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Abstract

Background DNA repair is an essential cellular function,
which, by removing DNA damage before it can cause
mutations, contributes crucially to the prevention of cancer.
Interest in the influence of micronutrients on DNA repair
activity is prompted by the possibility that the protective
effects of fruits and vegetables might thus be explained.
Two approaches to measuring repair—monitoring cellular
removal of DNA damage and incubating cell extract with
specifically damaged DNA in an in vitro assay—have been
applied in cell culture, whole animal studies, and human
trials. In addition, there are numerous investigations at the
level of expression of DNA repair-related genes.

Results Depending on the pathway studied and the phy-
tochemical or food tested, there are varied reports of
stimulation, inhibition or no effect on DNA repair. The
clearest findings are from human supplementation trials in
which lymphocytes are assessed for their repair capacity ex
vivo. Studying cellular repair of strand breaks is compli-
cated by the fact that lymphocytes appear to repair them

A. R. Collins (X))

Department of Nutrition, Institute of Basic Medical Sciences,
University of Oslo, Blindern, PB 1046, 0316 Oslo, Norway
e-mail: a.r.collins@medisin.uio.no

A. Azqueta

Department of Nutrition, Food Science and Toxicology,
Schools of Pharmacy and Sciences, University of Navarra,
Irunlarrea 1, 31008 Pamplona, Spain

S. A. S. Langie

Centre for Brain Ageing and Vitality, Human Nutrition
Research Centre, Institute for Ageing and Health,
Newecastle University, Campus for Ageing and Vitality,
Newecastle upon Tyne NE4 5PL, UK

very slowly. Applying the in vitro repair assay to human
lymphocytes has revealed stimulatory effects on repair of
oxidised bases by various micronutrients or a fruit- and
vegetable-rich diet, while other studies have failed to
demonstrate effects.

Conclusions Despite varied results from different studies,
it seems clear that micronutrients can influence DNA
repair, usually but not always enhancing activity. Different
modes of DNA repair are likely to be subject to different
regulatory mechanisms. Measures of gene expression tend
to be a poor guide to repair activity, and there is no sub-
stitute for phenotypic assays.

Keywords DNA repair - Base excision repair -
Nucleotide excision repair - Micronutrients - Antioxidants

Introduction

Epidemiological evidence points fairly strongly to an
association between fruit and vegetable consumption and
avoidance of various types of cancer [1], but there is still a
debate and confusion over the mechanism(s) of the pro-
tective effect. For many years, the antioxidant hypothesis
held sway: fruit and vegetables invariably contain antiox-
idants (vitamins C and E, carotenoids, flavonoids, etc.);
free radical damage to DNA can result in mutations and
thus eventually in cancer; antioxidants scavenge free rad-
icals and prevent this damage; therefore, antioxidants must
be responsible for the protection against cancer. There is a
great deal of evidence that antioxidants, or antioxidant-rich
foods, given to volunteers in intervention trials, do indeed
decrease the level of endogenous DNA oxidation measured
in lymphocytes and enhance the resistance of lymphocytes
to oxidative damage ex vivo [2, 3]. But the level of DNA
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base oxidation is now recognised to be far lower (by orders
of magnitude) than was often supposed [4], and in any
case, reactive oxygen species are involved in immune
protection and in cell signalling pathways [5], so sup-
pressing it too much might be detrimental. Our endogenous
antioxidant defences (catalase and superoxide dismutase,
glutathione and associated enzymes, and molecules such as
albumin and uric acid with antioxidant properties) are
evidently capable of keeping reactive oxygen species and
their effects to a low, tolerable and perhaps even desirable
level. At the same time, large-scale clinical trials with
antioxidant supplements and death or disease as the end-
point have produced far from encouraging results, and
meta-analyses show a positive association between anti-
oxidant supplementation (at least with high doses) and
overall mortality [6, 7]. So the antioxidant hypothesis is
undergoing serious reappraisal.

The nutritional modulation of DNA damage levels, as a
possible biomarker of carcinogenesis, has been extensively
reviewed [8]. However, more attention should be paid to
alternative biomarkers and chemopreventive mechanisms.
Fruits and vegetables are not just vehicles for antioxidants;
they contain innumerable micronutrients, many of which
have antioxidant properties, but it is becoming clear that
they play many different roles in metabolism. Micronutri-
ents have effects on phase I and phase II biotransformation/
detoxification pathways, on cell signalling pathways and on
endogenous antioxidant systems. In many studies, micro-
nutrients have been identified as significant modulators of
gene expression. Here, we concentrate on an attribute of
micronutrients that, until 10 years ago, was hardly con-
sidered: the ability to modulate DNA repair pathways. For
this review, we searched PubMed, using search terms
including DNA damage/strand breaks, DNA repair/DNA
damage removal [alternatively base excision repair,
nucleotide excision repair], micronutrients/phytochemicals
and individual micronutrients such as vitamin C/lycopene/
p-carotene.

