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Abstract

Green tea and black tea inhibit the formation of carcinogen-DNA adducts and colonic aberrant crypts
in rats given 2-amino-3-methylimidazo[4, 5-flquinoline (1Q), a mutagen from cooked meat. The
Salmonella mutagenicity assay was used in the present study to test individual constituents of tea as
inhibitors of 2-hydroxyamino-3-methylimidazo[4, 5-flquinoline (N-hydroxy-1Q), a direct-acting
metabolite of 1Q. Testing of pure compounds at doses relevant to their levels in tea identified
epigallocatechin (EGC) and epigallocatechin-3-gallate (EGCG) as the primary antimutagens. Studies
of the inhibitory mechanisms established that the rate of degradation of N-hydroxy-1Q under aqueous
conditions was not increased significantly in the presence of tea, in contrast to the results obtained
with the complexing agent chlorophyllin (CHL), which rapidly degraded the mutagen. Interaction
between N-hydroxy-1Q and several tea constituents was detected in spectro-photometric studies, but
the binding constants were only on the order of 1 x 103 M1, suggesting that mechanisms other than
complex formation might prevail under the conditions of the Salmonella assay. Comparison of the
results in two different strains of Salmonella typhimurium, TA98 and TA98/1,8-DNPg, indicated that
the antimutagenic activity of EGCG was dependent, at least in part, on a functional O-
acetyltransferase activity in the bacteria. These studies suggest that tea constituents inhibit the
enzyme(s) which generate the aryl nitrenium ion and directly scavenge the reactive electrophile,
whereas CHL complexes with heterocyclic amines and facilitates the degradation of active
metabolites.
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INTRODUCTION

Green tea, black tea, and chlorophyllin (CHL) inhibit carcinogen-induced tumorigenesis in
experimental animals [Wang et al., 1992a,b, 1994, 1995; Breinholt et al., 1995; Guo et al.,
1995; Hasegawa et al., 1995; Park and Surh, 1996; Singh et al., 1996; Dashwood, 1997], but
the precise mechanisms remain to be clarified. We reported recently that green and black tea
inhibit the development of colonic aberrant crypt foci (ACF) in rats given 2-amino-3-
methylimidazo[4,5-f]quinoline (1Q), a mutagen from cooked meat [Xu et al., 1996]. It was
found that tea caused a slight induction of cytochrome P4501A2, the isozyme of cytochrome
P450 which activates 1Q to form the direct-acting mutagen 2-hydroxyamino-3-methylimidazo
[4,5-flquinoline (N-hydroxy-1Q). The induction of cytochrome P4501A2 would theoretically
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increase the rate of formation of N-hydroxy-1Q, but several subsequent steps are potential
targets for inhibition by antimutagens.

As shown in Figure 1, following the initial activation of 1Q by cytochrome P4501A2, N-
hydroxy-1Q is converted to an electrophilic aryl nitrenium ion [Snyderwine et al., 1988]. The
conversion of N-hydroxy-1Q to the electrophile occurs spontaneously but can be augmented
by the presence of sulfotransferases and acetyltransferases, including the O-acetyltransferase
(OAT) in Salmonella typhimurium [Saito et al., 1985;Yamazoe et al., 1989]. Inhibitors might
act on the pathway shown in Figure 1 by one or more of several mechanisms, including: 1)
lowering of the effective concentration of N-hydroxy-1Q via complex formation or enhanced
degradation; 2) inhibition of the enzymes, such as OAT, which facilitate the conversion of N-
hydroxy-1Q to the aryl nitrenium ion; and/or 3) direct scavenging of the electrophile. This paper
describes efforts to clarify these inhibitory mechanisms for the antimutagens in tea. CHL was
included in the present investigation as a positive control for some of the end points examined.

