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Abstract

The effects of green and black tea polyphenols on cyclooxygenase (COX)- and lipoxygenase (LOX)-dependent arachidonic acid
metabolism in normal human colon mucosa and colon cancers were investigated. At a concentration of 30 �g/mL, (-)-epigallocatechin-
3-gallate (EGCG), (-)-epigallocatechin (EGC), and (-)-epicatechin-3-gallate (ECG) from green tea and theaflavins from black tea inhibited
LOX-dependent activity by 30–75%. The formation of 5-, 12-, and 15-LOX metabolites was inhibited to a similar extent. Tea polyphenols
also inhibited COX-dependent arachidonic acid metabolism in microsomes from normal colon mucosa, with ECG showing the strongest
inhibition. The formation of thromboxane (TBX) and 12-hydroxyheptadecatrienoic acid (HHT) was decreased to a greater extent than other
metabolites. The inhibitory effects of tea polyphenols on COX activity, however, were less pronounced in tumor microsomes than in normal
colon mucosal microsomes. Theaflavins strongly inhibited the formation of TBX and HHT, but increased the production of prostaglandin
E2 (PGE2) in tumor microsomes. The enhancing effect of theaflavins on PGE2 production was related to the COX-2 level in the microsomes.
Although theaflavin inhibited ovine COX-2, its activity in the formation of PGE2 was stimulated by theaflavin when ovine COX-2 was
mixed with microsomes, suggesting that theaflavin affects the interaction of COX-2 with other microsomal factors (e.g. PGE synthase). The
present results indicate that tea polyphenols can affect arachidonic acid metabolism in human colon mucosa and colon tumors, and this
action may alter the risk for colon cancer in humans. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Tea (Camellia sinensis) is one of the most commonly
consumed beverages in the world. Green tea is the dried
leaves of the tea plant, containing various polyphenols such
as flavanols, flavonols, flavandiols, and phenolic acids as
well as alkaloids such as caffeine. Catechins, the major

constituents of green tea polyphenols, including EGCG,
EGC, ECG, and EC, account for about 30% of the dry
weight of the water-extractable materials. EGCG is the most
abundant catechin, followed by EGC [1]. In the manufac-
turing of black tea, a large portion of the catechins are
converted to TFs and thearubigens, which are responsible
for the taste and the dark brown color of black tea. The
remaining catechins account for 3–10% of solids in brewed
black tea [2].

The biological effects of tea and tea constituents have
been studied by many investigators, and this subject has
been reviewed [3]. The inhibitory action of tea and tea
components against chemically induced carcinogenesis has
been demonstrated in animal models, including cancer of
the skin, lung, esophagus, stomach, liver, small intestine,
pancreas, colon, bladder, prostate, and mammary glands
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[1,3–7]. Although epidemiological studies on the relation-
ship between tea consumption and human cancers have not
been conclusive, many studies suggest a protective role of
tea consumption against the development of various types
of cancers [8–10]. Many mechanisms have been suggested
for the anticarcinogenic effect of tea polyphenols, including
antioxidative activities, inhibition of enzymes related to
tumor promotion such as ornithine decarboxylase, protein
kinase C, cyclooxygenase, and lipoxygenase, inhibition of
activator protein-1 (AP-1), and inhibition of angiogenesis
[1,11–15].

Colorectal cancer is one of the most frequent types of
cancer in Western countries and is the second leading cause
of cancer death in the United States [16]. Significant reduc-
tion in the incidence and mortality rates of colorectal cancer
among regular users of aspirin or other nonsteroidal anti-
inflammatory drugs (NSAIDs), which are inhibitors of
COX, has been observed [17]. Interestingly, overexpression
of COX-2, an inducible isoform of COX, has been observed
in various types of cancers such as those of the colon, lung,
breast, and esophagus [18–21]. PGE2, a metabolite derived
from COX-catalyzed arachidonic acid metabolism, was re-
ported to be involved in cell hyperproliferation, mitogene-
sis, invasiveness, and angiogenesis as well as in the inhibi-
tion of apoptosis [22–25]. Accordingly, the inhibition of
COX is of particular interest in the search for chemopre-
ventive agents. LOX catalyzes the oxidation of arachidonic
acid to HETEs. Three LOXs (5-LOX, 12-LOX, and 15-
LOX) have been reported to be present in human tissues.
LOXs and their HETE products have also been reported to
be important regulators in the proliferation and apoptosis of
cancer cell lines [26–28]. It was observed that the expres-
sion of 15-LOX was increased significantly in human colo-
rectal cancer cells compared with the adjacent normal epi-
thelial cells [29]. These results suggest that the regulation of
arachidonic acid metabolism is important in the prevention
of many types of cancer, especially cancers of the digestive
tract.

