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Inhibition of Xanthine Oxidase and Suppression of Intracellular

Reactive Oxygen Species in HL-60 Cells by Theaflavin-3,3'-digallate,

(—)-Epigallocatechin-3-gallate, and Propyl Gallate
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The inhibitory effects of five tea polyphenols, namely theaflavin (TF1), theaflavin-3-gallate (TF2),
theaflavin-3,3'-digallate (TF3), (—)-epigallocatechin-3-gallate (EGCG), and gallic acid, and propyl
gallate (PG) on xanthine oxidase (XO) were investigated. These six antioxidant compounds reduce
oxidative stress. Theaflavins and EGCG inhibit XO to produce uric acid and also act as scanvengers
of superoxide. TF3 acts as a competitive inhibitor and is the most potent inhibitor of XO among
these compounds. Tea polyphenols and PG all have potent inhibitory effects (>50%) on PMA-
stimulated superoxide production at 20~50 uM in HL-60 cells. Gallic acid (GA) showed no inhibition
under the same conditions. At 10 uM, only EGCG, TF3, and PG showed significant inhibition with
potency of PG > EGCG > TF3. The superoxide scavenging abilities of these six compunds are as
follows: EGCG > TF2 > TF1 > GA > TF3 > PG. PG was the most potent inhibitor of
PMA-stimulated H,0, production in HL-60 cells. The order of H,O, scavenging ability was TF2 >
TF3 > TF1 > EGCG > PG > GA. Therefore, the antioxidative activity of tea polyphenols and PG
is due not only to their ability to scavenge superoxides but also to their ability to block XO and
related oxidative signal transducers.

Keywords: Theaflavin-3,3'-digallate; EGCG; xantine oxidase; ROS; superoxide; hydrogen peroxide;

allopurinol

INTRODUCTION

Hydrogen peroxide, hydroxyl radicals, peroxide an-
ions, and superoxide anion are collectively known as
reactive oxygen species (ROS). Normal loads of ROS are
removed by the enzyme superoxide dismutase (SOD),
catalase, and glutathione peroxidase. Excessive amounts
of ROS increase the oxidative stress in the body. This
accelerates membrane damage, DNA base oxidation,
DNA strand breaks, and chromosome aberrations, most
of which are involved in the carcinogenesis process
(Cerutti, 1985). It has been demonstrated that chemi-
cally mediated or phagocytic-release ROS play impor-
tant roles in mutagenesis and carcinogenesis (Briemer,
1990; Frenkel, 1992). The formation of hydrogen per-
oxide and oxidized DNA bases by human polymorpho-
nuclear neutrophils stimulated with various tumor
promoters correlates well with the in vivo tumor-
promoting potencies of the activating chemicals (Frankel
et al., 1987).

A tumor promoter such as PMA enhances the genera-
tion of ROS accumulation and decreases the ROS
detoxification enzymes in both epidermal and inflam-
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matory cells. It triggers ROS accumulation through
activation of xanthine oxidase (XO) or the stimulation
of PMNs which cause NADPH oxidase activation.

XO is a complex enzyme, containing molybdenum,
FAD, and iron/sulfur redox centers, that has been
known for at least 95 years. The intestinal mucosa and
liver are the richest sources of XO. In the ischemic small
intestine, XO is the major source of ROS candidacy, as
strengthened by recent analyses of promoter regions of
human, mouse, and rat enzymes, which suggest the
presence of potential regulatory sites for cytokines
known to stimulate generation of ROS.

Tea is one of the most popular beverages in the world.
It has been shown that both green tea and black tea
have antioxidant activity and are able to inhibit tumor
induction (Wang et al., 1994). In recent years, many
animal studies and several epidemiological studies have
suggested the anticarcinogenic effects of tea (Katiyar,
1996; Bushman, 1998). Extracts of green, black, and
other teas inhibited PMA-induced JB6 cell transforma-
tion (Jain et al., 1989). Recent studies in our laboratory
have demonstrated that both green tea polyphenol
EGCG and black tea polyphenol TF3 suppress the EGF-
receptor autophosphorylation and proliferative signals
in fibroblast cells (Liang et al., 1997, 1999a) and inhibit
the activity of inducible nitric oxide synthase in mac-
rophages (Lin and Lin, 1997; Lin et al. 1999a). Fur-
thermore, EGCG can arrest cell division at the G1 phase
through inhibiting the cyclin-dependent kinases 2 and
4 and elevating the cdk inhibitors p21 and p27 (Liang
et al., 1999b). TF3 can inhibit the activity of protein
kinase C and AP-1 binding in NIH 3T3 cells (Chen et
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Figure 1. Chemical structures of tea polyphenols.

