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Commentary

Why and how should we measure oxidative DNA damage in
nutritional studies? How far have we come?'2

Barry Halliwell

ABSTRACT Free radicals and other reactive species are con-
stantly generated in vivo and cause oxidative damage to DNA at
a rate that is probably a significant contributor to the age-related
development of cancer. Agents that decrease oxidative DNA dam-
age should thus decrease the risk of cancer development. That is,
oxidative DNA damage is a “biomarker” for identifying persons
at risk (for dietary or genetic reasons, or both) of developing can-
cer and for suggesting how the diets of these persons could be
modified to decrease that risk. This biomarker concept presup-
poses that we can measure oxidative damage accurately in DNA
from relevant tissues. Little information is available on whether
oxidative DNA damage in blood cells mirrors such damage in tis-
sues at risk of cancer development. Measurement of 8-hydroxy-
lated guanine (eg, as 8-hydroxy-2’-deoxyguanosine; 80OHAG) is
the commonest method of assessing DNA damage, but there is no
consensus on what the true levels are in human DNA. If the low-
est levels reported are correct, SOHdG may be only a minor prod-
uct of oxidative DNA damage. Indeed, SOHdG may be difficult
to measure because of the ease with which it is formed artifactu-
ally during isolation, hydrolysis, and analysis of DNA. Mass
spectrometry can accurately measure a wide spectrum of DNA
base damage products, but the development of liquid chromatog-
raphy—mass spectrometry techniques and improved DNA hydrol-
ysis procedures is urgently required. The available evidence sug-
gests that in Western populations, intake of certain fruit and
vegetables can decrease oxidative DNA damage, whereas ascor-
bate, vitamin E, and B-carotene cannot. Am J Clin Nutr
2000;72:1082-7.

WHY MEASURE OXIDATIVE DNA DAMAGE?

Free radicals and other reactive species are constantly gener-
ated in vivo and cause oxidative damage to biomolecules, a
process held in check only by the existence of multiple antioxi-
dant and repair systems as well as the replacement of damaged
lipids and proteins (1, 2). DNA is probably the most biologically
significant target of oxidative attack, and it is widely thought that
continuous oxidative damage to DNA is a significant contributor
to the age-related development of the major cancers, such as
those of the colon, breast, rectum, and prostate (2—4). Consistent
with this view, estimates suggest an average of at least a few
hundred “oxidative hits” per day on the DNA of each of the
~5 X 10" cells in the human body (4, 5). Damage to DNA by
reactive oxygen, chlorine, and nitrogen species generates a mul-

tiplicity of different base oxidation and other base modification
products (6, 7), which are repaired by a complex system of
enzymes (8—10). There is no general agreement even on the order
of magnitude of the purine and pyrimidine oxidation products
that escape repair and persist in DNA. For example, values for
levels of 8-hydroxylated guanine in cellular DNA in some studies
are = 0.1/10° guanines and in others = 100/10° guanines (4, 6, 7,
9-15). There is a multiplicity of other oxidative DNA base dam-
age products (6, 7), none of which has yet been subject to the
methodologic comparisons that are just beginning (11-15) for 8-
hydroxyguanine (80HG) and its nucleoside 8-hydroxy-2'-
deoxyguanosine (SOHdAG).

For the sake of argument, I conservatively guess that the sum of
all base damage products is 1/10° unmodified DNA bases. The con-
centrations of benzpyrene-DNA adducts in DNA from malignant
tumors taken from smokers have been shown to be 0.65-5.33/10°
DNA bases (16, 17). In rat liver, the calculated carcinogen-DNA
adduct concentration associated with a 50% incidence of liver can-
cer ranged from 53 to 2083 adducts/10® nucleotides for a range of
carcinogens including aflatoxin and dimethylnitrosamine (18). In
mouse liver the respective figures were 812-5543 adducts/10%
nucleotides for ethylene oxide, dimethylnitrosamine, 4-amino-
biphenyl, and 2-acetylaminofluorene (18). If we assume that DNA
base oxidation products such as 8OHdG are only one-tenth as
mutagenic, it still seems reasonable to propose that the steady state
oxidative damage that can be measured in DNA represents a threat
to the cell. The mutagenicity of 8OHdG is well established (9).
Several other DNA base oxidation products are mutagenic (19-21),
eg, 2-hydroxyadenine, 5-hydroxycytosine, formyluracil, and 5-
hydroxyuracil. In addition, the biological consequences of many of
the other base oxidation products found in cellular DNA (6, 7) have
not been studied in detail.

