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ABSTRACT 

Tea consumption has been suggested to have beneficial effects for human health, 

especially in cancer prevention. At present, epidemiological evidence of the protective 

effect of tea consumption against the development of human cancer is not conclusive. 

Interpretation of epidemiological data and extrapolation of rodent data to humans are 

generally hampered by inadequate information on the bioavailability and 

pharmacokinetics of tea constituents. We have performed studies to determine the 

pharmacokinetics of green tea in humans after single and multiple oral dose 

administration of tea polyphenols and the contribution of hepatic first-pass elimination to 

the low oral bioavailability of green tea catechins in animals. 

EGCG was present in the systemic blood in the unchanged form in humans after 

oral administration of two green tea polyphenol products, EGCG and Polyphenon E (a 

mixture of major green tea polyphenols). Oral administration of EGCG and Polyphenon 

E resulted in similar systemic exposure of EGCG. EGC and EC were present in 

glucuronic acid/sulfate conjugates in blood and urine samples after the Polyphenon E 

administration. Large inter-subject variations in the systemic levels of green tea catechins 

were observed following oral administration of green tea polyphenols. 

We found that it is safe for healthy human subjects to take green tea polyphenols 

for four weeks in amounts equivalent to those contained in 8 to 16 cups of green tea once 

a day or in divided doses twice a day. Systemic availability of EGCG increased more 

than 60% after chronic green tea polyphenol administration at high doses once a day. 



II 

Oral administration of green tea polyphenols at the selected doses and dosing schedules 

did not elicit overall changes in the selected pharmacodynamic measurements. 

Oral bioavailability of green tea catechins was demonstrated to be low in animals 

and possibly in humans. Based on our pre-clinical study, we found that first-pass hepatic 

elimination of green tea catechins didn't play a significant role in the presystemic 

elimination of orally administered catechins. Factors within the gastrointestinal tract such 

as limited membrane permeability, transporter mediated intestinal secretion, or gut wall 

metabolism may contribute more significantly to the low oral bioavailability of green tea 

catechins. 
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CHAPTER 1 

TEA; LITERATURE REVIEW 

l.l Tea 

Tea is a beverage made from the leaves of the Camellia sinensis species of the 

Theaceae family. This beverage is one of the most ancient and, next to water, the most 

widely consumed liquid in the world. The history of tea as a beverage is traced by the 

Chinese to about 2700 BC (Woodward, 1980). The first generally accepted reference to 

tea is found in a Chinese dictionary from 350 AD which stated that the beverage was 

used as a medicine for various ills (Schapira et al., 1975). Tea was transported and 

cultivated in Japan during the 6*^ century and was then used by the privileged society. 

Tea was introduced into Indonesia, Holland, and England from Asia during the 15*^ to 17"* 

centuries and merchandised and popularized in England in the middle of the century. 

Tea achieved popularity in the west in the late 17"* and 18'^' centuries (Wickremasinghe, 

1978). Tea is now grown commercially in tropical and subtropical regions of Asia, 

Africa, and South America. Major exporting countries include Argentina, China, India, 

Kenya, and Sri Lanka (Forrest, 1985). 

1.1.1 Composition of Various Teas 

The tea plant is a tender evergreen tree that can grow to heights of 12-14 m 

(Forrest, 1985). Commercial tea trees are small bushy plants of about 3 to 4 feet high 

because they are trimmed three to four times between spring and fall of each year. 

Harvesting is usually done by hand as it has been for centuries. Mechanical harvesting is 

practiced to some extent; however, uniformity and quality are considered to be superior 
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with the precise selection of leaves that are achievable only by hand selection. Normally 

the composition of tea leaves varies with climate, season, horticultural practices, variety 

of the plant, and the age of the leaves, i.e., the position of the leaves on the harvested 

shoot. Following harvest, fresh tea leaves are subjected to a series of treatment steps that 

result in the manufacture of different tea products; black tea, green tea, or oolong tea. Tea 

leaves contain specific polyphenols and an enzyme, polyphenol oxidase. Once the tea 

leaves are chopped, the enzyme is activated and the polyphenols are oxidized. Black tea 

results from promoting enzymatic oxidation of fresh leaves, a process originally called 

'fermentation'. Fermentation is prevented for the production of green tea through enzyme 

inactivation by heating and only short fermentation for oolong tea (Graham, 1984). The 

manufacturing steps of green tea include plucking, rapid enzyme inactivation by steaming 

or pan firing, rolling, and air drying at high temperature. During the final drying step 

many new aromatic compounds are formed which provide tea its characteristic flavor. In 

the process of black tea production the steps are plucking, withering, maceration, and 

drying. Withering lowers the moisture level and renders the leaf more amenable to 

maceration. In this step, cell disruption takes place and polyphenol oxidase catalyzes 

oxidation of polyphenols. The oxidation is allowed to proceed for 45-90 min, during 

which catechins are converted to theaflavins and thearubigins, which give the 

characteristic color and taste of black tea. Normal oolong tea is considered to be about 

half fermented compared to black tea. 

1.1.2 Consumption of Tea 
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Tea is consumed by millions of people worldwide today. Approximately 2.5 

million metric tons of dried teas were consumed annually which contain 20% of green 

tea, 2% of oolong tea, and 78% of black tea. More than 40% of manufactured teas were 

consumed in Asia countries, especially in India and China. Green tea is produced in 

relatively few countries and is consumed primarily in China, Japan, India, and a few 

countries in North Africa and the Middle East. Black tea is the customary beverage in 

many western countries and some Asian countries. In the United Kingdom, Ireland, and 

Canada, black tea is taken with milk and sugar. In the other countries, black tea is 

consumed sweet or with lemon. Ice tea was first introduced in 1904 at the St Louis 

World's Fair during a spell of hot weather (Weisburger et al., 1997). Nearly 75% of tea is 

consumed cold in the US now and the custom of drinking ice tea is spreading elsewhere. 

Oolong tea production and consumption is confined to southeastern China and Taiwan 

(Yaminishi and Tomita, 1992). 

Tea consumption is not uniform throughout the world. Large segments of the 

world's population virtually consume no tea. Not only does tea consumption vary from 

country to country, but also there is enormous variation in any given population. People 

can drink no tea, or more than 20 cups per day, with a per capita worldwide consumption 

of approximately 120 ml/day (Graham, 1992). 

1.1.3 Chemistry of Tea 

As described previously, fresh tea leaves are subjected to different oxidation 

and/or fermentation during manufacturing which results in different final chemical 

constituents in different tea products. The chemical composition of green tea is similar to 



that of the fresh leaves regarding the major of components, since green tea is subjected to 

minimum oxidation and no fermentation. Green tea contains polyphenols, which include 

flavanols, flavandiols, flavonoids, and phenolic acids. Flavanols are the most abundant 

and are commonly known as catechins. The major catechins present in green tea are (-)-

epicatechin (EC), (-)-epicatechin-3-gallate (ECG), (-)-epigallocatechin (EGC), and (-)-

epigallocatechin-3-gallate (EGCG) (Figure 1.1). In addition, caffeine, theobromine, 

theophylline, and phenolic acids such as gallic acids are also present in green tea (Table 

1.1). 

Black tea differs in composition from fresh leaves in that most flavanols and some 

of the other phenolic materials are converted to the oxidized form known as theaflavins 

and thearubigins (Figure 1.2). The total flavanol level is reduced from 35-50% in green 

tea to 10% in black tea. Theaflavins and thearubigins are present in black tea at a level of 

3-6% and 12-18%, respectively. The theanibigin fraction is a mixture of structurally less 

defined compounds, accounting for 12-18% of dry weight solids of blank tea. All other 

components are virtually unchanged. 

Oolong tea contains monomeric catechins, theaflavins, and thearubigins. Oolong 

tea extracts contains catechins at a level of 8-20% of the total dry matter. 

1.1.4 Tea and Health 

Tea has been used as a beverage and considered as a medicine since ancient times 

(Schapira et al., 1975). The possible beneficial health effects of tea have received a great 

deal of attention and are still being actively investigated. Extensive laboratory research 

and the epidemiological findings of the past 20 years have shown that polyphenolic 
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compounds present in tea reduce the risk of a variety of illnesses, including cancer 

and coronary heart disease. Since the highly polymerized components in black tea are not 

well characterized, most of the studies showing the preventive effects of tea have been 

conducted primarily with green tea. 

Coronary heart disease is most prevalent in the Western world, probably as a 

result of the lifestyle in this part of the world, which includes a diet high in saturated fats, 

low physical activity, and the large proportion of the population who smoke cigarettes 

and have high blood pressure. Epidemiologic studies showed the preventive effect of 

green tea consumption against atherosclerosis and coronary heart disease (Thelle, 1995; 

Weisburger et al., 1997). Green tea consumption has also been shown to reduce the risk 

of high blood cholesterol concentrations and high blood pressure (Stensvold et al., 1992). 

The preventive effect of green tea against atherosclerosis was also found in experimental 

animal studies (Tijburg et al., 1997). 

Tea consumption has been suggested to have beneficial effects against the 

development of cancer (Katiyar and Mukhtar, 1996a). Green tea, green tea extracts 

(GTE), and EGCG have each been shown to inhibit carcinogenesis induced by a wide 

variety of carcinogens in a rodent cancer model. Cancer chemopreventive activity has 

been demonstrated in the following target organs; colon, duodenum, esophagus, 

forestomach, large intestine, liver, lung, mammary glands, and skin (Serafini et al., 1996; 

Dreosti et al., 1997). 

Consumption of tea or its polyphenols has also been shown to afford protection 

against other conditions such as allergy (Kakegawa et al., 1985; Ohmori et al., 1995), 
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arthritis (Haqqi et al., 1999), diabetes (Matsumoto et al., 1993; Zhang and Kashket, 1998; 

Kao et al., 2000a), obesity (Kao et al., 2000b), osteoporosis (Kanis et al., 1999; Hegarty 

et al., 2000), and liver disease (Imai and Nakachi, 1995). 

1.2 Tea and Cancer Prevention 

1.2.1 Epidemiologic Observations 

Many epidemiologic studies reported that consumption of tea and its catechins 

might lower the risk of cancer in humans. In a case-controlled study in China, the risk of 

esophageal cancer was found 50% lower in people who drank more than two cups of 

green tea a day (Gao et al., 1994). Zheng et al. (1996) reported the inverse association 

between tea consumption and cancer risk for oropharyngeal, esophageal, stomach, and 

kidney cancers in their cohort study in postmenopausal women in Iowa. Daily 

consumption of tea was found to be associated with a greater than 50% lower risk of 

these cancers. Another study performed in China reported a nearly 50% reduction in 

stomach cancer incidence in green tea users after controlling for socioeconomic, lifestyle, 

and other factors (Yu et al., 1995). A case-controlled study in Japan showed that 

individuals consuming green tea more frequently or in large quantities tended to have 

lower risk of gastric cancer (Kono et al., 1988). One study in Sweden confirmed that tea 

provided statistically significant protective against stomach cancer when tea was 

consumed during adolescence (Hansson et al., 1993). The correlation of green tea 

consumption and the decreased incidence of liver, breast, and lung cancers was observed 

in Shizuoka Prefecture of Japan (Oguni et al., 1992). Increased consumption of green tea 

also correlated with decreased recurrence of stage I and II breast cancer (Nakachi et al., 
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1998). The recurrence rate of breast cancer in that study was 17% for individuals 

drinking more than 5 cups of green tea and 24% for those drinking less than four cups per 

day, suggesting an increased benefit for heavy green tea drinkers. A large population-

based case-controlled study conducted in China observed an inverse association with 

green tea consumption and the risk of pancreatic and colorectal cancers (Ji et al., 1997). 

Three studies (Watanabe et al., 1984; Kato et al., 1990; Kono et al., 1991) indicated that 

consumption of black tea decreased the risk for rectal cancer and two observations 

reported the decreased risk of uterus cancer after tea consumption (Stocks, 1970; Oguni 

etal., 1992). 

However, a number of correlative studies have reported the opposite relationship 

between green tea consumption and cancer incidence. For example, a case-controlled 

study in the U.K found an increased occurrence of stomach, kidney, and lung cancers 

after tea consumption (Kinlen et al., 1988). Another case-controlled study in Taiwan 

reported an increase in the risk of bladder cancer in people who drank oolong tea even 

though it was not clear whether the increased risk was directly associated with the tea (Lu 

et al., 1999). At least three studies showed an opposite association between tea 

consumption and colon and rectal cancer (Stocks, 1970; Heilbum et al., 1986; La Vecchia 

et al., 1992) and one study for pancreatic cancer (Kinlen et al., 1984). There are also 

studies showing no relationship between tea consumption and the risk of urinary tract 

cancer, bladder cancer, (Armstrong et al., 1976; Goodman et al., 1986; Yu et al., 1986; 

McCredie et al., 1988; La Vecchia et al., 1992) and gastric cancer (Tsubono et al., 2001). 
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Collectively, the epidemiological evidence of the protective effect of tea 

consumption against the development of human cancers is not conclusive. Several 

possible confounding factors may be responsible for these equivocal results, including 

population sampling errors, the diversity of tea products used and the amounts consumed, 

tea drinking patterns (hot tea may cause esophagus lesion), possible interference by tea 

adulterants (e.g., adding milk to tea may affect the antioxidant activity of catechins), 

overriding effects of lifestyle (e.g., smoking), and selectivity of health benefits for certain 

types of cancer. Major critique is that these are all retrospective studies with no true 

randomization to control for known risk factors. 

1.2.2 Experimental Studies 

Skin Cancer; The effect of green tea on the initiation and promotion of UV or 

carcinogen induced cancer has been extensively investigated in experimental animals 

(Table 1.2). Topical application of green tea polyphenols (1.2mg) for 7 days prior to the 

single application of 7,12-dimethylbenz[a]anthracene (DMBA) as initiation agent 

followed by twice weekly application of l2-0-tetradecanoylphorbol-13-acetate (TPA) 

resulted in significant protection against tumorigenesis (Wang et al., 1989). Oral feeding 

of 0.05% GTE in drinking water for 50 days prior to the DMBA-TPA treatment or its 

continuous feeding during the entire period of the tumor protocol was also found to result 

in significant protection both in terms of tumor incidence and tumor multiplicity (Wang 

et al., 1989). Topical application of 7 mg EGCG/mouse for 7 days prior to initiation by 

DMBA and TPA resulted in significant protection against skin tumor initiation in 

SNECAR mouse skin (Katiyar et al., 1992a). 
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Green tea or EGCG has also been shown to be protective against carcinogen-

induced skin tumor promotion. Topical application of varying doses of GTE prior to that 

of TPA resulted in significant protection against skin tumor promotion in a dose-

dependent manner (Katiyar et al., 1992b). The animals pretreated with GTE showed 

substantially lower tumor burden, including decreases in total number of tumors per 

group, tumor volume per mouse, and average tumor size (Katiyar et al., 1992b). Topical 

application of GTE or EGCG has been shown to inhibit tumor promotion mediated by 

TPA (Katiyar et al., I992a,b; Huang et al., 1992) and by other skin tumor promoters, 

such as teleocidin and okadaic acid (Yoshizawa et al., 1987; Huang et al., 1992). Oral 

feeding of 1.25% green tea extract as the sole source of drinking water during tumor 

promotion with TAP in SKH-1 mice reduced the number and incidence of skin tumors 

initiated by topical application of 200 nmol of DMBA followed by twice weekly 

application of TAP for 25 weeks (Wang et al., 1992b). 

Green tea administered in drinking water also inhibits skin tumor formation 

induced by UV radiation when given prior to and during radiation. Chronic oral feeding 

of 0.1% (w/v) GTE in drinking water to mice during the entire period of UV-B exposure 

was found to decrease the number and size of skin tumors (Wang et al., 1991, 1992a,b). 

The incidence of skin tumors induced by UV exposure was reduced from 96% to 62% or 

29%, when 10 or 50 mg of EGCG in acetone are applied to the skin of mice three times 

per week before and throughout a 25-week experimental period (Wang et al., 1991, 

I992a,b). 
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Green tea, GTE, or EGCG has also been shown to have the potential to prevent 

the growth of established skin tumors. Oral feeding of GTE was found to reduce the skin 

tumor size and GTE or EGCG administered intraperitoneally inhibited tumor growth and 

caused partial regression of established skin papollomas in female CD-I mice (Wang et 

al., 1992c). 

Digestive Tract Cancer; The best animal model of carcinogenesis resembling the 

development of precancerous lesions and cancer in the human oral cavity is the induction 

of cancer by DMBA in the buccal pouch of the golden Syrian hamster (Gimenez-Conti 

and Slaga, 1993). The mean tumor burden, incidence of dysplasia, and oral carcinoma 

were significantly reduced when tea polyphenols or a mixed tea preparation containing 

1.5% green tea extract was given as the sole source of drinking water before and during 

topical DMBA treatment of buccal pouches of hamsters (Li et al., 1999). 