al., 1999). On the basis of these findings, it has been
proposed that the mechanisms of action by tea and its
polyphenols on anticarcinogenesis may be through the
signal transduction blockade (Lin et al., 1999b). On the
other hand, in many investigations of skin carcinogen-
esis, the phorbol ester PMA was used as a potent tumor
promoter in mouse skin. Also, the NADPH oxidase
system of neutrophil was found to greatly contribute to
O, generation in PMA-treated mouse skin (Roberston
etal., 1990). ROS from leukocytes, including O,~, plays
an important role for continuous and excessive produc-
tion of chemotactic factors, leading to chronic inflam-
mation and hyperplasia. O,~ generation inhibitors are
agents that effectively inhibit these responses. Since
EGCG and theaflavins are antioxidants, it might be of
interest to compare the efficacies of these compounds
in suppressing the oxidative stress in vitro and in vivo.

In this study, we investigated the effects of tea
polyphenols (TF1, TF2, TF3, and EGCG) and gallates
(gallic acid and propyl gallate) (Figure 1) on the activity
of a ROS-producing enzyme, xanthine oxidase. We
compared the inhibitory effects of these six compounds
on PMA-stimulated superoxide and hydrogen peroxide
production in HL-60 cells. Their scavenging activities
to exogenous superoxide and hydrogen peroxide were
also studied. The structure—activity relationship among
these compounds was discussed.

MATERIALS AND METHODS

Reagents. Lucigenin (M8010), luminol (A8264), phorbol-
12-myristate-13-acetate (PMA) or 12-O-tetradecanoylphorbol-
13-acetate (TPA), scopoletin, horseradish peroxidase (HRP),

J. Agric. Food Chem., Vol. 48, No. 7, 2000 2737

gallic acid, propyl gallate, xanthine oxidase, xanthine, and uric
acid were purchased from Sigma (St. Louis, MO). 2',7'-
Dichlorofluorescein diacetate (DCF-DA) was purchased from
Aldrich (Milwaukee, WI), and DMSO was purchased from
Merck (D-6100 Darmstadt, Germany). Theaflavin (TF1), a
mixture of theaflavin-3-gallate and theaflavin-3'-gallate (TF2),
and theaflavin-3,3'-digallate were isolated from black tea as
described previously (Chen and Ho, 1995). Black tea leaves
was extracted with hot water (90 °C). The aqueous extract was
first extracted with chloroform to remove caffeine and chlo-
rophyll and then extracted with ethyl acetate to recover total
black tea polyphenols. TF1, TF2, and TF3 were isolated from
the total polyphenols by column chromatography on Sephadex
LH-20 eluting with 30% acetone. (—)-Epigallocatechin-3-gallate
(EGCG) was purified from Chinese tea (Longjing tea, Camellia
sinensis) as described in our previuos report (Lin et al., 1996).
Briefly, the total green tea polyphenols were obtained by
stepwise extraction of Longjing tea with hot water, choloro-
form, and then ethyl acetate. The pure EGCG was isolated
from the total green tea polyphenols by column chromatogra-
phy on Sephadex LH-20 eluting with 95% ethanol. The purities
of theaflavins and EGCG were assessed by HPLC (Lin et al.,
1996). The chemical structures of these tea polyphenols and
gallates are illustrated in Figure 1.

Cell Culture and Differentiation Induction. Human
promyelocytic lukemia cell line (HL-60) was cultured in RPMI
1640 (a Gibco BRL product, Cat. No. 31800-022; this culture
medium contains L-glutamine, but no sodium bicarbonate)
supplemented with 15% heat-inactivated fetal bovine serum
and 50 U/mL penicillin-streptomycin. Cells were cultured in
a humidified atmospheric incubator at 37 °C in 5% CO,. To
induce myeloid differentiation, cells were seeded at a density
of 5 x 10° cells/mL and were cultivated for 5 days in RPMI
1640 containing 1.24% DMSO. The characteristics of mature
cells were determined by smaller cell size, decreased nucleoli-
to-cytoplasm ratio, and pyknotic changes in nuclear chromatin.
Cell numbers were counted using a hemocytometer, and cell
viability was >98% as evidenced by trypan blue staining.