MATERIALS AND METHODS

Chemicals

The following tea standards were purchased from Sigma Chemical Co. (St. Louis, MO): (+)
catechin, (—)epicatechin (—EC), (+)epicatechin (+EC), (—)epigallocatechin (EGC), (-)
epicatechin gallate (ECG), (—)epigallocatechin gallate (EGCG), gallic acid, theobromine, and
caffeine. CHL was obtained from Sigma Chemical Co.; the concentrations reported here are
corrected for total chlorin content, as described previously [Tachino et al., 1994]. N-Hydroxy-
IQ was obtained from the National Cancer Institute Carcinogen Repository (Kansas City, MO).
Reagents and media for the mutagenicity assays were from sources described previously
[Dashwood and Liew, 1992; Dashwood et al., 1996]. The chemical structure of each tea
standard and of N-hydroxy-1Q is shown in Figure 1.

Preparation of Tea

Green tea (Sencha midoriiro) and black tea (English Breakfast tea, Choice Wing Brand) were
purchased locally. Teas were brewed fresh immediately before each experiment, as described
by Xu et al. [1996], and sterilized by passage through a 0.45 um filter. On the day of the
experiment, individual tea constituents or CHL were dissolved in sterile distilled water and
tested immediately for antimutagenic activity in the Salmonella assay.

Mutagenicity Assays

The antimutagenic activities of individual tea standards and CHL were studied using the direct-
acting mutagen N-hydroxy-1Q under subdued lighting. Most of the tests were performed using
Salmonella typhimurium strain TA98, kindly provided by Dr. Bruce N. Ames. Some
experiments used the OAT-deficient strain TA98/1,8-DNPg, generously supplied by Dr.
Michael J. Plewa. Each assay involved preincubation of the mutagen and inhibitor at 37°C in
the absence of a metabolic activation system, followed by the addition of 2 ml soft agar and
pouring onto minimal glucose plates. His* revertant colonies were scored after 2 days
incubation at 37°C in the dark. The dose range typically used for each tea standard, 10-50
nmole/plate, was chosen to reflect the levels present in 0.2 mL green tea brewed for 5 min at
a concentration of 2.5% (w/v). This was based on preliminary studies in which the major
fractions collected following HPLC separation of tea were quantified and tested for
antimutagenic activity [Hernaez et al., 1997]. Unless stated otherwise, none of the inhibitor
treatments had an adverse effect on the growth of the bacteria, as judged by the normal
appearance of the background lawn of growth and spontaneous counts within the usual range
(typically 19 + 2.5, mean + SD for triplicate plates).

Environ Mol Mutagen. Author manuscript; available in PMC 2008 March 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hernaez et al. Page 3

Degradation of N-Hydroxy-1Q

The rate of degradation of N-hydroxy-1Q in the presence and absence of tea or CHL was studied
as described in our previous studies using the direct-acting mutagen benzo[a]pyrene-7,8-
dihydrodiol-9,10-epoxide (BPDE) [Tachino et al., 1994]. Time-dependent changes in the
absorption spectrum of N-hydroxy-1Q in 30 mM Tris-HCI buffer, pH 7.4 were recorded at
intervals between 0 min and 60 min. The experiments used matched quartz cuvettes in a double-
beam spectrophotometer linked to kinetic and photometric software (Shimadzu UV-2101PC).

Molecular Complex Formation

To investigate the possibility of a direct interaction (molecular complex formation) between
N-hydroxy-1Q and CHL or various components in tea, spectrophotometric titrations were
performed as described elsewhere [Dashwood and Guo, 1992, 1993; Tachino etal., 1994; Liew
et al., 1995; Dashwood et al., 1996]. Absorption spectra were recorded for 1 mL solutions
containing 10 nmole N-hydroxy-1Q in 20 mM phosphate buffer, pH 7.4. Binding constants for
the complexes were obtained from the x-axis intercept of the Benesi-Hildebrand plot (—1/AA
vs. 1/inhibitor concentration), using computerized linear regression analysis (SigmaPlot
version 3.0, Jandel Scientific).