We discuss first the reported effects of various micro-
nutrients on DNA repair in cell culture model systems and
then the modulation of DNA repair in animals, either by
means of a diet deficient in a particular micronutrient or by
means of supplementation. Finally, we survey the investi-
gations of DNA repair and its regulation in humans. It
should be appreciated that the human studies are too
diverse in terms of study design, type of nutrient interac-
tion and repair assay methodology to attempt a formal
meta-analysis. The effects of macronutrients, or of dietary
restriction, are not covered in this review.

Several distinct repair pathways exist—single- and
double-strand break (SB) rejoining, base excision repair
(BER) of oxidised or alkylated bases, nucleotide excision
repair (NER) of bulky adducts and helix-distorting intra-
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strand cross-links, mismatch repair, inter-strand cross-link
repair—and each is likely to have different modes of
regulation.

There are various approaches to measuring repair and
its inhibition or enhancement by nutritional and other
environmental factors. Investigations can be carried out
in cell culture, in animals or in human intervention trials.
Levels of expression of DNA repair-associated genes can
be measured by microarray assays or RT-PCR. Pheno-
type—that is, repair enzyme activity—is assessed either
by a ‘challenge’ assay, treating cells with damaging
agent and monitoring the removal of the damage over
time, or by an in vitro approach, incubating a cell-free
extract with a substrate of DNA containing specific
damage.

It is debatable what is the best measure of repair
capacity to be derived from the ‘challenge’ assay [9]. If
time points at close intervals after the start of incubation
are studied, an initial rate of removal of damage can be
estimated, but this will probably depend on the level of
incident damage, which is likely to vary between indi-
viduals (for example, as a function of antioxidant status).
A parameter that takes this into account is the #;, of
damage removal, again requiring measurement of damage
at several time points to be sure of accurately estimating
the halfway point. What is clearly not very informative
(but is often employed) is a single measurement of
residual damage at a certain time after the incident
damage—usually a time when most of the damage has
been repaired.

The comet assay (a simple method for measuring DNA
SBs, based on the relaxation of DNA supercoiling by
breaks and subsequent extension of DNA to form a ‘tail’
under electrophoresis [10]) is most often used to monitor
rejoining of SBs by cells; it is also applied to the repair of
oxidised bases, by incorporating a digestion of DNA with
either formamidopyrimidine DNA glycosylase (FPG) or
endonuclease III to convert oxidised purines or pyrimi-
dines, respectively, into SBs [11].

The alternative to the challenge assay, that is, the in
vitro repair assay, takes various forms; the substrate can be
an oligonucleotide or plasmid engineered with a specific
altered base in the sequence, repair activity being indicated
by either nicking of the DNA or incorporation of labelled
nucleotide into a repair patch [12—15]. Alternatively, the
comet assay can be used, in which case the substrate is in
the form of agarose-embedded nucleoids derived by lysis
of cells treated with a specific DNA-damaging agent [16—
19].

In Table 1, we summarise the various repair pathways
and processes that have been examined in the papers
reviewed here and give an indication of the biological
relevance.
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Modulation of DNA repair by micronutrients
in cultured cells

The effect of carotenoids on SB repair has been studied in
cultured cells. Astley et al. [20] incubated Molt-17 cells (a
human lymphocyte cell line) with 8 UM fS-carotene, lutein
or f-cryptoxanthin and induced DNA damage with H,O,;
they found that the carotenoid-supplemented cells showed
a decrease in SBs over a 2-h incubation, while control cells
did not. This paper also reports that an in vitro assay based
on incorporation of labelled nucleotide into a repair patch
showed no detectable stimulation by carotenoids. A similar
approach—monitoring the rejoining of SBs—was applied
by Glei et al. [21], using human lymphocytes incubated
with 2 uM f-carotene or lycopene. The carotenoids were
taken up into the cells, but had no effect on the rate of
rejoining. We monitored both the rejoining of SBs and the
removal of oxidised bases (8-oxoguanine introduced by
treatment with photosensitiser and visible light) by human
cell lines HeLa and Caco-2, incubated with f-cryptoxan-
thin [22]. Both kinds of repair were enhanced—at con-
centrations (1 and 4 pM) not much higher than are found in
human plasma. In addition, we found an enhancement of
in vitro repair on a nucleoid DNA substrate containing
8-oxoguanine, indicating higher 8-oxoguanine DNA gly-
cosylase (hOGG1) activity. There was no detectable effect
on concentrations of repair proteins (by Western blotting).

