199 In contrast, a UV challenge to the
eyes of guinea pigs and rats showed a decrease in single strand
breaks in lens epithelium in vitamin C-supplemented animals
and a corresponding increase in vitamin C-deficient animals.200

Various experimental studies, in which cellular markers of
DNA damage were measured in humans, have been conducted.
Fraga et al.201 found that an intake of 60 or 250 mg/d vitamin
C for 28 days decreased sperm 8-OHdG levels, measured by
HPLC/ECD, in 10 male subjects but did not affect lymphocyte
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or urine 8-OHdG or DNA strand breaks. In contrast, Anderson
et al.202 showed no effect of either 60 or 6000 mg/d vitamin C
on lymphocyte DNA or chromosome damage, as measured by
the COMET assay, in 48 nonsmoking subjects supplemented for
14 days. Podmore et al.203 found 2.5-fold decreased levels of 8-
oxo-7,8-dihydroguanine (8-oxo-guanine) and 4-fold increased
in 8-oxo-dihydroadenine (8-oxo-adenine), as measured by GC-
MS, in lymphocyte DNA of 30 healthy subjects supplemented
with 500 mg/d vitamin C for 6 weeks. In a following report
on the same study the investigators showed increases in serum
and urinary 8-OHdG, suggesting a possible repair action of vi-
tamin C on oxidative DNA damage.203 Other studies have used
supplementation with vitamin C together with other micronutri-
ents. Duthie et al.92 supplemented 50 male smokers and 50 non
smokers with 100 mg/d vitamin C and 280 mg/d vitamin E and
25 mg/d β-carotene for 20 weeks and showed a 156% and 36%
decrease in oxidized pyrimidines both smokers and nonsmok-
ers, respectively, as measured by the COMET assay. In contrast,
Prieme et al.64 showed a 10.2% increase in 8-OHdG excretion
following supplementation with 250 mg/d vitamin C, both alone
or in combination with 100 mg/d vitamin E, in smokers, again
suggesting that vitamin C may affect repair. On the other hand,
the study by Rehman et al.204 in which two groups of subjects,
one with low (50 µmol/L) and one with high (72 µmol/L) ini-
tial plasma vitamin C levels, were supplemented with 14 mg/d
iron and either 60 or 260 mg/d vitamin C for 2 months, exhib-
ited a complex outcome. In the higher initial plasma vitamin C
group there was 50% and 35% decreased in urinary 8-OHdG
(measured by GC/MS), respectively, in 60 and 260 mg/d vita-
min C supplemented groups. In the group with the lower initial
plasma ascorbate, there was a 60% and 71% decreased in uri-
nary 8-OHdG with low and high vitamin C supplementation,
respectively. These results suggest that vitamin C status is im-
portant and should be taken into consideration when evaluating
the efficacy of vitamin C supplementation for the prevention of
DNA damage in various tissues. Thus, studies testing the ef-
fects of supplemental vitamin C intake on markers of oxidative
damage to DNA have given mixed results. A recent review sug-
gested no clear support for the concept of a pro-oxidant action
of ascorbate in vivo, either alone or in association with iron,
under physiological conditions,205 but the questions concerning
the efficacy of vitamin C supplementation to reduce oxidative
damage in humans remain unresolved.206

In summary, most of the studies reviewed showed a vita-
min C-dependent reduction in oxidative DNA damage, whereas
some studies found either no change or an increase in the lev-
els of selected DNA lesions. Experiments using purified DNA or
isolated nuclei190−192 confirm that in the presence of added metal
irons, vitamin C acts as a pro-oxidant in vitro. In the absence of
added metal ions, however, vitamin C inhibits oxidative DNA
damage in purified DNA and cells.191,193−196 The contradictory
results are likely explained by ‘contaminating’ metal ions in the
cell culture media.