Thus, current data on the levels of oxidative DNA damage
products in cellular DNA are consistent with the concept that
oxidative DNA base damage is a major contributor to the risk of
cancer development. Reactive oxygen species could, of course,
promote cancer development by additional mechanisms, including
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effects on cellular proliferation (22), prevention of apoptosis (23),
damage to DNA repair enzymes (24), damage to DNA poly-
merases leading to decreased fidelity of replication (25), and the
binding of end products of lipid peroxidation to DNA bases to
create mutagenic lesions (26, 27). The mutagenic effects of prod-
ucts generated by attack of reactive species on deoxyribose
residues in DNA (28) may also be worthy of consideration.

If we accept that direct damage to DNA bases by reactive
species contributes significantly to the development of cancer,
then agents that decrease the amount of such damage should
decrease the risk of cancer development. In other words, the
steady state oxidative DNA damage in human cells is a “surrogate
marker” (or biomarker) predictive (to some extent) of cancer
development later in life. It is well known that chronic inflamma-
tion, cigarette smoking, and diets rich in fat and poor in fruit and
vegetables are associated with increased cancer incidence. Indeed,
chronic inflammation elevates levels of several oxidative DNA
damage products in human cells (29, 30). Cigarette smoke, many
other carcinogens, and a high-fat diet appear to accelerate the for-
mation of 8OHdAG in animals (31-34). Consumption of Brussels
sprouts in humans and rats and of tomatoes or vegetable juices in
healthy human volunteers decreased oxidative DNA damage
(35-38). By contrast, (3-carotene supplementation did not
decrease oxidative DNA damage in humans (39, 40), consistent
with the fact that it does not exert an anticancer effect (41).

Thus, the limited data currently available on how oxidative
DNA damage is affected by conditions known to influence can-
cer development seem to justify the use of oxidative DNA dam-
age as a biomarker. Can this biomarker be used to answer key
nutritional questions, eg, to identify which fruit and vegetables
and which of their constituents are the most protective against
oxidative DNA damage (and that therefore should be the most
effective in delaying cancer development)? Are the protective
agents ascorbate, folate, flavonoids, tocopherols, tocotrienols,
carotenoids (other than (-carotene); some or all of these in
combination; or something not yet identified? Recent data sug-
gest that, in well-nourished Western subjects, increased intakes
of ascorbate, tocopherols, or quercetin do not decrease oxida-
tive DNA damage (40, 42-45). The degree of oxidative DNA
damage varies widely between individuals, no matter how it is
measured (6, 9, 37, 43, 46-48). It seems likely that both dietary
and genetic influences [eg, on rates of free radical generation
and rates of repair of oxidative DNA damage (49)] are respon-
sible. Should subjects with oxidative DNA damage greater than
the mean be selected for antioxidant therapy to decrease their
risk of cancer development (47)? If so, which antioxidants
should we give them and how much? Of course, any conclu-
sions drawn from previous and future experiments are valid
only if the methods used to measure oxidative DNA damage are
valid. Is this the case?

HOW SHOULD OXIDATIVE DNA DAMAGE BE
MEASURED?

The problem of artifactual oxidation

To measure oxidative DNA damage by most of the currently
available methods, one must first isolate DNA. The isolated DNA
is then hydrolyzed and the hydrolysate prepared for analysis of oxi-
dized bases. The analytic methods usually involve HPLC or gas
chromatography—mass spectrometry (GC-MS). DNA is susceptible

to chemical oxidation, the most sensitive base being guanine (6).
During isolation and preparation for analysis, DNA and its bases
are exposed to ambient oxygen concentrations (hyperoxia com-
pared with nuclear oxygen concentrations) and to transition metal
ions. Such metals are potent catalysts of free radical damage and
can be present as contaminants in laboratory reagents (2) and
equipment, eg, dialysis membranes (50). Metal ions are liberated
from intracellular sites of sequestration (eg, lysosomes) during
homogenization of tissues before DNA extraction (2). In some
procedures, DNA is exposed to elevated temperatures (eg, in
acidic hydrolysis and in derivatization for GC-MS) and prooxi-
dant chemicals such as phenol. Isolation, hydrolysis, and analysis
all therefore have the potential to cause further artifactual oxida-
tion of DNA (especially of guanine residues), raising the appar-
ent level of base oxidation products and invalidating the meas-
urement. If the steady state level of oxidized bases in cellular
DNA is <1/10° bases, it is easy to see how oxidation of <0.01% of
unmolested DNA bases can invalidate the measurement. When
mitochondria are isolated, they continue to generate reactive oxy-
gen species and may even do so at an accelerated rate because of
the exposure to 21% oxygen. Beckman and Ames (51) stated
recently that for this and other reasons “it is impossible to conclude
that mitochondrial DNA suffers greater oxidation than nuclear
DNA,” contradicting much previous work done in this field.

