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It is well documented that reactive oxygen species (ROS) are involved in the
actiology of age related diseases. Over the last decades, strong efforts have been
made to identify antioxidants in human foods and numerous promising compounds
have been detected which are used for the production of supplements and functional
foods. The present paper describes the advantages and limitations of methods which
are currently used for the identification of antioxidants. Numerous in vitro methods
are available which are easy to perform and largely used in screening trials.
However, the results of such tests are only partly relevant for humans as certain
active compounds (e.g. those with large molecular configuration) are only poorly
absorbed in the gastrointestinal tract and/or may undergo metabolic degradation.
Therefore experimental models are required which provide information if protective
effects take place in humans under realistic conditions. Over the last years, several
methods have been developed which are increasingly used in human intervention
trials. The most widely used techniques are chemical determinations of oxidised
guanosine in peripheral blood cells or urine and single cell gel electrophoresis
(comet) assays with lymphocytes which are based on the measurement of DNA
migration in an electric field. By using of DNA-restriction enzymes
(formamidopyrimidine DNA glycosylase and endonuclease III) it is possible to
monitor the endogenous formation of oxidised purines and pyrimidines; recently also
protocols have been developed which enable to monitor alterations in the repair of
oxidised DNA. Alternatively, also the frequency of micronucleated cells can be
monitored with the cytokinesis block method in peripheral human blood cells before
and after intervention with putative antioxidants. To obtain information on
alterations of the sensitivity towards oxidative damage, the cells can be treated ex
vivo with ROS (H,O, exposure, radiation). The evaluation of currently available
human studies shows that in approximately half of them protective effects of dietary
factors towards oxidative DNA-damage were observed. Earlier studies focused
predominantly on the effects of vitamins (A, C, E) and carotenoids, more recently
also the effects of fruit juices (from grapes, kiwi) and beverages (soy milk, tea,
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coffee), vegetables (tomato products, berries, Brussels sprouts) and other components
of the human diet (coenzyme Q,,, polyunsaturated fatty acids) were investigated. On
the basis of the results of these studies it was possible to identify dietary compounds
which are highly active (e.g. gallic acid). At present, strong efforts are made to
elucidate the different parameters of oxidative DNA-damage correlate with life span,
cancer and other age related diseases. The new techniques are highly useful tools
which provide valuable information if dietary components cause antioxidant effects
in humans and can be used to identify individual protective compounds and also to
develop nutritional strategies to reduce the adverse health effects of ROS.

Key words: biological aging, reactive oxygen species (ROS), comet assay, human
intervention studies

INTRODUCTION

More than 50 years ago, two scientists, namely Harman and Gerschman who
worked independently at the University of California (Berkeley), published a
series of articles on the role of oxygen free radicals (ROS) in the pathogenesis of
aging (1, 2). In subsequent years, numerous investigations were conducted in
which it was shown that ROS play a key role in senescence and some of the
underlying mechanisms were elucidated. For example, it was demonstrated that
oxidative damage in nuclear DNA causes mutations which lead to destruction of
vital molecular mechanisms (3). In addition, it was found that also telomere
shortening is affected by ROS (4, 5) and it was shown that mitochondrial DNA is
a target for damage caused by ROS. In this context it is notable that it was
hypothesized that accumulation of point mutations in mitochondria with age
might be due to oxidative damage (4, 6). Apart from damage of DNA, also
oxidative damage of lipids and proteins plays an important role in aging and it
was proposed that oxidatively modified proteins, which are incorrectly folded, are
instable and assume structures that form aggregates which lead to a number of
degenerative human diseases (7, 8).

As a result of the damage caused at the molecular level, ROS exposure leads
to a number of age specific diseases. Apart of cancer, which is probably a
consequence of oxidative DNA-damage and interactions with signaling pathways
(3, 9), also immune functions are impaired (10, 11). Furthermore, there is
convincing evidence that ROS are involved in arteriosclerosis and coronary heart
disease. This assumption is also supported by the observation of beneficial effects
of antioxidants towards cardiovascular diseases which were seen in a number
epidemiological and animal studies (3, 12).

Strong support for the assumption that ROS are involved in aging processes
comes additionally from studies that suggest that elevated levels of protective
enzymes, as well as increased concentrations of exogenous and endogenous
antioxidants can increase the life-span of different species (7, 10, 13-17).
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In order to avoid the adverse health effects of ROS, intense efforts were made
to identify protective constituents in the human diet. Already in the 1950s and
60s, the antioxidant properties of vitamins (C, A, E) were intensely studied.
Subsequently, it was discovered that many other plant constituents do possess
antioxidant properties and a vast number of protective compounds was
discovered. Among the most important groups are carotenoids, flavonoids
(comprising flavonols, isoflavones and anthocyans) as well as many other
polyphenolics (18, 19). Also pigments such as chlorophyllins, phytosterines and
allylsulfides were found to be ROS protective (20, 21).

Most of these antioxidants were discovered in in vitro trials. Although it is not
known if they are protective in humans, many of these compounds are currently
marketed as food supplements and are used for the production of functional foods
(22). In the present article we will critically discuss the methods which are
currently used for the detection of antioxidant properties and their limitations. In
the last paragraphs, methods will be described which can be used for the detection
of antioxidants in humans.