Human Caco-2 and HepG2 cells and the Chinese hamster
fibroblast line V79 were preincubated with the common
flavonoids, quercetin, rutin or myricetin, at 50 uM before
treatment with H>O, to induce SBs; the rate of rejoining
was unchanged by any of the flavonoids [23] (50 uM is a
high concentration and has been shown both to induce DNA
damage and to protect against H,O,-induced breakage
[24]). In contrast, Min and Ebeler [25] reported an increased
expression of hHOGGI mRNA after H,O, treatment, when
Caco-2 cells were preincubated with 100 uM quercetin.
Caco-2 cells were also the subject of studies by Ramos et al.
[26, 27] with extracts of Salvia species and their major
phenolic constituents, rosmarinic acid and luteolin, and the
triterpenoid ursolic acid. The extent of SB rejoining after
H,0, treatment was increased by preincubation with Salvia
extracts, ursolic acid or luteolin while the in vitro repair of
8-oxoguanine was marginally enhanced. In HepG2 cells,
20 uM quercetin—and also sulforaphane at 10 pM—had
no effect on the rate of removal of adducts caused by PhIP
(a heterocyclic amine) [28].

The phenolic antioxidants curcumin (10-100 pM)
and silymarin (10-40 pM) increased the activity of
O°-methylguanine-DNA methyltransferase (MGMT) in
human lymphocytes and tumour cell lines, and also raised
the level of MGMT mRNA [29]. MGMT is a so-called
‘suicide enzyme’ that removes the methyl group from
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O°-methylguanine, becoming alkylated and inactive in the
process; it was previously thought to be constitutively
produced and non-inducible.

Resveratrol (at 5-30 pM) inhibits DSB repair—both
homologous recombination (HR) and non-homologous
end-joining (NHEJ)—via the ATM/ATR and p53 signal-
ling pathway. ATM is believed to minimise error-prone
repair, and activation by resveratrol might therefore play a
role in genome stabilisation and chemoprevention [30].

Rather than adding a phytochemical, Williams and
Jacobson [31] cultured HaCaT cells (immortalised human
keratinocytes) in a state of folate deficiency and found—in
addition to the expected increase in uracil misincorpora-
tion—a diminished capacity to repair SBs induced by solar
simulated light or H,O,.

Finally, total oligomeric flavonoids (TOF, obtained by
water/acetone extraction and chloroform-mediated precip-
itation) and organic solvent extracts from the traditional
medicinal plant Acacia salicina (rich in micronutrients
such as tannins, flavonoids, coumarins) induced expression
of genes involved in BER and NER, as well as antioxidant
defence pathways, in K562 human lymphoblastoid cells
[32].

It is important to recognise that many cell culture studies
employ concentrations of phytochemicals that are far
higher than could be reached in vivo, or at least in the
blood (around 1 pM, as a rough guide). Higher concen-
trations can, however, be relevant to possible exposure of
the epithelial cells of the gastrointestinal tract.

With such a mixed bag of DNA-damaging agents and
micronutrients tested, repair pathways studied, practical
approaches and concentrations, it is impossible to draw any
general conclusions. It is important to recognise that
apparently negative results might simply reflect failure of
the test compound to enter the cells (or to remain active
within the cells). It is therefore advisable, if possible, to
check for the presence of the compound within the cells.
However, where effects are seen, they can be very con-
vincing; Fig. 1 shows the effects of f-cryptoxanthin on
both SB rejoining and removal of oxidised bases, as well as
an enhancement of in vitro repair, in human tumour cells.

Animal studies of the effect of micronutrients
on DNA repair

Animal studies looking at the modulation of DNA repair by
micronutrients are listed in Table 2, which summarises
reports on the effects of micronutrient-deficient diets as
well as supplemented diets.

Several groups have studied the effect of disrupting
1-carbon metabolism on DNA stability. Folate, choline and
methionine interact in this pathway. Bagnyukova et al. [33]
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Fig. 1 Enhancement of HeLa cell DNA repair by f-cryptoxanthin.
a Strand break repair. Cells were treated with H,O, (30 uM) for
5 min on ice and incubated without (triangles) or with f-cryptoxan-
thin at 1 pM (squares) or 4 pM (circles). Untreated cells were also
incubated (diamonds). b BER. Cells were treated with photosensitiser
Ro 19-8022 plus light to induce 8-oxoguanine in DNA and incubated
with or without f-cryptoxanthin. (Symbols as for a.) ¢ In vitro BER.
Extract from cells preincubated for 2h with 0, 1 or 4 uM
p-cryptoxanthin was incubated for 10 min with agarose-embedded
nucleoid DNA containing 8-oxoguanine (from cells treated with Ro
19-8022 plus light). Negative and positive controls (incubations with
buffer or FPG) are also shown. From [22], by permission of Oxford
University Press

fed rats a folate-/methyl-deficient diet; 1-carbon metabo-
lism was disrupted, and oxidative damage was found in
DNA in the brain. Compared with control rats, there was an
increase in DNA SBs and base oxidation, and probably as a
consequence, expression of DNA repair genes coding for
AP endonuclease 1 (Apel) and DNA polymerase 5 (Polb)
was increased at the same time. Similarly, Duthie et al. [34]
observed folate deficiency in rats to increase levels of
8-oxoguanine in lymphocytes as well as to enhance the
amounts of OGG1 and MGMT proteins in the liver, but not
in the colon. In an early report by Klaude and von der
Decken [35], a methionine-/cysteine-deficient diet was
shown to decrease MGMT protein levels significantly in
mouse liver, but not in kidney, lung, testis and brain. These
observations indicate that distinct tissues can respond dif-
ferently to micronutrient deficiencies or elevated DNA
damage.