Of the two animal supplementation studies discussed, one
showed protection by vitamin C against UV-induced DNA dam-

age in the eye200 and the other reported no change in the steady-
state levels of oxidative DNA damage in the liver.199 Of nine
human vitamin C supplementation studies, four showed a re-
duction in ex vivo or in vivo DNA oxidation,198,201,207 whereas
two showed no change;64,202 another three showed a decrease
in some markers and an increase in others.203,204,208 Two of the
latter studies,203,204 however, suffer from serious shortcomings,
primarily artifactual DNA oxidation during GC/MS analysis and
high base line levels of vitamin C.

Vitamin E

Vitamin E (α-tocopherol) is widely recognized as the most
important biological antioxidant.209,210 Although there is con-
siderable interest in the possibility that vitamin E may be protec-
tive against cancer92 several human studies have demonstrated
that the vitamin can act as a promoter of carcinogenesis, at both
the initiation and promotion stages.211,212

Cadenas et al.199 determined the effect of dietary supplemen-
tation with vitamin C and E on hepatic 8-OHdG by HPLC/ECD
of normal unstressed guinea-pigs at dietary doses that are known
to effectively modify hepatic ascorbate and vitamin E levels. In
one experiment, three groups of 6–8 guniea-pigs were fed di-
ets containing 15 mg of vitamin E/kg chow and three different
amounts of vitamin C (33, 660, or 13200 mg/kg) for 5 weeks.
In a second experiment, three groups of seven guinea-pigs were
fed diets containing 600 mg of vitamin C/kg and three different
amounts of vitamin E (15, 150, or 1500 mg/kg) for 5 weeks.
The level of 8-OHdG/105 dG in the liver DNA was 1.89 ± 0.32,
1.94 ± 0.78, and 1.93 ± 0.65 in the low, medium and high dose
ascorbate groups (no effect: p > 0.05). In the low, medium,
and high dose vitamin E groups, 8-OHdG/105dG level in the
liver DNA was 2.85 ± 0.70, 2.74 ± 0.66, and 2.61 ± 0.92 (no
effect: p > 0.05). It is concluded that even very large variations
in the content of the antioxidant vitamins C and E in the diet
and liver have no influence on the steady-state level of oxida-
tive damage to guanine in the liver DNA of normal unstressed
guinea-pigs. Likewise, Duthie et al.213 found no increase in 8-
OHdG levels in lymphocytes, liver, or colon in rats placed on
a vitamin E deficient diet for 12 wks despite increases in lipid
peroixdation biomarkers. Also, when 1000 mg/day of vitamin
E was given to melanoma patients for 3 months there were no
overall differences in the plasma antibody titer for 5-OHmdU
between those that received the supplement and those tat did
not. However, those that had less aggressive melanoma had a
48% decrease in 5-OHmdU plasma antibody levels in response
to supplementation.214 This was a small preliminary study.

Carotenoids

Carotenoids as biological antioxidants have been the focus of
numerous investigations. Those carotenoids with nine or more
conjugated double bonds are able to quench singlet oxygen with
increasing activity depending on the number of conjugated dou-
ble bonds. The most prominent dietary ones include β-carotene,
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lycopene, lutein, β-crytoxanthin, and α-carotene. Several stud-
ies point to carotenoid-rich green leafy vegetables being able
to lower cancer risks, and β-carotene in particular is consid-
ered to be an important protective ingredient.215,216 β-Carotene
has antioxidant properties and may inhibit carcinogenesis by
several mechanisms, for example, prevention of DNA damage
induced by free radicals, interference with the metabolic ac-
tivation of carcinogens, or prevention of the binding of car-
cinogens to DNA.217β-Carotene given as a supplement, how-
ever, increased lung cancer incidence and mortality rates in
smokers218 or was without effect in healthy subjects.71 Sev-
eral factors could explain the opposite effects of carotenoid-rich
diets on the one hand and β-carotene supplementation on the
other. Foods contain not only β-carotene but many hundreds
of carotenoids. Also, the bioavailability is lower from ingested
vegetables than from supplements. Finally, current smokers may
be more susceptible to prooxidant activities of β-carotene than
nonsmokers.219,220

