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Abstract

Background Consumption of green tea (GT) is associated
with decreased incidences of specific forms of cancer in
humans and it was postulated that its antioxidant (AO)
properties may account for these effects. The evidence for
AO effects of GT is mainly based on the results from in
vitro experiments and on animal studies in which protec-
tion against chemically induced damage was monitored.
Aim of the study The goal of the study was the investi-
gation of the prevention of strand breaks and DNA
migration attributable to endogenous oxidation of bases by
GT extract (GTE) in inner organs and lymphocytes of
untreated rats. In addition, immunological parameters and
biochemical markers were monitored.

Methods DNA migration was measured in hepatocytes,
colonocytes and lymphocytes after consumption of a low
(1.3 mg/kg bw per day, 5 days) and a high dose (6.5 mg/kg
bw per day, 5 days) of GTE in COMET assays (n =5
animals per group). In addition, immunological parameters
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(TNF-a, IFN-y, IL-4 and IL-10), the total AO capacity and
oxidized low-density lipoproteins were determined in
plasma.

Results No evidence for reduction in DNA damage was
found with a lower dose, whereas with the higher dose,
reduction in DNA migration attributable to formami-
dopyrimidine-DNA-glycosylase sensitive lesions (oxidized
purines) and endonuclease Ill-sensitive sites (oxidized
pyrimidines) (58 and 73%) was observed in lymphocytes;
also, in colonocytes (reduction in FPG-sensitive sites by 46%)
and hepatocytes (decrease in Endo III-sensitive sites by 74%)
protective effects were found, while none of the other
parameters was altered.

Conclusions Our results show that a dose of GTE, which
is equivalent to consumption of 500 ml GT/p/day in
humans protects lymphocytes and to a lesser extent inner
organs against oxidative DNA damage, while no effect was
seen with a lower dose corresponding to an uptake of
100 ml/p/day.

Keywords Green tea - Single-cell gel electrophoresis
assay - Oxidative DNA damage - Biochemical parameters -
Immunological parameters

Abbreviations
AO Antioxidative
Endo III  Endonuclease III

FPG Formamidopyrimidine-DNA-glycosylase
GT Green tea

GTE Green tea extract

IFN-y Interferon gamma

IL Interleukin

OxoLDL Oxidized low-density lipoprotein

SCGE Single-cell gel electrophoresis
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TEAC Trolox equivalent antioxidative capacity
TNF-« Tumor necrosis factor alpha
Introduction

Numerous epidemiological studies indicate that the con-
sumption of green tea (GT) is inversely related to the
incidence of breast, prostate and gastrointestinal cancer,
coronary heart disease as well as neurogenerative disorders
(for review see Cabrera et al. [1]). In all these diseases,
reactive oxygen species are involved and it was postulated
that the antioxidant (AO) properties of GT may account for
its beneficial health effects [2].

The results of in vitro experiments show that the AO
capacity of GT is higher than that of common fruits and
vegetables [3] and correlates with its catechin content
[4]. Also, the results of a few animal and human studies
showed that GT protects against oxidative DNA damage
of macromolecules and increases the AQO status (for
reviews see [5, 6]). It was shown in experiments with
laboratory rodents that tea prevents chemically induced
formation of oxidised guanosine (for review see [5]), but
it has not been investigated so far if it prevents also the
formation of single and double-strand breaks and DNA
migration due to oxidation of DNA bases in inner
organs.

Therefore, we performed in vivo experiments in which
we studied the effect of green tea extract (GTE) on DNA
migration in colons, livers and peripheral blood cells in
single-cell gel electrophoresis (SCGE) experiments with
rats. We included also measurements with colon cells, as a
number of studies indicate that the intake of tea is inversely
related to the incidence of gastrointestinal cancer in
humans [7, 8]. In contrast to the earlier studies, we used
chemically untreated animals that reflect the situation in
healthy humans.