In vitro tests used for the detection of antioxidants

A broad variety of in vitro techniques has been developed for the detection of
antioxidants which are based on the ability of compounds to scavenge
peroxylradicals. These methods are based on the direct interaction with reactive
molecules or on their reactivity with metal ions and the effects are monitored by
chemical measurements (in many cases by spectrophotometry). Examples are
determinations of peroxyl radical scavenging (trichlormethyl peroxyl or alkoxyl
peroxyl radical) (23, 24), the ORAC assay (oxygen radical absorbance assay) (25,
26), the PLC test (phytochemoluminescence assay) (27), different forms of the
TEAC test (2,2"-azino-bis/ 3-etyhlbenzthioazoline-6-sulfonic acid radical
ABTS+/metmyoglobin) (28), including the TROLOX (a specific form of TEAC
with manganese dioxide) (29), the TOSCA (total antioxidant scavenging assay)
(30), the DPPH test (diphenyl-1-picrylhydrazyl assay), the TRAP (total radical-
trapping antioxidant parameter) (31), or the FRAP method (ferric reducing ability
of plasma) (32). The TBARS (thiobarbituric acid reactive substances) assay is
based on the measurement of malondialdehyde (MDA) which is formed as a
consequence of lipid peroxidation and can be conducted with subcellular
membrane preparations or intact cells, prevention of formation of MDA can be
used to assess antioxidant properties (33).

In addition to these methods, chemical approaches have been developed which
allow the detection of radical specific DNA-modifications in vitro (34) or
chemical (bleomycin mediated) damage (35). Several other techniques are
described in a recent review of Aruoma (36) to which the reader is referred for
more details. The same author also compared antioxidant indices of a variety of
compounds obtained with different methods and found pronounced differences
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indicating that the findings obtained with the different methods are not
comparable. A general major problem associated with the use of chemical
analytical in vitro methods is that they are conducted under non physiological
conditions. Therefore, the results obtained with subcellular fractions can not be
extrapolated to the in vivo situation.

A step closer to the human situation is the use of intact cells which can be
challenged with ROS generating chemicals or radiation in absence and presence
of putative antioxidants. Extracellular release of superoxide can be measured on
the basis of superoxide dismutase (SOD) inhibition of superoxide induced
reduction of exogenously supplied reactive cytochrome ¢ by means of a plate
reader assay with cells in situ (37). Intracellular ROS and superoxide production
can be detected by means of the fluorescent probes dichlorofluorescin diacetate
(DCFH-DA) and dihydroethidium (DHE), respectively, and measured by flow
cytometric analysis (38, 39).

Use of endpoints such as induction of oxidative DNA-damage and mutations
(40) provides information if protection can be detected in intact cells.
Furthermore, some methods have been developed which provide valuable
information if the antioxidant effects take place intercellularly (41).

New methods to detect antioxidative effects in humans

Many preparations and extracts contained in herbs and plants which are used as
foods are currently marketed but have never been tested for protective effects in
humans. Some of these supplements are probably ineffective in inner organs as the
active compounds are very poorly absorbed (typical examples are supplements
containing chlorophylls, curcumin or anthocyanins). These compounds are highly
effective under in vitro conditions but it is unlikely that they cause protective
effects in inner organs since they are not absorbed in the intestinal tract.

In the case of green tea, highly concentrated preparations are produced with
catechin concentrations which are substantially higher than those contained in
native tea. Our recent investigations indicated that elevated concentrations of (-)-
epigallocatechin-3-gallate (EGCG) as well as tea condensates cause substantial
oxidative DNA-damage in intact cells and intracellular generation of H.,0, [42].
Therefore, it is unlikely that consumption of such supplements causes protective
effects in humans and it is possible that they lead to adverse health effects. In this
context it is notable that many antioxidants can also act under certain conditions
as prooxidants and in many protection studies U-shaped dose response curves
have been obtained (40, 43). All these findings underline the importance of
human studies to verify putative antioxidant effects under realistic conditions.

Chemical approaches used in in vivo studies

Some of the analytical chemical methods which can be used for the detection
of antioxidative activity under in vitro conditions, can also be employed to assess
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protective effects in human intervention studies. Some examples, as well as other
endpoints which are used occasionally are listed in Table 1.

Table I. Analytical chemical methods for the detection of antioxidative activity in humans

Endpoint Example - Remarks Reference

FRAP-Status Ferric reducing ability in plasma was used to assess [69]
antioxidant effects of fruit juices in a few studies [32]

TBARS Thiobarbituric acid reactive substances in plasma, which [33]

are formed as a consequence of lipid-peroxidation can
be monitored fluorometrically or by HPLC

FOX-2 Ferrous oxidation of xylene orange is used for determination [88]
of hydroperoxides in serum

TEAC Trolox equivalent antioxidant capacity in plasma used to study | [89]
effects of fruit juices

Isoprostane levels | Can be analyzed by GC/MS to measure lipid-peroxidation [90]
in urine and blood, used e.g. in studies with alcohol [91]
consumption, 3-carotene or cocoa supplementation [92]

TFR Total free radicals in plasma measured by [93]

chemoluminescence with lucigenie, used in a study on
grape juice consumption

LDL-oxidation Oxidation of human low density lipoprotein (LDL) can be [94]
measured by monitoring the change of diene absorption, dienes
are products of lipid-peroxidation in presence of Cu2+ ions

Detection of oxidised DNA bases in humans

When ROS attack DNA, several types of DNA-lesions are formed including
small base lesions and exocyclic adducts (44). 8-OxodG is one of the most easily
formed oxidised bases. It can be detected in both, urine and tissue, after oxidative
stress (45) and can be measured by use of several chromatographic techniques
including HPLC with electrochemical detection and tandem mass spectrometry,
GC-MS, thin layer chromatography and antibody based immunoassays (46). The
different methods give results which vary strongly, mainly because of the
formation of artefacts during the sample preparation and strong attempts have
been made to standardize and validate the different methods (47). In totals results
from sixteen human intervention trials are available in which the impact of
dietary factors on 8-OxodG levels in white blood cells was measured and
approximately in half of them protective effects were observed (for details see
review of Moller and Loft (48, 49)). Protective effects were seen in some (not all)
studies with vitamin supplementation (e.g. vitamin C, E) and also after
intervention with combinations of vitamins (vitamin C, E and B-carotene),
vegetables (e.g. Brussels sprouts, onions), red wine and tomato based products.
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Use of single cell gel electrophoresis assays for detection of protective effects