Often a combination of choline/folate deficiency with a
low methionine diet is adopted in animal studies. In an
early paper, Henning et al. [36] found an increase in the
activity of poly ADP-ribose polymerase (PARP) in the
liver of rats on such a diet. Polymerisation of ADP-ribose is
an early response to DNA damage, apparently stabilising
SBs and recruiting other repair-related proteins to the site
[37]. James et al. [38] confirmed the increase in PARP
activity and also reported a substantial increase in the ratio
of dUTP/ATTP in the DNA precursor pool, consistent with
a block in folate-dependent de novo biosynthesis of thy-
midylate leading to misincorporation of uracil. Uracil DNA
glycosylase removes the misincorporated base, but a ‘futile
repair cycle’ might ensue with re-incorporation of uracil,
and a consequent increase in repair-related SBs (as previ-
ously shown to occur under these conditions [39]).

Poly ADP-ribose is synthesised from ADP-ribose
donated by NAD (nicotinamide adenine dinucleotide), and
the precursor for NAD is vitamin B3 (niacin—nicotinic
acid—or nicotinamide). Zhang et al. [40] found chronic
niacin deficiency hard to maintain, with a variable effect on
PARP activity. Rawling et al. [41] reported a decrease in
liver poly (ADP-ribose) concentrations associated with
mild niacin deficiency. However, after chronic exposure to
a low methionine, folate- and choline-deficient diet com-
bined with niacin deficiency, rats showed decreased NAD
concentration and reduced PARP activity in liver, and a
high incidence of hepatocarcinomas [42].

Song et al. [43] were interested in the effect of marginal
zinc deficiency (common in humans) and found that severe
or marginal zinc deficiency in rats increased oxidative
stress, increased DNA SBs in white blood cells and
increased OGG1 protein levels. Surprisingly, though the
PARP protein has two zinc fingers, its concentration was
not affected. In a subsequent study, both mRNA and pro-
tein levels of PARP were increased in the prostate of rats
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subjected to a marginal zinc deficiency, and in combination
with chronic exercise, there was an increase in DNA oxi-
dation [44].

Activities of PARP as well as DNA polymerase f§ and
DNA ligase, three enzymes induced in rat liver by aflatoxin
B1-treament were higher in rats deficient in vitamin A [45]
or copper [46] and were brought down by supplementation.

Turning from micronutrient-deficient diets to supple-
mentation of the normal diet, in experiments by Sheng
et al. [47], rats were supplemented for several weeks with a
mixture of nicotinamide, zinc and carotenoids, subjected to
whole-body ionising irradiation, and 3 h later, splenocyte
DNA was analysed for residual DNA damage (single and
double SBs) using alkaline and neutral elution; the repair of
both single and double SBs was enhanced, in comparison
with control animals. Webster et al. [48] found that, in rats
supplemented with the flavonoid glycoside rutin, the yield
of DNA breaks induced by aflatoxin B1 or N-nitrosodim-
ethylamine in the liver was decreased, and the carcinogen-
induced increases in activity of PARP, DNA polymerase /3
and DNA ligase activities were reversed—an early indi-
cation of the effect of non-essential micronutrients on DNA
damage levels, though whether this involves a direct effect
on repair remains unclear.

More recently, the emphasis has been on the effect of
supplementation with micronutrients on the expression of
genes coding for repair-related proteins. Aiyer et al. [49]
fed mice a diet containing either ellagic acid (a polyphenol
found in many berries), or dehydrated blueberry, straw-
berry or raspberry. Ellagic acid and raspberry had partic-
ularly strong effects, increasing mRNA levels of Xpa,
Ercc5 and Dnl3 (DNA ligase III) by three- to eightfold.
Grape seed proanthocyanidins given to mice increased the
expression of Xpa, Xpc, Ddb2 and Rpal—genes for pro-
teins involved in NER [50]. C57Bl/6J mice fed a diet with
8% peach or nectarine extract (rich in vitamins C and A,
niacin, potassium and polyphenolic compounds) for
14 weeks showed significantly increased OGGI incision
activity in nuclear extracts from liver, compared with
control mice, while liver mitochondrial extract showed
significantly increased incision activity only after nectarine
extract supplementation [51]. In the same study, nectarine
and peach extract supplementation resulted in significantly
downregulated expression of Xpa and Tdg, while Nthll (the
gene responsible for the removal of Fapy DNA adducts)
was upregulated in mouse liver.

