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Oxidized bases in DNA can be measured directly by high-performance liquid chromatography
(HPLC). 7,8-Dihydro-8-oxo-guanine (8-OHgua), as the most abundant oxidation product, is often
regarded as an indicator of oxidative stress. Estimates of endogenous 8-OHgua levels in human
lymphocyte DNA are between 2 and 8 for every 10° unaltered bases—a high frequency in view
of the potential mutagenicity of this base alteration and of the presence of an effective base
excision repair pathway in eukaryotic cells. An alternative approach to the measurement of
oxidized bases makes use of repair endonucleases with appropriate lesion specificities—
endonuclease |li, for oxidized pyrimidines and formamidopyrimidine glycosylase for 8-OHgua.
These enzymes introduce breaks at sites of damage in DNA. The comet assay (single cell gel
electrophoresis) can then be used to detect the DNA breaks. This modified comet assay, like
other enzyme-linked DNA breakage assays, gives a value for endogenous oxidative base damage
that is more than 10-fold lower than most estimates from HPLC. It is possible that HPLC-based
estimates are artificially high because oxidation of guanine occurs during isolation, storage, or
hydrolysis of DNA. Using a revised DNA isolation procedure designed to decrease in vitro
oxidation, we have obtained results for 8-OHgua concentrations in human lymphocytes that are
closer to the figures obtained by the comet assay. It is still an open question whether 8-OHgua,
measured by HPLC or by the comet assay, is a valid marker for oxidative damage. — Environ
Health Perspect 104(Suppl 3):465-469 (1996)
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Introduction

Oxidative damage to DNA, whether
induced exogenously by radiation or chem-
ical agents or endogenously by free radicals
released during normal respiration, is gen-
erally regarded as a significant contributory
cause of cancer. The evidence for this state-
ment arises at several different levels of
investigation. First, at the level of epidemiol-
ogy, there are many reports of correlations

between a high consumption of fruit and
vegetables, or of specific dietary antioxi-
dants (vitamin C, carotenoids, vitamin E),
and a relatively low incidence of several
cancers (I—4). Ames (5) proposed that
dietary antioxidants in general protect
against cancer by removing reactive oxygen
species before they have a chance to cause
damage to biological molecules.
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At the molecular level, the spectrum of
oxidation products formed in DNA
includes strand breaks, base-less sugars or
AP (apurinic/apyrimidinic) sites, and oxi-
dized bases (6); within the last group,
attention has been focused on 7,8-dihydro-
8-oxo-guanine (8-OHgua) as a major
product with a clear mutagenic potential.
The base-pairing specificity of 8-OHgua is
not as strict as that of guanine itself, and in
in vitro replication with bacterial and
eukaryotic DNA polymerases, there is
significant incorporation of adenine oppo-
site guanine in the daughter strand (7).

In view of its potential importance and
the relative ease with which it can be mea-
sured, 8-OHgua (or the nucleoside,
7,8-dihydro-8-oxo-deoxyguanosine
[8-OHdG]) has come to be commonly
regarded as a good marker of oxidative
damage (8,9). 8-OHdG can be measured
in hydrolyzed DNA from lymphocytes or
tissues where it represents the steady state
that exists between the input of damage
and its repair by cellular processes. An
alternative approach is to assay oxidation
products excreted in urine on the assump-
tion that these products arise from excision
repair occurring in the cells. 8-OHgua and
7,8-dihydro-8-oxo-guanosine are abundant
in urine, but they may originate in cellular
RNA as well as in DNA, and they may be
derived from nucleic acids in the diet (10).
In contrast, 8-OHdG occurs specifically in
DNA and is apparently not absorbed
through the gut. It therefore appears to be
a reasonable marker for oxidative DNA
damage because (assuming a steady state)
the rate of output of 8-OHdG by repair
should balance the rate of input of damage.
There is a question concerning the origin
of 8-OHdG in urine because the nucleo-
side is not a product of the established base
excision repair pathway, which simply
excises damaged bases—in this case 8-
OHgua. A novel pathway that does remove
the nucleoside (17) may account for release
of 8-OHdG. However, Lindahl (12) has
pointed out the possibility that DNA
breakdown products from dead cells may
undergo oxidation in the kidneys, so mea-
surement of 8-OHdG in urine may be
only a poor indicator of oxidative stress in
the organism.