The single cell gel electrophoresis assay is based on the determination of
DNA-migration in an electric field (50). Depending on the experimental
conditions, different types of lesions and effects can be monitored and recently
additional methods have been developed which can be used to measure repair of
oxidative damage (51). Table Il gives an overview of different parameters which
can be studied in comet assays.

Table I1. Different modifications of the single cell gel electrophoresis assay

Endpoint Procedure Reference
Double strand breaks DNA unwinding, under neutral conditions [95]
Endogenously formed single | DNA unwinding under alkaline conditions [50]

strand breaks

Endogenous formation of Treatment of nucleotides with [96]
oxidised pyrimidines formamido-pyrimidine (FPG)
Exogenous formation of Treatment of cells with endonuclease I11 [96]

oxidised purines

Altered sensitivity to Treatment of the cells with ROS- generating [97, 98]
exogenous ROS chemicals (H,0,) or y-radiation
DNA repair of oxidised bases | Monitoring enzymatic repair activity in cell free [99]

extracts; not suitable to monitor compounds with
putative antioxidant effects, such as reduction of
oxidative stress may be interpreted as repair.

In an improved version, extracts are added to gel [100]
embedded nucleotids with a fixed level of
oxidised guanosine (caused by treatment with
a photosensitizer RO19-8022 + light)

Alteration of the sensitivity Lesions are induced ex vivo by Trp-P-2 and PhIP [101]
towards heterocyclic in lymphocytes (up to now there is only one study
aromatic amines with Brussels sprouts)

The first human intervention study was performed by Pool-Zobel et al. in
1997 (52). In the meantime, 45 studies have been published in total, twenty of
them in the last two years (on the contrary only two papers appeared in this time
period in which 8-Oxo0-dG formation was used as an endpoint). The results of the
individual studies are summarized in the articles of Moller and Loft (48, 49).
Some newer experiments conducted in our laboratory with coffee, Brussels
sprouts and with the spice Sumach (Rhus coriaria) are only available in abstract
form (53-55). Most of the trials were carried out with normal healthy individuals,
but over the last years, a number of investigations were published in with subjects
under oxidative stress (i.e. healthy individuals with hyperbaric treatment, after
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exercise, or patients with diabetes) were included. Most of the earlier studies were
carried out with individual vitamins and combinations of vitamins, whereas more
recently the interventions focused on the effects of natural foods (juices,
vegetables). Taken together, protective effects were seen in about 50% of the
investigations and in most cases, reduction of exogenous formation of purines and
pyrimidines as well as increased resistance towards H,O, was found, whereas
only in three investigations a reduction of endogenous formation of single strand
breaks (reduction of the size of endogenously formed comets) was detected.

The comet assay has also been used to investigate seasonal differences in
DNA migration and it was shown that DNA damage is lower in summer than in
the cold season. These differences correlated well with the serum levels of certain
antioxidants (56).

Monitoring chromosomal alterations and micronuclei as markers of oxidative
damage

It has been shown that antioxidant supplementation in humans leads to a
decrease of chromosomal alterations in peripheral lymphocytes (57). Also the
frequency of micronuclei (MN), which are formed as a consequence of breakage
and aneuploidy, was decreased after supplementation with vitamins and selenium
(58). However, it should be noted that these endpoints are not indicative per se
for oxidative damage, in other words a decrease of their frequencies by dietary
constituents is not necessarily due to protection against ROS, but may be due to
other mechanisms (e.g. protection against other DNA-reactive chemicals, or
induction of repair mechanisms, etc.).

Fenech et al. (59) published the results of an intervention study in which they
investigated the effect of wine consumption on MN frequencies induced by ROS
in peripheral lymphocytes and found pronounced protection. MN formation was
also used as an endpoint in a comparative study with vegetarians and non-
vegetarians (60). Quite unexpectedly it was found that the vitamin C levels
correlated with MN induction in young females and that the frequency of
micronucleated cells was lower in non vegetarians than in vegetarians. On the
basis of this study the authors concluded that folate and vitamin B12 supply (via
meat consumption) might be more important parameter for MN prevention than
vitamins with antioxidant capacity (60). This assumption was also hardened by
the results of a recent study in Slovakia, in which the effect of antioxidant
supplementation (Vitamin C+ E+ B-carotenet Se) on MN-formation was
monitored. Decreases in the numbers of MN were only seen in individuals with
normal folate levels (61), but not in participants who had low levels. Furthermore,
it was found in the same study, that MN-numbers declined in particular in those
individuals who had high levels of MDA in their plasma. These latter results
indicate that oxidative DNA-damage contributes to MN-formation. The MN
assay was also used in a number of intervention studies with vitamins in
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individuals which are exposed to increased ROS levels, for example in persons
treated with X-rays (62), smokers (63), or mitochondrial disease patients (64).
Also successful results from an intervention studies with workers exposed to
chemical mutagens which cause oxidative DNA-damage were reported with this
method (65).