Langie et al. [52] measured NER activity with the in
vitro comet-based assay in colonic tissue extracts from
piglets. The effect of a maternal diet rich in antioxidants
and other micronutrients (e.g. taurine, carnitine, tocopherol
acetate and flavonoids) on the response of the piglets to an
oxidative stress—inducing injection of iron was tested. The
stressed animals showed a decrease in NER activity

compared with controls, and this was partially reversed by
the micronutrient supplementation. More recent observa-
tions by Langie et al. [53], using the same animal model
but looking at the hippocampus, showed that the supple-
mentation protected the piglets against the effects of acute
oxidative stress caused by birth. Levels of 8-oxoguanine
were significantly lower, and initial BER activity was
higher in supplemented animals compared with controls.

Overall, the experimental modulation of DNA repair in
animals seems to be quite informative. Deficient diets
generally tend to increase DNA damage and possibly as a
result lead to increased DNA repair activity. However,
sometimes decreased repair activity is seen, which might
then be the cause rather than the consequence of increased
DNA damage. Supplemented diets mostly improve DNA
repair and result in decreased DNA damage levels. The
beauty of animal studies is that diets are simply altered or
supplemented with micronutrient, so that the animals
absorb the micronutrients in a natural way, increasing the
value of the in vivo observations. In addition, the advan-
tage of an animal model is that organs of interest can be
studied in great detail, rather than having access only to
blood cells as a surrogate tissue. However, there are major
issues when extrapolating from animal data to humans.
Although DNA repair genes are highly conserved among
eukaryotes, there are clear differences in organisation and
regulation of repair between species [54], and of course,
there are also substantial differences in absorption and
metabolism of xenobiotics, including micronutrients, among
the mammals.

Evidence from human intervention trials
of the influence of micronutrients on DNA repair

Table 3 summarises published reports of DNA repair in
humans, studied through intervention trials with individual
micronutrients, single fruit or vegetable supplements, or
whole diets, and with single doses or supplementation
periods of one to several weeks. Blood samples are taken—
and lymphocytes isolated—before and after supplementa-
tion, and repair assays performed ex vivo. Often the trial
includes a parallel control group receiving no supplement,
or a placebo; an alternative design is the crossover trial, in
which all subjects receive the same supplements, doses
and/or placebo, preferably in different order, which mini-
mises the chance of ‘period effects’ (changes with time that
are not related to the intervention, but to some other
uncontrolled factor) and provides for each subject to act as
his/her own control (see Fig. 2).

The simplest form of DNA repair measured in these
trials is the rejoining of SBs induced by H,O,. This is
generally found to be very slow, taking up to 24 h to
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Table 3 continued

References

Results (effect of
supplementation)

Assay

Subjects

Study design

Supplementation (daily dose)

[66]

In vitro comet assay for NER No effect overall, but an

36 healthy volunteers (male and

4-week intervention study;

Blueberry and apple juice

enhancement in subjects

with B(a)P-diol epoxide-

damaged substrate

female)

samples taken before and

after

carrying multiple low-activity

alleles of repair genes

Decrease in AHR mRNA,

[67]

Gene expression: APEX,

Healthy male smokers (9)

1-month intervention,

Flavonoid-rich diet

increase in others (significant

for XRCC3)

ERCCI,
ERCC2, ERCC4, MGMT,

samples taken before and

after

OGG1, XPA, XPC, XRCCI,

XRCC3, AHR, CYPIAI
Gene expression: OGGI and No effect on either BER activity

[60, 69]
or gene expression

comet assay, 8-oxoguanine

substrate)

ERCCI. BER (in vitro

~ 13 for repair phenotype: groups
of ~9-16 for gene expression

Healthy non-smokers; groups of

24-day controlled
intervention study

Fruit and vegetable depletion
(control); plus fruit and vegetables;
plus vitamins and minerals

[68]