The colonic epithelium is directly exposed to dietary
compounds en route to their excretion. Accordingly, the risk
of neoplastic development in the colon is dependent upon
the diet. Inhibition of arachidonic acid metabolism could be
an effective way of decreasing the risk for colorectal cancer.
Recently, we observed that the PGE2 level in human rectal
mucosa biopsy tissues was decreased significantly at 4 and
8 hr after the ingestion of green tea [30]. It is possible that
tea polyphenols may inhibit COX- and LOX-dependent
arachidonic acid metabolism in human colonic tissues. De-
creased skin COX and LOX activities after feeding green or
black tea to SENCAR mice have been reported by Katiyar
et al. [12,13]; however, it is not clear whether the decreased
COX and LOX activities were due to lower levels of COX
and LOX enzymes in the tea-treated mice or to the inhibi-
tion of these enzyme activities by residual tea polyphenols
in the skin. The effects of tea polyphenols on human colon
tissues are not clear. In this study, the effects of tea poly-

phenols on COX- and LOX-dependent activities on human
colon mucosa and colon tumors were investigated. Our
results indicate that, whereas tea polyphenols are inhibitors
of COX and LOX activities in general, TFs enhanced the
formation of PGE2 in tumor microsomes.

2. Materials and methods

2.1. Chemicals

[1-14C]Arachidonic acid (54.6 mCi/mmol) was pur-
chased from NEN Life Science. NS-398, indomethacin,
arachidonic acid metabolite standards, ovine COX-2, and
human COX-2 monoclonal antibody were purchased from
the Cayman Chemical Co. The HHT standard was pur-
chased from Biomol Research Laboratory. Ovine COX-1
and human recombinant COX-2 were purchased from the
Oxford Biomedical Research Co. All other chemicals were
purchased from the Sigma Chemical Co.

2.2. Tea polyphenols

The purified green tea polyphenols EGCG, EGC, and
ECG, and the TF mixture (TFs) from black tea were gifts
from the Thomas J. Lipton Co. TFdiG was provided by the
Misui Norin Co. Ltd. TFs consisted of TF, TF3-G, TF3�-G,
and TFdiG. The TF, TF3-G, and TF3�-G were purified from
a mixture of TFs by reverse-phase HPLC using an ODS
column (MCM-pak C18, 4.6 mm � 150 mm, ESA Inc.).
HPLC was performed under isocratic conditions using 65%
solvent A (1.75% acetonitrile, 0.15% tetrahydrofuran, 0.5%
acetic acid, and 97.6% water; pH 3.4) and 35% solvent B
(58% acetonitrile, 12.5% tetrahydrofuran, 0.5% acetic acid,
and 29% water; pH 3.4) at a flow rate of 1 mL/min. The
purities of TF3-G, TF3�-G, and other tea polyphenols were
determined to be � 98% by HPLC. All of the tea polyphe-
nols were dissolved in 100 mM Tris–HCl buffer solution
(pH 7.4) at a concentration of 0.5 mg/mL and stored at
�80o.

2.3. Human colon tissues

Tissue samples were surgical resections obtained from
the Tissue Retrieval Service of the Cancer Institute of New
Jersey. The tumor colon tissues included: a case of poorly
differentiated carcinoma (from an 82-year-old female pa-
tient), a case of moderately differentiated adenoma (from a
47-year-old female patient), and a case of carcinoma with
mucin (from a 55-year-old female patient). Normal colon
tissues were from a 53-year-old female, a 65-year-old male,
and a 72-year-old male patient. At the time of surgery, 2–10
g of colon tissue was obtained, fresh-frozen in liquid nitro-
gen within 1 hr, and stored at �80o before use.
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2.4. Preparations of microsomes and cytosols