Chemiluminescence Assay. Superoxide production of
PMA-stimulated HL-60 was determined by lucigenin-amplified
chemiluminescence (CL) and luminol-dependent CL as de-
scribed (Gyllenhammar, 1987). CL was assessed by luminom-
eters (models 1251, LKB, Bromma, Sweden) and recorded as
millivolts (Palmblad et al., 1984). A total of 2.5 x 10° cells in
Hanks’ balanced salt solution (HBSS) with 200 M lucigenin
or 20 uM luminol were preincubated with various compounds
for 5 min, readings were started by 100 ng/mL PMA, and CL
was measured and recorded for 120 min. The total amount of
superoxide produced during the assay period was obtained by
integrating the area under the curve (in mV min=1).

H>0, Assay. H,O, production by HL-60 cells was deter-
mined by measuring HRP-mediated scopoletin oxidation, as
previously described (Harpe et al., 1985). A total of 2.5 x 10°
cells per well were placed in the assay mixture which was
prepared immediately before use from stock solution and
consisted of 30 uM scopoletin, 1 mM NaNs3;, and 1 purogallin
unit/mL, in HBSS containing 1 mM Ca?" and 1 mM Mg?*.
Different concentrations of tested compounds (theaflavins,
EGCG, gallic acid, propyl gallate) were preincubated for 5 min,
then 100 ng/mL PMA was added to the mixture, the plate was
placed in a filter fluorometer (CytoFluor 2300, Millipore), and
the fluorescence, in arbitrary unit, was recorded for each well.
The plate was then transferred to an incubation chamber
maintained at 37 °C. After 90 min, the fluorescence in each
well was again recorded using the CytoFluor.

Determination of Hydrogen Peroxide by DCF-DA in
the Flow Cytometer. DCF-DA is a nonfluorescent probe
which becomes fluorescent in the presence of hydrogen per-
oxide. This dye is a stable nonpolar compound that readily
diffuses into the cells and is hydrolyzed by intracellular
esterase to yield dichlorodihydrofluorescein (DCFH), which is
trapped within the cell. Hydrogen peroxide or low molecular
weight peroxides, produced during oxidative respiratory burst,
oxidize DCFH to highly fluorescent 2', 7'-dichlorofluorescein
(DCF). HL-60 (1 x 106 cells /mL) were suspended in HBSS
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with 50 uM DCF-DA and the desired concentration of tested
compounds at 37 °C for 30 min. The cells were stimulated with
the addition of 100 ng/mL PMA for a further 30 min and were
analyzed in the FACSCAN laser flow cytometry (Becton
Dickenson, San Jose, CA).

Estimation of Superoxide Scavenging Activity. The
superoxide-producing system was set up by mixing phenazine
methosulfate (PMS), NADH, and oxygen (air), and the produc-
tion of superoxide was estimated by nitroblue tetrazonium
method. The reaction mixture (3 mL) containing 10 uM
phenazine methosulfate, 78 uM NADH, and 25 uM nitroblue
tetrazolium in 0.1 M phosphate buffer pH 7.4 was incubated
for 2 min at room temperature and read at 560 nm against a
blank containing PMS. Different concentrations of compounds
were preincubated for 2 min before adding NADH.

Determination of Xanthine Oxidase Activity. The
enzyme activity was measured spectrophotometrically by
determining uric acid formation at 295 nm (U-3210 Hitachi)
with xanthine as substrate (Kalckar, 1947). The assay system
consisted of a 1 mL reaction mixture containing 0.1 M
potassium phosphate buffer pH 7.4, 0.004U XO, and xanthine
as substrate. All inhibitors were preincubated with enzyme
for 5 min, and the reaction was started by addition of xanthine.
The reference cuvette was identical, and only the enzyme was
absent. The I1Cso and equations of dose—response curves were
analyzed with Sigma plot in Windows 95 based on the
experimental data.