Chen (1992) reported the chemopreventive effects of tea against N-

nitrosomethylbenzylamine (NMBzA)-induced esophageal tumorigenicity in Wistar rats. 

Oral administration of 2% green or black tea as the sole source of drinking water to rats 

during the entire experimental period resulted in inhibition of esophageal tumongenesis 

induced by NMBzA. Tumor incidence was reduced by 26-53% and the tumor 

multiplicity was reduced by 58-75% by different brands of green or black tea. Oral 

feeding of green tea also inhibited esophageal tumor formation induced by precursors of 

NMBzA (Gao et al., 1990) or by nitrososarccsine in mice (Oguni et al., 1992). Oral 

feeding of 0.6% decaffeinated green or black tea extracts as the sole source of drinking 

water to Sprague-Dawley rats during or after NMBzA (2.5 mg/kg) treatment period 
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decreased the papilloma multiplicity and reduced the size of esophageal papillomas 

(Yang et al., 1992). Theaflavins and EGCG were also effective in reducing esophageal 

tumorigenesis induced by NMBA in rats (Morse et al., 1997). 

EGCG treatment at a dose of 0.5% in drinking water reduced the percentage of 

stomach tumors induced by N-methyl-N'-nitrosoguanidine (MNNG) from 62% in the 

control to 31% in the treatment group in rats (Yamane et al., 1995). Fujita et al. (1989) 

reported the chemopreventi ve effects of EGCG against N-ethyl-N'-nitro-N-

nitrosoguanidine (ENNG)-induced duodenum tumorigenicity in C57BL/6 mice. In this 

study, oral feeding of 0.005% EGCG in the drinking water resulted in significant 

protection against ENNG-caused timior promotion in duodenum as observed by decrease 

in tumor incidence and number of tumors per mouse. The number of small intestine 

tumors (adenomas and carcinomas) was reduced by 60 to 85% per rat in a multiple-organ 

model of carcinogenesis induced by nitrosoamines when green tea extract at a dose of 

0.1-1% in drinking water was administered during and after carcinogen exposure (Hirose 

etal., 1993). 

Green tea catechins (I to 3 mg/mouse) and EGCG (2 mg/ mouse) reduced the 

incidence of large intestinal cancers induced by 1,2-dimethylhydrazine and metastasis to 

the lung when administered by oral intubation five times per week for 20 to 23 weeks in 

mice (Yin et al., 1994). Colon carcinogenesis was inhibited by 0.01% or 1 % green tea 

extract in drinking water in rats treated with carcinogen azoxymethane (Stammler and 

Volm, 1997). Narisawa and Fukaura (1993) tested the effect of GTE at low dose levels 

against colon carcinogenesis in F344 rats. A total of 129 female F 344 rats were dosed 



23 

with 2 mg of N-methyl-N-nitrosourea 3 times a week for 2 weeks through intrarectal 

instillation and green tea in drinking water throughout the experiment. A significantly 

low incidence of colon carcinomas was revealed by autopsies at week 35 in rats treated 

with 0.05%, 0.01%, and 0.002% GTE. 

Liver and Lung Cancer; Green tea extracts at doses of 1 to 5 ^g/ml have been 

shown to prevent the cytotoxic effect of firee-radical-generating enzymes, such as 

xanthine oxidase and glucose oxidase, in a dose-dependent manner on isolated mouse 

hepatocytes and decreased the DNA labeling index in hepatic preneoplastic foci of mice 

treated with the tumor promoter phenobarbital (Klauning, 1992). Green, black, and 

oolong tea as well as catechins (EGCG, EGC, ECG, and EC) in diet reduced the number 

and area of preneoplastic foci in rat liver (Matsumoto et al., 1996). Administration of 5% 

green tea in the diet 10 days prior to and until 3 days after treatment with carcinogen 

ailatoxinBi resulted in significant inhibition of aflatoxin Bi-induced y-

glutamyltranspeptidase-positive foci in rat liver (Chen et al., 1987). It was also shown 

that 2.5% green tea in the diet produced significant inhibition of diethylnitrosamine 

(DEN)-induced hepatocarcinogenesis in rats (Li, 1991). Green or black tea (1.25% in 

drinking water) decreased the number of liver and lung tumors induced by DEN in mice 

by 50% (Cao et al., 1996). 

Landau et al. (1998) reported that both green and black tea extracts in drinking 

water at a dose of 1 to 2% inhibited spontaneous formation of lung tumors in A/J mice. 

Green tea (2%) and EGCG (5%) in drinking water inhibited lung tumorigenesis in mice 

treated with 4-(Methylnitrosoamino)-l-(3-pyridyl)-l-butanone (NNK)(Xu et al., 1992; 
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Chung, 1999). Oral administration of green tea and EGCG has been shown to inhibit 

metastasis of Lewis lung carcinoma LL2 in mice (Taniguchi et al, 1988; Sazuka et al., 

1995). The antimutagenic activity of EGCG against benzo[a]pyrene (BP)-induced 

mutations has been assessed by using transgenic mice carrying the rpsl (streptomycin 

sensitivity) gene as a monitor of mutations. EGCG decreased the BP-induced mutations 

in the lung by 60% when giving in drinking water during 3-week experiment (Muto et al., 

1999). 

Breast and Prostate Cancer: DMBA is an effective carcinogen for mammary 

gland in female SD rats (Huggins, 1965). When female rats were given one intragastric 

dose of 50 mg/kg of DMBA and a diet containing 1% of green tea catechin extract 

starting one week later, the average size of palpable mammary tumors at week 10 and 

toward the end of the 18*^ week was significantly smaller in the catechin treatment group 

(Hirose et al., 1994). The survival rate was 94% for green tea catechin group and 33% for 

the control group during the 36 weeks of experiment. Another study tested the effect of 

GTE as drinking water against the tumor incidence and the results showed that 0.5% 

GTE as drinking water prevented spontaneous mammary tumor incidence and burden in 

C3H mice and inhibited DMBA-induced mammary tumor in rats (Bhide et al., 1994). 

EGCG has also been shown to inhibit the tumor growth derived from human 

prostate and breast cancer cell lines injected into nude nuce subcutaneously (Liao et al., 

1995). When human prostate PC-3 tumor cells (1x10^) were injected subcutaneously into 

BALB/c intact male nude mice, tumors grew to about 150-250 mm^ within 2 weeks, 400-

550mm" within 3 weeks, and 650-900 mm^ within 4 weeks of injection. Daily 



25 

intraperitoneal injection of Img EGCG starting 2 weeks after injection of tumor cells 

halted tumor growth in all mice and reduced the initial tumor size by about 20-30% 

within 1-2 weeks in some mice. When EGCG was stopped on the 14th day of treatment, 

tumor growth resumed very rapidly and reached 330-470% of initial tumor size within 7-

14 days. EGCG also inhibited the growth of tumor induced by another human prostate 

timior cells LNCaP 104-R in castrated BALB/c male nude mice. Daily intraperitoneal 

injection of I mg EGCG starting 2 weeks after injection of tumor cells abolished the 

growth of tumor in all mice. Tumor growth resumed and tumor grew to about 185% of 

initial size within 14 days when EGCG was stopped two weeks later, and such growth 

had been ceased and then regressed within 1-2 weeks when EGCG treatment was 

reinitiated 6 weeks after injection of tumor cells. The growth of human breast tumors in 

intact female BALB/c nude nice after injection of MCF-7 human breast tumor cells was 

clearly inhibited during the first week of intraperitoneal injections of 1 mg of EGCG. The 

initial tumor size was reduced by about 40% within 14 days after daily injection of 

EGCG, while the control tumors grew about 40% more during this period. 

Pancreas and Bladder Cancer; The inhibitory effect of GTE on the process of 

pancreatic carcinogenesis induced by N-nitrosobis-(2-oxypropyl)amine (BOP) and on 

tumor promotion after transplantation of N-nitroso-bis-(2-hydroxypropyl)amine (BHP)-

induced pancreatic cancer was investigated in hamsters (Hiura et al., 1997). When 

animals were given GTE at a dose of 1.25 mg/day/100 g body weight in drinking water, 

the number of pancreatic cancers, including invasive carcinoma and carcinoma in situ, 

was significantly lower (0.88/hamster) in treatment group than that in control group 
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(1.68/hamsterXp < 0.05). The incidence of atypical ductal hyperplasia, which is thought 

to be an early pancreatic cancer, was also significant lower in the GTE group than in the 

control group (1.50/hamster vs.. 4.65/hamster) (p < 0.05). In the same study, 3 pieces of 

BHP-induced pancreatic cancer (1 mm) were transplanted successfully into the back of 

hamsters. The average tumor volume was significantly smaller in the GTE group (0.5% 

GTE for 12 weeks) than that in the control group (1.01 x 104 mm^ and 1.98 x 104 mm^ 

for GTE and control groups, respectivelyXp < 0.05) at the IS"* week after transplantation. 

The results demonstrated that GTE has an inhibitory effect on the process of pancreatic 

carcinogenesis and on tumor promotion of transplanted pancreatic cancer. Green tea 

polyphenols in the drinking water at 500 and 5000ppm had been shown to decrease the 

numbers of hyperplasia and total ductal lesions initiated by BOP in Syrian golden 

hamsters (Majima et al., 1998). A combination of low dose green tea polyphenols (50 

ppm) and P-carotene also inhibited the lesion development. 

Inhibition of A/-butyl-AK4-hydroxybutyl)-nitrosamine (BBN)-induced bladder 

tumors in rats by green tea had been reported by the Sato group in Japan (Sato, 1999). 

Male Wistar rats were fed with water containing 0.05% BBN for 5 weeks to induce the 

tumors. GTE in drinking water (2.5-3.0%) or in pellet diet (2.5% powdered green tea) 

were administered to rats from the 6''' week. The average number of tumors per rat, mean 

volume per timior and total tumor volume were reduced significantly in green tea 

treatment groups than that in control groups. The inhibition of bladder tumor growth 

suggested that green tea polyphenols have protective effects against bladder tumor in rats 



27 

and could relate to the low incidence of bladder cancer in Japan where the green tea 

consumption is in a large amount in this country. 

In summary, the in vivo experimental studies have consistently shown the 

protective effect of green tea or green tea polyphenols against the development of cancer. 

Direct extrapolation of animal data to humans is difficult because experimental studies 

have often used high doses of green tea extracts or green tea polyphenols that are not 

achievable through regular tea consumption in humans. In certain animal studies, green 

tea polyphenols or EGCG was administered intraperitoneally which led to different 

systemic exposure profiles in comparison with that of oral administration. In addition, 

discrepancy in the systemic availability of green tea polyphenols between experimental 

animals and humans following oral administration could also hamper the data 

interpretation. 

1.2.3 Cancer Preventive Activities of Green Tea Catechins 

The biochemical mechanisms responsible for the cancer preventive effects of 

green tea have not been clearly defined. Laboratory studies have shown that green tea 

possesses antioxidant and free radical scavenger activities, inhibits cell proliferation, 

induces apoptosis, modulates carcinogen metabolizing enzymes, and suppresses 

inflammatory responses. All of which could contribute to the observed preventive effects. 

Antioxidant and Free Radical Scavenger Activity: Polyphenols are found to 

possess outstanding antioxidant and free radical scavenging properties. Serefini et al. 

(1996) found from their study that the human plasma antioxidant capacity (TRAP) 

increased significantly at 30-50 min after ingestion of a single dose equivalent to 300 ml 
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of both green and black tea. Antioxidant capacity was increased and phospholipid 

hydroperoxidation was decreased by green tea catechins in humans after a single oral 

ingestion of green tea extract tablet containing a total of 254 mg of catechins (Nakagawa 

et al., 1999). The effects of tea consumption on oxidative stress were tested in smokers 

and nonsmokers in both China and United States (Klaunig et al., 1999). Green tea 

consumption in both groups decreased oxidative DNA damage (8-hydroxy-2'-

deoxyguanosine (8-OHdG) in white blood cells and urine), lipid peroxidation (MDA in 

urine), and free radical generation (2,3-dihydroxyl benzoic acid (2,3-DHBA) in urine) in 

smokers. Nonsmokers in the US group also exhibited a decrease in overall oxidative 

stress. The in vitro antioxidant activity of theaflavins in black tea and catechins in green 

tea was found in the following order: theaflavin-3,3'-digallate > ECG > EGCG > 

theaflavin-3'-gallate > theaflavin-3-gallate > theaflavin > EC > EGC when using Cu^"-

mediated LDL oxidation as model (Leung et al., 2001). In this study, the degree of LDL 

oxidation was monitored by measuring the production of thiobarbituric acid-reactive 

substances (TBARS) and conjugated dienes. Further support for the antioxidant 

properties of tea are shown by findings that EGCG and other green tea catechins 

significantly inhibit Fe^^ADP supported spontaneous lipid peroxidation in mouse 

epidermal microsomes (Katiyar et al., 1994). Oral administration of green tea and EGCG 

inhibited formation of 8-OHdG caused by NNK (4-(methylnitrosarnino)-l-{3-pyridyl)-l-

butanone) treatment in mice (Xu et al., 1992). In addition, topically treated green tea 

polyphenols inhibited TPA induced hydrogen peroxide formation (Laskin et al, 1992). 
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Collectively, these results suggest that tea polyphenols possess strong antioxidant and 

free radical scavenging properties. 

Inhibition of Cell Proliferation; The induction of ornithine decarboxylase 

(ODC) and protein kinase C activities by TPA is believed to be closely related to the 

tumor promotion activity of this compound. Topical applications of a green tea 

polyphenol fraction or EGCG resulted in a significant inhibition of TPA-induced 

epidermal ODC activity in different mice (Wang et al., 1990; Huang et al., 1992). 

Inhibition of TPA-induced protein kinase C activity (Yoshizawa et al., 1992) and 

inhibition of cellular conmiunication by green tea polyphenols have been reported (Ruch 

et al., 1989). It was proposed that EGCG interrupted the interaction of tumor promoters 

with their receptors on the cell membrane (Yoshizawa et al., 1992). The cyclo-oxygenase 

and lipo-oxygenase pathways of arachidonic acid metabolism may play a role in 

carcinogenesis, especially in the promotion of cell proliferation (Yoshizawa et al., 1992). 

Inhibition of green tea polyphenols on the TPA-induced mouse epidermal lipo-oxygenase 

and cyclo-oxygenase activities in vivo have been observed (Katiyar et al., 1992a). 

Induction of apoptosis, or programmed cell death, is different from necrotic cell 

death and has become a challenging area of biomedical research because the life span of 

both normal and cancer cells within a living system is significantly affected by the rate of 

apoptosis (Fesus et al., 1995). Therefore, the chemopreventive agents may be used in the 

management and therapy of cancer if they can modulate apoptosis. EGCG has been 

demonstrated to induce apoptosis and cell cycle arrest in human epidermoid carcinoma 

cells A431 (Ahmad et al., 1997). Fujiki et al. (1998) reported that EGCG and other tea 
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polyphenols inhibited growth of human lung cancer cells (PC-9 cells) with a G2/M phase 

arrest of the cell cycle. The involvement of the tumor necrosis factor, (TNF)-a, pathway 

was suggested as another mechanism of EGCG action. In another study, Chen et al. 

(1998) compared the effect of EGCG on the growth of SV40 virally transformed WI38 

human fibroblasts (WI38VA) with that of normal WI38 cells. EGCG treatment was 

found to inhibit the growth of WI38VA cells, but had little or no inhibitory effect on the 

growth of WI38 cells. The study suggested that different modulation of certain genes, 

such as c-fos and c-myc, might be responsible for the effects of EGCG on the inhibiting 

growth and promoting death of cancer cells. 

EGCG had also been shown to inhibit cell proliferation and tumor progression 

through epidermal growth factor receptor (EGFR) binding (Liang et al., 1997) and inhibit 

tumor promoter-induced activator protein-1 (AP-1) activation and cell transformation 

(Dongetal., 1997; McCarty, 1998). 

Modulation of Carcinogen Metabolizing Enzyme; After entering the body, 

most carcinogens or procarcinogens are metabolized by phase I enzymes especially 

cytochromes P450, phase II enzymes, and other enzymes. These metabolic processes are 

involved in the activation or detoxification of carcinogens or procarcinogens. Green tea 

has been shown to modulate these enzymes in pre-clinical models. Modulation of 

cytochrome P4S0 activities by green tea catechins was examined in rat and human liver 

microsomes (Obermeier et al., 1995). The activity of cytochrome P450 1A was inhibited 

by EGCG at higher concentrations (4.6-46 mg/ml) with an IC50 of 0.32 mg/ml in rat liver 

microsomes and 0.07 mg/ml in human liver microsomes and moderate activated by green 
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tea catechins at lower concentrations (0.46-4.6 mg/ml). Activities of cytochrome P450 

2B, 2E1, and 3 A in rat and human liver microsomes were moderately inhibited by green 

tea catechins with ECG being the most potent followed by EGCG. Bu-abbas et al. (1994) 

reported an increase in the activity of cytochrome P450 IA2 and 4AI in rats after feeding 

2.5% green tea fluid for 4 weeks as the sole source of drinking water. Green tea catechins 

were also found to inhibit rat liver microsomal monooxygenase activities, including those 

of cytochrome P450 dependent aryl hydrocarbon hydroxylase (AHH) and P450 1 Al 

(Wangetal., 1988). 