Normal colonic mucosa was isolated by stripping off the
muscle layer just before homogenization. For preparation of
tumor microsomes, the tumor tissues were dissected and
homogenized. The normal colon mucosa and colon tumor
samples were homogenized with a polytron (Brinkmann
homogenizer) in 4 vol. of homogenizing buffer (100 mM
Tris–HCl, pH 7.4) on ice. The homogenates were centri-
fuged at 9000 g for 20 min at 4°. The supernatants were then
centrifuged at 105,000 g for 90 min at 4°. The cytosolic
fraction was collected and kept at �80o for further analysis.
The pellets were washed with 3–4 vol. of washing buffer
(1.15% KCl, 10 mM EDTA, pH 7.4), and the microsomes
were recovered by centrifugation at 105,000 g for 60 min at
4°. The microsomal pellets were resuspended in 0.25 M
sucrose solution and stored at �80°. The protein concen-
trations were determined using a bicinchoninic acid (BCA)
protein assay kit (Pierce).

2.5. COX and LOX assays

COX activity in microsomes was assayed at 37o for 30
min in a reaction mixture (200 �L) consisting of 0.1 mg
microsomal protein, 20 �M (0.22 �Ci) arachidonic acid, 1
mM reduced glutathione, 1 mM epinephrine, and 10 mM
EDTA in a 100 mM Tris–HCl buffer, pH 7.4. Cytosolic
LOX activity was measured at 37o for 30 min in a reaction
mixture (200 �L) containing 0.6 mg cytosolic protein, 20
�M arachidonic acid, and 2 mM CaCl2 in a 100 mM
Tris–HCl buffer, pH 7.4. Tea polyphenols were dissolved in
100 mM Tris–HCl buffer, NS-398 in DMSO, and indometh-
acin in ethanol. The inhibitor solutions or vehicles ac-
counted for less than 1% of the volume of the reaction
mixture. At this concentration, DMSO and ethanol had no
effect on the enzyme activity. Ovine COX-1 and COX-2
activities were assayed under similar conditions, except that
3 units of the enzyme and an incubation time of 10 min were
used. For determination of the kinetics of the inhibition,
arachidonic acid concentrations of 3–40 �M were used.
Both reactions of COX and LOX were initiated by the
addition of 20 �L of sonicated substrate in buffer solution
after a 5-min preincubation. The reactions were terminated
by the addition of 15 �L of 0.5 N HCl, and the reaction
tubes were immediately placed on ice for 5 min. Unmetabo-
lized arachidonic acid and its metabolites were extracted
from aqueous solution by vortexing with 0.6 mL of ethyl
acetate for 1 min. After centrifuging at 3000 rpm (Sorvall
RT6000B, Dupont) for 10 min at 4°, the organic layer was
transferred to a clean vial, and the remaining aqueous layer
was extracted again with 0.5 mL ethyl acetate. The pooled
organic extracts were dried in a N2 purging-evaporator. The
dried extracts were stored at –20o before HPLC analysis.

2.6. HPLC analysis

The dried metabolites in the vials were redissolved in
acetonitrile. After centrifugation, 40 �L of the acetonitrile
solutions was mixed with 60 �L of nanopure water, and the
mixture was injected onto a reverse-phase HPLC system
equipped with a Waters automated gradient controller, two
Waters 6000A pumps, Waters 440 UV detectors, a Waters
712B WISP autoinjector, a symmetry C18 column (4.6 �
150 mm, Waters), and a Radiomatic Flo-One/Beta radio-
flow detector (Radiomatic Instruments and Chemical Co.).
It was eluted with a linear gradient from 7% solvent A
(100% acetonitrile containing 0.01% acetic acid) and 93%
solvent B (75% water and 25% acetonitrile containing
0.01% acetic acid) to 14% solvent A and 86% solvent B
over a 27-min time period. The gradient was then changed
to 40% solvent A and 60% solvent B over a 2-min period,
followed by a linear gradient to 47% solvent A and 53%
solvent B over 25 min, and then a 10-min period of 100%
solvent A at a flow rate of 1 mL/min. The radioactive
fractions were detected using the radioflow detector, while
the non-radioactive co-eluting standards were detected at
wavelengths of 200 nm for COX-dependent metabolites and
at 230 nm for LOX-dependent metabolites.