Many laboratories are intensively investigating better methods
of isolating, hydrolyzing, and analyzing cellular DNA (5, 6, 9,
11-15, 52-57). The unspoken criterion by which the results of
such endeavors are judged seems to be that the lower the level of
oxidized bases in cellular DNA that is obtained, the more likely
it is to be correct. This is perhaps logical because one would
expect organisms to “perceive” oxidative DNA damage as a
threat to the integrity of the genome, and so to minimize steady
state concentrations of oxidized DNA bases using their plethora
of DNA repair systems. However, there are many surprises in
biology, including the realization that exposure of human tissues
to potentially DNA-damaging reactive oxygen species may be
much greater than is commonly supposed (58, 59); therefore, one
must be wary. For example, levels of 8OHG in acid-hydrolyzed
calf thymus DNA by GC-MS techniques are often, but not
always, higher than those measured (as 8OHdG) by HPLC after
enzymic DNA hydrolysis (11, 13). The discrepancy is usually
attributed (with justification—see below) to artifactual oxidation
of guanine during preparation of DNA for GC-MS analysis.
However, studies with synthetic oligonucleotides containing
known amounts of 8OHdAG (12) showed that enzymic digestion
by the usual protocols does not result in full release of SOHdG
from double-stranded DNA, ie, HPLC analysis of SOHdG after
enzymatic hydrolysis of DNA may produce underestimates. Pro-
tocols involving sodium iodide instead of phenol for DNA
extraction were found to decrease measured levels of SOHdG in
isolated DNA (15), but it has been claimed that sodium iodide
can destroy 8OHdG in DNA (60).

Perhaps the best approach would be to bypass the above prob-
lems by measuring oxidative DNA damage in the intact cell.
Antibody methods have been developed (61) and are useful for
visualization of damage, but they seem likely to be semiquantita-
tive. The comet assay (50) can be applied directly to cells and
measures DNA strand breaks. If a digestion step with DNA repair
enzymes is included in the protocol, the increased numbers of DNA
strand breaks can be used to estimate the level of oxidized DNA
bases in the cell. The values so obtained are generally lower than

$T0Z ‘TZ J8qWaA0N uo AlsiaAiun Buojoelr ue,ix e Biouonuinu usle woly papeojumod


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

1084 HALLIWELL

those generated by HPLC analysis of isolated enzymically digested
DNA from the same cells (50). It may be that the comet assay seri-
ously underestimates the number of base lesions (which I believe is
likely, because the enzymes may be unable to reach oxidized bases
deep in chromatin and 2 adjacent base lesions may be recorded as
a single strand break), or it may be that HPLC analysis overesti-
mates damage. Again, we must not make a priori assumptions
about which (if either) technique is correct. The comet assay is fast
and can be applied to small numbers of cells, making it useful for
human studies, especially large epidemiologic studies, including
intervention trials with putative antioxidants. Before use in this
way, the comet assay needs to be validated, which can be done only
by comparison with rigorous quality-controlled chemical methods
applied to pure DNA isolated from the same cells. Hence we can-
not as yet escape the problem of getting the “right answer” for con-
centrations of base oxidation products in isolated DNA.

Where should we obtain DNA?

One obvious problem in studying oxidative DNA damage is the
limited availability of human tissues from which to obtain DNA.
Most studies are performed on DNA isolated from lymphocytes
(or sometimes total white cells) from human blood. Sperm, buccal
cells, placenta, and biopsies of muscle, skin, colon, and other tis-
sues are other potential sources of DNA, although biopsy samples
often yield too little DNA for HPLC- or MS-based methods. Are
we justified in assuming that changes in the amount of oxidative
DNA damage in white blood cells caused, for example, by antiox-
idant supplementation, are reflected in the tissues in which cancer
is most likely to develop later (eg, breast, prostate, rectum, and
colon)? Are the basal amounts of oxidative damage in all body tis-
sues the same? More work needs to be done to answer such ques-
tions. For example, studies in dogs showed that endurance exer-
cise decreased concentrations of 8OHdG in lymphocytes and in
colon, but not in other tissues (62). Phagocytic white cells such as
neutrophils can easily activate during isolation, exposing them-
selves and adjacent lymphocytes to reactive species during the cell
separation process. Thus, in recent studies we preferred to isolate
DNA rapidly from whole blood (53).

Which oxidized DNA bases should we measure?