SCGE experiments are based on the determination of
DNA migration in an electric field and enable to monitor
damage in inner organs [9]. Furthermore, we also
included measurements of immunological parameters
(tumor necrosis factor alpha, interferon y and interleu-
kins 4 and 10) which are considered to play an important
role in the human health status, as it is known that AOs
may affect immunological functions. In addition, we
determined in plasma the total AO capacity (TEAC), a
general marker of the oxidant status in humans [10] and
oxidized low-density lipoprotein (oxoLDL) levels which
reflect the improvement of the AO status in humans by
dietary factors and are assumed to be related to athero-
sclerosis [11].
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Materials and methods
Chemicals

Low and normal melting agarose were obtained from
Invitrogen Life Technologies (Paisley, Scotland). Trizma
base, 2,2’-azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid
(ABTS), bovine serum albumin fraction V, ethidium bro-
mide, Histopaque-1077, myoglobin, RPMI 1640, Sephadex
G-15, Triton X-100, trypan blue, organic and inorganic
salts were purchased from Sigma-Aldrich (Steinheim,
Germany). Dimethylsulfoxide was purchased from Merck
(Darmstadt, Germany). 6-Hydroxy-2,5,7,8-tetramethylchro-
man-2-carboxylic acid (Trolox) was purchased from Fluka
(Buchs, Switzerland), Na—heparin was from Ebewe Pharma
(Unterach, Austria).

Formamidopyrimidine-DNA-glycosylase (FPG) and endo-
nuclease III (Endo III) were obtained from M. DusSinska
(Slovak Medical University, Bratislava, Slovakia).

Lyophilized GTE (Sunphenon 90M) was obtained from
Taiyo International Inc. (Minneapolis, USA). According to
the manufacturers, it contains approximately 80% polyphe-
nols and not less than 75% of total catechins, its epigalloca-
techin-3-gallate (EGCG) content is approximately 45%.

The enzyme-linked immunosorbent assay test kits (ELISA)
for the measurement of the immunological parameters
were obtained from BD OptEIA, BD Biosciences Pharmingen
(San Diego, Canada) and the Lipid-Ox fluorescence test
came from Dr. Franz Tatzber KEG (Klosterneuburg,
Austria).

Animals

All experiments were carried out with male 5—-6-weeks-old
Him-OFA rats (body weight 250 + 10 g) which were
obtained from the breeding facility of the Medical Uni-
versity Vienna (Himberg, Austria). Before the start of the
experiments, the animals were allowed to acclimatize for
1 week and were housed in plastic cages (Macrolon type
III, Techniplast GmbH, Hohenpeilenberg, Germany) under
standard conditions (24 + 1°C, humidity 50 £ 5%, 12 h
light/dark cycle) and were fed with a standard diet (R/M-H,
Ssniff, Soest, Germany).

Treatment of the animals

The study was approved by the Ethics Committee of the
Medical University of Vienna. Each treatment group con-
sisted of five animals. The GTE was dissolved in tap water,
the solutions were made fresh every day. GT solution or the
solvent (water) were given to the animals orally (by
gavage; 1.3 ml per animal), for more than 5 days. The low
dose group received 1.3 mg/kg bw of the lyophilized
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powder per day, the high dose group received 6.5 mg/kg
bw per day. The GTE amounts which we used correspond
to consumption of 100 and 500 ml GT in humans. The
calculations are based on the EGCG content of the extract
which contained 45 mg EGCG per 100 mg. The average
amount of this catechin in fresh GT brews made from 1.5 g
of dry leaves per 100 ml is 40-50 mg per 100 ml [12—14].
The animals were weighed before and after the treat-
ment with GTE. The weight gain in the three groups were
7.8 £ 1.7% in controls, 6.9 & 1.4% in the low dose group
and 8.9 + 0.4% in the high dose group; the differences
between the groups are statistically not significant.

SCGE experiments

24 h after the last treatment, the animals were killed by
decapitation. Subsequently, the livers and colons were
removed and transferred to PBS (pH 7.4). Blood was
collected in lithium-heparin tubes (Becton Dickinson,
Plymouth, UK).

The nuclei were isolated from the livers by homogeni-
zation of the hepatic tissue with a Potter—Elvehjem type
homogenizer (Braun, Melsungen, Germany) and sub-
sequent centrifugation, colon cells were collected by
scraping (for details see Sasaki et al. [9]). Peripheral
lymphocytes were isolated from the blood by density gra-
dient centrifugation with Histopaque-1077 in Accuspin™
tubes (Sigma-Aldrich, Steinheim, Germany) according to
the manufacturers.