2.7. Data analysis

The mechanism of inhibition and apparent kinetic pa-
rameter were determined by Dixon plots. Statistical signif-
icance was evaluated using Student’s t-test.

3. Results

3.1. Identification of arachidonic acid metabolites

After incubation of 0.1 mg of colon microsomal protein
with 20 �M arachidonic acid for 30 min, approximately
3–6% of arachidonic acid was converted to COX metabo-
lites, and several products were identified. With human
colon microsomes, the metabolites were PGE2, 6-keto
PGF1�, TBX, HHT, and HETE products (Fig. 1A). The
identities of the arachidonic acid metabolites were estab-
lished by co-elution with authentic standards. The retention
times of 6-keto PGF1�, TBX B2, PGF2�, PGE2, HHT,
15-HETE, 11-HETE, 8,12-HETE, 5-HETE, and arachi-
donic acid were 7.5, 14.0, 18.0, 21.0, 40.5, 51.0, 53.0, 55.0,
57.0, and 61.0 min, respectively. Since TBX A2 and pros-
tacyclin (PGI2) are labile, they were detected as TBX B2

and 6-keto PGF1�, respectively. The peaks found at 33–35
min are believed to be PGH2 and PGG2; however, the
amounts of these metabolites in all of the samples were
small. The product profiles varied somewhat among micro-
somes. PGE2 was the most abundant product in all of the
normal and two tumor tissues, whereas HHT was the most
abundant in the microsomes from a sample of poorly dif-
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ferentiated carcinoma (Fig. 1B). The activities of tumor
microsomes were slightly higher than those of normal mi-
crosomes. In the incubation with cytosols, formation of
15-HETE, 12-HETE, and 5-HETE was observed. 15-HETE
was the main product, accounting for over 60% of the total
metabolites (Fig. 1C). There was no significant difference in
catalytic activity or product profiles between the cytosolic
preparations from three normal and three tumor samples
(data not shown).

3.2. Effects of tea polyphenols on LOX-dependent
arachidonic acid metabolism

The formation of 15-, 12-, and 5-HETEs in human colon
cytosol was inhibited almost completely by 20 �M nordi-
hydroguaiaretic acid, a known LOX inhibitor, suggesting
that the reaction products are derived from LOX-dependent
arachidonic acid metabolism (data not shown). All tea poly-
phenols (30 �g/mL) inhibited LOX activity, and the inhib-
itory effect was uniform on all products. Among the tea
polyphenols, on a weighted basis ECG exhibited the stron-
gest inhibitory effect, followed by EGCG, EGC, TFdiG and
TFs (Table 1). In a separate experiment with 50 �M EGCG,
EGC, ECG, TFs, or TFdiG, the percent inhibition was
41.2, 18.9, 63.9, 40.2, and 51.0, respectively. For all tea
polyphenols, the percent inhibition and the inhibitory
pattern on LOX-dependent arachidonic acid metabolism

were not significantly different when either normal or
tumor cytosol was used as the enzyme source (data not
shown).

3.3. Effects of tea polyphenols on COX-dependent
arachidonic acid metabolism

To determine the effect of tea polyphenols on COX-
dependent arachidonic acid metabolism, microsomes from
normal colon mucosa and tumors were utilized. The arachi-
donic acid metabolism in these microsomes was inhibited
almost completely by 5 �M indomethacin, suggesting that
the formation of metabolites is COX-dependent (data not
shown). On a weighted basis, ECG exhibited the strongest
inhibitory effect and inhibited the activities in normal and
tumor microsomes to the same extent (Table 1). EGCG and
EGC (30 �g/mL) inhibited the production of COX-depen-
dent metabolites in normal colon by 51 and 39%, respec-
tively. TFs and TFdiG (30 �g/mL) inhibited COX-depen-
dent arachidonic acid metabolism in normal colon mucosa
by 37 and 51%, respectively (Table 1). The inhibitory ef-
fects, however, were much lower in the incubations with the
microsomes from colon carcinomas, showing 1.4 and
26.5% inhibition by 30 �g/mL of TFs and TFdiG, respec-
tively (Table 1). In a separate experiment, the inhibition of
arachidonic acid metabolism in normal microsomes by 50
�M EGCG, EGC, ECG, TFs, or TFdiG was 42.0, 27.4,
59.1, 32.2, and 59.3%, respectively (data not shown). In
terms of specific metabolites, EGCG and ECG inhibited the
formation of TBX and HHT to a greater extent than other
COX-dependent metabolites in both normal colon and tu-
mor microsomes (Table 2). In normal colon mucosa, TFs
and TFdiG also inhibited the formation of TBX and HHT
more severely than other metabolites (Table 2).