Oral feeding of green tea polyphenols (GTP) in the drinking water of mice 

significantly increased glutathione peroxidase, catalase, and NADPH-quinone 

oxidoreductase (QR) activities in small bowel, liver and lungs, and glutathione-S-

transferase (GST) activity in small bowel and liver (Khan et al., 1992). Katiyar et al. 

(1993b) reported that oral feeding of water extract of green tea (WEGT) (2.5%) or the 

polyphenolic fraction isolated from GTP (0.2%) in drinking water with N-

nitrosodiethylamine (DEN)- and benzo [a] pyrene (BP) to female A/J mice significantly 

enhanced GST activity in liver and small bowel and QR activity in small bowel, lung, 

and stomach. These phase 11 enzymes are necessary for detoxification related to reactive 

oxygen species. 

Suppression of Inflammatory Responses; Erythema, edema, and hyperplastic 

epithelial responses were often used as early markers of skin tumor promotion. Topical 

application of green tea polyphenols to mice has been shown to afford protection against 

TPA-induced epidermal edema, erythema, hyperplasia, and infiltration of leukocytes in 
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mouse skin (Katiyar et al., 1992a, 1993b). Application of green tea polyphenols onto 

mouse skin also inhibited the induction of messenger RNA encoding the 

proinflammatory cytokine interleukin 1 (IL-1) in response to tumor promoters, such as 

TPA, mezerein, and benzoyl peroxide (Katiyar et al., 1995a). 

Oxidative stress and UV-induced skin injury have been shown to be associated 

with a variety of skin diseases, including photoaging, inflammation, and cancer (Kehrer, 

1993). Long-term oral feeding of green tea polyphenols to SKH-1 hairless mice followed 

by UV irradiation resulted in significant protection against UV-induced cutaneous edema, 

erythema, and depletion of antioxidant-defense enzyme systems in the epidermis as well 

as formation of prostaglandin metabolites via inhibition of cyclooxygenase activity 

(Agarwal et al., 1993). Topical application of green tea polyphenols to mouse skin before 

UV exposure (72 mJ/cm2) decreased UV-induced hyperplastic response, 

myeloperoxidase activity, and the number of infiltrating inflammatory leukocytes and 

protected against UV-induced inhibition of the contact hypersensitivity response (Katiyar 

etal., 1995b; Challaetal., 1998). 

Topical application of EGCG has been shown to inhibit photocarcinogenesis in 

BALB/cAnNHsd mice (Gensler et al., 1996). In this study, skin cancer incidence in UV-

irradiated mice was 96% at 28 weeks after the UV treatment and was reduced to 62% and 

39% when EGCG was applied topically at a dose of lOmg or 50mg, respectively. Topical 

application of green tea polyphenols 30 minutes before UV irradiation from a solar 

simulator on the untanned backs of normal volunteers resulted in significantly less 

erythema as compared with UV alone (Mukhtar et al., 1996). Topical application of 
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EGCG (3 mg/2.5 cm*) before UV-B (4 times the minimum erythema dose) exposure to 

human skin significantly reduced UV-B-induced erythema, myeloperoxidase activity, 

and infiltration of leukocytes (Katiyar et al., 1999). EGCC was found to play a critical 

role in inflammatory disorders and in proliferative skin diseases since it inhibited UV-B-

induced production of prostaglandin metabolites (Katiyar et al., 1999). These 

observations provide possible mechanisms involved in the anti-inflammatory effects of 

green tea. 

In summary, tea is consumed worldwide as a beverage and has been used as 

medicine since ancient times. Tea consumption was suggested to have beneficial effects 

for human health including cardiovascular disease, cancer, and other diseases. Cancer 

preventive effects of green tea and catechins received a great deal of attention in the past 

decade. Experimental in vivo and in vitro evidence concerning the protection of green tea 

against development of cancer is compelling. The mechanisms of cancer preventive 

effect of green tea are proposed to relate to multiple mechanisms. These include (1) the 

antioxidative and free radical scavenger activities, (2) inhibition of cell proliferation, (3) 

modulation of carcinogen metabolizing enzymes, and (4) suppression of inflammatory 

responses. 

However, the epidemiological evidence of the protective effect of tea 

consumption against the development of human cancer is not conclusive. This may relate 

to the differences in tea production, preparation, and consumption patterns. Controlled 

prospective human intervention trials are clearly necessary to evaluate the preventive 

activity of ingestion of tea or tea components against cancer. 
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Table I. I. Principal components of green and black tea beverage (measured 
in weight % of extract solids) 

Components Green tea Black tea 

Catechins 30-42 3-10 
Flavanols 5-10 6-8 
Other flavonoids 2-4 -

Theogallin 2-3 -

Ascorbic acid 1-2 -

Gallic Acid 0.5 -

Quinic acid 2 -

Other organic acids 4-5 -

Theanine 4-6 -

Other amino acids 4-6 13-15 
Methyxanthines 7-9 8-11 
Carbohydrates 10-15 15 
Minerals 6-8 10 
Volatiles 0.02 <0.1 
Theaflavins - 3-6 
Thearubigins - 12-18 
Caffeine 3-4 3-4 



Table 1.2. Summary of studies demonstrating chemopreventive effect of tea against tumorigenesis in mouse skin 

Tumorigenesis Mouse Carcinogen Promotor treatment Dose& Mode of References 
protocol strain used used duration application 

complete 
Balb/C 3-MC OTP 1.2mg,16w" Topical Wang, 1989 
SKH-lhr UVB UVB GTP 10mg,12w Topical Wang, 1991 
SKH-lhr UVB UVB GTP 0.1%,12w Drinking water Wang, 1991 

Multistage (during initiation) 
SENCAR DMBA TAP GTP IJmgJd*' Topical Wang, 1989 
SENCAR DMBA TAP GTP 0.05%,50d Drinking water Wang, 1989 
SKH-lhr UVB TAP WEGT 0.25%,7d Drinking water Wang, 1992b 
CD-I BP/DMBA TAP GTP 1.2mg,20w Topical Huang, 1992 

Multistage (during promotion) 
SENCAR DMBA TAP GTP 15^mol,7d Topical Katiyar, 1992a 
CD-I DMBA TAP GTP 1.2mg,20w Topical Huang, 1992 
CD-I DMBA teleocidin EGCG 5mg, 24w Topical Yoshizawa, 1987 
SKH-lhr DMBA TAP WEGT 1.25%.7d Drinking water Wang. 1992b 
SKH-lhr DMBA UVB WEGT 1.25%,7d Drinking water Wang, 1992b 
SKH-lhr DMBA UVB WEGT/ 

WEBT 
1.25%,31w Drinking water Wang, 1994 

SENCAR DMBA TAP GTP 6mg,20w Topical Katiyar, 1993a 
SENCAR DMA mezerein GTP 6mg,20w Topical Katiyar, 1993a 

"week 
^day 

KJk 



Table 1.2. Summary of studies demonstrating chemopreventive effect of tea against tumorigenesis in mouse skin (cont.) 

Tumorigenesis Mouse 
protocol strain 

Carcinogen Promotor 
used used 

treatment Dose & 
duration 

Mode of 
application 

References 

Multistage (during progression) 
SENCAR 4-NQO* 
SENCAR BPQ 
SKH-lhr DMBA UVB 

BALB/cAn UVB 
NHsd 

Chemotherapeutic effect 
CD-I DMBA TPA 

/UVB 

OTP 
OTP 
WEGT/ 
WEBT 
EGCG 

0.25mg 
20mg 
l.25%.3lw 

lOmg, 28w 
50mg, 28w 

Topical 
Topical 
Drinking water 

Topical 

GTP/WE 0.5-1.25% OTP. 6w 
GT/EGCG EGCG 25-50mg/kg,ip,8w 

WEGT 50-75mg/kg,ip,8w 

Katiyar, 1993c 
Katiyar, 1993c 
Wang, 1994 

Gensler, 1996 

Wang, 1992c 

"week 
^day 

Used as malignant enhancer 

Ui 
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Figure 1.1. Chemical structures of the major green tea catechins 
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CHAPTER 2 

PHARMACOKINETICS OF GREEN TEA CATECHINS: 

LITERATURE REVIEW 

As described in the previous chapter, green tea, green tea extracts, and green tea 

polyphenols have been shown to inhibit carcinogenesis induced by a variety of 

carcinogens in rodent cancer models. At present, epidemiological evidence of the 

protective effect of tea consumption against the development of human cancer is not 

conclusive. Understanding the pharmacokinetics of green tea constituents is important to 

interpret epidemiological data and to extrapolate rodent data to human situations. This 

chapter summaries the pharmacokinetic information of green tea catechins. 

2.1 In vivo Pharmacokinetic Studies 

When a decaffeinated green tea extract (DGTE) was dosed to rats intravenously at 

a total dose of 50 mg/kg containing 50% EGCG (25 mg/kg), 13% ECO (6.5 mg/kg), and 

5% EC (2.5 mg/kg), tea catechins exhibited bi-exponential disposition (Zhu et al., 2000). 

Three tea catechins had the following pharmacokinetic parameters; terminal half-life (ti/2) 

of 191,362, and 45 min; systemic clearance (CL) of 9.0, 5.0, and 17ml/min/kg, and 

apparent volume of distribution (Vd) of 2.5, 2.8, and 1.1 1/kg for EGCG, ECG, and EC, 

respectively. Urinary and fecal recovery of EGCG, ECG, and EC was 2.45% vs. 0.76%, 

2.11% vs. 1.31%, and 14.2% vs. 1.01% respectively. Comparing to an average hepatic 

blood flow of 50 ml/min/kg in rats (Lin, 1990), the tea catechins can be considered to 

have moderate clearance. The volume of distribution of tea catechins correlates to their 

octanol/water partition coefficient (log K^/w) values (Hashimoto et al., 1999). 
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Pharmacokinetics of tea catechins were also studied in rats after intravenous injection of 

DGTE at different dose levels (a total dose of 50 to 300 mg/kg of DGTE) (Zhu et al., 

2001). Systemic clearance and central volume of distribution (Vc) of tea catechins 

increased significantly when the dose was increased. Terminal elimination half-life and 

volume of distribution at steady-state (V^s) didn't change significantly over the dose range 

studied. Dose dependent increase in systemic clearance of tea catechins may be attributed 

to concentration dependent increase in plasma protein unbound fraction (fu) of catechins 

(Zhu et al., 2001). When rats were administered DGTE at a dose of 5g/kg orally (2500 

mg/kg of EGCG, 650 mg/kg of ECG, and 250 mg/kg of EC), plasma concentrations of 

three tea catechins (EGCG, ECG, and EC) reached maximum levels (Cmax) within 2 hours 

post dose and the Cma.x values were 112.0, 14.8, and 15.4 ^g/ml, respectively (Zhu et al., 

2000). The terminal half-life of three tea catechins after oral dosing (449,479, and 451 

min for EGCG, ECG, and EC, respectively) was much longer than that after IV 

administration. Oral clearance (CL/F) and apparent volume of distribution (V/F) of three 

tea catechins were 61,91, and 46 ml/min/kg, and 38.5,63.0, and 29.7 I/kg for EGCG, 

ECG, and EC respectively. Oral bioavailability of EGCG, ECG, and EC was 14,6, and 

39% in rats. However, the dose used in this study is significantly larger than that could be 

achieved in humans. Extrapolation of the data to humans is limited by possible saturation 

in the kinetic processes at higher doses. 

Pharmacokinetics of green tea catechins have also been studied in rats by other 

groups (Chen et al., 1997; Kim et al., 2000). Combined unchanged and conjugated tea 

catechin levels were used in these studies for determination of catechin kinetics. It is 
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difficult to generate useful pharmacoicinetic information of catechins based on these 

results. 

When healthy human subjects ingested 1.2 g of decaffeinated green tea (DGT) in 

hot water (120ml) containing 88 mg of EGCG, 82 mg of EGC, 33 mg of ECO, and 32 mg 

of EC, plasma catechin levels at one hour after consumption were 46 to 268, 82 to 206, 

and 48 to 80 ng/ml for EGCG, EGC and EC, respectively (Lee et al., 1995). After 

consumption of 1.5 g of DGT, the catechins in human plasma reached peak levels in 1.5 

to 2.5 hours (Yang et al., 1998). Maximum plasma concentrations (Cmax) were 326, 550, 

190 ng/ml for EGCG, EGC, and EC, respectively. When the dosage was increased from 

1.5 to 3.0 g, the Cmax values increased 2.7 to 3.4 fold. However, increasing dose to 4.5 g 

didn't increase the Cmax values significantly. Terminal half-lives of EGCG, EGC, and EC 

after oral administration of 1.5 to 4.5g of DGT were 4.9 to 5.5,2.5 to 2.8, and 3.2 to 5.7 

h, respectively. Area under the plasma-concentration time curve (AUC) of EGCG, EGC, 

and EC after oral administration of 1.5 to 4.5 g of EXjT was 0.90 to 2.64,0.62 to 3.28, 

and 0.30 to 1.2 ^g.h/ml, respectively. In both clinical studies, the tea catechin levels were 

expressed as the sum of unchanged and conjugated forms and the pharmacokinetic 

parameters were calculated based on these hybrid values. Nevertheless, in vitro biological 

activity measurements have been done mostly with the unchanged catechins and it is not 

known whether the conjugated form possess any biological activity. Information on the 

plasma levels and disposition kinetics of the unchanged tea catechins, presumbly active 

forms, in humans is needed to understand and interpret epidemiological and experimental 

data. 
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2.2 Oral Absorption 

Most of the absorption and oral bioavailability studies of green tea catechins were 

performed in animals. Chen et al. (1997) dosed rats with EGCG through IV (10 mg/kg) 

and oral (75 mg/kg) administration to study the oral absorption of EGCG and found that 

the oral bioavailability of EGCG was 1.6%. In this study, DGT (dehydrate preparations 

of water extracts of DGT leaves contained 73,68, and 27 mg/g of EGCG, EGC, and EC, 

respectively) was also dosed to rats via IV (25 mg/kg) and oral (200 mg/kg) routes. The 

CnuLx values of EGCG, EGC, and EC after oral dosing of DGT were 16.3, 1,432.8, and 

685.4 ng/ml, respectively, and oral bioavailability was 0.1, 13.7, and 31.2% for EGCG, 

EGC, and EC, respectively. The authors suggested that the difference in oral 

bioavailability of EGCG after pure EGCG and DGT ingestion was because other 

components in DGT affected the oral absorption of EGCG. However, interpretation of 

these study results is difticult because the plasma concentration reported and oral 

bioavailability calculated were based on the combined unchanged and conjugated 

concentrations. When EGCG was administered at a dose of 100 mg/kg to rats by 

intraperitoneal injection, much higher plasma concentrations of ft-ee EGCG were 

observed (9.16,0.92,0.46, and 0.46 ng/ml at 0.5, 1,2, and 24 hours, respectively) (Kao 

et al., 2000a). 

Kim et al. (2000) have studied the effect of chronic dosing of green tea 

polyphenols (GTP) on the pharmacokinetics of tea catechins in rats. GTP contains 590, 

76, and 86 mg of EGCG, EGC, and EC per gram of solid, respectively. When 0.6% of 

GTP was administered through the drinking fluid for 8 days, the blood levels of EGC and 
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EC were much higher than that of EGCG (984, 1,527, and 105 ng/ral for EGC, EC, and 

EGCG, respectively). When rats were dosed with 0.6% of GTP for 28 days, plasma levels 

of three tea catechins were increased and reached a maximum on day 14 and then 

decreased. When a second cycle of tea administration was initiated after a 10-day wash

out period, the EGC and EC levels were found to be much lower than those found on 

days 8 and 14 in the first cycle. A similar pattern of increase and then decrease in blood 

catechin levels was also seen in mice except that the decrease took place 4 days after 

treatment with tea (Kim et al., 2000). In mice, the systemic exposure of EGCG was much 

higher than that in rats. Nevertheless, plasma tea catechin concentrations were again 

expressed based on the combined unchanged and conjugated concentrations. In addition, 

plasma tea catechin levels can still vary throughout the day when tea catechins were 

administered via drinking water. It is difficult to draw conclusions based on samples 

collected at a single time point. 