A specific modification of the chromosomal aberration assay is the "mutagen
sensitivity test" with bleomycin, a compound which induces DNA-damage via
generation of ROS. Godmann et al. (66) found in a study with healthy volunteers
that the sensitivity of peripheral blood cells is not affected by antioxidant
supplementation, but in another study, a significant association was found
between mutagen sensitivity and antioxidant vitamin levels (vitamin C,
carotenoids) in serum (67).

Design and interpretation of human intervention studies

There is no doubt that the human trials described in the last chapter are
important tools to identify dietary antioxidants. Intervention studies are definitely
more adequate than comparative studies with different population groups as inter-
individual variations can be minimized. A sequential design seems not adequate
since biomarkers of DNA-damage show alterations over time. Moller and Loft
(48, 49) emphasized the importance of the inclusion of placebo groups (which is
not feasible when complex foods are tested but can be used in studies with
supplements) as well as washout periods to improve the quality and predictive
value of such trials.

Also the treatment schedule is an important parameter. We found in our
studies that certain dietary components (gallic acid and coffee) are potent
inducers of superoxide dismutase in serum, and that their protective effects are
only partly due to direct scavenging of ROS (68). Such enzyme induction effects
can only be detected after multiple dosing; also the induction of glutathione (an
important endogenous ROS scavenger molecule) by coffee is only seen after
repeated consumption.

As mentioned above, good correlations were found between the levels of
individual antioxidants and DNA-stability parameters (MN induction and comet
induction) in a number of studies (57, 69, 70). In a recent comprehensive study,
Bub et al. (69) compared the results of TBARS, FOX2 and FRAP measurements
with DNA migration (comet assay) in an intervention study with vegetable juices.
Although oxidative DNA-damage was significantly reduced after consumption,
only the TBARS values were decreased, whereas the other parameters were not
altered, indicating that the sensitivity of the biochemical parameters is lower as
that of the comet assay.

A valuable validation study in which the sensitivity of 8-Oxo-7,8-
dihydroguanine (8-oxoGua) and comet formation was compared was published
by Gedik et al. (67). They induced lesions by use of a photo-oxidizer in cultured
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cells (Hela) and analyzed DNA damage simultaneously with HPLC and in comet
assays with FPG and found identical sensitivity of the two methods. In an
additional human trial they compared urinary excretion of §-oxoGuo with 8-
oxoGua in lymphocytes and DNA-migration (SCGE). Overall, they found
significant correlations between 8-oxoGuo and 8-oxoGua although the individual
levels and comet formation were not directly associated. The authors explain this
discrepancy by the fact that FPG is not specific for 8-oxoGua but detects in
addition also ring opened bases (67).

No data are at present available which answer the question if prevention of
oxidative DNA damage in humans leads to an overall increase of the life span. In
this context it is notable, that it is still a matter of debate if DNA-migration
(monitored in the comet assay) is increasing with age. In a study of Mendoza-
Nunez et al. (71) subjects > 70 years had more DNA-damage than a younger
group (60-69 years), but the difference was not significant. Also in a study of
Betti et al. (72) no age effects were seen whereas Singh et al. (73) reported higher
amounts of DNA-damage in elderly persons. In all these studies only overall (not
oxidative) damage was investigated. In a very recent study (available only in
abstract form) the formation of oxidized bases and MN-formation was compared
in young (20-25 yrs.) and elderly (65-70 yrs.) people. No overall differences were
seen in oxidative damage levels, but in man (not in women) a significant age
depended increase of oxidized pyrimidines was observed. On the contrary to the
comet results very pronounced differences in the MN-frequencies were seen in
the two study groups, also the levels of chromosomal aberrations were
significantly higher in older individuals (74).

In addition, some data on the prevention of age related diseases are available.
Collins et al. (70) monitored 8-oxoGua levels in lymphocytes from five different
countries and found a strong correlation between premature coronary heart
disease and oxidized DNA base levels in males. No such relation was seen in
women who have low heart disease mortality rates. In terms of cancer, the only
positive correlation was seen for colorectal cancer in man, whereas stomach
cancer in women correlated negatively. To our knowledge, no data on
correlations between oxidative DNA-damage and age related diseases are
available at present, but a number of human diseases such as diabetes (75),
Werner syndrome (a inherited genetic disease in which individuals display
premature aging) (76), asthma (77), mitochondrial diseases (64), telomere
dysfunction (clearly associated with decreased life span) (78), various forms of
cancer (79, 80), coronary artery disease (81), Parkinson (82) and Alzheimer (83)
and chronic renal failure (84) diseases are characterized by increased DNA-
migration in white blood cells.

The correlation between chromosomal aberrations and cancer is well
documented in a number of epidemiological studies (85-87) and recent analyses
indicated that also MN-frequencies correlate well with human cancer risks (M.
Fenech, personal communication).
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CONCLUSIONS

As mentioned above, numerous plant derived preparations are currently sold
as supplements, which claim to have beneficial health effects (including
prevention of aging) in humans due their antioxidant properties. Many of these
products have only been tested in simple in vitro screening trails and no evidence
is available at present which proofs that they are also effective in humans. The
advantages and limitations of different approaches are summarized in Table II1.