All subsequent experiments were carried out as descri-
bed in the protocol of Collins et al. [15] according to the
international guidelines [16]. The cells were transferred to
agarose-coated slides (1.5% normal melting and 0.5% low
melting agarose) and lysed in buffer (pH 10) for 1 h. After
20 min unwinding and 20 min electrophoresis (300 mA,
25 V at4°C, pH > 13), the gels were stained with ethidium
bromide (20 pg/ml).

In addition, nuclei were treated after lysis with the
lesion-specific enzymes FPG and Endo III. To establish the
optimal amounts of the enzymes, we conducted calibration
experiments with different dilutions of the enzymes prior to
the main study (data not shown). We found optimal activity
with Endo III with a 1:9,000 dilution of the stock solution
(1.0 pg enzyme per ml), and with a 1:1,000 FPG dilution.
After lysis, the slides were washed twice in enzyme reac-
tion buffer (pH 8.0) for 8 min. Subsequently, 50 ul of FPG
or Endo III solution were added to the nuclei. For FPG, the
incubation time was 30 min, for Endo III 45 min (37°C).
After 40 min unwinding and 30 min electrophoresis
(300 mA, 25 V at 4°C, pH > 13), the gels were stained
with ethidium bromide (20 pg/ml). For each endpoint,
three slides were made in parallel and 150 cells were
analyzed for comet formation (endpoint: percentage DNA

in tail) by the use of an automated image analysis system
(Comet Assay IV, Perceptive Instruments, UK). The extent
of DNA migration attributable to the formation of oxidized
bases was calculated by subtracting values obtained with
the buffers from values obtained with the individual
enzymes.

Measurement of the immunological parameters

The different parameters (TNF-a, IFN-y, IL-4, IL-10) were
determined in plasma by the use of commercially available
ELISA kits after the instructions of the manufacturer. The
measurements were carried out with an ELISA reader
(FLUOstar Optima, BMG Labtechnologies, Offenburg,
Germany). All measurements were carried out in duplicate.

Determination of the total AO capacity

Trolox equivalent antioxidative capacity was analyzed in
plasma photometrically (4 = 734 nm) after iron-induced
oxidation after the protocol of Miller et al. [17]. The pro-
cedure is based on the ability of an antioxidant to scavenge
blue-green colored 2,2'-azinobis(3-ethtylbenzthiazoline-6-
sulfonic acid) (ABTS) radicals, which are generated by the
peroxidase activity of metmyoglobin in the presence of the
sample. 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carbonic
acid (Trolox, a vitamin E analog) solution was used to
establish the standard curves.

Measurement of low-density lipoprotein oxidation

Oxidized low-density lipoprotein was measured fluori-
metrically (4 =450 nm) [18] with a commercially
available kit after the instructions of the manufacturer
with FLUOstar Optima reader (BMG Labtechnologies,
Offenburg, Germany). In this test, the biological lipid
system is preloaded with a fluorescent analog of phos-
phatidylcholine. When externally added, the respective
phospholipid label localizes to the surface monolayer of a
lipoprotein. When the fluorophore is oxidized, it decom-
poses which leads to a continuous decrease in the fluo-
rescence intensity [18]. As described in the study of
Mayer et al. [19], the fluorophore binds preferentially to
the LDL fraction in plasma and can be, therefore, used to
assess its concentration.

Statistical analysis

For the statistical evaluation of the SCGE experiments,
three medians were calculated for each animal, and from
these, the mean values were computed for each endpoint.
To obtain the homogeneity of variance, the percentage
DNA in tail (% tail intensity) was arcsine transformed.
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Outliers were removed with the Dixon’s test. The analysis
of variance was conducted by application of a mixed model
with animals as random factor and condition as between
animal factors. Comparisons between groups of primary
interest were done by linear contrasts and contrasts were
considered significant if P < 0.05. The homogeneity of
variances was tested by Levene’s test. Residuals were
assessed for normality by Lilliefors test. For these tests, the
significance level was set at 0.01.

Statistical analyses of the immunological and bio-
chemical parameters (TEAC and oxoLDL) were carried
out by one-way analysis of variances. Differences were
considered significant if P < 0.05.