Intestinal absorption of tea catechins was studied via intestine perfusion of 14.5 

mg/ml of EC through the jejunum and ileum over 90 min in an isolated rat small intestine 

perftision model (Kuhnle et al., 2000). A total of 56% of unchanged and conjugated EC 

was detected at the serosal side of the ileum and 60% of that was in the unchanged form. 

Whereas, low percentage (11.6%) of unchanged and conjugated EC was detected on the 

serosal side of the jejunum; about 7% was in the unchanged form. The study 

demonstrated that EC was absorbed more from the ileum than ftom the jejunum. The 

intestinal epithelial membrane transport of EC was studied recently using the human 

Caco-2 cell line (Vaidyanathan and Walle, 2001). EC was not absorbed from the apical to 
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basolateral side, whereas efflux from basolateral to apical side with a high apparent 

permeability was reported. The efflux was inhibited by MK-571, a competitive inhibitor 

of the MRP2 transporter expressed in the epical membrane of Caco-2 cells. A P-

glycoprotein inhibitor, verapamil, did not inhibit the efflux of EC from basolateral to 

apical side at a concentration of 14.5 mg/ml. Apical to basolateral absorption of EC could 

be observed, although rather low, in the presence of MK-571. This study suggests that 

intestinal efflux of green tea catechins may contribute to the low oral bioavailability of 

these phytochemicals. 

2.3 Distribution 

Green tea catechins are hydrophilic in nature and are readily soluble in water. 

Octanol/water partition coefficient (log Kow) of tea catechins was -0.3,0.15, 1.2, and 1.38 

for EGC, EC, EGCG, and ECG, respectively (Hashimoto et al., 1999). Volumes of 

distribution of tea catechins were in levels similar to that of other polar drugs and are 

considered to have small distribution volumes (Fabre et al., 1977; Maza et al., 1996; 

Burstein et al., 1999). 

Green tea catechin tissue distribution was not well studied. When EGCG was 

dosed intragastrically to rats at a dose of 500 mg/kg, the highest level of unchanged 

EGCG was found in small intestine mucosa (259 mg/g) followed by colon mucosa (31 

mg/g), liver (22 mg/g), plasma (5.5 mg/g), and brain (0.2 mg/g) 1 hour after dosing 

(Nakagawa and Miyazawa, 1997). When [^H]-EGCG was administered directly into the 

stomach of ntice, radioactivity was found in the digestive track, liver, lung, pancreas, 

mammary gland and skin, as well as in brain, kidney, uterus, ovary, and testes 
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(Suganuma et al., 1998). Since the chemical nature of the radioactivity in these tissues 

was not determined, whether the radioactivity represents unchanged EGCG or its derived 

metabolites was not known. The combined unchanged and conjugated EGCG levels were 

also found to be the highest in small intestine samples after intravenously administration 

of DGT (25 mg/kg) in rats (Chen et al., 1997). The intestinal EGCG level declined with a 

ti/2 of 173 min. The highest levels of combined unchanged and conjugated EGC and EC 

were observed in the kidney, and the levels rapidly declined with a X\a of 29 and 28 min, 

respectively. The area under the curve of EGCG in the intestine was 4-fold higher than 

that in the kidney, while the area under the curves of EGC and EC in the intestine were 

similar to those in the kidney. The levels of EGCG, EGC, and EC in liver and lung were 

generally lower than those in the intestine and the kidney (Chen et al., 1997). However, 

again the results have been presented as the sum of the unchanged and conjugated 

concentrations. 

Tea catechin tissue distribution was also determined in rats when 0.6% of GTP 

was dosed for 8 days (Kim et al., 2000). Substantial amounts of EGC and EC were found 

in the rat bladder (800-810 ng/g tissue), large intestine (300-930 ng/g tissue), kidney 

(400-500 ng/g tissue), lung (190-230 ng/g tissue), and esophagus (185-195 ng/g tissue). 

Levels of EGC and EC were low in the spleen (76-93 ng/g tissue), liver (44-50 ng/g 

tissue), thyroid (37-49 ng/g tissue), and heart (21-30 ng/g tissue). The amount of EGCG 

was higher in large intestine (488 ng/g tissue), esophagus (280 ng/g tissue), and bladder 

(201 ng/g tissue) and lower in kidney, prostate, spleen, liver, and lung. Tea catechin liver 

and lung distribution was also determined in mice when 0.6% of GTP was dosed for 12 
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days (Kim et al., 2000). The concentration of EGCG was higher than EGC and EC in the 

lung, whereas EGC was slightly higher than EGCG in the liver. However, at any time, tea 

catechins were present at a higher concentration in the lung than the liver. In both tissues, 

tea catechins peaked on Day 4 and then declined to Day 12. In their studies, the total of 

unchanged and conjugated tea catechin levels were used to study the tissue distribution of 

tea catechins in rats. 

Protein binding of green tea catechins in rat plasma was determined using 

ultrafiltration (Zhu et al., 2001). The percentage of catechins bound to plasma protein was 

81% for EC, 97% for EGCG, and 100% for ECG at concentrations of 4,36, and 9 ^g/ml, 

respectively. Significant decreases in fractions bound to plasma protein with increasing 

tea catechin concentrations were observed, indicating saturable plasma protein binding. 

Three catechins displayed variable degrees of red blood cell partitioning ranging 

between 29-43%, 15-23% and 9-11% for EC, EGCG, and ECG respectively (Zhu et al., 

2001). No significant effect of doses was detected on the distribution of catechins into red 

blood cells. 

2.4 Metabolism 

Green tea catechins have been shown to undergo methylation and conjugation 

reactions. Af^er DGT administration, the major conjugates appearing in mouse and rat 

urine samples were identified as monoglucoronides and monosulfates of EGC and EC (Li 

et al., 2000). When EGCG was administered to rats intravenously or orally, EGCG 

conjugates and 5 methylated metabolites were detected in bile samples; 3'-methyI-EGCG, 

4'-methyl-EGCG, 3"-methyl-EGCG, 4"-methyl-EGCG, and 4', 4"-0-dimethyl-EGCG 
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(Kida et al., 2000; fCohri et al., 2001a). Most of the methylated EGCG metabolites were 

present as the glucuronide and sulfate forms in rat plasma after oral administration. 

Piskula and Terao (1998) proposed that flavanol metabolism involved 

glucuronidation in the small intestine as the first step followed by O-methylation in the 

liver and kidney since the activity of glucuronosyltransferase was found to be the highest 

in the intestinal mucosa in rats. The activity of phenolsulfotransferase was the highest in 

the liver and catechol-O-methyl transferase activity was the highest in the liver and 

kidney. When three tea catechins were incubated with rat liver homogenates, tea catechin 

conjugates, 4'-0-methyl EGC, 4"-0-methyl-ECG, and 4"-0-methyl-EGCG were formed 

from EGC, ECG, and EGCG, respectively (Okushio et al., 1999a). When EC was 

incubated with rat liver homogenates, EC conjugates, 3'-0-methyl-(-)-EC, and 4'-<9-

methyl-(-)-EC were formed, the same metabolites as those observed after oral 

administration of EC in rats (Okushio et al., 1999b). Among the products found in a 24 

hour urinary period, 8% was EC and methylated EC and 16% was EC conjugates and 

methylated EC conjugates. Only 3'-methyl-EC conjugates appeared in bile after oral 

dosing in rats. When EC (14.5 mg/ml) was perfiised through jejunum and ileum over 90 

min in an isolated rat small intestine perfusion model, three metabolites were detected; 

glucuronides, methylated-EC (3'-0-methylated and 4'-0-methylated EC), and 

methylated-glucuronides (Kuhnle et al., 2000). 

Tea catechin metabolites were also detected in plasma and urine samples after 

oral administration of green tea in humans. Glucuronides/sulfates of EGCG, EGC, and 

EC were detected in plasma and that of EGC and EC were present in urine samples after 
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ingestion of 1.2 g of DGT in 120 ml of warm water in humans (Lee et al., 1995). One 

metabolite of EGC, 4'-0-methyl-EGC, was detected in human blood and urine samples 

after oral administration of IXjT at a dose of 20 mg/kg in 200ml of warm water (Meng et 

al., 2001). After oral administration of 1.2g of DGT in 300 ml hot water, the major 

metabolites appeared in human urine samples included not only the monoglucoronides 

and monosulfates of EGC and EC but also the O-methyl-EGC-O-glucuronides/sulfates 

and O-methyl-EC-O-sulfates (Li et al., 2000). In addition, metabolites that seem to derive 

from microflora mediated metabolic process have been identified in human plasma and 

urine, 5-(3', 4', 5', trihydroxyphennyl)-Y-valerolactone (M4) and 5-{3', 4'-

dihydroxyphenyl)-Y-valerolactone (M6). M4 and small amounts of M6 were detected and 

only M6 was detected in human urine after pure EGC or EC oral administration, 

respectively. The study results suggested that these metabolites appeared to be produced 

by intestinal microorganisms, with EGC and EC as the precursors of M4 and M6, 

respectively. After anaerobic incubation of ECG with a mixture of human intestinal 

bacteria (HIB) for 12 to 48 hours, a total of 13 metabolites were detected including EC 

and M6 (Meselhy et al., 1997). A total of 10 metabolites were formed from EC 

incubation with HIB including M6. Incubation of tea catechins with FUB or rat intestinal 

bacteria (RIB) for up to 48 hours, four green tea catechins (EGC, EC, EGCG, and ECG) 

were extensively metabolized within 12 h by HIB, whereas EGCG and ECG resisted any 

degradation by a rat fecal suspension, even after a prolonged incubation time (48h). 

These results suggest a difference in metabolic ability between two intestinal bacteria 

from different species. In addition, after oral administration in rats EGCG has been 



49 

shown to be metabolized by intestinal bacterial to form EGC and 5-(3',5'-

dihydroxyphenyl)-y-valerolactone (Kohri et al., 2001b). 

At present, the biologically active forms of tea catechins are not fully understood. 

Unchanged EGCG, EGC, EC, and ECG have been shown to possess biological activities 

in pre-clinical studies. However, studies have not been performed to determine the 

biological activity of tea catechin-derived metabolites. Characterization of the activity of 

tea catechin-derived metabolites will help improve understanding of the preventive 

activity of orally ingested tea catechins. 

2.5 Excretion 

Green tea catechins were excreted via urinary and biliary routes. After IV dosing 

of green tea extract, urinary excretion of unchanged EC in rats was higher (21-31%) than 

that of EGCG and ECG (~ 2-5%), suggesting that non-renal clearance for elimination of 

EGCG and ECG was more important than for that of EC (Zhu et al., 2001). The fecal 

recovery was 3-5% for EC, 0.6-1% for EGCG, and 0.5-2% for ECG after IV dosing of 

green tea extract. After oral administration of tea catechins in rats, the urinary recovery 

was 4.72,0.17, and 0.25 % for EC, EGCG, and ECG, respectively, and the fecal recovery 

was 11.0, 7.89, and 5.80 % for EC, EGCG, and ECG, respectively (Zhu et al., 2000). 

Higher fecal recovery of tea catechins after oral administration in rats indicated 

incomplete absorption of green tea catechins. Intravenous administration of [4-^H]-

EGCG in rats resulted in a 77% of the total radioactivity detected in bile within 48 h, and 

only 2.0% of that in the urine (Kohri et al., 2001a). When [4-^H]-EGCG was dosed to rats 

orally, urinary and fecal recovery of total radioactivity within 72 h was 32.1% and 35.2%, 
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respectively (Kohri et al., 2001b). Increased urinary recovery and decreased fecal 

recovery of total radioactivity of EGCG after oral administration in rats suggested that 

EGCG-derived metabolites were formed presystemically after oral administration, 

absorbed into the systemic circulation, and excreted into urine. The major metabolite 

excreted into the urine after oral administration of EGCG in rats was the glucuronide of 

5-(3', 5'-dihydroxyphenyl)-Y-valerolactone, accounting for 68% of the total urinary 

recovery (Kohri et al., 2001b). Conjugated EGC and 5-(3', 4'-dihydroxyphenyl)-Y-

valerolactone conjugates were excreted into the feces and accounted for 40.8% and 

16.8% of the total fecal recovery, respectively. Kida et al., (2000) measured metabolites 

after oral administration of EGCG at a dose of 100 mg/rat and found that less than 5% of 

EGCG metabolites was excreted into the bile including 0.07% of unchanged EGCG, 

2.65% of conjugated EGCG, 0.05% of methylated EGCG, and 0.63% of conjugated 

methylated EGCG. When EC was dosed to rats orally, 8% of the total cumulative urinary 

recovery was in the form of unchanged EC and methylated EC and 16% of that was EC 

conjugates and methylated EC conjugates (Okushio et al., 1999). Only methylated EC 

conjugates were excreted into the feces. 

EGCG and ECG were not found in the urine after oral administration of DGT in 

humans (Lee et al., 1995). Most of the EGC and EC excreted into the urine were in the 

conjugated forms and the maximum urinary excretion of EGC and EC occurred at 3-6 h 

after dosing. The urinary excretion of EC (unchanged and conjugated) increased 

significantly when the dose was increased from l.5g to 3.0g DGT and no significant 

increase was seen at a dose of 4.5g of DGT (Yang et al., 1998). The total amount of EGC 
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excreted in the urine didn't increase significantly as dose increased (1.5 to 4.5g DGT). 

Methylated EGC and EC conjugates and microflora-mediated metabolites of EGC and 

EC, M4 and M6, were excreted into the urine after oral ingestion of green tea or tea 

catechins (Li et al., 2000). The total amounts of M4 and M6 excreted into the urine 

accounted for 6-39% of the amounts ingested. 

In summary, green tea catechins are absorbed into systemic circulation after oral 

administration. The oral bioavailability of green tea catechins was low in animals. Tea 

catechins are hydrophilic compounds and have small to moderate volume of distribution 

and distribute into the intestine (EGCG), kidney (EGC and EC) and other tissues. The 

catechins are highly protein bound at physiological concentrations. More than 15 

metabolites of tea catechins have been identified after oral or IV dosing. Green tea 

catechins and their metabolites were excreted mostly into the urine and bile in the 

conjugated forms. Different disposition kinetics were observed for each catechin. Further 

pharmacokinetic studies in humans are needed to define the plasma levels of the known 

active green tea constituents and to help in the design of future intervention trials. 
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CHAPTERS 

PHASE I PHARMACOKINETIC STUDY OF TEA POLYPHENOLS FOLLOWING 

SINGLE-DOSE ADMINISTRATION OF EPIGALLOCATECHIN GALLATE AND 

POLYPHENON E 

Introduction 

During the last decade, the relationship between tea consumption and cancer has 

been a subject of research interest for many investigators. Several recent studies have 

thoroughly reviewed and summarized epidemiological and experimental studies on tea 

and cancer prevention (Yang et al., 1993; Boh et al., 1996; Katiyar and Mukhtar, 1996a; 

Dreosti et al., 1997; Kohlmeier et al., 1997; NCI, 1999). Green tea, green tea extract, and 

EGCG have been shown to inhibit carcinogenesis induced by a wide variety of 

carcinogens in rodent cancer models. Cancer chemopreventive activity has been 

demonstrated in the following target organs; colon; duodenum; esophagus; forestomach; 

large intestine; liver; lung; manunary glands; and skin (Katiyar and Mukhtar, 1996a; 

Dreosti et al., 1997; NCI, 1999). The preventive activity is believed to be due to the 

antioxidative and antiproliferative effects of tea polyphenols. The polyphenols may also 

inhibit carcinogenesis by suppressing the activation of carcinogens and trapping 

genotoxic agents. The principal polyphenols in green tea include EGCG, EGC, EC, and 

epicatechin gallate; of these, EGCG is the most abundant and possesses the most potent 

antioxidative activity (NCI, 1999). At present, epidemiological evidence of the protective 

effect of tea consumption against the development of human cancers is not conclusive. 

This may be attributed to variables related to individual differences in tea preparation and 
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consumption patterns and seasonal and geographic differences in tea production. 

Controlled prospective human intervention trials to evaluate the chemopreventive activity 

of ingestion of tea or tea components are clearly necessary. 

Because it is not easy to change an individual's dietary habits, ingesting purified 

green tea polyphenol products in oral formulations may be more acceptable for chronic 

use in individuals who do not customarily consume green tea. We have performed a 

Phase I pharmacokinetic study to determine the systemic availability of tea polyphenols 

after a single oral dose administration of purified tea polyphenol products and the effects 

of dose and polyphenol formulation on the pharmacokinetics of EGCG and other tea 

catechins. 
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Materials and Methods 

Study Drugs. Bulk EGCG and Polyphenon E were supplied to the Chemoprevention 

Agent Development Research Group, National Cancer Institute (Bethesda, MD) from the 

Food Research Laboratories, Mitsui Norin Co., Ltd., (Fujieda City, Japan). EGCG and 

Polyphenon E formulated in capsules were supplied by the Chemoprevention Agent 

Development Research Group, National Cancer Institute. On average, each EGCG 

capsule contained 200 mg of EGCG, and each Polyphenon E capsule contained 200 mg 

of EGCG, 37 mg of EGC, 31 mg of EC, and other tea polyphenols. We confirmed the 

polyphenol contents in both capsules. Caffeine was not present in either formulation. The 

study medications were stored at room temperature, protected from environmental 

extremes. 