Table 1II. Comparison of advantages and disadvantages of different test systems to elevate
antioxidative properties

Tests with subcellular Tests with intact cells Human intervention trails
fractions/ chemical reactions

Fast to perform (use in screening | Require cultivation of cells Time consuming

trials) (time consuming)
Provide no information if effects | Intracellular effects can be Reflect information on
take place inside the cells shown with specific intracellular (DNA stability) as
techniques well as extracellular (plasma
measurements) effects
Provide no information on Provide no information on Provide information on
absorption and tissue absorption absorption

distribution of antioxidants

No relevant information on time | No relevant information on Provide information of time
kinetics time kinetics kinetics

Reflect only direct scavenging | Reflect scavenging effects Reflect effects which are due to
and in certain cases induction | enzyme induction (multiple
of ROS protective enzymes | dosing)

Provide only "qualitative" Provide to a certain extent Provide quantitative

information quantitative information information (i.e. comparison of]
(provided that the used the protective capacities of
exposure concentrations different antioxidants)

correlate with serum
concentrations found in
humans)

In the present article we focused on the current state of knowledge on the use
of new methodologies which enable the detection of antioxidant effects in
humans. Taken together, these approaches are highly promising and will provide
information, which of the numerous dietary natural antioxidants are effective in
humans. Apart of the identification of pure constituents, the results of these
human studies will also facilitate the development of dietary strategies to prevent
the consequences of adverse ROS effects in humans.



10.
11.

12.

13.

14.

17.
18.
19.
20.
21.
22.

23.

59

REFERENCES

Gerschman R: Man’s dependence on the earthly atmosphere. In: Schaeffer KS, ed. Proceedings of
the 1st Symposium on Submarine and Space Medicine. New York: MacMillan 1962:475 [abstract].
Harman D: The aging process. Proc Natl Acad Sci U S A 1981;78:7124-7128.

Ames BN, Shigenaga MK, Hagen TM: Oxidants, antioxidants, and the degenerative diseases of
aging. Proc Natl Acad Sci U S 4 1993;90:7915-7922.

von Zglinicki T, Biirckle A, Kirkwood BL. Stress, DNA damage and ageing - an integrative
approach. Experimental Gerontology 2001;36:1049-1062.

von Zglinicki T, Pilger R, Sitte N. Accumulation of single-strand breaks is the major cause of
telomere shortening in human fibroblasts. Free Radic Biol Med 2000;28:64-74.

Wallace DC: Mitochondrial genetics: a paradigm for aging and degenerative diseases? Science
1992;256:628-632.

Squier TC. Oxidative stress and protein aggregation during biological aging. Exp Gerontol
2001;36:1539-1550.

Wickner S, Maurizi MR, Gottesman S. Posttranslational quality control: folding, refolding, and
degrading proteins. Science 1999;286:1888-1893.

Hussain SP, Hofseth LJ, Harris CC. Radical causes of cancer. Nat Rev Cancer 2003;3:276-285.
Miquel J. Nutrition and ageing. Public Health Nutr 2001;4:1385-1388.

Meydani M. Dietary antioxidants modulation of aging and immune-endothelial cell interaction.
Mech Ageing Dev 1999;111:123-132.

Steinberg D, Parthasarathy S, Carew TE, Khoo JC, Witztum JL. Beyond cholesterol.
Modifications of low-density lipoprotein that increase its atherogenicity. N Engl J Med
1989;320:915-924.

Miquel J, Ferrandiz ML, De Juan E, Sevila I, Martinez M. N-acetylcysteine protects against
age-related decline of oxidative phosphorylation in liver mitochondria. Eur J Pharmacol
1995;292:333-335.

Ames BN, Cathcart R, Schwiers E, Hochstein P. Uric acid provides an antioxidant defense in
humans against oxidant- and radical-caused aging and cancer: a hypothesis. Proc Natl Acad Sci
U S A41981;78:6858-6862.

. De la Fuente M, Ferrandez D, Munoz F, de Juan E, Miquel J. Stimulation by the antioxidant

thioproline of the lymphocyte functions of old mice. Mech Ageing Dev 1993;68:27-36.

. Chen TS, Richie JP, Nagasawa HT, Lang CA. Glutathione monoethyl ester protects against

glutathione deficiencies due to aging and acetaminophen in mice. Mech Ageing Dev
2000;120:127-139.

Miquel J, Weber H. Aging and increased oxidation of the sulfur pool. In: Vina J, ed. Gluthatione:
Metabolism and Physiological Functions. Boca Raton, FL: CRC Press 1990:187-192.

Aruoma OI. Nutrition and health aspects of free radicals and antioxidants. Food Chem Toxicol
1994;32:671-683.

Kuhnau J. The flavonoids. A class of semi-essential food components: their role in human
nutrition. World Rev Nutr Diet 1976;24:117-191.

Watzl B, Leitzmann C. Bioaktive Substanzen in Lebensmittel. Stuttgart, 1999.

Namiki M. Antioxidants/antimutagens in food. Crit Rev Food Sci Nutr 1990;29:273-300.
Remacle C, Reusens B. Functional Foods, ageing and degenerative disease. New York,
Washington, DC, Woodhead Publishing Limited, 2004.

Aruoma OI, Spencer JP, Butler J, Halliwell B. Reaction of plant-derived and synthetic
antioxidants with trichloromethylperoxyl radicals. Free Radic Res 1995;22:187-190.



60

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.
34.
35.
36.

37.

38.

39.

40.

41.

Sawa T, Nakao M, Akaike T, Ono K, Maeda H. Alkylperoxyl radical-scavenging activity of
various flavonoids and other phenolic compounds: implications for the anti-tumor-promoter
effect of vegetables. J Agric Food Chem 1999;47:397-402.

Cao G, Alessio HM, Cutler RG. Oxygen-radical absorbance capacity assay for antioxidants.
Free Radic Biol Med 1993;14:303-311.

Huang D, Ou B, Hampsch-Woodill M, Flanagan JA, Deemer EK. Development and validation
of oxygen radical absorbance capacity assay for lipophilic antioxidants using randomly
methylated beta-cyclodextrin as the solubility enhancer. J Agric Food Chem 2002;50:1815-1821.
Popov I, Lewin G. Antioxidative homeostasis: characterization by means of chemiluminescent
technique. Methods Enzymol 1999;300:437-456.