Notwithstanding these caveats, numer-
ous studies have been published with mea-
surements of 8-OHdG in DNA or urine of
human subjects. Urinary 8-OHdG was
found to correlate with metabolic rate and
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with smoking (13,14). Therapeutic doses
of ionizing radiation led to severalfold
increases in 8-OHdG in leukocytes (15);
however, others have reported no correla-
tion of 8-OHdG in DNA with smoking or
with age (16).

Widely different methods have been
used to measure the steady-state concentra-
tion of oxidative base damage in DNA.
Gas chromatography with mass spectro-
metric detection (GC-MS) (9) and high
performance liquid chromatography
(HPLC) with electrochemical detection
(HPLC-EC) (8) have the advantage of
specificity, since different oxidation prod-
ucts can be identified; however, they
require relatively large quantities of starting
material. 32P-postlabeling has only recently
been applied to oxidation products from
DNA (17); it is a sensitive method, but
unequivocal identification of oxidation
products can present problems. Three
other techniques make use of repair endo-
nucleases with specificity for oxidative base
damage to make breaks in DNA at the sites
of damage. These breaks are then measured
by alkaline elution (18), a modified nick
translation assay (19), or modified single
cell gel electrophoresis (SCGE; the comet
assay) (20).

To date, the chemical methods of
analysis have given values for 8-OHgua
concentrations in DNA of human cells
that are far in excess of the values obtained
in any of the DNA breakage-based assays—
tens of thousands of oxidized bases per
cell compared with a few hundred. We
report here the results of experiments
designed to eliminate possible artifacts
that might account for these discrepancies.
We have used both the direct method of
measuring 8-OHdG by HPLC and the
indirect method of SCGE combined with
repair enzymes. Formamidopyrimidine
glycosylase (FPG) removes 8-OHgua, leav-
ing AP sites that are converted to strand
breaks by the associated AP endonuclease
activity. An analogous enzyme, endonu-
clease III, creates strand breaks at sites of
oxidized pyrimidines.

Methods

Cell Culture and Treatment
with DNA-damaging Agents

Transformed human epithelial (HeLa) cells
were routinely cultured as monolayers
in Glasgow-modified Eagle’s Minimal
Essential Medium (ICN Flow, Thame,
England) with 5% fetal calf serum,
5% newborn calf serum, penicillin, and
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streptomycin at 37°C in a 5% CO,
atmosphere. Oxidative damage was intro-
duced by replacing the medium with
phosphate-buffered saline (PBS) contain-
ing H,O; at the required concentration.
After 5 min on ice, the H,0, solution was
removed, and cells were either processed
for SCGE immediately or first incubated at
37°C in medium to allow rejoining of
strand breaks.

The standard method of centrifugation
over a layer of Ficoll-based separation
medium was used to isolate human lym-
phocytes from finger-prick samples of
blood from volunteers (who had given
their informed consent). The lymphocytes
were X-irradiated on ice after embedding
in agarose, but before lysis. Radiation was
delivered by a TUR-250 X-ray generator
operating at 200 kW and 15 mA without
filtration. The dose rate was 1.38 Gy/min.

Single Cell Gel Electrophoresis

The comet assay was based on the method
of Singh et al. (21) with several modifica-
tions. A layer of 85pl of 1% standard
agarose (Gibco BRL, Paisley, Scotland) in
PBS was set on a microscope slide and
overlaid with 85 pl of 1% low-melting-
point agarose (Gibco BRL) in PBS in
which cells were suspended at 37°C. The
cells were lysed by immersing the slides in
2.5 M NaCl, 0.1 M Na,EDTA, 10 mM
Tris-HCI, pH 10, 1% Triton X-100 for
1 hr; this treatment leaves residual nuclei,
or nucleoids, embedded in the gel. After
lysis, slides were washed three times with
enzyme buffer [0.1 M KCI, 0.5 mM
Na,EDTA, 40 mM N-(2-hydroxyethyl)-
piperazine- N’-2-ethanesulfonic acid
(HEPES) KOH, 0.2 mg/ml bovine serum
albumin, pH 8.0] and treated with FPG or
endonuclease III (see below) before placing
in an electrophoresis tank in 0.3 M
NaOH, 1 mM Na,EDTA for 40 min.
Electrophoresis was then carried out at
25 V and approximately 300 mA for
30 min. After staining with 4,6-diamidino-
2-phenylindole (DAPI), each slide was
viewed by fluorescence microscopy and the
degree of damage in the nucleoids was
assessed visually. Each of 100 nucleoids, or
comets, was assigned a scote from 0 to 4,
depending on the fraction of DNA pulled
out into the tail under the influence of the
electric field. The overall score for each
slide was therefore between 0 (undamaged)
and 400 (maximally damaged). In some
experiments, an alternative method of
quantitation was used, based on image
analysis with Komet 3.0 software (Kinetic

Imaging Ltd., Liverpool, England). The
arbitrary units assigned by visual scoring
are closely related to the tail intensity as
measured by computer image analysis (22).