Participants. Twenty healthy male and female subjects > 30 years of age were recruited 

to participate in the study. To be eligible, the participants were required to be able to give 

informed consent, to have a performance status of 0-1 (as determined by the Southwest 

Oncology Group Performance Status Criteria), and to have normal liver and renal 

f\mction. Individuals with performance status of 0-1 are fully active or restricted only in 

physically strenuous activity. Participants were excluded if they were pregnant, had had 

cancers of any type within the past 5 years, had severe metabolic disorders or other life-

threatening acute or chronic diseases, had weight loss of >10% in the 6 months preceding 

study entry, and had a prior history of gastric ulcer. The study was approved by the 

University of Arizona Human Subjects Committee. Written informed consent was 

obtained from all participants. 
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Study Design. AH study participants were required to refrain from the ingestion of tea or 

tea products for 7 days before the first pharmacokinetic study and until the end of the 

second pharmacokinetic study. Study participants (five subjects/dose level) were 

randomly assigned to a dose level (200,400,600, or 800 mg based on EGCG content). 

All subjects were randomly crossed-over to receive the two polyphenol formulations at 

the same dose level, with a 2-week wash-out period. The diet of the subjects was not 

standardized or controlled before the study. The day before the pharmacokinetic study, 

study participants were instructed to fast after midnight except for drinking water. On the 

pharmacokinetic study day, study subjects skipped breakfast and took no over the counter 

medications, vitamins, or health food products. Study participants came to the clinic in 

the early morning (6-8 a.m.) and were provided with one to two bagels for breakfast. 

Immediately af^er or during breakfast, study subjects swallowed one of the tea 

polyphenol formulations at the assigned dose level with a glass of water Study subjects 

were allowed unlimited water intake throughout the study day. Other drinks were not 

allowed. Blood samples (5-7 ml each) were collected before the administration of the 

study medication and at time points 0.5, I, 2,4,6, 8, and 24 h after drug administration. 

Study subjects self-collected urine before dosing and at three intervals during the 24-h 

period after dosing (0-4,4-8, and 8-24 h). After the 4 h blood collection, a vegetarian or 

turkey bagel sandwich was provided to the study subjects. 

Sample Collection and Processing. Once collected, blood samples were kept in the 

refrigerator and centrifuged at 4°C within 2 h of collection. After centrifugation, 1 ml of 

plasma was aliquoted into cryotubes containing 20 ^l of ascorbate-EDTA solution [0.4 M 
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NaHiPCM buffer containing 20% ascorbic acid and 0.1% EDTA (pH 3.6)]. The samples 

were stored at -80°C until analysis. Before each urine collection period, 5 ml of 

ascorbate-EDTA solution was added to the urine collection containers, which were kept 

in a cooler containing frozen ice-packs. At the end of the urine collection, urine volume 

was recorded, and an aliquot of 15 ml was transferred into a storage tube that contained 

20 mg of ascorbic acid and 0.5 mg of EDTA. The pH of the urine samples was adjusted 

to 6.8 with 10% NaOH, and an aliquot was stored at -80°C until analysis. 

Tea Polyphenol Concentration Measurements. EGCG, EC, and EGC concentrations in 

plasma and urine samples were determined within 1 month of collection using a 

previously published HPLC procedure (Lee et al., 1995). Briefly, for the determination of 

the unchanged tea polyphenols in plasma, lipid soluble components in plasma were 

removed with a methylene chloride extraction. The remaining aqueous phase was 

extracted with ethyl acetate. The ethyl acetate fraction was collected, mixed with a small 

volume of 0.1% ascorbic acid, and dried by vacuum centrifugation. The dried sample was 

redissolved in an aliquot of 15% acetonitrile aqueous solution. The reconstituted sample 

was centrifiiged at 16,000 x g for 10 min, and an aliquot of the sample was injected onto 

the HPLC. For determination of the glucuronic acid/sulfate conjugates of tea polyphenols 

in plasma, the samples were mixed with an aliquot of ascorbate-EDTA solution and a 

mixture of B-glucuronidase and sulfatase (to convert the conjugates to the unchanged 

form). The resulting mixture was incubated at 37°C for 45 min. Blank plasma spiked 

with polyphenol standards was incubated with a similar mixture at 37°C for 23 min 



57 

(half of the incubation time of the sample). The reaction was stopped by adding 

methylene chloride and water, and then was extracted as described for the unchanged 

polyphenols. Differences between the polyphenol concentrations determined before and 

after enzyme hydrolysis allowed for estimation of the concentrations of the conjugated 

polyphenols. The extraction procedures for the urine samples were similar to those for the 

plasma samples, except that the urine samples were not treated with methylene chloride. 

For each analytical run, a standard curve was prepared in the appropriate matrix and used 

to determine the tea polyphenol concentration. Quality control samples were prepared 

and analyzed along with the authentic samples. The entire batch of samples was 

reprocessed and reanalyzed if the variation of the quality control samples was greater 

than 15% of the expected values. The HPLC system consisted of an ESA Model 540 

refrigerated autosampler, an ESA Model 582 two-pump solvent delivery system, an ESA 

5600 coulochem electrode array system, and a Supelcosil CIS reversed-phase column 

(150 X 4.6 mm; particle size, 5 ^m; Supelco Inc., Bellefonte, PA). The autosampler and 

column temperatures were maintained at 6°C and 35°C, respectively. Buffer A consisted 

of 30 mM NaH2P04 buffer, acetonitrile, and tetrahydrofuran in a volume ratio of 

98.13:1.75:0.12 (pH 3.35). Buffer B consisted of 15 mM NaH2PC)4 buffer, acetonitrile, 

and tetrahydrofuran in a volume ratio of 41.5:58.5:12.5 (pH 3.45). The flow rate was 

maintained at 1 ml/min. The column was eluted with 96% buffer A and 4% buffer B from 

0-7 min, and then the linear gradient was changed progressively to 17% buffer B at 25 

min, 28% buffer B at 31 min, 33% buffer B at 37 min, and 98% buffer B at 38 min. It 

was maintained at 98% buffer B from 38-43 min and fmally changed back to 4% buffer 
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B at 44 min for the analysis of the next sample. The eluent was monitored by the 

coulochem electrode array system with potential settings at -90, -10, 70, and 150 mV, and 

four chromatograms were obtained simultaneously. 

Data Analysis. The following pharmacokinetic parameters of unchanged EGCG were 

estimated using the WINNONLIN program with the model-independent approach 

(Gilbaldi and Perrier, 1982): time to reach maximum plasma concentration (Tmax); 

maximum plasma concentration (Cma-t); AUG; clearance/bioavailability (CL/F); volume 

of distribution^ioavailability (Vd/F); terminal elimination half-life (ti/2); and terminal 

elimination rate constant (Xn). The AUG, Tmax, and Gnwx of total (unchanged and 

glucuronic acid/sulfate conjugates) EGG, EC, and EGCG were also estimated using the 

WINNONLIN program with the mode-independent approach. The amount of tea 

polyphenol excreted into the urine was estimated by the product of the polyphenol 

concentration in the urine and urine volume. Pharmacokinetic parameters were compared 

among different dose levels for the same catechin formulation using analysis of variance 

(ANOVA). Bonferroni's t test was used for the pairwise multiple comparisons. 

Pharmacokinetic measurements of EGCG between the two catechin formulations were 

compared by a paired t test. 
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Results 

Table 3.1 presents the demographic data of the study participants. A total of 20 

subjects (5 subjects/dose level) completed the study. Because of the small number of 

male participants, we did not have a completely balanced maleifemale subject ratio 

among the dose levels. There were no significant differences in other demographic 

characteristics of the participants among the four dose groups. Fig. 3.1 illustrates the 

average plasma unchanged EGCG concentration-time profiles after EGCG or 

Polyphenon E administration. After oral administration, plasma EGCG levels increased 

toward a peak and then declined rapidly, with very low/undetectable levels at 24 h after 

dosing. The average EGCG concentrations increased as the dose was increased. Similar 

plasma EGCG concentration-time profiles were observed after EGCG and Polyphenon E 

administration for each dose level. Figure 3.2 illustrates the average plasma catechin 

concentration versus time profile after a 600-mg dose of EGCG. After EGCG 

administration, EGCG but not EGC or EC was detected in the plasma samples. Treating 

the plasma samples with sulfatase/glucuronidase did not significantly increase the EGCG 

levels (Fig. 3 .2), suggesting that small amounts of EGCG were present as the glucuronic 

acid/sulfate conjugates. Figure 3.3 shows the average plasma catechin concentration 

versus time profiles after a 600-mg dose of Polyphenon E. Unchanged plasma EGCG 

levels observed after Polyphenon E administration were similar to those after EGCG 

administration (see Fig. 3.3). Similarly, EGCG was present predominantly as the 

unchanged form. Unchanged plasma EGC and EC levels were low or undetectable after 

Polyphenon E administration. After sulfatase/glucuronidase treatment, EGC and EC 
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concentrations increased dramatically, suggesting that EGC and EC were present 

predominantly as the glucuronic acid/sulfate conjugates. 

The average pharmacokinetic parameters of EGCG after EGCG or Polyphenon E 

administration are summarized in Table 3.2. The Cma.x values were 73.7 ± 25.3, 

111.8 ± 98.6, 169.1 ± 139.6, and 438.5 ± 284.4 ng/ml after a 200-, 400-, 600-, and 800-

mg dose of EGCG, respectively. The AUC and CmaxOf EGCG after EGCG administration 

among the three lower doses were not significantly different. The AUC and Cma^ of 

EGCG after an 800-mg dose of EGCG were significantly higher than the corresponding 

parameters after the 200- and 400-mg doses. There were no significant differences in 

other pharmacokinetic parameters among the four EGCG doses. Plasma EGCG levels 

observed after Polyphenon E administration were similar to those seen after EGCG 

administration, with an average Cmax of 72.7 ± 66.4, 125.3 ± 50.4, 165.7 ± 126.9, and 

377.6 ± 149.8 ng/ml at the four dose levels. Similar to the EGCG formulation, the AUC 

and Cmax values of EGCG among the three lower doses of Polyphenon E were not 

significantly different. The AUC and Cnuix of EGCG after an 800-mg dose of Polyphenon 

E were significantly higher than those after the three lower doses. There were no 

significant differences in other pharmacokinetic parameters among the four Polyphenon 

E doses. The pharmacokinetic parameters of EGCG after EGCG and Polyphenon E 

administration were not significantly different. 

The AUCs of total (unchanged and glucuronic acid/sulfate conjugates) catechins 

are summarized in Table 3.3. The AUCs of total EGCG after Polyphenon E 

administration appeared to be greater than that after the EGCG administration in three of 
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the doses studied; however, the differences were not statistically significant. Although the 

content of EGC or EC in the Polyphenon E formulation is less than 20% of that of 

EGCG, the AUC of total EGC or EC was 36-170% of total EGCG. 

Neither EGCG nor its glucuronic acid/sulfate conjugates were detectable in urine 

after EGCG or Polyphenon E administration. EGC and EC were detected in urine after 

Polyphenon E administration, primarily as glucuronic acid/sulfate conjugates. The 

average amount of total EGC (unchanged and glucuronic acid/sulfate conjugates) 

recovered in the 0-24 h urine was 418 ± 194, 1395 ± 1390, 3513 ± 2356, and 3710 ± 

1786 Jig after a single oral dose administration of Polyphenon E containing 37, 74, 111, 

and 148 mg of EGC, respectively. The average amount of total EC (unchanged and 

glucuronic acid/sulfate conjugates) recovered in the 0-24 h urine was 620 ± 326,1194 ± 

1718, 2305 ± 1466, and 5041 ± 3077 ng after a single dose administration of Polyphenon 

E containing 31,62,93, and 124 mg of EC, respectively. 
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Discussion 

In our study, the EGCG and Polyphenon E formulations containing the same 

amount of EGCG resulted in similar plasma EGCG levels. This is likely to be attributable 

to the fact that EGCG was the major component in the Polyphenon E formulation 

(EGCG:EGC:EC ratio of 20:3.7:3.1). EGC and EC were detected in plasma and urine 

samples after Polyphenon E administration, predominantly as glucuronic acid/sulfate 

conjugates. It is not known whether the tea catechin conjugates possess any biological 

activities. In a recent study (Manach et al., 1999), the glucuronic acid/sulfate conjugates 

of catechins were shown to have the same electrochemical behavior as the parent drug 

across different electrode potentials. Considering that the oxidation potential of chemicals 

may represent their antioxidant capacity, the electrochemical behavior of the conjugates 

suggests that they are effective antioxidants. Nevertheless, because the glucuronic 

acid/sulfate conjugates are generally more hydrophilic than the parent compound, the 

tissue distributions of these metabolites are likely to be more limited than those of the 

parent catechins. Therefore, it is not known whether the glucuronic acid/sulfate 

conjugates of tea catechins will be pharmacologically relevant in target tissues. Based on 

the plasma polyphenol levels, the EGCG and Polyphenon E formulations should have 

similar pharmacological responses if the conjugates do not contribute to the activities. 

Otherwise, the Polyphenon E formulation should be more potent because of the presence 

of high plasma levels of EGC and EC conjugates. 

Fig. 3.4 shows the relationship between the AUC of unchanged EGCG and the tea 

polyphenol dose ingested. The AUC of EGCG showed less than proportional increases at 
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the three lower doses and more than proportional increases as the dose was increased to 

800 mg. This phenomenon is consistent with that observed for chemicals undergoing 

extensive presystemic elimination. Because the presystemic elimination is saturated at 

higher doses, the extent of the unchanged form available in the systemic circulation is 

increased. In a previous clinical study using reconstituted green tea beverages (Yang et 

al., 1998), the Cnm of EGCG increased approximately 2-3-fold when the dose of green 

tea solids was increased from 1.5 to 3.0 grams, but increasing the dose to 4.5 grams did 

not increase the Cmax values significantly. These findings differed from our current 

observation. In the previous study, EGCG was not the major component in the green tea 

solids, wherein EGC content similar to that of EGCG. The presence of other tea 

polyphenols in sigmficant quantities might affect the absorption and disposition of EGCG 

(Yang et al., 1998). Furthermore, the tea polyphenol concentrations were reported as the 

sum of unchanged and conjugated forms in the previous study (Yang et al., 1998), 

although as we have shown, the kinetic disposition of the conjugates can be very different 

from that of the parent catechins. 

Large variations in the systemic availability of tea polyphenols after oral 

consumption were observed in our study, as in other studies (Yang et al., 1998; Bell et 

al., 2000). With the limited number of study subjects, we did not find significant 

correlations between the age, weight, and height of the subjects and the systemic tea 

polyphenol levels. The oral bioavailability of tea polyphenols has been found to be very 

low in rodents (Chen et al., 1997) but has not been reported in humans because of the 

lack of pharmacokinetic studies after i.v. administration. The large CL/F and Vd/F values 
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observed in our study suggest that the oral bioavailability of tea polyphenols in humans is 

also low. Therefore, a significant fraction of the orally administered tea polyphenols is 

likely to be eliminated presystemically. Small changes in the presystemic elimination of 

green tea catechins could have a significant impact on the systemic availability of these 

compounds. Large intersubject and intrasubject variability in the systemic exposure of tea 

polyphenols could be an additional contributing factor to the inconsistent epidemiological 

findings on the relationship between tea and cancer. 

It is worth noting that although the ECiC or EC content in the Polyphenon E 

formulation was less than 20% of that of EGCG, the AUCs of total (unchanged and 

conjugated) EGC or EC were 36-170% of total EGCG. If a nonspecific assay were used, 

we might have concluded that orally administered EGC and EC were more bioavailable 

than EGCG. However, total EGC or EC consisted mostly of conjugated forms, whereas 

total EGCG was constituted mostly of the unchanged form. Having specifically 

determined the unchanged tea polyphenol concentrations and compared the dose-adjusted 

AUC of the unchanged forms, we found EGCG to be more bioavailable than EGC and 

EC. 

Throughout the study, we recorded all side effects experienced by our study 

subjects. Both tea polyphenol formulations administered as a single oral dose over the 

dose range studied were well tolerated by the study participants. The highest dose used 

was equivalent to consuming up to 8 cups of green tea at once. Some subjects 

experienced mild headache and fatigue, possibly related to the study products. These 

adverse events could also have been consequences of the procedures and restrictions that 
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the subjects encountered on the pharmacokinetic study days (such as refraining from 

beverages containing caffeine). 