Tomatoes and tomato products are the major source of ly-
copene in the American diet providing about 80%. Among these
carotenoids, lycopene in particular, has received the most at-
tention in the prevention of DNA damage. Rao and Agarwal221

evaluated the effect of dietary supplementation of lycopene from
6 different tomato products including placebo, tomato juice
(50.4 mg lycopene/day), 2 different spaghetti sauces (20.5 or
39.2 mg lycopene/day), and 2 levels of lycopene as tomato ole-
oresin (75 or 150 mg lycopene/day) with 19 healthy human
subjects. Each treatment was for one week each with a one-
week washout phase. They assayed lipid, protein, and lympho-
cyte DNA oxidation, measured by 8-OHdG using HPLC/ECD.
All treatments resulted in significantly lower (p < 0.001) lipid
oxidation than in the placebo group. Although not statistically
significant, a tendency of lowered protein and DNA oxidation
was observed with each treatment except placebo.

Riso et al.222 found that the daily consumption of 60 g of
tomato puree per day, containing 16.5 mg lycopene and 0.6 mg
β-carotene, for 3 weeks decreased lymphocyte DNA damage
by 42%, quantified as the COMET assay. The same investiga-
tors found that the consumption of 25 g of tomato puree per
day, containing 7 mg lycopene and 0.3 mg β-carotene, for 2
weeks, reduced lymphocyte DNA damage by ∼50% based on
the COMET assay.223 Both these studies involved healthy non-
smoking subjects. These results indicate that a small amount of
tomato puree added to the diet over a short period of time can
increase the resistance of lymphocytes to oxidative stress and
DNA damage.

Our research group supplemented 32 newly diagnosed
prostate cancer patients with 200 g of tomato spaghetti sauce
baked into pasta entrees (30 mg lycopene/day) for 3 weeks
prior to prostatectomy. Oxidative DNA damage measured by
HPLC/ECD as 8-OHdG/dG in leukocytes decreased by 21%,
in men consuming tomato sauce and in prostate decreased 28%
compared to a control group of prostatectomy patients not par-
ticipating in the study. A histochemical evaluation of 8-OHdG
showed that the decreased DNA damage was greatest in prostate

cancer cells and histochemically measured 8-OHdG decreased
46%.97 Although this study demonstrated that tomatoes have
an in vivo protective effect against oxidative DNA damage, it
is not clear whether a decrease in DNA damage to cancer cells
is a positive or negative outcome, if this promotes the greater
survival of these cells.224

So far antioxidant supplementation has failed to alter oxida-
tive DNA damage except that vitamin C appears to be impor-
tant for the protection of sperm DNA and lycopene is readily
absorbed from tomato products and may act as an in vivo an-
tioxidant to protect from DNA damage.

Selenium

Selenium (Se) is an essential dietary nutrient for all mam-
malian species and a key component of various enzymes. Se-
lenoproteins such as glutathione peroxidases (GPx), thioredoxin
reductases (TrxR), and selenoprotein P (SePP) contain molec-
ular selenium in the form of selenocysteines within their ac-
tive center. They are involved in the defense of reactive oxygen
species, which otherwise may cause DNA damage and alter-
ations of protein function. However it is also toxic in vivo and
to cells in culture.225 Toxicity of Se is now thought to occur due
to its prooxidant ability to catalyze the oxidation of thiols and
simultaneously generate superoxide (O•−

2 ).226 Humans receive
Se as selenoamino acids (selenomethionine, selenocysteine, and
selenocystine). Selenoamino acids, in particular selenomethio-
nine, have a higher bioavailability than the inorganic species.