RESULTS

Antimutagenic Activity of Purified Tea Constituents and CHL

Several purified tea standards were tested for antimutagenic activity toward N-hydroxy-1Q
(Fig. 2). Each tea standard was tested in the amount equivalent to that present in 0.2 ml green
tea; this was determined in previous studies [Hernaez et al., 1997] which separated tea into
several HPLC fractions and generated calibration curves for “integrated area under the peak
vs. amount of tea standard injected.” Under these conditions, EGC and EGCG (Figs. 2c and
2h, respectively) produced significant (=50%), dose-related inhibition. Gallic acid and —EC
were less effective, but showed dose-response inhibition at levels <30 nmole/plate (Figs. 2a
and 2g). All of the other compounds failed to inhibit when tested at doses in the range 10-50
nmole/plate; indeed, theobromine, (+)-catechin, and ECG produced a slight enhancement of
the mutagenic activity of N-hydroxy-1Q (Figs. 2b, 2d, and 2i, respectively). In the range 50—
250 nmole/plate, (+)-catechin, +EC, and ECG produced dose-response inhibition, but caffeine
failed to inhibit at any dose that was non-toxic to the bacteria (results not shown).

In subsequent studies, the inhibitory activity of EGCG was compared in Salmonella TA98 and
the OAT-deficient strain TA98/1,8-DNPg. Under otherwise identical assay conditions, an
inhibitory mechanism totally independent of OAT would in theory give overlapping curves in
the two strains, whereas a mechanism based entirely on inhibition of OAT would predict the
complete absence of antimutagenic activity in strain TA98/1,8-DNPg. As shown in Figure 3a,
the antimutagenic activity of EGCG was partially, but not completely, dependent on OAT. The
area under the curve for strain TA98/1,8-DNPg indicates that part of the inhibitory mechanism
related to inhibition of OAT, the remainder (shaded) being associated with alternative
mechanisms, such as redox scavenging of the aryl nitrenium ion. By way of contrast, Figure
3b shows that CHL was antimutagenic in both strains of Salmonella, most likely due to the
ability of this inhibitor to enhance the degradation of N-hydroxy-1Q (next section).

Degradation of N-Hydroxy-1Q

Figure 4a shows the time-dependent degradation of N-hydroxy-1Q under aqueous conditions.
The Soret band at 260 nm decreased and the peaks at 230 nm, 295 nm, and 350-360 nm
increased with time. These changes were most rapid during the first 15 min, but reached
completion within ~ 1 hr. In the presence of green tea, no significant increase in the rate of
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degradation of N-hydroxy-1Q was detected (Fig. 4b). A quenching effect was observed at 260
nm due to partial interference by the tea (Amax ~ 260-270 nm), but the spectral changes at
wavelengths > 280 nm occurred at the same rate in the presence and absence of tea. In contrast,
CHL enhanced significantly the degradation of N-hydroxy-IQ at all wavelengths, and the
spectral changes reached completion within 25-30 min (Fig. 4c). These results are similar to
those from previous studies in which CHL and related pigments increased the rate of
degradation of the direct-acting mutagens BPDE and 3-hydroxyamino-1-methyl-5H-pyrido
[4,3-b]indole (N-hydroxy-Trp-P-2) [Arimoto and Hayatsu, 1989; Tachino etal., 1994; Arimoto
etal., 1995].

Molecular Complex Formation

To avoid the possible complication associated with the degradation of N-hydroxy-1Q under
aqueous conditions, spectra were recorded 5 sec after green tea or purified tea standard was
added to the mutagen. With increasing concentrations of green tea, the peak at 260 nm was
quenched in a manner indicative of complex formation (Fig. 5a). Because tea represents a
mixture of potential complexing agents, we sought to determine the binding constants for
individual purified tea components. As shown in Figure 5b, EGCG quenched the peak at 260
nm and, in contrast to the complete tea, an apparent isosbestic point indicative of 1:1 complex
formation was observed at 272 nm (see Fig. 5b, inset). Similar results were obtained with EGC,
ECG, (+)-catechin, and caffeine titrated against N-hydroxy-1Q (spectra not presented). Data
obtained from the spectra in Figure 5b were plotted as “—1/AA vs. 1/EGCG concentration” in
order to determine the binding constant for the complex. As shown in Figure 6, the Ky, for the
EGCG/N-hydroxy-1Q complex was 1 x 103 M1, Binding constants for several other tea
constituents were determined in a similar manner, and these were on the order of <1 x 103
M1 (Table I). By comparison, the Ky, for the complexes between various chlorophylls,
chlorins, and porphyrins with heterocyclic amine promutagens were in the range 10-100 x
103 M1 [Dashwood et al., 1996]. Efforts to measure the binding constant for the interaction
between N-hydroxy-1Q and CHL were complicated by CHL-mediated degradation of the
mutagen, and for this reason a reliable Ky, could not be determined.