Results

The results of the SCGE experiments with GTE are shown
in Fig. 1. It can be seen that the extent of damage was in
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the control group in the colons in general higher than in the
blood cells and in the hepatic tissue. This observation is in
agreement with findings from earlier studies [9, 20]. The
treatment of the nuclei with the lesion-specific enzymes led
to a pronounced increase in comet formation indicating that
the enzymes were active.

With the lower GTE dose, no indication of a pro-
tective effect was seen in any of the organs and also not
in the blood cells. In contrast, clear effects were seen
with the higher dose. The most pronounced reduction in
DNA damage was observed in the lymphocytes in which
comet formation due to FPG-sensitive lesions was
decreased by 58% (P < 0.001) and Endo III lesions
were reduced by 73% (P < 0.001); also in the inner
organs, significant protective effects were observed, i.e.
a 74% decrease in Endo III-sensitive lesions (P < 0.001)
was detected in the hepatic tissue and in the colon cells
a decrease by 46% of FPG-sensitive sites (P < 0.05)
was found.
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Table 1 Impact of the treatment of rats with green tea extract on
immunological and biochemical parameters

Endpoint (unit) Controls GTE GTE
(1.3 mg) (6.5 mg)
Mean £ SD  Mean &= SD  Mean + SD

Immunological parameters

TNF-o (pg/ml) 109.1 £ 35.2 102.3 353 1204 £ 32.5

IFN-y (pg/ml) 139.6 £ 35.1 1414 £ 48.1 1443 £42.1

IL-4 (pg/ml) 553 +92 69.6 + 142 687 £ 11.3

IL-10 (pg/ml) 105.5 £ 154 1375 £ 123 1515 £273

Biochemical parameters

TEAC (mM Trolox 0.64 + 0.11 0.55 +0.07 0.63 &+ 0.09
equivalent)

oxoLDL (lagPhase  14.67 + 0.58  15.6 = 1.52  15.6 & 2.07
min)

The experiment was carried out as described in the legend of Fig. 1
and in “Materials and methods”

All measurements were conducted with plasma

Values indicate mean =+ standard deviations obtained with five ani-
mals per group

Table 1 summarizes the results of the biochemical
measurements. It can be seen that none of the different
parameters investigated was significantly altered by GTE
treatment.

Discussion

Taken together, the results of the present study show for the
first time that GTE protects healthy animals against oxi-
dative DNA damage when a sufficiently high dose is
administered.

As described above, the effects were more pronounced
in blood and liver cells than in the colonocytes. This
finding was unexpected, as the concentrations of AO
components of GT in the gastrointestinal tract are higher
than in the inner organs. However, a number of investi-
gations indicate that GT induces transcription factors (for
review, see Na und Surh [21]) and it is conceivable that the
extent of this cell signaling-mediated responses is organ
specific [22].

A recent comparative evaluation of the results of human
intervention trials in which different endpoints were moni-
tored showed that the overlap of protection against the
prevention of oxidized purines and pyrimidines is very
poor. Protection against Endo III-sensitive sites was seen in
a higher number of trials [23]. Therefore, it is not likely
that the lack of protective effects in both endpoints (pre-
vention of oxidation of purines and pyrimidines) in inner
organs is due to the study design, for example, due to the
number of animals which was higher than that recom-
mended in the guidelines of Tice et al. [24].

As mentioned above, a number of animal studies have
been published which concern the prevention of chemically
induced formation of 8-hydroxy-2-deoxy-guanosine (8-
OHAG) by GT and its constituents. In this context, it is
notable that it has been shown by Gedik et al. [25] in a
small human study that the formation of this purine base
corresponds to DNA migration caused by FPG-sensitive
sites. Clear protective effects (i.e. reduction 8-OHdG for-
mation) were seen, for example, in experiments with mice
in lungs [26] and with rats in livers [27] and also in pan-
creatic tissue [28] of hamsters after the induction of oxi-
dative stress with nitrosamines. In addition, protective
effects were found in combination with the colon carcin-
ogen dimethylhydrazine in colon cells [29], while no evi-
dence for reduction in DNA migration was detected with
the tea constituents, theorubigin and theafulvin [30]. Only
one SCGE study with a GT component has been carried out
according to our knowledge by Giovanelli et al. [31] in
which the effect of theorubigin was investigated in rats fed
a high fat diet, and no reduction in DNA migration due to
Endo III-sensitive sites in colon mucosa cells was detected.