Fig. 1. Typical chromatograms of microsomal [1-14C]arachidonic acid
metabolites by microsomes from normal colon mucosa (A) and tumor
tissue (B) and normal cytosol (C) in the HPLC system. Key: 6k, 6-keto
PGF1�; T, TBX; F, PGF2�; E, PGE2; H, HHT; 15H, 15-HETE; 11H,
11-HETE; 12H, 12-HETE; 5H, 5-HETE; and A, arachidonic acid.

Table 1
Inhibitory effect of tea polyphenols on colonic LOX- and COX-
dependent arachidonic acid metabolism

% Inhibition

LOX COX

Normal mucosal
cytosol

Normal mucosal
microsomes

Tumor
microsomes

EGCG 68.2 � 3.1 51.3 � 3.3 40.5 � 0.8*
EGC 44.1 � 3.3 38.9 � 3.4 30.1 � 2.0
ECG 74.4 � 0.8 62.4 � 2.4 64.4 � 2.4
TFs 29.8 � 1.1 36.6 � 4.6 1.41 � 1.1*
TFdiG 32.0 � 2.1 51.2 � 1.8 26.5 � 7.0*

Products were analyzed from the reactions with 0.6 mg cytosolic protein,
20 �M (0.22 �Ci) arachidonic acid, and 2 mM CaCl2 for LOX or with 0.1
mg microsomal protein, 20 �M (0.22 �Ci) arachidonic acid, 1 mM glu-
tathione, 1 mM epinephrine, and 10 mM EDTA for COX with or without
30 �g/ml of tea polyphenols in 100 mM Tris-HCl buffer, pH 7.4. The
reactions were carried out at 37° for 30 min. Percent inhibition was
calculated based on the sum of the total metabolites. Data are the means �
SEM from three (LOX)-, and five or four (COX)-independent experiments.

* Significantly different (P � 0.02) from the corresponding values in the
normal samples.
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3.4. Mechanisms of inhibition by ECG against COX-1

To elucidate the mechanisms of inhibition by tea poly-
phenols, isolated ovine COX-1 was used. PGE2 was the
major product formed by this preparation of isolated COX-1
due to the presence of PGE2 isomerase, and ECG showed
more potent inhibition against PGE2 than against total me-
tabolite formation (Fig. 2, inset). The presence of ECG
caused the formation of several unidentified new metabo-
lites with retention times of 25–35 min in the reaction with
isolated ovine COX-1, but the formation of these metabo-

lites was negligible in the reactions with microsomes (data
not shown). ECG inhibited ovine COX-1 in a noncompeti-
tive manner with a Ki value of 16.9 � 1.3 �M, as deter-
mined by Dixon plotting (Fig. 2). EGCG also showed a
noncompetitive inhibitory pattern on ovine COX-1 with an
estimated Ki of 19.7 �M, and the product modifying effect
was similar to that observed with ECG (data not shown). In
the experiments with isolated COX-1, the percent inhibition
by tea polyphenols was not changed significantly with dif-
ferent periods of preincubation (from 0 to 10 min) and
reaction times (from 1 to 30 min) (data not shown).

3.5. Effects of black tea polyphenols on PGE2 formation
in colon tumor microsomes

In tumor microsomes, PGE2, TBX, and HHT were the
main metabolites (Fig. 1B). TFs significantly inhibited the
production of HHT and TBX, but increased the formation of
PGE2 in tumor microsomes. The enhancement of PGE2

formation by TFs and TFdiG was observed with colon
tumor samples, but not in normal colon mucosa (Fig. 3).
The same conclusion was reached in experiments with two
other normal and two other tumor samples (data not shown).
With colon tumor microsomes, the formation of HHT and
TBX decreased in a concentration-dependent manner, but
PGE2 production was increased markedly by TFs, even at 2
�g/mL (Fig. 4). Purified TF, TF3-G, TF3�-G, and TFdiG
also inhibited TBX and HHT formation in colon tumor
microsomes, and enhanced PGE2 production (Fig. 5).
Among these compounds, TF was the most effective in
enhancing PGE2 formation.