Se has been shown to prevent cancer in numerous animal
model systems when fed at levels exceeding the nutritional
requirements.227,228 Stewart et al.229 evaluated prooxidative ef-
fects of three different Se compounds; selenite, selenocystamine
(SeC), and selenomethionine (SeM) at final concentrations of
Se 5–10 µg/ml in BALB/c MK-2 mouse keratinocyte cell line.
8-OHdG adducts were measured by HPLC/ECD after 24 h incu-
bation with Se compounds. DNA adducts were 5.5-fold greater
with the SeC at 5 µg Se/ml treatment compared to control. Se-
lenite treated cells at the 5 µg Se/ml level also showed significant
elevations (4.6-fold) of 8-OHdG. However, greater detachment
of cells had occurred with the more toxic selenite treatment at
10 µg Se/ml. No statistical difference in adducts between con-
trol cells and SeM treated cells was observed. This indicates that
SeM has a low toxicity and does not participate in redox cycle
production of superoxide.

Cruciferous Vegetables

Epidemiological studies have shown that increased consump-
tion of cruciferous vegetables such as broccoli, Brussels sprouts
(BS), and cabbage, can lower the risk of various developing
cancers.230,231 It is considered that much of this chemopreventive
effect can be attributed to the anticarcinogenic effects of glucosi-
nolates, which are relatively unique to cruciferous vegetables.232

Glucosinolates themselves exhibit low bioactivities, but on
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autolysis they are hydrolyzed to release a number of products,
mainly isothiocyanates and nitriles.233 The proposed mechanism
of action is by inducing enzymes which scavenge electrophiles
or by mimicking the cellular protective response to oxidative
stress.234,235

Two studies investigating the effect of BS in the human diet
have been conducted.83,184 In the first study, healthy male, non-
smoking volunteers continued on a diet free of cruciferous veg-
etables and another 5 men consumed 300 g of cooked BS per
day. In the control group there was no difference between the two
periods in levels of 8-OHdG in urine measured by HPLC/ECD.
In contrast, the levels of 8-OHdG were significantly decreased
by 28% in BS group after a 3-week intervention period. In a
second study, 10 men and women were randomly assigned to
only glucosinolate-free meals whereas the other five consumed
an additional 300 g of cooked BS per day. After 1 week, the
dietary regimes were reversed. In four of five men a 55% re-
duction in 8-OHdG was found during the BS supplementation
period, whereas in the fifth male the 8-OHdG excretion was
high in the control period and was even much higher (4-fold)
in the BS period. Consumption of BS had no effect on the ex-
cretion of 8-OHdG in females. Because urinary excretion could
be confounded by modulation of DNA repair. Zhu et al.236 in-
vestigated the effect of an aqueous extract of cooked BS on the
formation of 8-OHdG in calf thymus DNA in vitro. Damage
was induced by a Fenton reaction, short ultraviolet (VUC, 254
nm), long ultraviolet (UVA, 365 nm), sunlamp light, and methy-
lene blue with visible light. The BS extract inhibited 8-OHdG
formation up to 60–90% in all systems except the visible light
with methylene blue. However, further investigation of oxidative
DNA damage in specific rat organs shows that treatment with
BS may result in an increase in 8-OHdG formation. Sorensen
et al.237 measured DNA damage using HPLC/ECD in rat liver
after administration of BS extract for 3 or 7 days. They found
increased levels of 8-OHdG from 16% to 23% after 3 or 7 day
treatment, respectively. The observed increase in oxidative DNA
damage raises the question whether the decreased urinary excre-
tion levels in the human studies were a result of changes in DNA
repair.

Soy

Epidemiological studies indicate that consumption of a
soybean-containing diet is associated with a lower incidence of
certain human cancers in Asian vs. Caucasian population.238−240

Based on soy food consumption in Japan, typical daily isoflavone
intake has been estimated at approximately 50 mg/person.241

Genistein and daizein are the two principal components in soy
products, and have been the focus of studies investigating the
role of soy isoflavones in cancer prevention.242

One of the mechanisms by which soy isoflavones are thought
to prevent cancer is via their antioxidant properties.243,244 Soy
isoflavones have been shown to exhibit antioxidant effects
both in vitro and in vivo. Isoflavones have direct free radical

quenching ability, with genistein and daizein being particularly
effective.243,245 Isoflavones may also produce decreased oxida-
tive damage in cells via indirect mechanisms, such as induction
of antioxidant scavenging enzymes.246