Miller NJ, Rice-Evans C, Davies MJ, Gopinathan V, Milner A. A novel method for measuring
antioxidant capacity and its application to monitoring the antioxidant status in premature
neonates. Clin Sci (Lond) 1993;84:407-412.

Bohm V, Puspitasari-Nienaber NL, Ferruzzi MG, Schwartz SJ. Trolox equivalent antioxidant
capacity of different geometrical isomers of alpha-carotene, beta-carotene, lycopene, and
zeaxanthin. J Agric Food Chem 2002;50:221-226.

Winston GW, Regoli F, Dugas AJ, Jr, Fong JH, Blanchard KA. A rapid gas chromatographic
assay for determining oxyradical scavenging capacity of antioxidants and biological fluids. Free
Radic Biol Med 1998;24:480-493.

Wayner DD, Burton GW, Ingold KU, Locke S. Quantitative measurement of the total, peroxyl
radical-trapping antioxidant capability of human blood plasma by controlled peroxidation. The
important contribution made by plasma proteins. FEBS Lett 1985;187:33-37.

Benzie IF, Strain JJ. The ferric reducing ability of plasma (FRAP) as a measure of "antioxidant
power": the FRAP assay. Anal Biochem 1996;239:70-76.

Elmadfa I, Rust P, Majchrzak D et al. Effects of beta-carotene supplementation on free radical
mechanism in healthy adult subjects. Int J Vitam Nutr Res 2004;74:147-152.

Aruoma OI. Antioxidant actions of plant foods: use of oxidative DNA damage as a tool for
studying antioxidant efficacy. Free Radic Res 1999;30:419-427.

Aruoma OI, Spencer JP, Rossi R et al. An evaluation of the antioxidant and antiviral action of
extracts of rosemary and Provencal herbs. Food Chem Toxicol 1996;34:449-456.

Aruoma OI. Methodological considerations for characterizing potential antioxidant actions of
bioactive components in plant foods. Mutat Res 2003;523-524:9-20.

Teufelhofer O, Weiss RM, Parzefall W et al. Promyelocytic HL60 cells express NADPH
oxidase and are excellent targets in a rapid spectrophotometric microplate assay for
extracellular superoxide. Toxicol Sci 2003;76:376-383.

Barbacanne MA, Souchard JP, Darblade B et al. Detection of superoxide anion released
extracellularly by endothelial cells using cytochrome ¢ reduction, ESR, fluorescence and
lucigenin-enhanced chemiluminescence techniques. Free Radic Biol Med 2000;29:388-396.
Royall JA, Ischiropoulos H. Evaluation of 2',7'-dichlorofluorescin and dihydrorhodamine 123
as fluorescent probes for intracellular H202 in cultured endothelial cells. Arch Biochem
Biophys 1993;302:348-355.

Knasmiiller S, Majer B, Buchmann C. Identifying antimutagenic constituents of food; in
Remacle C, Reusens, B. (ed): Functional foods, ageing and degenerative disease. New York
Washington, DC, Woodhead Publishing Limited, 2004, pp 581-605.

Myhre O, Andersen JM, Aarnes H, Fonnum F. Evaluation of the probes 2',7'-dichlorofluorescin
diacetate, luminol, and lucigenin as indicators of reactive species formation. Biochem
Pharmacol 2003;65:1575-1582.



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61

Elbling L, Weiss RM, Uhl M, Knasmueller S, Schulte-Hermann R, Berger W, Micksche M.
Green tea extract and (-)-epigallocatechin-3-gallate, the major tea catechin, exert oxidant but
lack antioxidant activities. FASEB J, submitted 2004.

Knasmiiller S, Steinkellner H, Majer BJ, Nobis EC, Scharf G, Kassie F. Search for dietary
antimutagens and anticarcinogens: methodological aspects and extrapolation problems. Food
Chem Toxicol 2002;40:1051-1062.

Moller P, Wallin H. Adduct formation, mutagenesis and nucleotide excision repair of DNA damage
produced by reactive oxygen species and lipid peroxidation product. Mutat Res 1998;410:271-290.
Loft S, Poulsen HE. Markers of oxidative damage to DNA: antioxidants and molecular damage.
Methods Enzymol 1999;300:166-184.

Loft S, Poulsen HE. Antioxidant intervention studies related to DNA damage, DNA repair and
gene expression. Free Radic Res 2000;33 Suppl:S67-83.

ESCODD: Comparison of different methods of measuring 8-oxoguanine as a marker of
oxidative DNA damage. ESCODD (European Standards Committee on Oxidative DNA
Damage); Free Radic Res, 2000, vol 32, pp 333-341.

Moller P, Loft S. Oxidative DNA damage in human white blood cells in dietary antioxidant
intervention studies. Am J Clin Nutr 2002;76:303-310.

Moller P, Loft S. Interventions with antioxidants and nutrients in relation to oxidative DNA
damage and repair. Mutat Res 2004;551:79-89.

Tice RR, Agurell E, Anderson D et al. Single cell gel/comet assay: guidelines for in vitro and
in vivo genetic toxicology testing. Environ Mol Mutagen 2000;35:206-221.

Collins A, Harrington V. Repair of oxidative DNA damage: assessing its contribution to cancer
prevention. Mutagenesis 2002;17:489-493.

Pool-Zobel BL, Bub A, Muller H, Wollowski I, Rechkemmer G. Consumption of vegetables
reduces genetic damage in humans: first results of a human intervention trial with carotenoid-
rich foods. Carcinogenesis 1997;18:1847-1850.