3.6. Effect of TFs on COX-2-dependent arachidonic acid
metabolism

To determine whether the observed effects were related
to COX-2, the COX-2 protein level of the microsomes and

Table 2
Effects of tea polyphenols on COX-dependent arachidonic acid metabolites in normal colon mucosa and tumor microsomes

% Inhibition

6-k PGF1� TBX PGE2 HHT HETEs Total

(a) Normal colon mucosa
EGCG 52.4 � 8.30 69.5 � 1.76* 47.7 � 4.09 63.9 � 1.78* 47.3 � 5.27 51.3 � 3.32
EGC 41.2 � 10.8 39.6 � 5.42 40.8 � 4.43 34.2 � 1.08 32.3 � 3.76 38.9 � 3.38
ECG 48.9 � 5.67 76.3 � 3.44* 63.5 � 3.10 70.7 � 2.94* 61.0 � 2.71 62.4 � 2.42
TFs 26.4 � 6.54 69.3 � 3.99* 22.4 � 4.64 66.5 � 2.55* 25.6 � 5.48 36.6 � 4.61
TFdiG 52.9 � 7.99 71.6 � 5.00* 47.0 � 3.53 70.2 � 4.16* 33.6 � 6.24 51.2 � 1.83
(b) Colon tumor microsomes
EGCG 52.0 � 3.21* 27.9 � 2.29* 51.6 � 3.78* 45.0 � 3.39 40.5 � 0.77
EGC 33.0 � 5.45 29.7 � 1.59 34.2 � 3.67 32.2 � 7.80 30.1 � 2.01
ECG 78.3 � 3.03* 60.0 � 3.30 81.1 � 1.40* 58.3 � 3.68 64.4 � 2.56

Products were analyzed from the reactions with 0.1 mg microsomal protein, 20 �M (0.22 �Ci) arachidonic acid, 1 mM glutathione, 1 mM epinephrine,
and 10 mM EDTA with or without 30 �g/mL of tea polyphenols in 100 mM Tris-HCl buffer, pH 7.4. The reactions were carried out at 37° for 30 min. Values
are the means � SEM of five experiments (section a) or four experiments (section b).

* Significantly different (P � 0.05) from inhibition of the total metabolites.

Fig. 2. Inhibitory mechanism of ECG on ovine COX-1. The reaction was
carried out at 37o for 10 min. The incubation mixture was comprised of 3
units of ovine COX-1, ECG as indicated, arachidonic acid, 1 mM gluta-
thione, 1 mM epinephrine, and 10 mM EDTA in 100 mM Tris–HCl buffer,
pH 7.4. The data are means of at least two experiments. Arachidonic acid
concentrations: (�) 3 �M; (�) 6 �M; (ƒ) 10 �M; (�) 20 �M; and (�)
40 �M.
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the effect of NS-398, a specific COX-2 inhibitor, were
determined. Normal colon mucosa had a low level of
COX-2 and was inhibited slightly by NS-398, whereas
tumor microsomes had COX-2 levels that were 10–40

times higher than the normal tissue and their COX-depen-
dent activities were more susceptible to inhibition by NS-
398 (data not shown). The increased formation of PGE2 by
TFs and TFdiG in tumor microsomes appears to be related
to the COX-2 expression level in tumor tissues.

To determine whether TFs enhance COX-2-dependent

Fig. 3. Effect of black tea polyphenols on COX-dependent arachidonic acid metabolites in microsomes from normal colon mucosa (A) and a poorly
differentiated colon carcinoma (B). Products were analyzed from the reactions with 0.1 mg microsomal protein, 20 �M (0.22 �Ci) arachidonic acid, 1 mM
glutathione, 1 mM epinephrine, and 10 mM EDTA with or without 30 �g/mL of black tea polyphenols in 100 mM Tris–HCl buffer, pH 7.4. The reactions
were carried out at 37o for 30 min. The data in panel A are the means of duplicate experiments. The results in panel B are means � SEM from three
independent experiments. Key: (*) significantly higher (P � 0.05) than control.