Mitchell and Collins247 determined the effect of soy, in the
form of soy milk, in 10 healthy men assigned to one of three
groups consuming 1 L of either soy milk, rice dream (vegetable
protein control), or semi-skimmed cow’s milk (animal protein
control) each day for 4 wks. The supplement decreased oxida-
tive damage to DNA bases detected using the COMET assay
compared with controls. Djuric et al.174 examined levels of 5-
OHmdU in lymphocytes of six women (50 mg isoflavones once
daily) and six men (50 mg isoflavones twice daily) by GC/MS
before and during soy supplementation using Novasoy tablets
(Archer Daniels Midland Company, Decatur, IL, USA). Mean
levels of leukocyte 5-OhmdU decreased after 1 week of supple-
mentation in the women, with a decrease of 47% after 3 weeks.
In men, mean leukocyte 5-OHmdU levels did not decrease until
after 3 weeks of supplementation, at which there was a 61% de-
crease. Another pilot study has been conducted by Davis et al.242

Six healthy males took one tablet containing a 50 mg mixture of
soy isoflavones (Novasoy) twice daily with meals for 3 weeks.
The mean value of 5-OHmdU measured by GC/MS was 2.6-
fold lower (p < .01) after 3 weeks of supplementation. These
results demonstrates that soy isoflavones may protect cells from
oxidative stress by decreasing DNA adduct levels.

Foods High in Polyphenolic Compounds

Phenolics are naturally occurring secondary metabolites
from plants and considered as nonnutrient biologically active
compounds.248 They are present in fruits, vegetables, leaves,
nuts, seeds, and flowers. A direct relationship between the to-
tal phenolic content and the antioxidant activities in fruits and
vegetables has been found.170,249 These compounds act as in-
hibitors or activators for a large variety of mammalian enzyme
systems, and as metal chelators and scavengers of free oxy-
gen radicals.250,251 Phenolics interfere with the pathways that
regulate cell division and proliferation, detoxification, and in-
flammatory and immune response.252,253

Teas

Tea, which is one of the most popular beverages consumed in
the world, contains polyphenols including (−)-epicatechin (EC),
(−)-epicatechin gallate (ECG), (−)-epigallocatechin (EGC),
(−)-epigallocatechin gallate (EGCG) and aflavins. Tea can block
the formation of mutagens and carcinogens from precursors.254

Tea and its polyphenols inhibit the biochemical activation
of genotoxic carcinogens. They increase their detoxifica-
tion through the induction of higher levels of glucuronosyl
transferases.255 Tea polyphenols influence molecular events at
the level of the gene such as AP-1 or NF-κB, leading to con-
trol of the activity of the transforming growth factors TGF-α
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and TGF-β.150,256,257 Tea polyphenols inhibit xanthine oxidase
associated with the formation of reactive oxygen species and
radicals.258 The effect of tumor promoters involves the blockage
of cellular growth control messages through cell gap junctions,
and the tea polyphenols restore effective gap junction communi-
cation and hence inhibit the action of promoters.257,259 In many
animal studies, the polyphenolic fraction isolated from green tea,
the water extract of green tea, or individual polyphenolic cate-
chins present in green tea have shown protective effects against
chemically induced carcinogenesis in lung, liver, esophagus,
forestomach, duodenum, pancreas, colon, and breast.260,261 It is
believed that much of the cancer chemopreventive properties of
green tea are mediated by EGCG.252,262 A single cup of brewed
green tea contains up to 400 mg of polyphenolic antioxidants,
of which 200 mg is EGCG.