Lesion-specific Enzymes

Enzymes were isolated from over-producing
bacterial strains for FPG and endonuclease
II1, kindly provided by S. Boiteux (Institut
Gustave-Roussy, Villejuif, France) and R.
Cunningham (Department of Biological
Sciences, State University of New York,
Albany, NY), respectively.

Isolation and Hydrolysis of DNA

The method developed for the isolation
and hydrolysis of DNA from lymphocytes
will be described in full elsewhere (CM
Gedik and AR Collins, in preparation).
Briefly, lymphocytes were lysed with
sodium dodecyl sulfate and digested
with proteinase K (Boehringer Mannheim,
Lewes, England) at 55°C for 3 hr. Addition
of NaCl to 1.5 M to precipitate residual
peptides (at room temperature) was fol-
lowed by centrifugation. DNA was precipi-
tated from the supernatant by addition of
2 volumes of ethanol at —20°C. The pellet
of DNA was redissolved in a 0.01 xSSC
(0.15M NaCl/0.015 M trisodium citrate,
pH 7.0) buffer with 1 mM EDTA, incu-
bated for 1 hr at 37°C with ribonucleases
IIIA and T1 (Sigma, Poole, England), and
reprecipitated with ethanol. The DNA was
redissolved in 40 mM Tris-HCI, pH 8.5,
degassed in a sonicating water bath, and
stored under N, at =20°C. DNA was
hydrolyzed with deoxyribonuclease I, alka-
line phosphatase, and phosphodiesterases
I and II (all from Boehringer Mannheim)
in the presence of Mg** for 2 hr at 37°C,
following the method of Richter et al. (23).
It was then degassed and stored under N,
at-20°C.

HPLC is of
7,8-Dihydro-8-oxo-deoxyguanosine
The DNA hydrolysate was analyzed on a
15%0.46 cm Apex C18 3 ym column
(Jones, Hengoed, Wales) with 2 2x0.4 cm
guard column containing Perisorb RP18
(Anachem, Luton, England). The mobile
phase was 50 mM potassium phosphate,
pH 5.5, with 7.5% methanol and the
flow rate was 0.8 ml/min. Deoxyguano-
sine (dG) was measured with a Gilson
Holochrome UV detector set at 254 nm;
8-OHdG detection required an electro-
chemical detector (Coulochem 5100H)
with a 5021 conditioning cell and 5010
analytical cell. :
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Figure 1. The use of FPG to reveal base oxidation in
the comet assay. Hela cells were treated with H;0,
and assayed for DNA damage either immediately (A)
or after a 2-hr incubation {B). DNA strand breaks were
detected with the standard comet assay (®). To detect
8-0HdG, the DNA was digested (in the gel) with FPG
for 30 min before electrophoresis {0). Quantitation
was by visual examination of 100 DAPI-stained fluores-
cent comet images per slide. Bars indicate SEM from
three experiments.

DNA damage, arbitrary units

Figure 2. Human lymphocytes assessed for endoge-
nous oxidative damage with the comet assay.
Lymphocytes from two subjects, without any in vitro
treatment with damaging agent, were embedded in
agarose, lysed, and electrophoresed immediately (con-
trol) or after 30-min incubation with reaction buffer
alone, with FPG, or with endonuclease Ill (Endo ).
Comets were scored visually. Bars indicate SEM from
five experiments carried out on lymphacytes from blood
samples taken on different days.
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Results