RESULTS

Inhibition of Xanthine Oxidase by Tea Polyphe-
nols. Xanthine oxidase activity was determined by the
formation of uric acid, which has a maximum absorption
in OD 295 nm, providing the basis for a spectrophto-
metric assay. The linear standard curve of uric acid is
constructed and expressed as y = 0.01296x, r2 = 0.999
(data not shown).

The effects of six polyphenols on XO activity were
tested, and the dose—response curves and ICsp values
for these six compounds are shown in Figures 2 and 3.
The 1Cso values of both gallic acid and propyl gallate
on the inhibition of XO are more than 200 uM. The
inhibition ability of theaflavins and EGCG are as
follows: TF3 > TF2 > EGCG > TF1. Theaflavin-3,3'-
digallate (TF3) (ICs: 4.5 uM) was found to be the most
effective inhibitor of XO among the polyphenols tested.
In this system, the 1Cso value for the well-known XO
inhibitor allopurinol is 0.68 uM (Figure 3).

The type of inhibition of XO activity by TF3 is
analyzed; the results indicate that TF3 acts as a
competitive inhibitior (Figure 4), and this inhibition will
be discussed later.

PMA-Induced ROS Production of Differentiated
HL-60. Incubation of HL-60 with 1.24% DMSO for 0—5
days and then PMA-stimulated ROS production of HL-
60 were assayed by DCF-DA (data not shown), and the
ability of PMA-induced ROS production is dependent
on the time of DMSO treatment. DMSO has been known
to induce HL-60 differentiation, which exhibits mor-
phological alteration as well as functional maturity, e.g.,
the ability to generate superoxide, H,O,, and increased
myeloperoxidase and phagocytic activities (Nagy et al.,
1993).

Total ROS production was detected by the luminol-
derived CL assay. PMA-induced ROS production was
constitutively expressed at least 50 min (Figure 5A).
Both superoxide and hydroxyl radical could be detected
by the luminol-derived CL, and only the CL of the
hydroxy radical was inhibited by DMSO (Figure 5B).
The CL of superoxide was specifically detected by the
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Figure 2. Inhibition of xanthine oxidase by theaflavins in
vitro. The formation of uric acid was determined spectropho-
tometrically at 295 nm as described in the Materials and
Methods section. 1Cso values were calculated from the regres-
sion line, y = ae™™ (for TF1, TF2, and TF3).

lucigenin-derived CL method and could not be inhibited
by DMSO (Figure 5C).

In the following experiments of the CL assay, CL was
recorded for 120 min after PMA treatment, and the
effects of compounds were compared with PMA alone.
The inhibitory effects of tea polyphenols on PMA-stim-
ulated ROS production were analyzed. The ICsy value
of tested compounds on PMA-stimulated ROS produc-
tion was less than 1 uM. DMSO (0.2%) has inhibitory
effects in this assay system. (33%), but 10 uM of tested
compounds have almost 90% inhibition. It seemed that
ROS was effectively scavenged by these compounds.

Effects of Phytopolyphenols on O~ Production
in PMA-Stimulated HL-60 Cells. Three independent
experiments were performed to determine the effect of
the selected tea polyphenols on Oz*~ production by PMA-
stimulated HL-60 cells over a wide concentration range
(Figure 6).

Gallic acid has no inhibition effects on O,*~ production
by PMA-stimulated HL-60 cells, but propylgallate was
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Figure 3. Inhibition of xanthine oxidase by EGCG, gallates,
and allopurinol. The reaction mixture is as described in Figure
2 except that EGCG, gallic acid, propyl gallate, and allopurinol
were used instead of theaflavins. The linear equation is
obtained by Sigma plot based on the experimental data. y =
ax + b (for EGCG, gallic acid, and propyl gallate); here, x is
the log of the concentration of tested compound, and y is the
relative activity of enzyme (%).

the most potent inhibitor at 10 M. The inhibition
ability of these compounds was significantly high, and
the degree of inhibition was highly dependent on their
concentrations. At 10 uM, the order of inhibition was
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Figure 4. Inhibition of xanthine oxidase by theaflavin-3,3'-
digallate. Lineweaver—Burk plots for the inhibition of xan-
thine oxidase by theaflavin-3,3'-digallate with xanthine as
substrate are shown. It appears that a competitive inhibition
pattern is demonstrated.