The most frequently measured product is 8OHdG, usually
assayed by HPLC linked to electrochemical detection, after
enzymic hydrolysis of isolated DNA (9, 63). The availability of
this sensitive assay was a major reason for 8OHAG being
adopted in many laboratories as a biomarker of oxidative DNA
damage. Other factors supporting SOHdG measurement include

1) its formation in DNA by several reactive species, such as sin-
glet oxygen and hydroxyl radical (9);

2) its established mutagenicity in inducing GC—TA transver-
sions (9); and

3) the multiple mechanisms that have evolved to remove
8OHAG from DNA, or to prevent its incorporation into cellu-
lar DNA (9, 64, 65), which suggests that the cell “perceives”
8OHAG to be a threatening lesion that has to be removed
rapidly (9, 64-66).

Levels of 80OHdG are not a quantitative marker of damage to
DNA by all reactive species, because SOHdG is only a minor
product of attack on DNA by reactive nitrogen (eg, peroxynitrite
and nitrous acid) or chlorine (eg, hypochlorous acid) species (6).

Attack of reactive oxygen species on guanine residues in DNA
generates not only 8OHdG but also products such as Fapy-
guanine (67). The ratio of SOHAG to Fapy-guanine is affected by
the redox state of the cell (eg, it is decreased at low oxygen con-
centrations) and by the presence of transition metal ions (67, 68).
Hence, it is possible for changes in the level of SOHdG in DNA
to result from changes in redox state and transition metal ion
availability, rather than from changes in the rate of oxidative
attack on DNA. In other words, the same amount of free radical
attack on DNA could give different levels of 80OHdG, depending
on the environment around the DNA.

Another drawback to the analysis of 8OHdG relates to the prob-
lems described above: 8OHAG is easily formed artifactually by
oxidation of guanine during DNA isolation, hydrolysis, and analy-
sis. In addition, SOHAG is much more oxidizable than is guanine,
which allows its sensitive electrochemical detection at low voltage
(63), but as a result SOHdG can easily be destroyed in DNA by
reactive species such as peroxynitrite, nitrous acid, and hypochlor-
ous acid (69). Several of the other DNA base oxidation products
seem less susceptible to artifactual generation (7, 54, 55). If levels
of 80OHAG in cellular DNA really are very low, it may be that
some of these other DNA base damage products, less readily
formed artifactually, are quantitatively more important in con-
tributing to the overall effect of oxidative DNA damage. In other
words, SOHdG may be only a very minor contributor to the total
“mutagenic load” of oxidized DNA bases, in which case more
attention to the biological consequences of the other oxidized
bases, some of which are already known to be mutagenic (19-21),
is required. Of course, interlaboratory comparisons based on qual-
ity-controlled materials have been undertaken only for 8OHdG,
and equal or greater problems could emerge when concentrations
of other oxidized bases are examined in the same way. An exam-
ple of this would result from a comparison of levels of thymine
glycol in the studies by Jenner et al (55) and Le et al (70).

Measuring multiple DNA base oxidation products accurately
requires rigorous chemical identification. The best technique
available for this is MS, which has been shown to be capable of
identifying a wide range of different products of damage to DNA
caused by reactive chlorine, oxygen, and nitrogen species (6, 7,
67, 68). MS methods coupled with GC-MS are currently used in
several laboratories for analysis of oxidative DNA damage (6, 7,
66, 67), although liquid chromatography (LC)-MS techniques are
being developed. A major problem with GC-MS has been that
both DNA bases and their oxidation products can be modified arti-
factually by the acidic DNA hydrolysis procedures usually used
and by the derivatization methods used to render products volatile
for GC. In particular, significant artifactual hydroxylation of gua-
nine can occur during high-temperature derivatization procedures,
if oxygen is inadequately excluded and perhaps for other technical
reasons that vary between laboratories (6, 7, 54, 55, 57, 67, 71,
72). Although techniques that appear to minimize these problems
now exist (55-57, 72), there is an urgent need for interlaboratory
comparisons of them. The problems lie with hydrolysis and
derivatization rather than with MS itself, so that the development
of LC-MS methods coupled with improved DNA hydrolysis and
isolation techniques requires urgent attention.

Should we measure steady state oxidative DNA damage or
rate of oxidative DNA damage?