The results from a human study showed that the
frequencies of micronuclei in peripheral lymphocytes
are reduced in smokers after consumption of more than 2 g
GT per day [32]. Also in another study in which sister
chromatid exchange rates were monitored in smokers and
non-smokers who consumed 2-3 cups over 6 months, a
significant protective effect was detected in the same
indicator cells [33], while no evidence for protection was
found in non-smokers in a recent intervention study with
GT-supplemented bread in which DNA damage was
monitored in blood cells of healthy individuals [34].

It is interesting that the extent of DNA damage seen in
the lymphocytes of rats was much lower as that seen in
human studies and also that the level of oxidative base
damage was substantially higher. Also in a number of other
studies with rodents, the baseline damage found with
lymphocytes was quite low, although slightly higher as that
we found in our study [35, 36]. The relatively high extent
of oxidative damage may be due to the increased energy
metabolism of rats compared with humans and/or other
factors (e.g. differences of the size of the nuclei).

As mentioned above, no impact of GTE on the different
immunological parameters was found in the present study
(Table 1). One of the reasons for the lack of an effect of
GTE on the IL and on TNF-« and IFN-y levels may be that
the study was conducted with healthy animals. In earlier
investigations, significant reduction in the levels of these
markers was seen in rodents after the induction of
inflammations with lipopolysaccharide and bacterial toxins
[14, 37], while no effects were seen in a colitis model with
mice [38] and in a human trial with healthy individuals
[39].

@ Springer



232

Eur J Nutr (2010) 49:227-234

The impact of GT on oxoLDL levels has been investi-
gated in a number of human studies and the results are
highly controversial; in some, no alterations were found
[40—42] while in others clear protective effects were
detected [29, 33, 35]. Likewise, also investigations con-
cerning the impact of GT on the TEAC value yielded
inconsistent results [4, 42-44].

As described in the results section, we failed to detect
alterations of the TEAC and of LDL oxidation by GTE
while in the same experiments protection against oxidative
DNA damage was observed. It is notable that a compre-
hensive analysis of studies in which different endpoints of
the AO status were measured in parallel by Dotan et al.
[45] showed that in general no correlations exist between
makers of the AO capacity and oxidative damage of the
genetic material. A similar conclusion was reached by
Knasmiiller et al. [22] and it was emphasized by the
authors that the combined use of disease-related markers
in studies with antioxidants will provide more relevant
information.

Our findings of a DNA protective effect of GTE are not
necessarily due to direct scavenging effects that were seen
in a number of in vitro studies with GT and its constituents
[1]. It is conceivable that prevention of DNA migration
which we observed may be (at least partly) due to indirect
effects such as reduced glucose uptake in the gastrointes-
tinal tract leading to a hypocaloric status, that is associated
with changes in the mitochondrial function and paralleled
by decreased production of reactive oxygen species [46—
48]. It is also notable that it has been shown that GT
induces AO enzymes such as superoxide dismutase and
glutathione-S-transferase and that these effects are trig-
gered by induction of transcription factors [21]. Another
mode of action is the modulation of repair processes, which
was found with GT and its components in in vitro studies
[49, 50]. The recent development of protocols which
enable the determination of repair processes in SCGE
assays [51] will allow to investigate this latter issue in
future human experiments.

The consequences of a decreased basal level of oxida-
tive damage of lymphocyte DNA in terms of health ben-
efits are far from being clear. It has been shown in a
number of investigations that occupational exposure asso-
ciated with adverse health effects as well as infertility and
different diseases (coronary heart diseases, diabetes, etc.)
are characterized by increased levels of base oxidation in
peripheral blood cells [52, 53]. In the case of cancer, recent
findings showing that the intake of antioxidant supple-
mentation does not lead to protection, but rather to
increased risks made it questionable if protection of oxi-
dative DNA damage is indeed paralleled by protection
against malignant disease [52].
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Our results indicate that the prevention of oxidative
DNA damage takes place with a dose of GTE which is
equivalent to daily consumption of 500 ml of GT by
humans; this observation is relevant for the development of
dietary recommendations and also for the production of
GT-supplemented functional foods which are increasingly
produced [54]. In this context, it is notable that results of
several epidemiological studies indicate that cancer pro-
tective effects of GT are only seen after daily intake of five
or more cups [55-57].
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