Gene expression; Gene set

Healthy men (but with risk factors

Control (normal diet); antioxidant-rich 8-week controlled

‘DNA and repair’ gene sets most

prominently upregulated in both

enrichment analysis
intervention groups

for heart disease); 3 groups of ~ 10

samples taken before and

intervention study,
after

fruits and vegetables; 3 kiwifruits

A****

JIUBLLLLLy

clluuuuuyy
| |

* *

S0 0Buuyl | |
| | JU0L0Luyy

* *

Time ___ § - 5

Fig. 2 Different designs for human nutritional intervention studies.
Supplementation is indicated by arrows and sampling by asterisks.
a Single dose with sampling at intervals. b Uncontrolled intervention,
with multiple doses (normally daily), and sampling at beginning and
end of intervention period. ¢ Placebo-controlled intervention trial;
like b, but with a parallel study group taking no supplement,
preferably taking a placebo. d Controlled crossover study, with each
subject taking both placebo and supplement, but in different orders.
More complicated designs could involve, for instance, testing with
several doses of a nutritional factor

complete, compared with the rapid rejoining seen in most
cultured cells [11, 55]. Supplementation with vitamin C
[56], f-carotene, lycopene (but not lutein) [57] or carrots
[58] apparently accelerated the rejoining process. How-
ever, the interpretation of these results is complicated by
the fact that freshly isolated lymphocytes suffer oxidative
stress, and subsequent DNA damage, from the sudden
exposure to atmospheric oxygen. We reported an increase
in SBs in lymphocytes, without H,O, treatment, lasting a
few hours after isolation; and this transient increase was
less pronounced in lymphocytes taken after carotenoid
supplementation [57] (Fig. 3). It follows from this that the
apparent slow rejoining of H,O,-induced SBs might be a
conflation of the repair of induced damage and the intro-
duction of further damage by oxygen exposure—and that
the apparent effect of carotenoids might be, in fact, simply
an antioxidant protection against this further damage rather
than an enhancement of repair.

BER has been studied in vitro with a DNA substrate
containing 8-oxoguanine in a number of human trials, with
varied results. Increases in OGG1 activity were reported
after coenzyme Qg [59], slow-release vitamin C (but not
conventional vitamin C capsules) [60], carrots (but not
carotenes, vitamin C or mandarin oranges) [58], kiwifruit
[61] and a high fruit and vegetable diet [62]. There was no
effect of broccoli [63], or a cocktail of Se, retinol, ff-car-
otene, vitamin C and vitamin E [64]. After folate
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DNA damage (arbitrary units)

0 4 8 12 16 20 24
Period of incubation (h)

Fig. 3 Kinetics of SB rejoining in lymphocytes. Volunteers took
15 mg of lycopene per day for 1 week. Lymphocytes were isolated
from blood samples from five subjects showing an increase in plasma
lycopene during the supplementation period. Squares represent
samples taken before supplementation, and circles represent samples
after supplementation. Solid symbols lymphocytes treated with
100 uM H,O,, and open symbols untreated lymphocytes, incubated
at 37 °C. DNA breaks were measured with the comet assay. Bars
indicate SEM. From [57], with permission from Springer Medizin

supplementation, surprisingly, a decrease was seen, but
only in individuals who were relatively folate-deficient
[65].

NER is less often measured than BER. Langie et al.
[66], supplementing with blueberry and apple juice,
reported no effect on NER (with a substrate containing
bulky adducts), except that individuals carrying 1 or more
low-activity (variant) alleles for XPC-K939Q and/or
RAD23B-A249V showed an increase upon the interven-
tion. Brevik et al. [62] (measuring NER on a UV-damaged
substrate) found a decrease in subjects taking a fruit- and
vegetable-rich diet or a kiwifruit supplement.

In several studies, expression of a variety of DNA repair-
related genes has been examined. Guarrera et al. [67] report a
general tendency for increased expression after a flavonoid-
rich diet, and ‘DNA and repair’ gene sets were upregulated
after a high fruit and vegetable diet or kiwifruit supplemen-
tation [68]; whereas Mgller et al. [69], Riso et al. [63] and
Collins et al. [61] found no effect on expression of hOGGI
and other repair genes. Premkumar et al. [70] studied protein
concentrations and found, in breast cancer patients receiving
tamoxifen, an increase in the amount of PARP after supple-
mentation with coenzyme Qq, riboflavin and niacin. How-
ever, itis worth pointing out that measuring mRNA or protein
levels is not necessarily a good guide to enzyme activity.
A high level of mRNA does not necessarily imply more
protein production, and more protein does not always result in
higher enzyme activity, since post-translation modifications
(among other modifiers of protein structure) might affect

@ Springer

enzyme activity. In fact, in a careful study, Paz-Elizur et al.
[12] measured both hOGGI gene expression and enzyme
activity in a group of human subjects, and found only a poor
correlation between them.

Until fairly recently, there was little interest in the
regulation of human DNA repair by exogenous factors, and
it was generally assumed that functions as important as
DNA repair were unlikely to be readily affected by nutri-
tion. However, the various modes of repair show quite
extensive inter-individual variation (Fig. 4), and this is
unlikely to be solely due to genetic polymorphisms. Dif-
ferent levels of exposure to DNA-damaging agents in the
environment might be responsible for some of the varia-
tion, if DNA repair enzymes are induced by their substrate;
but as discussed here, differences in nutrition might also
contribute.