Fig. 4. Concentration-dependent effect of TFs on changes of COX-depen-
dent metabolites in a poorly differentiated colon carcinoma. The incubation
mixture contained 0.1 mg microsomal protein, 20 �M (0.22 �Ci) arachi-
donic acid, 1 mM glutathione, 1 mM epinephrine, and 10 mM EDTA with
various concentrations of TFs in 100 mM Tris–HCl buffer, pH 7.4. The
reactions were carried out at 37o for 30 min. The reaction products were
analyzed by HPLC. The results are means of duplicate determinations.
Key: (�) total products; (�) PGE2; (ƒ), HHT; (�) TBX; and (�) HETEs.

Fig. 5. Effect of purified black tea polyphenols on COX-dependent ara-
chidonic acid metabolites of tumor colon microsomes. The incubation
mixture contained 0.1 mg microsomal protein (from a poorly differentiated
colon carcinoma), 20 �M (0.22 �Ci) arachidonic acid, 1 mM glutathione,
1 mM epinephrine, and 10 mM EDTA with 30 �g/mL of black tea
polyphenols in 100 mM Tris–HCl buffer, pH 7.4. The relative product
formation (%) was calculated based on metabolite formation (100%) in a
reaction without tea polyphenols, as the control. The results are means of
duplicate determinations.

1180 J. Hong et al. / Biochemical Pharmacology 62 (2001) 1175–1183



arachidonic acid metabolism, their effects on ovine COX-2
were investigated. All purified TFs inhibited ovine COX-2
activity in a concentration-dependent manner with TFdiG
being the most potent (data not shown). When ovine COX-2
was added to tumor microsomes, it increased the formation
of all metabolites measured; TF further enhanced the for-
mation of PGE2, but decreased the formation of TBX and
HHT (Fig. 6A). Similar effects due to the addition of
COX-2 and TF were also observed in normal microsomes
(data not shown). Addition of COX-1 to tumor microsomes
also enhanced the formation of all metabolites, but TF did
not enhance PGE2 formation (Fig. 6B). The addition of
human recombinant COX-2 to tumor microsomes did not
cause significant changes in the metabolite profile, except
for an increase in HETEs; however, PGE2 formation was
increased dramatically in the presence of TF (Fig. 6C). It
appears that TF does not activate COX-2 directly, but in-
creases PGE2 formation by affecting COX-2 through its
interaction with other microsomal factors.

4. Discussion

Arachidonic acid is metabolized by three important en-
zyme systems: cyclooxygenase, lipoxygenases, and cyto-
chromes P450 [31]. In our study, COX activity was found
exclusively in the microsomes, whereas LOX activity was
found predominantly in the cytosol (Fig. 1). This finding
regarding the cellular distribution of COX and LOX is
consistent with the findings in previous reports [12,32].
COX-1 and COX-2 are localized in both the endoplamic
reticulum membrane and nuclear membrane [33]. Accord-
ingly, the microsomal preparation can be a representative
for cellular COXs. In the present assay system, without
added NADPH, microsomal P450 is not expected to play an
appreciable role in the oxidation of arachidonic acid. 5-, 12-,

and 15-LOX and their products have been reported to be
closely related to carcinogenic events [26–28]. They are
believed to be involved in tumor development by affecting
cell proliferation, inflammation, apoptosis, and angiogene-
sis [reviewed in Ref. 34]. Increased levels of LOX, and its
mRNA have been observed in tumor tissues [29,35]. Our
results indicate that tea polyphenols can inhibit the forma-
tion of LOX metabolites, thus suggesting their anticarcino-
genic potentials.

All of the green tea polyphenols in this study inhibited
COX-dependent arachidonic acid metabolism in both tumor
and normal microsomes. EGCG and ECG displayed non-
competitive inhibition against ovine COX-1. Notably, the
formation of TBX and HHT was inhibited more extensively
than that of other metabolites. TBX and HHT are the sub-
sequent metabolites formed from PGH2 by TBX synthase,
which is also located in the microsomal fraction [36]. The
more extensive inhibition of the formation of these two
metabolites than of other metabolites suggests the inhibition
of TBX synthase in addition to COX-1 by tea polyphenols
(Table 2).