Levels of 8OHdG and other modified bases, as measured in
DNA isolated from cells, represent a dynamic equilibrium
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between rates of oxidative DNA damage and rates of repair of that
damage. It follows that levels of oxidized bases can change not only
because of changes in the rate of oxidative DNA damage, but also
because of alterations in the rate of repair. Fortunately, 8OHdG is
excreted in human urine and its measurement has been used to
assess whole-body DNA damage (32, 73). This excretion rate can
be combined with measurements of 80OHdG in cellular DNA to
study the question of rates of repair versus rates of damage. For
example, administration of 2-nitropropane to rats led to elevated
cellular levels of SOHdG. Levels subsequently decreased, accom-
panied by an increase in urinary 80OHdG excretion (32). Cigarette
smoking was shown in some studies (31, 34) to raise 8OHdG lev-
els in human cells as well as 8OHdG excretion rates (39). Hence,
both nitropropane and constituents of cigarette smoke appear to
increase the rate of oxidative DNA damage in vivo, and the rate of
repair (at least as indicated by 8SOHdG excretion) also increases,
although often not to an extent that prevents a rise in the steady
state level of SOHdG.

Measurements of only urinary excretion rates of S8OHdG
should be interpreted with caution. For example, an agent that
increases 8OHAG excretion rates might be interpreted as “bad”
(seemingly increasing DNA damage) but might in fact be “good”
(if it stimulated repair and therefore decreased steady state
80OHAG concentrations in DNA). The concentration of 8OHdG in
urine is thought to be unaffected by diet and 8OHdG is thought to
not be metabolized in humans (32, 73), although more detailed
studies on both these points are probably required. In addition,
some or all of the SOHdG excreted in human urine may arise not
from DNA, but from oxidation of deoxyguanosine triphosphate
(dGTP) in the DNA precursor pool (64, 73). If so, it follows that
8OHAG excretion rates are not a quantitative index of oxidative
damage to guanine residues in DNA. As has been the case for
measurements of steady state oxidative DNA damage in cellular
DNA, the measurement of additional products in urine might
indicate unsuspected events. For example, in patients treated with
adriamycin, 8OHdG excretion did not change, but there was a
significant rise in 5-(hydroxymethyl)uracil in urine (74). Sev-
eral other DNA base damage products have been identified in
human urine (75, 76), although it will be necessary to rule out a
confounding effect of diet (absorption and reexcretion of oxi-
dized DNA bases from foods) before these other products can
be used as biomarkers. Indeed, more data on this point are
needed for SOHdG. Methodologic questions have also been
raised about many of the reported analyses of 8OHdG in urine,
especially those based on HPLC, for which interfering peaks
can easily co-elute (AR Collins et al, personal communication,
2000; 77-79). MS would, in principle, provide more rigorous
identification. Nevertheless, the creatinine-standardized con-
centrations of 8OHdG measured seem broadly similar among
different laboratories (72, 78, 79).

The ideal in human studies would be to measure steady state
DNA damage as well as total damage (by urinary excretion
rates). If only one set of measurements can be made, the steady
state measurement might be preferable because miscoding
induced by oxidized bases is presumably what determines the
risk of mutation and in turn the risk of cancer development. The
repair process itself is not error free, however, and can introduce
mutations, so it could be argued that a greater “throughput” of
DNA base oxidation is deleterious even if it does not result in
significant rises in the steady state concentrations of DNA base
damage products. The question remains unanswered.

CONCLUSIONS

A pessimist might conclude from the above that we should not
bother to even attempt to use oxidative DNA damage as a bio-
marker of cancer risk until we have better methods. Indeed, it
could be provocatively argued that 8OHdG is the worst base to
measure in cellular DNA, because it is so prone to artifactual for-
mation, and that more attention should be given to the other base
oxidation products.

We should continue aggressively the development of MS-
based methods (especially LC-MS) for the measurement of DNA
base oxidation products and pay less attention than is currently
paid to HPLC-based analysis of 8OHdG. We urgently need to
establish the biological significance (eg, mutagenicity and repair
rates) of the multiple oxidized bases other than 8OHdG that can
be found in cellular DNA. Finally, we need to validate assays
applicable to whole cells (comet and antibody-based assays)
against chemically rigorous methods.

On the basis of available data, can we conclude anything of rel-
evance to nutrition? On the basis of incomplete (but growing) evi-
dence, I propose that /) the well-established protective effects of
fruit and vegetables against cancer development in Western popu-
lations are due, in part or in whole, to their ability to decrease
oxidative DNA damage (35-38); 2) in well-nourished persons, the
antioxidants responsible for this action are not ascorbate, vitamin
E, or B-carotene (3942, 80) and possibly not the flavonoids (43).
We need to use biomarkers of oxidative DNA damage to deter-
mine what the protective agents really are, what their optimal
intake is, and whether subjects with elevated rates of DNA base
oxidation would benefit from a greater intake of these agents. ¢ ]
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