While certain studies show similar observations in ani-
mals and humans [47], others show contrasting data (effect
of folate deficiency; compare [34] and [65]) or effects that
are only seen in certain subpopulations with specific
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genetic background (such as the effect of blueberries;
compare [49] and [66]). Moreover, while laboratory ani-
mals are generally inbred, humans are diverse assortments
of several million genetic polymorphisms, which adds to
the difficulty of discerning possible effects of micronutri-
ents on DNA repair.

A further limitation of human studies is that generally
only white blood cells are available for study, and the
assumption that these are a reliable surrogate for true
cancer target tissues is convenient but not well substan-
tiated. Studies are needed where repair rates are measured
in cancer patients, looking at tumour and normal tissue,
and at lymphocytes. We are currently developing appro-
priate in vitro repair assays for application to tissue
biopsies.

The involvement of epigenetics in the modulation
of DNA repair

Epidemiological studies provide compelling evidence that
diet, including micronutrient supplementation, can have
profound effects on the level of DNA damage and its
removal. Although the cellular and molecular routes by
which (micro)nutrients affect DNA repair gene expression
or enzyme activity are still not fully understood, epigenetic
processes (i.e. changes in gene expression and phenotype
without a corresponding alteration in DNA sequence) have
emerged as a plausible mechanism [71]. DNA methylation
is currently the most widely studied epigenetic modifica-
tion, occurring mainly as 5-methylcytosine in CpG dinu-
cleotides (CpGs) [72]. CpG-rich sequences—CpG islands
(CGI)—are found mainly in gene promoter regions and are
normally unmethylated in expressed genes [73]. Hyper-
methylation of CGIs has been linked with transcriptional
silencing of the associated genes, while hypomethylation is
generally believed to enhance gene expression. While some
epigenetic marks are established during embryonic and
foetal development and remain relatively stable during
adulthood, there is growing evidence that environmental
exposures (e.g. diet, lifestyle, air pollution, heavy metals)
can change the methylation status of gene promoters,
modify their expression and ultimately contribute to cel-
lular dysfunction (reviewed in [71, 74]). There are few
studies of possible direct links between changes in DNA
methylation patterns of DNA repair genes caused by
micronutrients and changes in gene expression. Fang et al.
[75] reported that the green tea polyphenol epigallocate-
chin 3-gallate (EGCG) reverses MGMT and MLHI gene
promoter hypermethylation in human oesophageal cancer
cells, accompanied by a re-expression of those genes. The
same group reported that the isoflavone genistein has a
similar effect [76].

As mentioned above, studying gene expression does
not necessarily give any indication of enzyme activity.
Therefore, Langie et al. [77] recently studied methylation
changes in BER-related genes and their effect on BER
incision activity as assessed by the comet assay—based in
vitro repair assay. This is the first report of significantly
increased methylation of the Oggl gene promoter with
ageing in mice brain and, as a possible consequence, a
significant decrease in Ogg! expression in the oldest mice,
as well as significantly reduced BER activity. In addition,
concerning the modulating effect of micronutrients, Langie
et al. recently observed maternal antioxidant supplemen-
tation to modulate the effect of early life oxidative stress on
the APE] gene promoter methylation and expression as
well as on BER activity in the hippocampus of piglets [53].
Currently, Langie et al. are studying other tissues in par-
allel to the brain, since DNA repair might be affected
differently in post-mitotic and mitotic tissues by ageing as
well as nutrition (unpublished data). Nonetheless, envi-
ronmental exposures, including micronutrient supplemen-
tation, have been shown to change the methylation status
of genes encoding DNA repair enzymes, altering their
expression and modulating DNA repair capacity and sus-
ceptibility to oxidative DNA damage.

Discussion

What influences DNA repair capacity? It seems that an
individual has a characteristic, intrinsic repair capacity, at
least as indicated by the correlation seen between mea-
surements carried out several weeks apart (Fig. 4). We do
not know the extent of intra-individual variation over a
longer time-scale. Part of the inter-individual variation is
likely to be genetically determined. A value of R* of 0.4
(Fig. 4) might imply that 40% of the variation from person
to person is explained by an intrinsic repair capacity (i.e. a
characteristic repair rate in each person, representing a
genetic predisposition, together with other influences such
as lifestyle, smoking habits, etc.). The remaining variation
is due to day-to-day variation in environmental exposure,
health and lifestyle (including diet and exercise), plus
potentially measurable experimental variation. There is
increasing evidence, from cell culture, animal and human
studies, that DNA repair can indeed be modulated by
nutritional factors, specifically micronutrients (Table 4).
Individual differences in intrinsic repair capacity are
regarded as probable indicators of susceptibility to cancer,
since those with a high repair capacity should repair
damage more quickly and so decrease the chance of
unrepaired damage being present when a cell replicates its
DNA, resulting in possible mutation. But it is possible, on
the other hand, that a high repair capacity reflects a high
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level of exposure to DNA-damaging agents, if DNA repair
is inducible by its substrate. The evidence for this is
inconsistent: occupational, or lifestyle exposure to geno-
toxins is sometimes associated with increased repair
capacity, sometimes with a decrease, and sometimes there
is no effect (reviewed in [9]). Generally, in the reports we
have reviewed here, if a change in repair activity is seen, it
is an increase; but this is not invariably the case. In short, at
present we can probably safely say that an observed
increase in repair activity, whether as an induced response
to the presence of DNA damage or as a consequence of
micronutrient stimulation, for example, is likely to be
beneficial to the organism. However, whether DNA repair
capacity can be regarded as a marker of individual cancer
risk is, in our view, doubtful.