PG > EGCG > TF3 > TF1 > TF2. When the concentra-
tion was 20 or 50 uM, the order of inhibition was TF3
> TF1 > EGCG > TF2 > PG. The degree of superoxide
scavenging activity of these compounds was estimated
as described in Materials and Methods, and the results
are presented in Figure 7: EGCG (ICsp = 7.4 uM) > TF2
(ICso = 15.6 uM) > TF1 (ICs0 = 13.6 uM) > GA (ICs0 =
42.5 uM) > TF3 (ICso = 40.5 uM) > PG (ICsp = 50.4
uM).

The inhibition of PMA-stimulated O,*~ production of
HL-60 was comparable to the direct scavenging of Oy~
by the tested compounds. The results imply that EGCG,
TF1, and TF2 play a major role in extracellular scav-
enging activity. The effects of TF3 and propyl gallate
on Oy~ production in PMA-stimulated HL-60 cells are
possibly involved in the signal transduction of the PKC
activation pathway that is stimulated by PMA.

Effects of Tea Polyphenols on H,O;, Production
of PMA-Stimulated HL-60 Cells. Studies of the effects
of the selected tea polyphenols on H,O, production by
PMA-stimulated HL-60 cells were performed in three
independent experiments. The results show that propyl
gallate was the most potent inhibitor of PMA-induced
H,0O, production in HL-60 at the concentration 5—20
uM (Figure 8A). The inhibitory abilities of TF1, TF2,
TF3, EGCG, and gallic acid were significant between 5
and 50 uM, but less significant different between 1 and
5 uM. Figure 8B indicates the scavenging effects of
tested compounds on exogenous H,O,, the potency of
H,0, scavenging being TF2 > TF3 > TF1 > EGCG >
propylgallate > gallic acid. TF2 was the most potent
scavenger of exogenous H,0,.

DISCUSSION

Chemoprevention has had a potential impact on
cancer incidence rates through the modulation of initia-
tion and promotion stages (Szarka, 1994). Increasing
epidemiological studies have suggested that the contents
of phytochemicals such as tea polyphenols are ubiqui-
tously present in tea and may reduce the risk of cancer
through their role in the metabolism of carcinogens, in
hormonal binding, in regulation of gene expression, in
antioxidant enzymatic activities, and in scavenging of
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Figure 5. Differential determination of total ROS and su-
peroxide production in PMA-stimulated HL-60 cells by lumi-
nol- and lucigenin-derived chemiluminescence. HL-60 cells
were stimulated with 100 ng/mL PMA, and chemiluminescence
(CL) was measured and recorded for 120 min as described in
the Materials and Methods section. The CL response was
represented by the average integration (mV min™1). (A)
Representative profile of the luminol-derived CL responses of
HL-60 cell culture containing 2.5 x 10° cells with or without
100 ng/mL PMA. (B) Representation of the luminol-derived
CL for total ROS production. Please note that the hydroxyl
radical portion of ROS was inhibited by DMSO. (C) Repre-
sentation of the lucigenin-derived CL (LUCL) for superoxide
production, which was insensitive to DMSO.

free radicals (Lin et al., 1999; Kelloff et al., 1996).
Several studies have shown that the differentiated HL-
60 cells possess the phagocytic properties and the
capability of generating ROS upon stimulation (Wei et
al., 1993; Nagy, 1993). These phagocyte-generated
oxidants are known to act as complete carcinogens and
to cause harmful biological effects via several pathways,
i.e., damaging DNA, regulating gene expression, and
modulating signal transduction pathways (Weitzman,
1990; Frenkel, 1992). It is well known that generation
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Figure 6. Inhibition of PMA-stimulated superoxide produc-
tion in HL-60 cells by tea polyphenols. HL-60 cells were
induced to differentiation for 5 days by 1.24% DMSO. These
cells were treated with various concentrations of the following
compounds: EGCG, gallic acid, TF1, TF2, TF3, and PG for 5
min. They were then stimulated with 100 ng/mL PMA for 2
h. The superoxide production was determined by the lucigenin
CL method.

of ROS is associated with the initiation and promotion
of carcinogenesis.