The Comet Assay:
Detection of Strand Breaks and
7,8-Dihydro-8-oxo-deoxyguanosine

The comet assay, as generally used, detects
strand breaks by virtue of their ability to
relax supercoils of DNA and to allow DNA
loops to extend to form a comet tail when
an electric field is applied. The intensity of
DNA in the tail (measured with a fluores-
cent stain—in this case DAPI) reflects the
DNA break frequency. H,O, treatment
causes dose-dependent strand breakage
(Figure 1A). If the DNA is digested with
the repair enzyme FPG after lysis of cells
embedded in the gel, extra breaks are seen.
These represent sites of endonucleolytic
attack at 8-OHdG, which is the principal
substrate for FPG (24). Because of the
high level of strand breaks, the discrim-
ination of extra enzyme sites is rather
imprecise. However, when HeLa cells are
incubated after H,O, treatment, strand
breaks are quickly rejoined (22). By 2 hr,
they are at background level and oxidized
purines (which are only slowly repaired)
can be more accurately determined (Figure
1B). For example, strand breaks induced
by 30 uM H,0, (Figure 1A) amount to
136 units, while the additional FPG-sensi-
tive sites (Figure 1B) are represented by
83 units.

We have measured the levels of oxi-
dized bases in the DNA of human lympho-
cytes from two subjects using FPG and also
endonuclease III, whose substrate is oxi-
dized pyrimidines. The level of strand
breaks measured simply after lysis of
agarose-embedded cells is very low (Figure
2), and incubation for 30 min with buffer
alone does not significantly increase the
damage seen. However, inclusion of FPG
or endonuclease IIT has a substantial effect,
increasing the damage index up to 4-fold.
(In other experiments [not shown], we
found that inclusion of both FPG and
endonuclease 111 together had an additive

effect, which is expected if they are
detecting different classes of lesion.)

The units used to express damage in
Figures 1 and 2 are arbitrary units derived
from a visual assessment of the relative
intensity of comet tails. A more objective
computer-based image analysis has also
been employed using Komet 3.0 software.
Table 1 shows results from a study of
DNA damage in healthy males (smokers
and nonsmokers; not significantly different
in this study) from 40 to 60 years of age.
The mean values are given for strand
breaks (present on incubation without
enzyme), FPG-sensitive sites, and endo-
nuclease III-sensitive sites, expressed as
percent of DNA in the tail and as tail
moment (the product of relative tail
intensity and length).

In order to relate these units to DNA
break frequencies and thus to be able to
estimate numbers of oxidized bases, lym-
phocytes were X-irradiated on ice after
embedding in agarose and then lysed and
electrophoresed. Figure 3 shows the
increase in DNA breakage with X-ray dose
as indicated by image analysis using Komet
3.0. As well as indicating the range of sen-
sitivity of the comet assay and its linearity,
this figure can be used as a calibration
curve because the yield of DNA breaks/
alkali-labile sites per unit dose has been
established by other means (25).

7,8-Dihydro-8-oxo-deoxyguanosine
Measured by HPLC

We have used a method of DNA isolation
that avoids phenol-chloroform, as it has
been suggested that these reagents can
induce spurious oxidation of DNA or sen-
sitize DNA to future oxidative attack
(9,26). Figure 4 gives the results of analy-
sis of the 8-OHdG content of lymphocyte
DNA from 25 healthy nonsmoking males
aged between 40 and 60 years. 8-OHdG is
related to unoxidized dG by measuring
UV absorbance (for dG) as well as the
electrochemical signal (for 8-OHdG).

Table 1. Endogenous oxidative DNA damage assessed in lymphocyte samples from 25 men (aged 40-60 years).

Digestion conditions Buffer Endonuclease Il FPG

% DNA in tail 8.80+0.89 13.70+0.89 14.30+0.90
DNA breaks/10° daltons 0.18 0.40 0.43

Tail moment 405+0.79 11.37£1.70 1161151
DNA breaks/109 daltons 0.36 0.65 0.66

The comet assay was run with or without FPG or endonuclease 1l digestion before electrophoresis. Comets were
analyzed using Komet 3.0, which provides various parameters including the percent of DNA in the taif and the tail
moment. Mean values of these parameters from 25 comets per subject were calculated, and the population
means derived from these figures are shown here (+SE). DNA break frequencies are estimated using Figure 3 as a

calibration curve.
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Figure 3. X-ray calibration of comet assay.
Lymphocytes were embedded in agarose and X-irradi-
ated with a range of doses before lysis and elec-
trophoresis. Comets were quantitated using image
analysis (Komet 3.0). The percent of DNA in the tail {0)
and the tail moment {®) are plotted here (means of
results from duplicate slides). The DNA breakage
conversion factor is 0.31 breaks per 10? daltons per
Gy (25).