Knasmiiller S, Ferk F, Bichler J et al. Investigation of DNA protective effects of dietary factors
in human intervention studies. COST, Impact of new technologies on the health benefits and
saftey of bioactive plant compounds, 2004 [abstract].

Knasmiiller S, Chakraborty A, Brantner A, Simic T, Dusinska M, Ferk F. Detection of gallic
acid as the active principle responsible for DNA-protective effects of a common spice (Rhus
coriaria). Bilateral Scientific Meeting: Protection of Genotoxic Effects of Carcinogens by
Micronutrients, Bratislava 2004 [abstract].

Bichler J, Huber W, Cavin C, Neresyan A, Scharf G, Majer B, Knasmiiller S. DNA and cancer:
protective effects of coffee and coffee specific diterpenoides. Bilateral Scientific Meeting:
Protection of Genotoxic Effects of Carcinogens by Micronutrients, Bratislava 2004 [abstract].
Dusinska M, Vallova B, Ursinyova M et al. DNA damage and antioxidants; fluctuations through
the year in a central European population group. Food Chem Toxicol 2002;40:1119-1123.
Dusinska M, Kazimirova A, Barancokova M et al. Nutritional supplementation with
antioxidants decreases chromosomal damage in humans. Mutagenesis 2003;18:371-376.
Gaziev Al, Sologub GR, Fomenko LA, Zaichkina SI, Kosyakova NI, Bradbury RJ. Effect of
vitamin-antioxidant micronutrients on the frequency of spontaneous and in vitro gamma-ray-
induced micronuclei in lymphocytes of donors: the age factor. Carcinogenesis 1996;17:493-499.
Fenech M, Stockley C, Aitken C. Moderate wine consumption protects against hydrogen
peroxide-induced DNA damage. Mutagenesis 1997;12:289-296.

Fenech M, Rinaldi J. A comparison of lymphocyte micronuclei and plasma micronutrients in
vegetarians and non-vegetarians. Carcinogenesis 1995;16:223-230.



62

61.

62.

63.

64.

65.
66.
67.
68.
69.

70.

71.

72.
73.

74.

75.

76.

71.

78.
79.

80.

Dusinska M, Smolkova B, Volkovova K, et al. Does diet inlfuence genomic stability? Bilateral
Scientific Meeting: Protection of Genotoxic Effects of Carcinogens by Micronutrients,
Bratislava 2004 [abstract].

Umegaki K, Tkegami S, Inoue K et al. Beta-carotene prevents x-ray induction of micronuclei in
human lymphocytes. Am J Clin Nutr 1994;59:409-412.

Schneider M, Diemer K, Engelhart K, Zankl H, Trommer WE, Biesalski HK. Protective effects
of vitamins C and E on the number of micronuclei in lymphocytes in smokers and their role in
ascorbate free radical formation in plasma. Free Radic Res 2001;34:209-219.

Migliore L, Molinu S, Naccarati A, Mancuso M, Rocchi A, Siciliano G. Evaluation of
cytogenetic and DNA damage in mitochondrial disease patients: effects of coenzyme Q10
therapy. Mutagenesis 2004;19:43-49.

Sram RJ, Rossner P, Smerhovsky Z. Cytogenetic analysis and occupational health in the Czech
Republic. Mutat Res 2004;566:21-48.

Goodman MT, Hernandez B, Wilkens LR et al. Effects of beta-carotene and alpha-tocopherol on
bleomycin-induced chromosomal damage. Cancer Epidemiol Biomarkers Prev 1998;7:113-117.
Gedik CM, Boyle SP, Wood SG, Vaughan NJ, Collins AR. Oxidative stress in humans:
validation of biomarkers of DNA damage. Carcinogenesis 2002;23:1441-1446.

Knasmiiller S, Bichler J, Holzl C et al. Use of single cell gel electrophoresis technique for the
detection of dietary constituents, which prevent oxidative DNA-damage in human 2004 [abstract].
Bub A, Watzl B, Blockhaus M et al. Fruit juice consumption modulates antioxidative status,
immune status and DNA damage. J Nutr Biochem 2003;14:90-98.

Collins AR, Gedik CM, Olmedilla B, Southon S, Bellizzi M. Oxidative DNA damage measured
in human lymphocytes: large differences between sexes and between countries, and correlations
with heart disease mortality rates. FASEB J 1998;12:1397-1400.

Mendoza-Nunez VM, Sanchez-Rodriguez MA, Retana-Ugalde R, Vargas-Guadarrama LA,
Altamirano-Lozano MA. Total antioxidant levels, gender, and age as risk factors for DNA
damage in lymphocytes of the elderly. Mech Ageing Dev 2001;122:835-847.

Betti C, Davini T, Giannessi L, Loprieno N, Barale R. Microgel electrophoresis assay (comet test)
and SCE analysis in human lymphocytes from 100 normal subjects. Mutat Res 1994;307:323-333.
Singh NP, Danner DB, Tice RR et al. Basal DNA damage in individual human lymphocytes
with age. Mutat Res 1991;256:1-6.

Volkovava K, Kazimirova A, Barancokova M, Staruchova M, Dusinska M. Oxidative DNA
damage and antioxidant protection in aging. Bilateral Scientific Meeting: Protection of
Genotoxic Effects of Carcinogens by Micronutrients, Bratislava 2004 [abstract].

Sardas S, Yilmaz M, Oztok U, Cakir N, Karakaya AE. Assessment of DNA strand breakage by
comet assay in diabetic patients and the role of antioxidant supplementation. Mutat Res
2001;490:123-129.