We conclude that both tea polyphenol formulations administered as a single oral 

dose over the dose range studied were well tolerated by the study participants. Oral 

administration of EGCG and Polyphenon E at the same dose level (based on EGCG 

content) resulted in similar plasma EGCG levels. From the economical standpoint in 

chemoprevention, these results are encouraging because it would be less expensive to 

produce the Polyphenon E formulation than the pure EGCG formulation. Orally ingested 

tea polyphenols may undergo extensive and saturable presystemic elimination and have 

large intersubject variations in systemic availability. Additional studies are needed to 

address factors affecting the systemic availability of tea polyphenols. Future clinical 

studies are planned to determine the safety, pharmacokinetics, and pharmacological 

activity of tea polyphenols af^er chronic EGCG/Polyphenon E treatment. 



Table 3.1. Subject demographic data by dose levels 

200 mg 400 mg 600 mg 800 mg 

Number of 5 5 5 5 
Subjects 

Number of Male 1 2 1 0 

Age (yr) 44.6 ± 9.0' 49.2 ± 11.6 48.8 ± 11.5 48.0 ± 19.3 

Height (in) 63.0 ± 0.7 65.8 ±4.0 64.0 ± 3.7 63.0 ± 1.4 

Weight (lbs) 146.8 ±25.3 166.6 ±9.3 160.0 ± 26.2 145.2 ± 14.2 

' mean ± one standard deviation 



Table 3.2. Pharmacokinetic parameters of EGCG following oral administration of EGCG or Polyphenon E 

200 mg 400 mg 600 mg 00
 

o
 

o
 

mg 
Parameter EGCG Polyphenon EGCG Polyphenon EGCG Polyphenon EGCG Polyphenon 

E E E E 
AUC 22.5 21.9 35.4 52.2 101.9 79.7 167.1 161.4 
(^g'min/ml) + 7.3''' ± 12.0^ ±21.5- ± 22.8^ ±99.7 ± 39,2' ±57.0 ±57.0 

Cmax 73.7 72.7 Ul,8 125.3 169.1 165,7 438.5 377.6 
(ng/ml) ±25.3^ ± 66.4^ ±98,6^ ± 50.4' ± 139.6 ± 126,9' ± 284.4 ± 149.8 

Tmax 127.1 144.7 108.7 170.9 180.0 216,0 240.6 249.0 
(min) ±76.6 ± 90.7 ±26,4 ±64.7 ±84.8 ±53.7 ±84.6 ±85.4 

CL/F 11.4 14.6 18,0 10.7 12.8 10,3 6.0 6.5 
(L/min) ±4.3 ± 10.1 ± 10,2 + 5.6 ± 12.5 ±4.8 ± 1-7 ± 18 

Vp/F 2009 3068 4774 2760 4368 2544 1044 1091 
(L) ± 1514 ±2229 ±3582 ±2211 ±5883 ± 1414 ±543 ±438 

tl/2 118.0 156.9 162.3 180.5 183.7 163.1 114.0 113.5 
(min) ±77.0 ±96.2 ±84.3 ±112.3 ±67,6 ±31.8 ±33.3 ±20.6 

X.n 0,0085 0.0059 0.0054 0.0051 0,0041 0.0044 0.0065 0.0063 
(min"') ±0.0058 ±0.0031 ±0.0030 ±0.0028 ±0,0012 ±0.0011 ±0.0019 ±0.0010 

' mean ± one standard deviation. 
^ significantly different from that of 800 mg of EGCG,/? < 0.05. 
^ significantly different from that of 800 mg of Polyphenon E, /? < 0.05, 

o 



Table 3.3. AUC of total catechins (sum of unchanged and conjugated forms) 
following oral administration of EGCG or Polyphenon E 

Dose 

200 mg' 400 mg* 600 mg^ 800 mg"* 

EGCG 
formulation 
AUC of EGCG 
((ig*min/ml) 

22.0± 8.8^ 37.3 ± 25.4 132.6 ± 149.9 166.4 ± 70.7 

Polyphenon E 
formulation 
AUC of EGCG 
(jig-min/ml) 

23.0 ± 7.8^ 64.9 ± 32.8® 111.1 ±66.3® 258.2 ± 111.0 

AUC of EGC 
(Hg*min/ml) 

34.7+10.0® 47.1 +23.3® 61.3 + 22.0® 94.3 + 8.2 

AUC of EC 
(|ig*min/ml) 

39.0+ 10.5® 52.4 + 31.2® 90.8 + 35.7® 167.8 + 43.9 

' 200 mg EGCG, 37 mg EGC, and 31 mg EC. 
~ 400 mg EGCG, 74 mg EGC, and 62 mg EC. 
^ 600 mg EGCG, 111 mg EGC, and 93 mg EC. 

800 mg EGCG, 148 mg EGC, and 124 mg EC. 
^ mean ± one standard deviation. 
^ significantly different from the 800mg dose level (p<0.05). 
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Figure 3.1. Average plasma EGCG concentration versus time profiles following oral 

administration of EGCG or Polyphenon E at different dose levels. A. EGCG 

formulation; B. Polyphenon E formulation. Each point represents the average of five 

subjects, and the cross-vertical bars represent one SD of the mean. 
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Figure 3.2. Average plasma tea polyphenol concentration versus time profiles 

following a 600 mg dose of EGCG. A. data obtained from plasma samples without 

glucuronidase/sulfatase treatment. B. data obtained from plasma samples treated with 

glucuronidase/sul fatase. 
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Figure 3.3. Average plasma tea polyphenol concentration versus time profiles following 

a 600 mg dose of Polyphenon E. A. data obtained from plasma samples without 

glucuronidase/sulfatase treatment. B. data obtained from plasma samples treated with 

gl ucuronidase/sulfatase. 
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Figure 3.4. The relationship between the AUC of the unchanged EGCG and the tea 

polyphenol dose ingested. A. EGCG formulation. B. Polyphenon E formulation. Within 

each dose level, five different symbols were used to identify data derived from different 

subjects and the same symbol was used to represent data obtained from the same subject 

receiving EGCG and Polyphenon E. 
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CHAPTER 4 

PHASE I SAFETY, PHARMACOKINETICS, AND PHARMACOLOGY STUDY OF 

MULTIPLE-DOSE EPIGALLOCATECHIN GALLATE AND POLYPHENON E 

Introduction 

Tea {Camellia sinensis) is one of the most consumed beverages in the world, 

especially in Asian countries. Tea consumption may be linked to low incidences of 

various pathological conditions, including cardiovascular disease, diabetes, obesity, and 

cancer. Much of the research into the effects of tea has focused on its potential to prevent 

cancer. Green tea, green tea extracts (GTE), and epigallocatechin gallate (EGCG) have 

been shown to inhibit carcinogenesis induced by a wide variety of carcinogens in rodent 

cancer models. Cancer chemopreventive activity of green tea has been demonstrated in 

the following target organs; colon, duodenum, esophagus, forestomach, large intestine, 

liver, lung, mammary glands, and skin (reviewed by Katiyar and Mukhtar, 1996a; Dreosti 

et al., 1997). The principal active polyphenols in green tea include EGCG, 

epigallocatechin (EGC), epicatechin (EC), and epicatechin gallate (ECG), with EGCG 

being the most abundant and possessing the most potent antioxidative activity. The 

cancer chemopreventive activities of green tea have been attributed, in part, to the 

antioxidative and free radical scavenging activities of green tea polyphenols (Laughton et 

al., 1991; Scott et al., 1993). Studies have also suggested that the cancer preventive 

properties of green tea are related to inhibition of tumor promotion and cell proliferation 

(Yang et al., 2000) and induction of phase II detoxification enzymes (Katiyar et 

al.,1993b;KhanetaL,1992). 
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At present, epidemiologic evidence of the protective effect of tea consumption 

against the development of human cancers is not conclusive. This may be attributed to 

variables related to individual differences in tea preparation and consumption patterns 

and seasonal and geographic differences in tea production. Controlled prospective human 

intervention trials to evaluate the chemopreventive activity of ingestion of tea or tea 

components are clearly necessary. Because it is not easy to change an individual's dietary 

habits, ingesting green tea products in oral formulations may be more acceptable for 

chronic use in healthy populations. We have recently reported the pharmacokinetics and 

safety of two oral green tea polyphenol formulations (epigaliocatechin gallate and 

Polyphenon E (a defined mixtive of green tea polyphenols)) following single dose 

administration (Chow et al., 2001). Peak plasma EGCG levels of 200 to 400 ng/ml (0.4-

0.8 fiM) can be achieved following the administration of these formulations at doses 

equivalent to those contained in 8-16 cups of green tea (depending on the cup size). 

Here, we report results from a follow-up study designed to determine the safety and 

pharmacokinetics of oral tea polyphenol products following four weeks of daily 

administration. In an exploratory fashion, the study has also determined the effect of 

chronic green tea polyphenol administration on UV-induced erythema response, plasma 

levels of antioxidants, and a marker of lipid peroxidation. This study provides the 

f\mdamental knowledge needed to conduct future intervention trials using oral green tea 

polyphenol products. 
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Materials and Methods 

Study Drugs. Bulk EGCG and Polyphenon E were supplied by Mitsui Norin Co., Ltd, 

Food Research Laboratory (Fujieda City, Japan) to the Chemoprevention Agent 

Development Research Group, National Cancer Institute (Bethesda, MD). Capsules of 

study agents and placebo were supplied to us by the NCL On average, each EGCG 

capsule contained 200 mg EGCG and pharmaceutical excipients consisting of 

pregelatinized starch, colloidal silicon dioxide, and magnesium stearate. Each 

Polyphenon E capsule contained 200 mg EGCG, 37 mg EGC, 31 mg EC, other green tea 

polyphenols, and pharmaceutical excipients consisting of pregelatinized starch, colloidal 

silicon dioxide, and magnesium stearate. Placebo capsules contained only pharmaceutical 

excipients consisting of microcrystalline cellulose, pregelatinized starch, colloidal silicon 

dioxide, and magnesium stearate. Caffeine was not present in any of the formulation. The 

study medications were stored at room temperatvire and protected from environmental 

extremes. 

Participants. Forty healthy male and female subjects > 18 years of age with Fitzpatric 

skin type II or III participated in the study. Individuals with skin type II have skin that 

bums and peels easily afrer short initial sun exposure and will develop a light tan. 

Individuals with skin type III will develop a slight tender bum after short initial sun 

exposure and a moderate tan. These skin types will allow evaluation of LTV-induced 

erythema response without resulting painful bum. The participants were in performance 

status 0-1 (determined by Southwest Oncology Group Performance Status Criteria) and 

have normal liver and renal function. Participants were excluded if they were pregnant. 
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had cancers of any type within the past 5 years, had severe metabolic disorders or other 

life-threatening acute or chronic diseases, and had weight loss > 10%, and had gastric 

ulcer within the last six months. The study was approved by the University of Arizona 

Human Subjects Committee. Written informed consent was obtained from all 

participants. 

Study Design. During the initial clinic visit, study participants completed a medical 

history form and underwent a brief physical examination. A fasting blood was collected 

and subjected to the following clinical laboratory evaluation; complete blood count, 

platelet count, sodium, potassium, chloride, glucose, blood urea nitrogen, creatinine, 

calcium, protein, globulin, albumin, phosphorus, uric acid, bilirubin, lactate 

dehydrogenase, alkaline phosphatase, gamma glutamyl transpeptidase, alanine amino 

transferase, aspartate amino transferase, cholesterol, triglyceride, low density lipoprotein, 

and high density lipoprotein. Eligible subjects were required to refrain from the ingestion 

of tea, tea products, dietary supplements, and herbal products two weeks prior to the 

placebo run-in period and throughout the entire green tea polyphenol treatment period. 

Study subjects were randomly assigned to receive one of the five treatments (8 subjects 

per group): 800 mg EGCG formulation once daily, 400 mg EGCG formulation twice 

daily, 800 mg Polyphenon E formulation once daily, 400 mg Polyphenon E formulation 

twice daily, or placebo once daily. The doses are expressed based on the EGCG content. 

All subjects underwent a two-week placebo run-in period in which they were 

instructed to ingest the placebo capsules once a day or twice a day depending on their 

assigned dosing schedule. Subjects with > 80% compliant during placebo run-in based on 
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capsule count were entered into the green tea polyphenol treatment period. The baseline 

UV light-induced minimum erythema dose (MED) was determined prior to the initiation 

of the polyphenoi/placebo treatment phase. On the first treatment day, a fasting blood 

was collected before the ingestion of the study medication for determination of plasma 

antioxidant status, malondialdehyde (MDA) levels, and plasma green tea catechin levels. 

Subsequently, subjects took the assigned study capsules with a standardized light 

breakfast. Blood samples (5-7 ml each) were collected at 0.5, 1, 2, 3.5, 5,6.5, 8, and 24 

hours post drug administration. Following the first study day, study subjects were 

provided with a four-week supply of the assigned study agent and instructions on how to 

take the study drug. Study subjects were also provided with a medication intake calendar 

to write down the time and quantity of any medication usage (including the study 

medication). A daily diary form was provided to record side effects experienced during 

this period with documentation of time of onset and resolution, severity, and remedial 

measures taken. At the end of treatment period, study subjects underwent a post-

treatment minimum erythema dose evaluation. On the last treatment day, most subjects 

underwent procedures similar to that described for the first treatment day for 

determination of plasma pharmacokinetics of green tea catechins, plasma antioxidant 

status, and MDA levels. For subjects assigned to receive the placebo capsules, only a 

fasting blood sample was collected on the last treatment day for determination of plasma 

antioxidant status and MDA levels. The fasting blood sample was also subjected to post-

treatment clinical laboratory evaluation. All study participants were followed for four 

weeks for any potential adverse events related to the study procedure or the study agent. 
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Sample Collection and Processing. Blood samples were collected into foil-wrapped 

Vacutainer tubes containing sodium heparin for antioxidant analysis and Vacutainer tubes 

containing EDTA for MDA determination. Blood samples for tea polyphenol analysis 

were collected into Vacutainer tubes containing sodium heparin. Once collected, blood 

samples were kept in the refngerator and centhfiiged at 4°C within 2 hours of collection. 

After centrifugation, plasma for antioxidant and MDA analysis was aliquoted into 

cryostorage tubes. Plasma for polyphenol analysis was aliquoted into cryotubes 

containing 20 ^1 ascorbate-EDTA solution (0.4 M NaH2P04 buffer containing 20% 

ascorbic acid and 0.1% EDTA (pH 3.6)). Samples were stored at -80°C until analysis. 

Tea Polyphenol Concentration Measurements. EGCG, EC, and EGG concentrations in 

plasma samples were determined within one month of collection using a published HPLC 

procedure (Lee et al ., 1995). In brief, for determination of unchanged green tea 

polyphenols, plasma samples were extracted with methylene chloride to remove lipid 

components. The remaining aqueous phase was extracted twice with ethyl acetate. The 

ethyl acetate fractions were combined and mixed with a small aliquot of 0.1% ascorbic 

acid before drying by vacuum centrifugation. The dried residue was re-dissolved in 15% 

acetonitrile and injected onto HPLC. For determination of the total of unchanged and 

glucuronic acid/sulfate conjugates of tea polyphenols, plasma samples were mixed with 

an aliquot of p-glucuronidase and sulfatase in the presence of ascorbate-EDTA solution. 

The mixture was incubated at 37°C for 45 min. Blank plasma spiked with polyphenol 

standards was incubated with a similar mixture at 37°C for 23 min (half of the incubation 
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time of the sample). The reaction was stopped by adding methylene chloride and water 

and extracted as described above for the unchanged polyphenols. 

The HPLC system consisted of an ESA Model 540 refrigerated autosampler, an 

ESA Model 580 two-pump solvent delivery system, an ESA 5600 coulochem electrode 

array system (CEAS), and a Supelcosil Cig reversed-phase column (150 x 4.6 mm; 

particle size, 5 ^m; Supelco Inc., Bellefonte, PA). The autosampler and column 

temperatures were maintained at 6°C and 35°C, respectively. Buffer A consisted of 

30mM NaH2P04 buffer, acetonitrile, and tetrahydrofuran in the volume ratio of 98.13 ; 

1.75 :0.12 (pH 3.35). Buffer B consisted of 15mM NaH^POa buffer, acetonitrile, and 

tetrahydrofuran in the volume ratio of 41.5 : 58.5 : 12.5 (pH 3.45). The flow rate was 

maintained at 1 ml/min. The column was eluted with 96 % buffer A and 4% buffer B 

from 0 to 7 min. Then the linear gradient was changed progressively to 17% buffer B at 

25 min, 28% buffer B at 31 min, 33% buffer B at 37 min, and 98% buffer B at 38 min. It 

was maintained at 98% buffer B from 38 to 43 min and finally changed back to 4% 

buffer B at 44 min for the analysis of the next sample. The eluent was monitored by the 

CEAS with potential settings at -90, -10,70, and 150 mV, and four chromatograms were 

obtained simultaneously. 