Number of subjects

01 D2 k] 04 0s

8-OH-dG per 10° dG

Figure 4. Distribution of values of 8-OHdG concentra-
tion in DNA of lymphocytes from 25 male nonsmokers
aged 40-60 years. 8-OHdG was determined in two
samples of hydrolyzed DNA taken from a single blood
sample.

Discussion

Physicochemical methods, HPLC-EC and
GC-MS, have been used for the measure-
ment of 8-OHgua in DNA treated with
free radical-generating agents such as ioniz-
ing radiation and H,O; for several years it
has been apparent that, with comparable
treatments, values obtained by GC-MS are
consistently higher than those from HPLC.
Whether HPLC underestimates or GC-MS
overestimates 8-OHgua has been unclear,
but recently Ravenat et al. (27) carried out
a careful comparative study applying
HPLC-EC and GC-MS to identical DNA
samples. The initial 50-fold discrepancy
between the two methods was shown to
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result from oxidation of guanine occurring
during processing for GC-MS. The yield of
8-OHgua from guanine increased linearly
with the period allowed for the derivatiza-
tion reaction. If 8-OHgua was first purified
by HPLC before derivatization (so that no
gua was available for oxidation), the values
determined by HPLC-EC and by GC-MS
were comparable.

There is little information on normal
levels of 8-OHgua (induced by endogenous
oxidative attack) in the DNA of human
lymphocytes. The results from this study,
taking precautions to avoid oxidation dur-
ing DNA isolation, are considerably lower
than others (Table 2). 0.17 8-OHgua per
10° gua (our figure) corresponds to 1.3 per
10? daltons of DNA. Given a DNA con-
tent of 4% 102 daltons per cell, there are
about 5,000 8-OHgua residues per cell.

The alternative approach, based on the
use of lesion-specific enzymes to introduce
DNA breaks at sites of damage, has been
incorporated into three different methods.
Czene and Harms-Ringdal (79) developed
a nick-translation method to estimate DNA
break frequencies; incorporation of 33S-
deoxycytidine triphosphate by FEscherichia
coli DNA pol I indicates the presence of
breaks. The assay is calibrated with plasmid
DNA in which the frequency of breaks is
measured directly by a relaxation assay.
Gamma irradiation of cultured human
fibroblasts induced FPG-sensitive sites as
well as direct strand breaks in a ratio of
approximately 1:2. The background level
of FPG-sensitive lesions was about 500 per
cell. Alkaline elution was used by Epe and
Hegler (18) to measure lesions sensitive to
several repair endonucleases including
FPG. After H,O, treatment of L1210
mouse leukemia cells, they found approxi-
mately equal numbers of single strand
breaks and base modifications.

We previously used the comet assay to
detect endonuclease III-sensitive sites (i.e.,
oxidized pyrimidines) in lymphocytes and
estimated that there were a few hundred per
cell (28). Our calibration of the assay at
that time was indirect and approximate.
We can now attempt a more precise calcu-
lation of the frequency of FPG sites and
endonuclease [II-sensitive sites using Figure
3. From the curve relating tail DNA to
break frequency, we estimate the back-
ground level of strand breaks to be 0.18 per
10° daltons; the extra sites revealed with
endonuclease III and FPG amount to 0.22
and 0.25 per 10? daltons, respectively. The
curve for tail moment gives corresponding

values of 0.36, 0.29, and 0.30 per 10

Table 2. 8-OHdG in human lymphoctyes measured by
HPLC-EC.

Study group 8-0HdG/10°dG  References
Healthy volunteers 7615 (29)
Swimmers 346+18 (30)
Runners 2321124 (30)
Healthy males 017101 Present study

Results are mean £ SD.

daltons. These figures correspond to about
a thousand endonuclease 111 sites per cell
and a similar number of FPG sites. Recent
experiments using alkaline elution to mea-
sure DNA breaks have indicated about 250
FPG sites per 10? base pairs (B Epe, per-
sonal communication), equivalent to 1,500
per cell; thus, two distinct approaches
give very similar estimates of the level of
oxidative base damage in human cells.