DISCUSSION

The present study has shown that individual tea constituents, in particular EGC and EGCG,
inhibit the direct- acting mutagenicity of N-hydroxy-1Q in the Salmonella assay. This extends
earlier work which described the anti-mutagenic action of EGCG toward the N-hydroxylated
forms of 3-amino-1-methyl-5H-pyrido[4,3-b]indole (Trp- P-2) and 2-amino-6-methyldipyrido
[1,2-a:3",2'-d]imidazole (Glu-P-1) [Hayatsu et al., 1992]. Hayatsu et al. [1992] concluded that
complex formation probably does not account for the antimutagenic action of EGCG because
spectral changes were not detected upon mixing equimolar concentrations of mutagen and
inhibitor. We provide evidence here that complex formation can occur between the mutagen
and EGCG, but the interaction is weak and does not alter the rate of degradation of N-hydroxy-
IQ. Under the conditions of the Salmonella assay, where the mole ratio of inhibitor to mutagen
can be as high as 3000:1, complex formation cannot be totally excluded, but it is unlikely to
account for the major anti-mutagenic activity of tea vs. N-hydroxy-IQ.

Other mechanisms considered in the present studies were scavenging of the aryl nitrenium ion
and inhibition of the enzyme(s) involved in converting N-hydroxylated metabolites of
heterocyclic amines to the reactive electrophile. Results for EGCG in Salmonella strains TA98
and TA98/1,8-DNPg are consistent with both mechanisms, that is, electrophile scavenging plus
inhibition of OAT. Enzyme inhibition has been suggested previously as a mechanism of
antimutagenesis by tea. Bu-Abbas et al. [1994] reported that the antimutagenic action of tea
toward the promutagens 1Q and Glu-P-1 involved two mechanisms, namely, complex
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formation and inhibition of the enzymes in S9. Rather than having a direct action on
cytochromes P450, constituents of tea competitively inhibit the enzyme NADPH-cytochrome
P450 reductase and thereby nonspecifically interfere in the metabolic activation of mutagens
in vitro [Steele et al., 1985; Hasaniya et al., 1997]. In the case of EGCG, the inhibitor constant
(Ki) toward NADPH-cytochrome P450 reductase was found to be on the order of 10 uM
[Hasaniyaetal., 1997]. Similar results were obtained in studies with CHL and BPDE; however,
the Ki for inhibition of NADPH-cytochrome P450 reductase (120 uM CHL) was significantly
higher than the 5-10 uM concentrations of CHL, which rapidly degrade BPDE [Tachino et al.,
1994] or N-hydroxy-1Q (this study).

In addition to enzyme inhibition, the induction of various detoxification enzymes has been
studied in rats given green tea or black tea [Bu-Abbas et al., 1995]. No induction was observed
of the enzymes which detoxify reactive oxygen species, namely catalase, glutathione
peroxidase, and superoxide dismutase [Bu-Abbas et al., 1995]; thus, the antioxidant properties
of tea most likely result from direct effects on the reactive oxygen species, that is, free-radical
scavenging [Yen and Chen, 1995]. However, the induction of UDP-glucuronosyl transferase
has been reported [Bu-Abbas et al., 1995] and this might account for the higher levels of
glucuronides excreted in the urine of rats given 1Q plus green or black tea [Xu et al., 1996].