Determination of Minimum Erythema Dose (MED). Erythema was induced by 

applying a series of 6 UV radiation exposures at doses ranging between 10-42 mj/cm^ to 

buttock skin with a solar simulator. The exposure time lasted for one minute. The 

simulator was accurately calibrated prior to each use. The minimum erythema dose was 

determined visually 22-24 hours after UV exposure and defined as the lowest dose 
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causing redness reaching the border of the exposure site. The evaluator was blinded to the 

subject's treatment assignment. 

Determination of Plasma Malondialdehyde (MDA) Levels. Plasma MDA levels in 

samples collected before and at the end of the four-week green tea polyphenol treatment 

period were determined using a published procedure (Nielsen et al.,1997). Briefly, an 

aliquot of plasma (100 jal) was mixed with 1 ml of 0.2% TBA solution (thiobarbituric 

acid dissolved in 0. IM sodium acetate buffer, pH 3.5) and 10 jil of BHT solution (5% 

butyiated hydroxytoluene in ethanol) and incubated at 95°C for 60 min. After incubation, 

the sample mixture was cooled down by running tap water for 15 min and centrifliged at 

10,000 g for 15 min. TBA-MDA complex in the supernatant was separated on a reversed-

phase C18 column (Ultrasphere ODS, 5^, 4.6 mm x 25 cm, Alltech) and quantitated by 

fluorescence detection (Waters, model 470 fluorescence detector) with an excitation 

wavelength of 515nm and an emission wavelength of 553nm. The mobile phase 

composed of sodium phosphate buffer (50 mM, pH 7.0) and acetonitrile in the volume 

ratio of 65:35. Flow rate was set at 1 ml/min. 

Determination of Plasma Antioxidant Levels. The plasma levels of tocopherols and 

carotenoids in samples collected before and at the end of the four-week green tea 

polyphenol treatment period were determined according to that described previously 

(Peng and Peng, 1992) with minor modifications. An aliquot of plasma sample was 

mixed with 1% sodium dodecyl sulfate in ethanol containing 0.1% butyiated 

hydroxytoluene and extracted by hexane twice. The dried residues were reconstituted in 

the mobile phase and injected onto the HPLC. This assay used a gradient of two mobile 
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phases with mobile phase A containing acetonitrile and tetrahydrofuran (85:15, v/v) as 

well as 250 ppM BHT and 0.05% triethylamine, and mobile phase B containing methanol 

with 50mM ammonium acetate and 0.05% triethylamine. Flow rate was set at 2.5ml/min. 

The tocopherols and carotenoids were separated on a reversed phase C|g column 

(Ultrasphere ODS, 5^, 4.6 mm x 25 cm, Alltech). The HPLC effluent was monitored 

with an UV detector at 452 nm for carotenoids and with a fluorescent detector at an 

excitation wavelength of 295 nm and an emission wavelength of 345 nm for tocopherols. 

Data Analysis. The plasma EGCG concentration-time data were analyzed with the non-

compartmental approach (Gibaldi and Perrier, 1982). The data in the terminal, log-linear 

phase were analyzed by linear regression to estimate terminal elimination rate constant 

(A.n) and half-life (ti/2 = 0.693/Xn). The area under the plasma concentration-time curve 

(AUCo^) following the first dose was determined by trapezoidal rule up to the last 

measured concentration-time value to which was added the terminal area. The terminal 

area was calculated by dividing the concentration at the last time point by X.n. The area 

under the plasma concentration-time curve during the last dosing interval (AUCo-t) 

following a 4-wk treatment period was calculated by trapezoidal rule up to 24 hrs or 12 

hrs following the last catechin dose for the 800 mg once a day and 400 mg twice a day 

treatment groups, respectively. The concentrations at 12 hrs following the last catechin 

dose for the 400 mg twice a day treatment group were interpolated from the regression 

line. Maximum plasma concentration (Cmax) and time to reach the maximum plasma 

concentration (Tmax) were obtained by visual inspection of the plasma concentration 

versus time profile. Oral clearance (systemic clearance/oral bioavailability; CL/F) was 



82 

estimated irom the quotient of the dose and AUCo^ or AUCo-t following the first and last 

tea catechin dose, respectively. Volume of distribution (Vp) estimated from the oral data 

is also influenced by the F value (Vp/F = (CL/F)/A.n). AUCs of total (unchanged and 

glucuronic acid/sulfate conjugates) EGC and EC were also estimated with the non-

compartmental approach. 

The pharmacokinetic parameters obtained following the first dose were compared 

among treatment groups using one-way analysis of variance followed by a Bonferroni 

adjusted t-test for the pairwise multiple comparisons. The pharmacokinetic parameters 

obtained af)er repeated treatment were compared with those obtained after the first dose 

using a paired t-test. The baseline antioxidant status, MDA levels and MED were 

compared among treatment groups using one-way analysis of variance followed by a 

Bonferroni adjusted t-test for the pairwise multiple comparisons. The biological effect 

measurements determined following repeated treatment were e.xpressed as the percent of 

the baseline values. The percent changes in these measurements were compared using 

one-way analysis of variance. The Bonferroni adjusted t-test was used for the pairwise 

multiple comparisons. A p value < 0.05 was considered statistically significant. 
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Results 

Table 4.1 summarizes the demographic data of the study participants. A total of 

40 subjects (8 per group) completed the study. There were no significant differences in 

the average age, weight, and height among treatment groups. There were between 2 to 4 

male participants in each treatment group. 

Adverse events reported during the four-week treatment period are summarized in 

Table 4.2. The data are presented as incidences of events reported during the four-week 

green tea polyphenol/placebo treatment period. Numbers in parentheses represent the 

number of individuals experiencing the event. The reported events include excess gas, 

upset stomach, nausea, heartburn, stomachache, abdominal pain, dizziness, headache, and 

muscle pain. All reported events have been rated as mild events (grade 1). For most 

events, the incidences reported in the treatment groups were not more than those in the 

placebo group. More incidences of nausea were reported following 800 mg once daily 

treatment than those reported in the placebo group (5, 3, and 1 incidence for 800 mg 

EGCG once daily, 800 mg Polyphenon E once daily, and placebo, respectively). CBC 

and a panel of blood chemistry profiles were obtained before and after four weeks of 

daily administration of the study agent. No significant changes were observed in these 

clinical laboratory measurements (data not shown). 

Because EGCG was present mostly in the unchanged form in the systemic 

circulation. Figures 4.1 and 4.2 illustrate the average plasma concentration-time profiles 

of unchanged EGCG following EGCG or Polyphenon E administration. The average 

pharmacokinetic parameters of unchanged EGCG after oral administration of tea 
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polyphenols are summarized in Table 4.3. Before repeated tea polyphenol treatment, 

pharmacokinetic parameters of EGCG were similar among the different treatment groups. 

The AUC and CnmOf EGCG following the administration of 800 mg dose of EGCG or 

Polyphenon E were higher than those obtained after 400 mg dose of the respective 

formulation, but the differences did not reach statistical significance. After repeated tea 

polyphenol treatment, the AUC of EGCG obtained after 800 mg dose of Polyphenon E 

was significantly higher than that obtained from 400 mg dose of either product. The AUC 

of EGCG obtained from 800 mg dose of EGCG was significantly higher than that from 

400 mg dose of EGCG. Four weeks of repeated tea polyphenol administration at 800 mg 

once a day resulted in significant changes in the AUC of unchanged EGCG, while 

repeated administration at 400 mg twice a day did not result in significant changes in the 

pharmacokinetics of unchanged EGCG. The AUC of unchanged EGCG increased from 

95.6 ± 46.8 to 145.6 ± 85.1 (ig-min/ml (p<0.05) and from 98.1 ±46.5 to 158.4 ± 89.8 

^g•min/ml (p<0.05) for the 800 mg once a day EGCG and Polyphenon E treatment, 

respectively. A decreasing trend was observed in the CL/F and Vp/F of EGCG following 

repeated treatment at 800 mg once a day, however, the changes did not reach statistical 

significance. Repeated administration of green tea polyphenols did not result in 

significant changes in Cma.x, Tma.x, and elimination half-life of EGCG. 

The AUCs of total EGC and EC following oral administration of Polyphenon E 

before and after four weeks of green tea polyphenol treatment are summarized in Table 

4.4. Because low levels of unchanged EGC and EC were detected in the plasma samples, 

AUCs presented represent mostly the levels of conjugated metabolites of EGC and EC. 
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Four weeks of tea polyphenol treatment with either dosing schedule did not result in 

significant changes in the levels of conjugated tea catechins. 

Table 4.5 shows the changes in MED after four weeks of green tea 

polyphenol/placebo treatment. The data are presented as the ratios of MED determined 

after repeated treatment over that obtained prior to treatment. As shown in the data, the 

ratios of the MED's were around umty for all study groups, suggesting that the 

intervention resulted in no significant changes in MED. 

Table 4.6 summarizes the average changes in plasma antioxidant levels after four 

weeks of green tea polyphenol/placebo treatment. The ratios of the antioxidant levels 

after the intervention to those at baseline were compared among the study groups and 

were found to be similar among the polyphenol treated and placebo groups. 

Table 4.7 summarizes the average MDA levels obtained before and after four 

weeks of daily green tea polyphenol/placebo treatment. The baseline plasma 

malondialdehyde levels were similar among treatment groups. Four weeks of green tea 

polyphenol treatment at either dosing schedule did not decrease the plasma 

malondialdehyde levels significantly, while the malondialdehyde levels were 

significantly lowered in plasma samples collected after four weeks of placebo treatment 

(1.123 ± 0.358 vs. 0.572± 0.083 nmol/ml, p <0.05). We believe that the changes observed 

in the placebo group are due to an in vitro artifact. For MDA determination, a fasting 

blood sample was collected from each individual at baseline through the indwelling 

catheter. At the end of treatment, a fasting blood sample was collected by venipuncture 

for individuals receiving placebo whereas blood was obtained through the indwelling 
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catheter for other study participants. Since the placebo is not likely to contain active 

ingredients that could protect against oxidative damage, collection of blood through 

catheters could have artificially increased the plasma MDA levels. 
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Discussion 

There have been no reports of clinical toxicity when tea is consumed as a 

beverage at low doses at multiple times throughout the day. Oral pills of green tea extract 

or green tea polyphenol products are available commercially as dietary supplements. 

Standardized oral products can facilitate the conduct of controlled human intervention 

trials to evaluate the biological activities of green tea or green tea components. A recent 

study has determined the toxicity of oral green tea extract administered once daily (qd) or 

three times daily (tid) in adult patients with solid tumors (Pisters et al., 2001). Oose levels 

of 0.5 to 5.05 g/m* qd and 1.0 to 2.2 g/m^ tid were explored. The study found dose-

limiting side effects of gastrointestinal complaints (abdominal bloating, dyspepsia, 

flatulence, nausea, and vomiting) and CNS stimulation (agitation, dizziness, insomnia, 

tremors, and restlessness). These side effects are likely to be related to the 7% caffeine 

content in the study formulation. The study reported that a dosing regimen of 1.0 g/m^ 

three times daily is well tolerated for at least 6 months. To achieve this dose, study 

participants have been required to swallow 7-10 capsules each time and three times a day. 

This dose level is roughly equivalent to drinking 7 to 8 Japaneses-style cups (one cup = 

120 ml) of green tea three times daily (a total of 21 to 24 cups of tea per day). In the 

current study, standardized, defined, and decaffeinated green tea polyphenol oral 

products in amounts equivalent to the EGCG content in 16 Japanese-style cups of green 

tea were consumed once a day or in divided doses twice a day for four weeks. Based on 

the reported adverse events and clinical laboratory data, the study agents and dosing 

schedules have been found to be safe and well tolerated by the study participants for at 
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least one month. The reported adverse events have been rated as mild events. The more 

common events include headache, stomachache, abdominal pain, and nausea which have 

been reported in subjects receiving green tea polyphenol treatments as well as in subjects 

receiving placebo. There are also minimal changes in blood counts and blood chemistry 

profiles following four weeks of green tea polyphenol treatment. 

Based on the observed plasma half-lives of EGCG, we do not expect EGCG to 

accumulate in the body following repeated dosing at a once a day schedule. 

Accumulation ratio was calculated based on the half-life and dosing interval (Rowland 

and Tozer, 1995) and was found to be less than 1.05. Consistently, ECiCG was not 

detected or was detected at low levels in the pre-dose sample collected on the last 

treatment day for the once a day schedule. Nevertheless, small amounts of EGCG are 

expected to accumulate following repeated dosing at a twice a day schedule with an 

average accumulation ratio of 1.07 to 1.24. Average pre-dose EGCG levels of 29.9 and 

54.8 ng/ml were observed following repeated dosing of EGCG and Polyphenon E, 

respectively, at a twice a day schedule. Some of the subjects had a short elapsed time 

from the time the pre-dose sample was collected to the time the previous dose was taken 

which could further contribute to the pre-dose EGCG levels. 

On average, there was a more than 60% increase in the AUC of unchanged EGCG 

following four weeks of tea polyphenol treatment at a dosing schedule of 800 mg once a 

day. A dosing schedule of 400 mg twice a day did not result in significant changes in the 

AUC of EGCG. Neither dosing schedule resulted in significant changes in the AUC of 

the glucuronic acid/sulfate conjugates of EGC and EC. When present at a high bolus 
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dose, tea polyphenols could have inhibited pre-systemic gut wall metabolism or intestinal 

flora metabolism of EGCG and resulting in more of the unchanged chemical available in 

the systemic circulation. It is not known whether ingestion of green tea polyphenols at 

high bolus doses for periods longer than 4 weeks will result in additional increases in the 

systemic exposure of EGCG. 

Freese et al. (1999) determined the effect of green tea extracts on markers of 

antioxidant status and lipid peroxidation during a controlled high linoleic acid diet in 

healthy subjects. High linoleic acid diet has been shown in previous studies to enhance 

oxidative stress of healthy subjects (Fang et al., 1996; Nair et al., 1997). In comparison 

with the placebo treatment, green tea extract administered at amounts equivalent to 10 

cups of tea per day for tour weeks resulted in significant decreases in plasma MDA 

levels, but did not change the plasma antioxidant status (Vit E, Vit C, and glutathione) 

and urinaiy S-iso-PGF: levels in individuals on the high linoleic acid diet (Freese et al., 

1999). Klaunig et al. (1999) determined the effect of green tea consumption on oxidative 

stress in smokers and nonsmokers. Green tea administered as a beverage for 7 days 

decreased oxidative DNA damage (8-OHdG in white blood cells and urine) and lipid 

peroxidation (MDA in urine) in both smokers and nonsmokers. Interestingly, this 

intervention did not change the plasma MDA level in either group. No significant 

changes in the antioxidant status or MDA levels were observed in the current study 

following four weeks of green tea polyphenol treatment at amounts equivalent to the 

EGCG content in 16 Japanese-style cups of tea. Surprisingly, the MDA levels decreased 

by half after four weeks of placebo treatment even though the ingredients in the placebo 



90 

capsules are not likely to reduce lipid peroxidation. Because individuals receiving 

placebo treatment underwent a different blood collection procedure at the end of the 

treatment (venipuncture vs. through indwelling catheter), it is likely that the changes 

observed in the placebo group are related to in vitro artifact. Direct comparisons of 

results obtained from the current study and those reported previously (Freese et al., 1999; 

Klaunig et al., 1999) are difficult because different study populations and green tea 

products were used. The negative effect on the biological markers observed in the current 

study could be attributed to the incorporation of healthy subjects who have normal 

antioxidant status and low levels of oxidative stress, the use of dose and treatment 

duration that are not sufficient to elicit an effect, and the use of markers that are not 

sensitive to differentiate the changes. In addition, the green tea polyphenol products used 

in the current study are decaffeinated products. Studies have compared the inhibitory 

effects of green tea and decaffeinated green tea in UV-induced skin carcinogenesis 

models and found that the decaffeinated products were either effective but less active or 

not effective (Huang et al., 1997; Lou et al., 1999; Lu et al., 2001), suggesting that 

caffeine contributes to the biological activity of green tea. However, the decreased 

effectiveness of decaffeinated green tea may be due to the fact that the decaffeinated 

process also reduces the levels of green tea polyphenols. 

Chronic exposure of solar ultraviolet radiation to human skin is the primary cause 

for the vast majority of cutaneous malignancies and is known to induce other skin 

damage such as erythema, edema, sunburn cell formation, immune suppression and 

photoaging (Goihman-Yahr, 1996; Mukhtar and Elmets, 1996; Naylor, 1997). Laboratory 
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studies have shown that topical treatment or oral administration of green tea or green tea 

polyphenols inhibit UV radiation induced skin tumorigenesis, formation of cutaneous 

edema, and depletion of antioxidant-defense system (Agarwal et al., 1993; Lou et al., 

1999; Lu et al., 2001). MED has been chosen as a non-invasive measurement of the 

protective effects of green tea polyphenols against UV radiation-induced photodamage. 