A potential problem with the use of
enzymes is that they may not detect all the
potential substrate. In the case of the comet
assay, we optimized the reaction conditions
for FPG (31). Confirmation that the
enzyme is working effectively comes from
the experiment in Figure 1. It can be seen
that, at different doses of H,0,, the yield
of FPG-sensitive sites (Figure 1B) is similar
to the yield of strand breaks (Figure 1A);
this is in accord with the work of Czene
and Harms-Ringdahl (19) and Epe and
Hegler (18) discussed above and also with
direct analysis of the spectrum of lesions in
DNA after oxidative attack (32).

With the revised DNA isolation proce-
dure, we appear to have eliminated a major
oxidation artifact. The estimated 8-OHgua
content of DNA is still several times greater
than that indicated by the comet assay. It
appears to us that 4 priori the bias must be
toward the lower end of the range of values
for endogenous damage because it seems
unlikely that the mammalian cell, with a
complement of appropriate repair enzymes,
would tolerate a substantial burden of
DNA damage of a kind that is known to
be potentially mutagenic. The chemical
analytical methods, which involve lengthy
DNA isolation and hydrolysis procedures,
must be considered as more prone to arti-
fact than the simpler enzymic methods.
Both approaches, however, have been
applied in population studies and have
revealed significant correlations between
oxidized bases and aspects of oxidative
stress such as radiotherapy, smoking, and
antioxidant status (15,33). Thus, while we
have elucidated the enigma, the discrep-
ancy between different experimental
approaches remains to be fully resolved.

Environmental Health Perspectives » Vol 104, Supplement 3 = May 1996



OXIDATIVE DAMAGE TO DNA

RN I

10.

11.

12.
13.

14.

15.

16.

17.

REFERENCES

Miller AB. Diet and cancer. A review. Acta Oncol 29:87-95
(1990).

Steinmetz KA, Potter D. Vegetables, fruit and cancer. Cancer
Causes and Control 2:325-357 (1991).

Dorgan JF, Schatzkin A. Antioxidant micronutrients in cancer
prevention. Hematol Oncol Clin N Am 5:43-68 (1991).

Block G. The data support a role for antioxidants in reducing
cancer risk. Nutr Rev 50:207-213 (1992).

Ames BN. Dietary carcinogens and anticarcinogens. Science
221:1256-1264 (1983).

Von Sonntag C. The chemical basis of radiation biology.
London:Taylor and Francis, 1987.

Shibutani S, Takeshita M, Grollman A. Insertion of specific
bases during DNA synthesis past the oxidation-damaged base
8-ox0dG. Nature 349:431-434 (1991).

Shigenaga MK, Aboujaoude EN, Chen Q, Ames BN. Assays of
oxisativc DNA damage biomarkers 8-oxo-2’-deoxyguanosine
and 8-oxoguanine in nuclear DNA and biological fluids by
high-performance liquid chromatography with electrochemical
detection. Methods Enzymol 234:16-33 (1994).

Halliwell B, Dizdaroglu M. The measurement of oxidative
damage to DNA by HPLC and GC/MS techniques. Free Radic
Res Commun 16:75-87 (1992).

Park E-M, Shigenaga MK, Degan P, Korn TS, Kitzler JW,
Wehr CM, Kolachana P, Ames BN. The assay of excised
oxidative DNA lesions; isolation of 8-oxoguanine and its
nucleoside derivatives from biological fluids with a monoclonal
antibody column. Proc Natl Acad Sci USA 89:3375-3379
(1992).

Bessho T, Tano K, Kasai H, Ohtsuka E, Nishimura S.
Evidence for two DNA repair enzymes for 8-hydroxyguanine
(7,8-dihydro-8-oxoguanine) in Kuman cells. ] Biol Chem
258:19416-19421 (1993).

Lindahl T. Instability and decay of the primary structure of
DNA. Nature 362:709-715 (1993).

Loft S, Astrup A, Buemann B, Poulsen HE. Oxidative DNA
damage correlates with oxygen consumption in humans.
FASEB ] 8:534-537 (1994).

Loft S, Fischer-Nielsen A, Jeding IB, Vistisen K, Poulsen HE.
8-hydroxydeoxyguanosine as a urinary biomarker of oxidative
DNA damage. ]gl'oxicol Environ Health 40:391—404 (1993).
Wilson VL, Taffe BG, Shields PG, Povey AC, Harris CC.
Detection and quantification of 8-hydroxydeoxyguanosine
adducts in peripheral blood of people exposed to ionizing radia-
tion. Environ Health Perspect 99:261-263 (1993).