Lowe J, Sheerin A, Jennert-Burston K et al. Camptothecin sensitivity in Werner syndrome
fibroblasts as assessed by the COMET technique. Ann N Y Acad Sci 2004;1019:256-259.
Fortoul TI, Valverde M, Lopez Mdel C et al. Single-cell gel electrophoresis assay of nasal
epithelium and leukocytes from asthmatic and nonasthmatic subjects in Mexico City. Arch
Environ Health 2003;58:348-352.

Wu X, Amos CI, Zhu Y et al. Telomere dysfunction: a potential cancer predisposition factor. J
Natl Cancer Inst 2003;95:1211-1218.

Klaunig JE, Kamendulis LM. The role of oxidative stress in carcinogenesis. Annu Rev
Pharmacol Toxicol 2004;44:239-267.

Cooke MS, Evans MD, Dizdaroglu M, Lunec J. Oxidative DNA damage: mechanisms,
mutation, and disease. FASEB J 2003;17:1195-1214.



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

63

Botto N, Masetti S, Petrozzi L et al. Elevated levels of oxidative DNA damage in patients with
coronary artery disease. Coron Artery Dis 2002;13:269-274.

Migliore L, Petrozzi L, Lucetti C, et al. Oxidative damage and cytogenetic analysis in
leukocytes of Parkinson's disease patients. Neurology 2002;58:1809-1815.

Morocz M, Kalman J, Juhasz A et al. Elevated levels of oxidative DNA damage in lymphocytes
from patients with Alzheimer's disease. Neurobiol Aging 2002;23:47-53.

Stopper H, Boullay F, Heidland A, Vienken J, Bahner U. Comet-assay analysis identifies
genomic damage in lymphocytes of uremic patients. Am J Kidney Dis 2001;38:296-301.
Hagmar L, Bonassi S, Stromberg U et al. Chromosomal aberrations in lymphocytes predict
human cancer: a report from the European Study Group on Cytogenetic Biomarkers and Health
(ESCH). Cancer Res 1998;58:4117-4121.

Hagmar L, Bonassi S, Stromberg U et al. Cancer predictive value of cytogenetic markers used
in occupational health surveillance programs. Recent Results Cancer Res 1998;154:177-184.
Bonassi S, Znaor A, Norppa H, Hagmar L. Chromosomal aberrations and risk of cancer in
humans: an epidemiologic perspective. Cytogenet Genome Res 2004;104:376-382.
Nourooz-Zadeh J, Tajaddini-Sarmadi J, Ling KL, Wolff SP. Low-density lipoprotein is the
major carrier of lipid hydroperoxides in plasma. Relevance to determination of total plasma
lipid hydroperoxide concentrations. Biochem J 1996;313 ( Pt 3):781-786.

Arendt BM, Boetzer AM, Lemoch H et al. Plasma antioxidant capacity of HIV-seropositive and
healthy subjects during long-term ingestion of fruit juices or a fruit-vegetable-concentrate
containing antioxidant polyphenols. Eur J Clin Nutr 2001;55:786-792.

Mayne ST, Walter M, Cartmel B, Goodwin WJ, Jr, Blumberg J. Supplemental beta-carotene,
smoking, and urinary F2-isoprostane excretion in patients with prior early stage head and neck
cancer. Nutr Cancer 2004;49:1-6.

Hartman TJ, Baer DJ, Graham LB et al. Moderate alcohol consumption and levels of
antioxidant vitamins and isoprostanes in postmenopausal women. Eur J Clin Nutr 2004.
Wiswedel I, Hirsch D, Kropf' S et al. Flavanol-rich cocoa drink lowers plasma F(2)-isoprostane
concentrations in humans. Free Radic Biol Med 2004;37:411-421.

Park YK, Park E, Kim JS, Kang MH. Daily grape juice consumption reduces oxidative DNA
damage and plasma free radical levels in healthy Koreans. Mutat Res 2003;529:77-86.
Esterbauer H, Striegl G, Puhl H, Rotheneder M. Continuous monitoring of in vitro oxidation of
human low density lipoprotein. Free Radic Res Commun 1989;6:67-75.

Rojas E, Lopez MC, Valverde M. Single cell gel electrophoresis assay: methodology and
applications. J Chromatogr B Biomed Sci Appl 1999;722:225-254.

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

Collins A, Dusinska M, Franklin M et al. Comet assay in human biomonitoring studies:
reliability, validation, and applications. Environ Mol Mutagen 1997;30:139-146.

Visvardis EE, Tassiou AM, Piperakis SM. Study of DNA damage induction and repair capacity
of fresh and cryopreserved lymphocytes exposed to H202 and gamma-irradiation with the
alkaline comet assay. Mutat Res 1997;383:71-80.

Torbergsen AC, Collins AR. Recovery of human lymphocytes from oxidative DNA damage;
the apparent enhancement of DNA repair by carotenoids is probably simply an antioxidant
effect. Eur J Nutr 2000;39:80-85.

100. Collins AR, Dusinska M, Horvathova E, Munro E, Savio M, Stetina R. Inter-individual

differences in repair of DNA base oxidation, measured in vitro with the comet assay.
Mutagenesis 2001;16:297-301.

101. Holzl C. Schutzeffekte von Kohlsprossen vor freien Sauerstoffradikalen und heterozyklischen

Aminen; Institute of Cancer Research. Vienna, University of Vienna, 2004 [thesis].



64

Author’s address: Tel.: +43-1-427765142; fax: +43-1-42779651
E-mail address: siegfried.knasmueller@meduniwien.ac.at