It is known that COX-1 is constitutively expressed,
whereas COX-2 is overexpressed in many types of tumors
[18–21]. Overexpression of COX-2 was also observed in all
the tumor microsomal samples in our study. Apparently
COX-2 is generally less susceptible to inhibition by tea
polyphenols, and this may be explained by the milder inhi-
bition observed in colon tumor than in normal microsomes
(Table 1). Comparison of the inhibitory effect of EGCG vs
EGC and TFdiG vs TF suggests that the gallate group plays
an important role in the inhibitory action against COX
activities. The precise inhibitory effect and the structure
relationship of tea polyphenols on both COX-1 and COX-2
need to be investigated further.

Most interestingly, we found that TFs increased the for-
mation of PGE2 in tumor microsomes, but not in normal

Fig. 6. Effect of TF (30 �g/mL) on arachidonic acid metabolism by tumor microsomes [from a carcinoma with mucin (TM 1788) or a poorly differentiated
colon carcinoma (TM 1760)] including ovine COX-2 (A), ovine COX-1 (B), or human recombinant COX-2 (C). Products were analyzed from the reactions
with 0.1 mg microsomal protein with or without 1.5 units of ovine COX-2 or -1 (in the case of panels A and B, respectively), or 1 unit of human recombinant
COX-2 (in the case of panel C), 20 �M (0.22 �Ci) arachidonic acid, 1 mM glutathione, 1 mM epinephrine, and 10 mM EDTA in 100 mM Tris–HCl buffer,
pH 7.4. The reactions were carried out at 37o for 30 min. The data in panels A and B are means of duplicate experiments. The results in panel C are single
determinations.
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microsomes, whereas TBX and HHT formation was inhib-
ited at a similar level in both tumor and normal microsomes.
Previously, Katiyar and Mukhtar [13] reported that black tea
polyphenols inhibit 12-O-tetradecanoylphorbol-13-acetate
(TPA)-induced formation of COX metabolites including
PGE2 in mouse skin. The inhibition of PGE2 formation
appears to be due to compounds other than the TFs in their
black tea polyphenol preparation.

COX-1 and COX-2 metabolize arachidonic acid to
PGG2, which is subsequently reduced to PGH2. PGH2 is
converted to PGE2, TBX, and PGI2 by PGE synthase, TBX
synthase, and prostacyclin synthase, respectively. PGH2 is
also converted to HHT by TBX synthase or nonenzymeti-
cally [37]. Recently, it was reported that PGH2 from COX-1
is preferentially metabolized to TBX and HHT, but the same
metabolite from COX-2 is mainly metabolized to PGE2 and
PGI2 [38]. Our results are consistent with this concept in
that the enhanced PGE2 formation by TFs appears to be
related to the COX-2 content in tumor microsomes. Al-
though the activity of isolated ovine COX-2 was inhibited
by TFs, when ovine COX-2 was added to normal colon or
tumor microsomes, its activity in catalyzing the formation
of PGE2 was stimulated by TF; the formation of TBX and
HHT was inhibited by TF (Fig. 6). The results suggest that
TF stimulates PGE2 formation in tumor tissues by enhanc-
ing the interaction of COX-2 with other microsomal factors.
These observations may provide an important clue for a
mechanism of the PGE2 formation through COX-2. We
observed that the stimulatory effect by TF on PGE2 forma-
tion was abolished in the absence of glutathione. Since
human microsomal PGE synthase is known to be a gluta-
thione-dependent enzyme [39], it is likely that this enzyme
is involved in the stimulation of PGE2 formation by TF, i.e.
TF affects the interaction of COX-2 with PGE synthase in
catalyzing the formation of PGE2.

The possible importance of the present observation in
understanding the effect of tea consumption on colon cancer
remains to be investigated. Colonic cells are in contact with
rather high concentrations of tea polyphenols because a
large portion of the ingested compounds are left unabsorbed
in the upper gastrointestinal tract. Even the absorbed EGCG
(and probably ECG) is known to be excreted through the
bile into the colon. The inhibition of COX and LOX activ-
ities by catechins in green tea is expected to reduce the risk
for colon cancer. The catechins in black tea are expected to
have a similar effect, but the black tea TFs may have an
opposite effect due to their enhancement of PGE2 formation
in colon cells containing COX-2.
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