In summary, the results from this investigation and from several published studies suggest that
tea and CHL protect via multiple inhibitory mechanisms. With specific reference to 1Q and
related heterocyclic amine mutagens, the inhibitory mechanisms of tea and CHL differ.
Whereas CHL acts mainly by (a) complexing with promutagens and (b) augmenting the
degradation of activated metabolites, tea constituents operate predominantly via: (c) inhibition
of NADPH-cytochrome P450 reductase and acetyltransferase, enzymes involved
(respectively) in converting the promutagen to the N-hydroxylated species and the aryl
nitrenium ion; (d) induction of phase Il detoxification pathways involving glucuronosyl
transferase; and (e) direct scavenging of free radicals and electrophiles (including the aryl
nitrenium ion) generated by a suite of enzymes, including NADPH-cytochrome P450 reductase
and acetyltransferase. The fact that mechanisms a—e apply to a broad range of compounds, not
just the heterocyclic amines, suggests that tea and CHL might complement each other and
protect against many of the carcinogens and mutagens which are present in the human diet.
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Pathway for the conversion of 1Q to an aryl nitrenium ion, via N-Hydroxy-1Q (box), and the
chemical structures of various compounds in tea. Note: formation of the aryl nitrenium ion
from N-Hydroxy-1Q occurs spontaneously, but is facilitated by various enzymes, including
bacterial O-acetyltransferase (OAT). Sites labeled i—iii are potential targets for inhibition by

antimutagens (see text).
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Antimutagenic activity of individual pure tea constituents toward N-Hydroxy-1Q. Salmonella
typhimurium strain TA98 was incubated with mutagen (0.015 nmole) plus inhibitor for 15 min,
in the absence of a metabolic activation system, prior to the addition of soft agar. Data are

given as means = SD from the testing of triplicate plates, and are representative of results from

two or more such assays.
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Fig. 3.

Antimutagenic activity of (a) EGCG and (b) CHL in two different strains of Salmonella
typhimurium. Inhibitors were preincubated with strain TA98 (filled circles) or the O-
acetyltransferase-deficient strain TA98/1,8-DNPg (open circles), as described in the legend to
Figure 2. Results are given as means + SD for >3 plates, except *duplicates. The shaded area
in (a) shows that part of the antimutagenic activity in TA98 not accounted for by inhibition of
OAT (see text). Percent inhibition was calculated as follows:

mean number of induced revertants plus inhibitor

mean number of induced revertants minus inhibitor
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Fig. 4.

Degradation of N-Hydroxy-1Q under aqueous conditions. (a) Time-dependent changes in the
absorption spectrum of mutagen alone in 30 mM Tris-HCI buffer, pH 7.4; 25°C, b =1 cm. The
scan was taken at 3-min intervals. (b) Repeat of the experiment in (a) but with the addition of
10 pl of 2.5% (w/v) green tea to both cuvettes; for clarity, only the spectra at 0 min (solid line)
and 15 min (dotted line) are shown. (c) Repeat of (a) in the presence of 10 uM CHL.
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Fig. 5.

Spectrophotometric titration of N-Hydroxy-1Q with (a) green tea or (b) EGCG. Experiments
were conducted in 30 mM Tris-HCI buffer, pH 7.4; b = 25°C. (a) Quenching due to the
sequential additions of 1 uL 2.5% (w/v) green tea; (b) titration of mutagen with 25 uM EGCG,
each addition; inset: expanded view of the data in the region 260-285 nm, showing an apparent
isosbestic point at 272 nm.
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Fig. 6.

Benesi-Hildebrand plot of the data obtained from Figure 5b for the interaction between EGCG/
N-hydroxy-1Q. The binding constant (K}) was obtained from the x-axis intercept, as described
previously [Dashwood et al., 1996]. Similar experiments were conducted with other
compounds from tea, and the K, are presented in Table I.
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Tea constituent

Ky (x 102 MY

EGC
EGCG
(+)-catechin
ECG
caffeine

11
1.0
0.95
0.88
<0.5

*
The mutagen was titrated with each tea constituent as shown in Figure 5, and the binding constant was determined from the Benesi-Hildebrand plot (Fig.

6).
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