Different repair pathways are likely to have different
modes of regulation. BER is essential to deal with the
inevitable presence of oxidation damage caused by reactive
oxygen species in the body, and the enzymes are assumed
to be constitutive. In contrast, NER deals with damage
caused by agents that are not invariably present, such as
UV in sunlight or food mutagens, and so this is more likely
to be an inducible (facultative) process. Circumstantial
evidence for this comes from the apparently much greater
inter-individual variability in NER of UV damage (about
sevenfold between highest and lowest) compared with BER
of 8-oxoguanine (about threefold), measured in lympho-
cytes with the comet in vitro repair assay [18] (Fig. 4). It
might afford an explanation of the contrasting effects of the
high fruit and vegetable diet on BER and NER that we
found in the Oslo antioxidant trial described above [62]; we
can speculate that this diet might decreases the exposure to
bulky adducting chemicals to such an extent—by acceler-
ating their metabolism and excretion, for example—that
the NER pathway becomes downregulated.

Most, though not all, of the human supplementation
trials described here were carried out in healthy indi-
viduals. Various diseases are associated with inflamma-
tion and oxidative stress and, in consequence, show
elevated levels of oxidative damage to DNA [78, 79].
There is recent evidence that a disease state can affect
the capacity for DNA repair [80], and it is likely that the
response to nutritional factors might be altered.
Undoubtedly, it is simpler to study healthy individuals,
avoiding the extra level of complexity that disease rep-
resents; but knowledge of an individual’s level of DNA
repair and responsiveness to nutritional factors might
well play an important role in defining treatment
regimes, particularly, of course, in the case of radio- and
chemotherapy of cancer, where DNA damage to cancer
cells is the prime mode of action.

While they are not necessarily unhealthy, individuals
with a ‘low antioxidant status’—i.e. relatively low plasma

@ Springer

levels of the dietary antioxidants, as a result of a diet poor
in fruits and vegetables—might be expected to respond
more strongly to antioxidant supplements, whether the
endpoint examined is oxidative damage to biomolecules
such as DNA or inducible processes including DNA repair.
The idea of studying subjects suffering from oxidative
stress in order to maximise the effect of supplementation
has been discussed [2], but not rigorously examined. It is
the rationale behind the design of, for example, the Oslo
Antioxidant Trial, with subjects at risk of cardiovascular
disease through a generally poor lifestyle [62].

In animal or human studies, it is unusual to find attempts
to establish whether dose—effect relationships exist. It is
slightly more common in cell culture. The report by
Lorenzo et al. [22] is one of the few to show a clear dose—
response with different experimental endpoints, and at
doses close to those attainable in vivo. On the other hand,
different ‘doses’ of kiwifruit showed a clear effect on BER,
but no sign of a dose-response relationship.

The lack of correspondence between DNA repair gene
expression and enzyme activity is not surprising and is not
unique to the DNA repair field. The amount of a particular
protein present in the cell depends not only on the rate of
transcription and translation, but also on the rate of turn-
over; and an enzyme’s activity is not simply related to the
amount of protein, but is affected also by the presence of
various co-factors. Measurement of mRNA levels can of
course give valuable information; but to compare pheno-
types, there is no substitute for direct measurement of
enzyme activities.

In conclusion, and bearing in mind a possible publica-
tion bias against reporting null effects, there are now suf-
ficient studies showing positive or negative effects of
micronutrients (or fruits/vegetables) on DNA repair to be
confident that nutritional modulation of this process is real
and of biological significance. While we do not fully
understand the implications of, for example, opposite
effects on BER and NER in the same lymphocyte samples,
it is reasonable to speculate that the regulation of repair can
be added to the list of biological processes that are influ-
enced by what we eat—and, specifically, that this might
constitute part of the explanation for the cancer-preventive
effects of many plant-based foods. Future investigations in
this field should focus on elucidating the underlying
mechanisms of the nutritional modulation of DNA repair,
studying redox as well as epigenetic regulation of DNA
repair pathways in addition to changes in gene expression.
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