Wei et al.263 compared the effects of different extractable frac-
tions of green and black teas (0–100 µg/mL) on UV irradiation-
induced formation of 8-OHdG by HPLC/ECD in calf thymus
DNA. Total fractions of green and black teas inhibited the in-
duction of 8-OHdG from 5.6 to 24 fold depending on the tea
fractions, their concentration and source of UV (UVA, B, and
C). There were no significant differences between green and
black teas which implies that tea processing, or tea fermentation
does not alter the overall antioxidant activity of tea, as was ex-
pected, although the polyphenol profile of the two are different.
Addition of EGCG to a low concentration of green and black
tea extracts substantially enhanced the quenching of 8-OHdG
production, suggesting the important role of EGCG in the an-
tioxidant activities of tea extracts. Klaunig et al.264 investigated
smokers and nonsmokers in two volunteer groups (one in China
and the other in Indiana, United States). 40 healthy male sub-
jects in China received either 3 g/day of green tea extract or no
tea for 1 day or 7 days, 27 female and male smokers in Indiana
received 32 oz of green tea/day for 7 days. Leukocyte and uri-
nary 8-OHdG were measured by HPLC/ECD. The China study
showed a 40% decrease in leukocyte and urinary 8-OHdG after 7
days of green tea treatment. Indiana study smokers experienced
a 500% and 250% decrease in leukocyte 8-OHdG and urinary 8-
OHdG excretions, respectively after 7-day intervention. A more
recent study showed that green tea consumption over a 4 month
period decreased 8-OHdG urinary excretion in smokers who
were positive for the glutathione-S-transferase (GST) polymor-
phism, GSTM1 or GSTT1, both of which render the entire gene
absent.265 GST is involved in phase II xenobiotic metabolism
and is part of the endogenous antioxidant system. The effect
of tea constituents on the apparent prevention of DNA damoge
may be through the elimination of cells with DNA damage.
Smokers and non-smokers drank 5 cups of green tea per day for
4 wks and human oral cells (buccal cells) were collected weekly
and assessed for bulky adducts, oxidizaed bases, cell growth,
DNA content, and apoptosis (programmed cell death). During
the course of this small study smoking-induced DNA damage
was decreased, cell growth was inhibited, and the cell cycle was
arrested while markers of apoptosis were increased.266 By re-
ducing the number of DNA damaged cell through cell cycle

arrest and apoptosis the amount of DNA damage in the tissue
sample will have decreased.

Grapes

Grapes contain a number of antioxidant compounds including
resveratrol, catechin, epicatechin, and proanthrocyanidins.267

Resveratrol is a natural phytoalexin that is found in large quan-
tities in berry skins of most grape cultivars. It has been reported
that diet supplementation with red wine solids can inhibit tu-
mor formation in mice.268,269 Mizutani et al.270 examined the
effect of resveratrol on oxidative DNA damage in male and fe-
male stroke-prone spontaneously hypertensive rats (SHRSP).
Five-week old male and female SHRSP were divided into con-
trol and resveratrol groups. The resveratrol group was given
1 mg/kg of resvertrol per day, orally, by gastric intubation once
a day. Following an 8 week feeding period, the levels of 8-OHdG
in the urine were measured by an 8-OHdG ELISA kit. Treatment
with resveratrol resulted in a 35 and 37% reduction in urine 8-
OHdG in male and female SHRSP, respectively, compared with
controls. Leighton et al.271 performed an intervention study to
evaluate the influence of a Mediterranean diet, a high fat diet,
and their supplementation with red wine in moderate amounts,
on DNA damage. For 3 months, two groups of 21 men each, re-
ceived either a Mediterranean diet or a high fat diet; during the
second month, red wine (240 mL/day) was added isocalorically.
Oxidative DNA damage, detected by 8-OHdG levels in blood
leukocyte DNA using HPLC/ECD, was markedly increased by
the high fat diet; however, it was strongly reduced, to approx-
imately 50% of basal values, after wine supplementation, both
in the high fat diet and Mediterranean diet groups. Taken to-
gether these results suggest that red wine or resveratrol can act
as an antimutagenic/anticarcinogenic agent perhaps, by prevent-
ing oxidative DNA damage.