Green tea is widely used as a beverage in China,
Japan, and other Asian countries, whereas black tea is
more popular in western countries. In recent years,
many animal studies and several epidemiological stud-
ies have suggested the anticarcinogenic effects of tea
(Katiyar, 1996). Extracts of green, black, and other teas
inhibited PMA-induced JB6 cell transformation (Jain,
1989). However, the mechanisms of action by which
these chemicals block carcinogenesis are under intensive
investigation (Lin and Lin, 1997; Lin et al., 1999a,
1999b; Liang et al., 1999b).

The purpose of this study was to investigate the
possible role of tea polyphenols and gallates in the
prevention of carcinogenesis. Because oxidative DNA
damage is considered to be relevant to carcinogenic
processes (Weitzman, 1990; Frenkel, 1992), we have
evaluated the possible anticarcinogenic effects by de-
termining the effect of tea polyphenols on PMA-induced
ROS generation and xanthine oxidase activity.

Human carcinogenesis is known to proceed through
multiple stages, such as initiation, promotion, and
progression (Lin et al., 1999). Tumor promotion, which
is a complex and important process in carcinogenesis,
is generally studied using PMA as a tumor promoter in
mouse skin models (Slaga, 1983; Lee and Lin, 1997).
Both green tea and black tea have shown the ability to
suppress PMA-mediated tumor-promoting effects on
mouse skin (Katiyar et al., 1993; Wang et al., 1994);
however, the active components that are responsible for
the effects are still not well characterized. PMA is
known to induce H,O, production by phagocytic cells
and epidermal cells (Robertson, 1990) through increas-
ing XO activity (Reiners, 1987) and by diminishing
antioxidant enzyme activities (Solanki et al., 1981).
Recent reports show that, in double PMA treated mouse
skin, ROS from leukocytes including superoxide play an
important role leading to chronic inflammation and
hyperplasia. Superoxide generation inhibitors are ef-
fective in inhibiting this tumor promotion response.

Tea polyphenols and propylgallate all have potent
inhibitory effects on PMA-stimulated superoxide pro-
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Figure 7. Superoxide scavenging effects of tea polyphenols in vitro. The testing reaction mixtures containing 10 uM phenazine
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buffer pH 7.4 were incubated at room temperature (26 °C) for 2 min. The formation of superoxide was determined
spectrophotometrically at 560 nm against a blank containing phenazine methosulfate alone.

duction between 20 and 50 uM (Figure 6), whereas gallic
acid (GA) has no effect on the inhibition of superoxide
production by PMA. From these data we suggest that
PG and TF3 inhibition of ROS production is not only
by its scavenging ability but mostly through modulating
the signal transduction of NADPH oxidase and XO
activation. Several oxidative signal transducers such as
receptor tyrosine kinase, protein kinase C, P1-3-kinase,
and | « B kinase might be involved in this oxidative
activation. Further studies on the association of these
oxidative signal transducers with cellular ROS produc-
tion is highly recommended.

Several flavonoids are good scavengers of ROS by
either directly inhibiting the mechanisms of generation
or scavenging already formed ROS in the target tissues
(Kandaswami and Middletown, 1997). The natural
antioxidants from tea were reviewed by Ho et al. (1997).
It seemed that theaflavins were more effective in DPPH
radical and lipoxygenase inhibition while catechins were
more effective in superoxide inhibition (Ho et al., 1997).
In the present study, we have extended this line of
studies to XO inhibition (Figures 2 and 3) and scaveng-
ing ROS in HL-60 cells (Figures 6 and 8) and in the
phenazine methosulfate system (Figure 7). It appeared

that theaflavins were more effective than EGCG in
scavenging ROS in HL-60 cells.