Takeuchi T, Nakajima M, Ohta Y, Mure K, Takeshita T,
Morimoto K. Evaluation of 8-hydroxydeoxyguanosine, a typical
oxidative DNA damage, in human leukocytes. Carcinogenesis
15:1519-1523 (1994).

Povey AC, Wilson VL, Weston A, Doan VT, Wood ML,
Essigman JM, Shields PG. Detection of oxidative damage by
32P_postlabelling: 8-hydroxydeoxyguanosine as a marker of
exposure. In: Postlabelling Methods for Detection of DNA
Acfducts (Phillips DH, Castegnaro M, Bartsch H, eds).
Lyon:International Agency %

1993;105-114.

or Research on Cancer,

Environmental Health Perspectives = Vol 104, Supplement 3 = May 1996

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.
33.

Epe B, Hegler J. Oxidative DNA damage: endonuclease finger-
printing. Methods Enzymol 232:122-131 (1994).

Czene g, Harms-Ringdahl M. Detection of single-strand breaks
and formamidopyrimidine-DNA glycosylase-sensitive sites in
DNA of cultured human fibroblasts. Mutat Res 336:235-242
(1995).

Collins AR, Duthie SJ, Dobson VL. Direct enzymic detection
of endogenous oxidative base damage in human lymphocyte
DNA. Carcinogenesis 14:1733—1735 (1993).

Singh NP, Mcéoy MT, Tice RR, Schneider EL. A simple tech-
nique for quantitation of low levels of DNA damage in individ-
ua?cells. Exp Cell Res 175:184-191 (1988).

Collins AR, Ma AG, Duthie SJ. The kinetics of repair of oxida-
tive DNA damage (strand breaks and oxidised pyrimidines) in
human cells. Mutat Res 336:69-77 (1995).

Richter C, Park J-W, Ames BN. Normal oxidative damage to
mitochondrial and nuclear DNA is extensive. Proc Natl Acad
Sci USA 85:6465-6467 (1988).

Boiteux S, Gajewski E, Laval J, Dizdaroglu M. Substrate
specificity of the Escherichia coli Fpg protein (formamidopyrim-
idine-DNA glycosylase): excision of purine lesions in DNA
produced by ionizing radiation or photosensitization.
Biochemistry 31:106-110 (1992).

Ahnstrém G, Erixon K. Measurement of strand breaks by alka-
line denaturation and hydroxyapatite chromatography. In:
DNA Repair; A Laboratory Manual of Research Procedures
(Friedberg EC, Hanawalt PC, eds). New York:Marcel Dekker,
1981;403-418.

Claycamp HG. Phenol sensitisation of DNA to subsequent
oxidative damage in 8-hydroxyguanine assays. Carcinogenesis
13:1289-1292 (1992).

Ravanat J-L, Turesky RJ, Gremaud E, Trudel L], Stadler RH.
Determination of 8-oxoguanine in DNA by gas chromatogra-
phy-mass spectrometry and HPLC-electrochemical detection:
overestimation of thcrgackground level of the oxidized base by
the gas chromatography-mass spectrometry assay. Chem Res
Toxicol 8:1039-1045 (1995).

Gedik CM, Ewen SWB, Collins AR. Single-cell gel elec-
trophoresis applied to the analysis of UV-C damage and its
repair in human cells. Int J Radiar Biol 62:313-320 (1992).

de Kok TMCM, Vaarwerk FT, Zwingman [, van Maanen
JMS, Kleinjans JCS. Peroxidation of linoleic, arachidonic and
oleic acid in relation to the induction of oxidative damage and
cytogenetic effects. Carcinogenesis 15:1399-1404 (1994).
Inoue T, Mu Z, Sumikawa K, Adachi K, Okuchi T. Effect of
physical exercise on the content of 8-hydroxyguanosine in
nuclear DNA prepared from human lymphocytes. Jpn ] Cancer
Res 84:720-725 (1993).

Dusinské M, Collins A. Detection of oxidised purines and UV-
induced photoproducts in DNA of single cells, by inclusion of
lesion-specific enzymes in the comet assay. ATLA (in press).
Cerutti PA. Effects of ionizing radiation on mammalian cells.
Naturwissenschaften 61:51-59 (1974).

Duthie SJ, Ma A, Ross MA, Collins AR. Antioxidant supple-
mentation decreases oxidative DNA damage in human lympho-
cytes. Cancer Res (in press).

469