CONCLUSIONS

Oxidative DNA damage has been implicated in the patho-
genesis of many diseases, particularly cancer. The assessment
of damage products in various biological matrices, such as tis-
sue DNA, serum, and urine, could be important to understand-
ing its role and subsequently devising intervention strategies.
Despite the numerous techniques to measure oxidative DNA
damage products, it remains unclear what these measurements
truly represent, since even direct in vivo measurements repre-
sent a combination of the level of ROS attack, antioxidant status
and activity of the DNA repair mechanisms. Several micronu-
trients are required as co-factors in DNA maintenance reactions
including DNA synthesis, DNA repair, DNA methylation, and
apoptosis.272 Deficiencies of these micronutrients may lead to
high levels of DNA damage in the same way as exposure to
a carcinogen. These deficiencies have not been investigated in
animal or human studies. DNA damage is also important later
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in the cancer process. The induction of specific metabolizing
enzymes by bioactive compounds found at high levels in cer-
tain vegetables, fruits, and cereals may increase the likelihood
of detoxifying and excreting DNA damaging compounds.273

It is clear that age and gender as well as environmental fac-
tors can modulate levels of DNA damage in humans as well as
animals. Most salient is the DNA damaging habit of smoking
whereas exercise effects are dependent on the intensity, timing
of sample collection, and the level of training.

A number of studies have explored the role of dietary factors,
especially antioxidants, for their ability to reduce residual DNA
damage. Overall, there are too few studies to come to any con-
clusions regarding a single food antioxidant or a food containing
antioxidants. Furthermore, in areas where there have been sev-
eral studies, there is little concordance in outcome. This state of
the science likely reflects the variety of measurement techniques
used, the design of the studies, the nutritional status of the ani-
mals or subjects and whether the antioxidants used might have
affected the rate of ROS attack or the rate of repair. Most hu-
man studies have used pharmacological doses in study subjects
having presumably adequate antioxidant status. It is not clear
whether additional benefit can be obtained by supra-normal an-
tioxidant status whereas deficiency states have not been explored
except in the case of vitamin E. Of the antioxidants, vitamin C
has been the most researched because it can promote as well as
prevent DNA damage in vitro. Some studies have shown a re-
duction in DNA damage where others have not, but most impor-
tantly, vitamin C supplementation does not appear to increase
DNA damage in vivo. Surprisingly, there is no evidence of a
protective effect of vitamin E even in deficiency or combined
with vitamin C. The two carotenoids which have been evalu-
ated are β-carotene and lycopene. The ability of lycopene to
decrease DNA damage in healthy and prostate cancer patients is
promising whereas there is no evidence of a protective effect for
β-carotene supplemented at pharmacological doses. The most
dramatic reductions in DNA damage in humans have been re-
ported for tea drinking with epigallocatechin gallate thought to
be the most bioactive of the mixture of phenolic compounds in
green and black tea. Red wine also contains a mixture of cate-
chins and anthrocyanidins and DNA damage was substantially
decreased with red wine supplementated in both high and low fat
diets. Resveratrol, a highly variable component of red wine was
shown to reduce 8OHdG excretion which may reflect improved
DNA repair as well as a decreased ROS attack. Soy isoflavonoids
have antioxidant and estrogenic/antiestrogenic properties. Both
soy milk and soy isoflavonoid supplements reduce DNA damage
in humans. Cruciferous vegetables which contain glucosinolates
that induce enzymes that either scavenge electrophiles or protect
against oxidative stress also decrease DNA damage in humans.
Caloric restriction has been shown to reduce DNA damage in
animals. The role of total fat or polyunsaturated fat in increasing
DNA damage is unclear. The variance in study results may be
related to not only the proportion and type of unsaturated fatty
acid exposure but also to the relative amount of vitamin E in the
diets.

Although there is insufficient evidence that any of these food
antioxidants alone can affect long term residual amounts of DNA
damage in tissues that are targets for cancer, it is somewhat
surprising that so many studies have been able to modulate DNA
damage levels in healthy people. Whether these small changes
in DNA damage translate into reductions in cancer risk await the
use of DNA damage measures in population studies and clinical
trials where specific cancers are the endpoint.
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