Meanwhile, ROS are increasingly being cited as
agents of normal signal transduction (Burdon, 1995),
and while their source is usually uncertain, xanthine
oxidase (XO) is often a likely candidate. Although TF3
(ICs0: 4.5 uM) is about 6—7 times less potent than
allopurinol (ICsp: 0.68 uM), it may still be a good
inhibitor of XO in vivo. Several mechanisms have been
proposed to explain the in vitro antimutagenic and the
in vivo anticancer properties of tea. For instance,
antioxidant properties reduce oxidative stress by scav-
enging the ROS and inhibiting hydroxyl radical forma-
tion. Tea polyphenols are particularly good in vivo
antioxidants, due to their amphibious polar properties.
Inhibition of XO in vivo can be studied by measuring
plasma concentrations of the substrate (xanthine and
hypoxanthine) and the product (uric acid). The lowering
of uric acid in the urine can also be measured (Kojiam,
1984). Inhibition of XO can lower the ROS load of the
body, thereby making endogenous reducing equivalents
available for other detoxification reactions. The present
work indicates that tea polyphenols may have a novel
mechanism, namely the limited inhibition of XO, and
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Figure 8. Inhibition of PMA-stimulated H,O, production in
HL-60 cells and the scavenging effect on exogenous H,O; by
tea polyphenols. (A) Studies of the effects of tea polyphenols
on H,O, production by PMA-stimulated HL-60 cells were
performed as described in the Materials and Methods section.
The data were presented as follows: percentage of inhibition
= (H20; production in control — H,O, production in test)/(H20-
production in control) x 100%. (B) H,O, (5 uM) was added to
the reaction mixture containing different concentrations of
tested tea polyphenols, and after 90 min, the residual H;0O,
was measured by the DCFH-DA method as described in the
Materials and Methods section.

thereby reduce ROS production in the body. Therefore,
it is possible that tea polyphenols counteract the pro-
motional effects of PMA through inhibiting oxidant
formation by leukocyte and epidermal XO.

XO catalyzes oxidation of both hypoxanthine and
xanthine to uric acid while reducing O, to O, and H,0,
(Figure 9). Allopurinol, a powerful inhibitor of XO
allopurinol, is structurally related to xanthine and is
oxidized by an enzyme to give oxyallopurinol, which
binds tightly to the active site of XO and causes
inhibition. Hence allopurinol, or oxyallopurinol, has
been called a “suicide sustrate” or “ suicide product” of
XO. Itis interesting to note that the chemical structure
of the A-ring of flavanols has many analogies to the
structure of xanthine and uric acid (Figure 9). Therefore,
like allopurinol, EGCG may act as “suicide substrate”
for XO. The similarities of the dose—response curves of
allopurinol and EGCG for XO inhibition (Figure 3)
strongly supported this possibility. On the other hand,
the chemical structures of theaflavins including TF1,
TF2a, TF2b, and TF3 are more bulky and have two
A-rings of flavanols linked by a fused seven-member
ring (Figure 1). These structural features may provide
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Figure 9. Structural similarities among hypoxanthine, xan-
thine, uric acid, allopurinol, oxyallopurinol, and flavanols. Both
xanthine and hypoxanthine are substrates for XO, while
allopurinol is considered as a “suicide substrate” for XO. The
structural features of flavanols are similar to that of allopu-
rinol and xanthine.

more interaction sites for XO, as indicated by the
hypobolic characteristics of dose—response curves (Fig-
ure 2).

The kinetics of inhibition of XO by several flavanols
(catechins) and flavonols have been investigated. Most
flavanols including chrysin, luteolin, kaempferol, quer-
cetin, myricetin, and isorhamnetin inhibited XO activity
in a mixed type mode (Nagao et al., 1997), while the
major green tea polyphenol EGCG inhibited XO activity
competitively (Aucamp et al., 1997). In the same report,
a mixed type inhibition was described for other cat-
echins including (—)-epicatechin, (—)-epigallocatechin,
and (—)-epicatechin gallate and several flavonols such
as quercetin and kaempferol. In the present study,
theaflavin-3,3'-digallate (TF3), like EGCG, inhibited XO
activity competitively (Figure 4).

The scavenging effects of green tea polyphenols (cat-
echins) on ROS in vitro have been reported by Nanjo et
al. (1999) and by Hu et al. (1995). In the present study,
we have demonstrated the scavenging effect on ROS in
HL-60 cells. Furthermore, we have demonstrated that
the black tea polyphenols TF1, TF2, and TF3 show an
even stronger inhibitory effect than EGCG on ROS
production (Figures 6 and 8).

Tea polyphenols may act at an earlier stage than has
previously been suspected, by suppressing ROS produc-
tion through inhibiting XO, rather than only scavenging
the already formed ROS. This could partly explain some
of the beneficial properties attributed to tea, e.g.,
antimutagenic and anticarcinogenic effects which are
all mediated by ROS (Ho et al., 1997; Kandaswami and
Middletown, 1997; Lin et al., 1999).
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