Human subjects with Fitzpatric skin type H or III were recruited into the study because 

the changes in MED can be easily assessed in these subjects without inducing painful 

responses. No significant changes in MED were observed after four weeks of green tea 

administration in this study. Interestingly, some of the study participants indicated that 

they have experienced less intensive sun bum reactions when receiving the green tea 

polyphenol treatment. Insufficient treatment duration could potentially contribute to our 

observations because UV-induced erythema on dorsal skin has been shown not to be 

affected after four weeks of oral administration of carotenoids and vitamin E in healthy 

human subjects but diminished significantly 8-12 weeks after treatment (Stahl et al., 

2000). Incorporation of other sensitive markers of photodamage should also be 

considered in ftiture trials. In addition, the green tea polyphenol products used in the 

current study are decaffeinated products. Studies have compared the inhibitory effects of 

green tea and decaffeinated green tea in UV-induced skin carcinogenesis models and 

found that the decaffeinated products were either effective but less active or not effective 

(Huang et al., 1997; Lou et al., 1999; Lu et al., 2001), suggesting that caffeine contributes 

to the biological activity of green tea. However, the decreased effectiveness of 
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decaffeinated green tea may be due to the fact that the decaffeinated process also reduces 

the levels of green tea polyphenols. 

We conclude that oral administration of EGCG or Polyphenon E at a daily dose of 

800 mg (based on EGCG content) for four weeks is safe and well tolerated in healthy 

human subjects. Repeated green tea polyphenol administration at a high daily bolus dose 

(800 mg once daily) results in a more than 60% increase in the systemic exposure of 

EGCG, possibly due to inhibition of pre-systemic elimination of this catechin. Repeated 

administration of EGCG and Polyphenon E at a daily dose equivalent to the EGCG 

content in 16 Japanese-style cups of green tea for four weeks did not elicit significant 

changes in plasma antioxidant status, plasma malondialdehyde levels, and UV-induced 

minimum erythema dose. Different dosing regimens and treatment duration, or 

alternative markers of biological activities may need to be implemented to further study 

the cancer preventive activity of green tea polyphenols. 
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Table 4.1. Subject demographic data by treatment group 

placebo 800 mg 800 mg 400 mg 400 mg 
EGCG P-E" EGCG P-E 

Once daily Once daily Once daily Once daily 

Number of 8 8 8 8 8 
Subjects 

Fraction of 3/8 2/8 3/8 4/8 2/8 
Male 

Participants 

Age (yr) 34.5 ± 10.6* 39.5± 10.4 32.4 ± 10.1 29.4 ± 10.7 34.1± 11.9 

Height (in) 67.1 ±2.7 64.9 ±4.6 67.9 ±3.2 66.1 ±5.3 65.1 ±3.1 

Weight (lbs) 169 ±36 165 ±52 167 ±30 160 ±40 150 ± 19 

® Polyphenon E 
* mean ± one standard deviation 
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Table 4.2. Incidence of adverse events reported during the four-week green tea 
polyphenol/placebo treatment period. Numbers in parenthesis indicate the number of 
individuals experienced the event 

placebo 
800 mg 
EGCG 

Once daily 

800 mg 
P-E" 

Once daily 

400 mg 
EGCG 

Once daily 

400 mg 
P-E 

Once daily 

Headache 3(1) 2(2) 0 1(1) 1(1) 

Stomachache 0 1(1) 1(1) 1(1) 1(1) 

Upset stomach 0 0 0 1(1) 0 

Heartburn 2(1) 0 0 0 0 

Abdominal pain 2(1) 2(2) 1(1) 0 0 

Excess gas 1(1) 0 0 0 1(1) 

Nausea 1(1) 5(2) 3(1) 0 1(1) 

Dizziness 0 1(1) 0 0 0 

Muscle pain 0 1(1) 0 0 0 

® Polyphenon E 



Table 4.3. Phannacokinetic parameters of unchanged EGCG following oral administration of EGCG or Polyphenon E 
before and after four weeks of green tea polyphenol treatment 

800 mg 800 mg 400 mg 400 mg 

EGCG Polyphenon E EGCG Polyphenon E 

First dose Following First dose Following First dose Following First dose Following 
repeated repeated repeated repeated 
dosing dosing dosing dosing 

AUC 95.6 145.6 98.1 158.4 46.9 43.9 71.2 54.8 

(^g.min/mi) ±46.8' ±85.1" ±46.5 ± 89.8'' ±21.4 ±25.6"-'^ ±36.9 ±23.7"= 

^max 234.9 390.3 263.8 287.6 137.6 161.4'^ 179.9 155.4'' 

(ng/ml) ± 140.9 ±231.4 ± 135.7 ± 124.2 ±66.5 ± 100.5 ±114.3 ±61.9 

Tmax 224.4 210.0 112.5 248.5 183.9 135.6 150.8 146.6 

(min) ±33.4 ±73.5 ±65.6 ± 184.9 ± 117.1 ±48.4 ± 109.7 ± 102.2 

CL/F 10.5 7.3 9.6 8.0 11.2 13.1 7.0 9.0 

(L/min) ±4.4 ±3.4 ±3.4 ±7.1 ±5.2 ±8.6 ±3.4 ±4.2 

Vq/F 1910 1686 2760 1551 2516 3456 2139 3759 H 
(L) ±866 ± 1241 ± 1901 ±795 ±750 ±3200 ±716 ±2089 

t|/2 136.7 158.9 200.4 163.0 183.0 170.5 241.2 296.6 

(min) ±54.4 ±78.7 ±94.7 ±56.2 ±75.3 ±50.2 ±115.6 ± 152.9 

" Mean ± SD 
'' Significantly different from that of the first dose, p < 0.05. 
Significantly different from that following repeated dosing with 800 mg dose of Polyphenon E, p < 0.05 
Significantly different from that following repeated dosing with 800 mg dose of EGCG, p < 0.05 



Table 4.4. AUCs ((ig.min/ml) of total EGC and EC following oral administration 
of Polyphenon E before and after four weeks of Polyphenon E treatment 

800 mg 400 mg 
Polyphenon E Polyphenon E 

First dose Following 
repeated 
dosing 

First dose Following 
repeated 
dosing 

total EGC 103.4 95.9 50.4 63.6 
±41.4" ± 16.2 ± 19.1^ ±47.2 

total EC 130.4 154.5 55.4 77.8 
±72.2 ±37.6 ± 16.6'' ±81.5 

"MeantSD 
'' Significantly different from that at the 800mg dose level, p < 0.05. 
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Table 4.S. Changes in MED after four weeks of green tea polyphenol/placebo 
treatment. Data are expressed as ratios of the post-treatment values to those obtained 
at baseline. 

800 mg 800 mg 400 mg 400 mg 
Placebo EGCG Polyphenon EGCG Polyphenon 

once daily E twice daily E 
once daily twice daily 

MED 1.09 1.15 1.11 1.07 1.08 
(after/before) ± 0.08 ® ±0.11 ±0.14 ±0.08 ±0.09 

'MeaiuhSD 
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Table 4.6. Changes in plasma antioxidant levels ai^er four weeks of green tea 
polyphenol/placebo treatment. Data are expressed as ratios of the post-treatment values 
to those obtained at baseline. 

Placebo 
800 mg 
EGCG 

once daily 

800 mg 
Polyphenon E 

once daily 

400 mg 
EGCG 

twice daily 

400 mg 
Polyphenon E 

twice daily 

a-carotene 1.070 
± 0.560" 

0.686 
±0.420 

0.781 
±0.199 

0.762 
± 0.324 

0.910 
± 0.420 

P-
cryptoxanthin 

0.883 
±0.592 

0.796 
± 0.452 

0.929 
± 0.365 

1.093 
±0.507 

0.806 
±0.179 

Lutein + 
zeaxanthin 

0.881 
± 0.493 

0.751 
± 0.360 

0.891 
± 0.284 

0.962 
±0.150 

0.932 
±0.162 

p-carotene 0.873 
±0.391 

0.637 
± 0.320 

0.899 
±0.216 

0.976 
±0.304 

1.006 
± 0.300 

Lycopene 0.975 
± 0.504 

0.876 
±0.418 

0.960 
±0.197 

0.941 
±0.135 

1.095 
±0.163 

y-tocopherol 0.804 
± 0.399 

1.008 
± 0.894 

0.979 
± 0.273 

1.068 
±0.381 

1.059 
±0.216 

a-tocopherol 0.946 
± 0.389 

0.839 
± 0.366 

0.999 
±0.161 

1.054 
±0.195 

0.934 
±0.147 

" Mean ± SD. 



Table 4.7. Plasma MDA levels (nmol/ml) before and after four weeks of green tea polyphenol/placebo treatment 

800 mg 800 mg 400 mg 400 mg 
placebo EGCG Polyphenon E EGCG Polyphenon E 

once daily once daily twice daily twice daily 

before after before after before after before after before after 

1.123 0.572 1.039 1.115 1.282 0.954 1.246 0.951 0.984 0.938 
±0.358" ±0.083*' ±0.519 ±0.278 ± 0.523 ± 0.297 ± 0.732 ±0.461 ±0.261 ±0.456 

"MeaniSD 
^Significantly different from that before the treatment period, p < 0.05. 
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Figure 4.1. Average plasma concentration-time profiles of unchanged EGCG 
following an 800 mg dose of EGCG or Polyphenon E. The profiles were 
obtained before and after 4 weeks of green tea polyphenol treatment with a 
dosing schedule of 800 mg once a day. 
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Figure 4.2. Average plasma concentration-time profiles of unchanged 
EGCG following a 400 mg dose of EGCG or Polyphenon E. The profiles 
were obtained before and after 4 weeks of green tea polyphenol treatment 
with a dosing schedule of400 mg twice a day. 
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CHAPTERS 

CONTRIBUTION OF PRESYSTEMIC HEPATIC EXTRACTION TO THE LOW 

ORAL BIOAVAILABILITY OF GREEN TEA CATECHINS IN RATS 

Introduction 

Tea {Camellia sinensis) is one of the most consumed beverage in the world. There 

are three main commercial tea products; green tea, black tea, and oolong tea. They differ 

in the manufacturing processes with green tea subjected to the least amount of 

fermentation/oxidation. Green tea contains polyphenols, which include flavanols, 

flavandiols, flavonoids, and phenolic acids. Most of the polyphenols present in green tea 

are flavanols, commonly known as catechins. Major catechins present in green tea are (-)• 

epicatechin (EC), (-)-epicatechin-3-gallate (ECG), (-)-epigallocatechin (EGC), and (-)-

epigallocatechin-3-gallate (EGCG), with EGCG being the most abundant constituent. 

Green tea, green tea extracts (GTE), and EGCG have been shown to inhibit 

carcinogenesis induced by a wide variety of carcinogens in rodent cancer model. Cancer 

chemopreventive activity has been demonstrated in the following target organs, colon, 

duodenum, esophagus, forestomach, large intestine, liver, lung, mammary glands, and 

skin (reviewed by Katiyar and Mukhtar, 1996a; Dreosti et al., 1997). The cancer 

chemopreventive activities of green tea or green tea components have been attributed to 

the antioxidative and free radical scavenging activities of green tea catechins (Laughton 

et al., 1991; Scott et al., 1993). Studies have also suggested that the cancer preventive 

properties of green tea are related to inhibition of tumor promotion and cell proliferation 

(reviewed by Yang et al., 2000) and induction of phase II detoxification enzymes (Khan 
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et al., 1992; Katiyar et al., 1993b). Despite of the compelling laboratory evidence, the 

epidemiological evidence on the protective effect of green tea consumption against the 

development of human cancer is not conclusive. 

At clinically relevant doses, the oral bioavailability (F) of tea catechins was found 

to be low in animals and possibly in humans. Chen et al. (1997) reported that less than 

2% of EGCG was available in the systemic blood after oral administration in rats. 

Recently, we have determined the pharmacokinetics of green tea catechins in humans 

following oral administration of EGCG or a green tea catechin mixture (Chow et al., 

2001). The oral clearance (CL/F) and the apparent volume of distribution (Vp/F) of 

EGCG were found to be around 6 to 14.61/min and 1000-4800 liters, respectively. The 

large oral clearance and apparent volume of distribution observed in humans are also 

likely to be attributed to low oral bioavailability. 

This study is designed to determine the contribution of hepatic first-pass 

elimination on the low oral bioavailability of green tea catechins. Information generated 

from this study contributes to the understanding of mechanism($) responsible for low oral 

systemic availability of green tea catechins and could help identify potential factors 

affecting the systemic exposure of these important phytochemicals. 
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Materials and Methods 

Chemicals and Reagents. EGCG, EGC, and EC were supplied by the Food Research 

Laboratories, Mitsui Norin Co. (Fujieda City, Japan) through the National Cancer 

Institute (Bethesda, MD). All other reagents were of HPLC grade or of the highest grade 

commercially available. 

Animals. Male Sprague-Dawley rats (370-400 g) were obtained from Harlan 

Laboratories (Indianapolis, IN). Animals were allowed to acclimate to a standard 

environment for 2 weeks before the experiment and were fasted overnight before the 

study day. 

Dosing Solution. EGCG, EGC, and EC were dissolved in normal saline in a ratio similar 

to that in one of the green tea catechin formulations used in our clinical study (Chow et 

al., 2001). The dosing solution was prepared fresh immediately prior to the initiation of 

inilision. For intravenous administration, each animal received 6000, 1101, and 930 ^g of 

EGCG, EGC, and EC, respectively. For intraportal infusion, each animal received 6041, 

1285, and 1048 of EGCG, EGC, and EC, respectively. 

Animal Experiments. Rats were randomly assigned to receive tea catechin dosing 

solution via intravenous or intraportal infrision (5 rats/group). All rats were weighed on 

the study day and anesthetized with an intraperitoneal injection of pentobarbital (10 

mg/ml) at a dose of 50 mg/kg body weight, and were maintained under anesthesia 

throughout the blood collection period. The right femoral vein or pyloric vein was 

cannulated for intravenous or intraportal infusion respectively, and the right external 

jugular vein was cannulated for sample collection. The dosing solution was delivered via 
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a syringe infusion pump (Model PHD 2000; Harvard Apparatus, Inc., Holliston, MA) at a 

rate of 0.05 ml/min for 30 min. Blood samples were collected from the jugular vein 

catheter at 5, 15, 30, 60,90, 120, 180, 240,300, and 360 minutes after the initiation of 

infusion. Samples were centrifiiged at 2,000g at 4°C for 10 min. Plasma was transferred 

into microcentrifuge tubes containing 10 ^1 of ascorbic acid/EDTA solution [0.4M 

NaH2P04 buffer containing 20 % ascorbic acid and 0.1% EDTA (pH 3.6)] and stored at -

80°C until analysis. 

Tea Catechin Concentration Measurements. Plasma samples were extracted according 

to the procedure published previously (Chen et al., 1997). Briefly, plasma samples were 

extracted with methylene chloride to remove lipid soluble components in the presence of 

ascorbic-EDTA solution. The aqueous supernatant was then extracted with ethyl acetate. 

The ethyl acetate fraction was collected, mixed with a small volume of 10 % ascorbic 

acid, and dried by vacuum centrifugation. The dried ethyl acetate fraction was 

reconstituted in 100 ^1 of 15 % acetonitrile and centrifugation at I6,000g for 10 min 

before injecting onto HPLC. 

The HPLC system used in this study consisted of an ESA Model 540 refrigerated 

autosampler, an ESA 582 two-pump solvent delivery system, an ESA 5600 coulochem 

electrode array system (ESA Inc., Chelmsford, MA), and a Supelcosil Cig reversed-phase 

column (150 x 4.6 mm; particle size, 5 jjm; Supecol Inc., Bellefonte, PA). The 

autosampler and column temperatures were maintained at 6°C and 35°C, respectively. 

Gradient mobile phase was used to separate tea catechins. Buffer A consisted of 30 mM 

NaH2P04 buffer, acetonitrile, and tetrahydrofuran in a volume ratio of 98.13:1.75:0.12 
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(pH 3.35). Buffer B consisted of 15 tnM NaH2P04 buffer, acetonitrile, and 

tetrahydrofiiran in a volume ratio of 41.5:58.5:12.5 (pH 3.45). The flow rate was 

maintained at Iml/min. The column was eluted with 96% buffer A and 4% buffer 8 from 

0-7 min, and then the gradient was changed linearly to 17% buffer B at 25 min, 28% 

buffer B at 31 min, 33% buffer B at 37 min, and 98% buffer B at 38 min. It was 

maintained at 98% buffer B from 38-43 min and finally changed back to 4% buffer B at 

44 min for the analysis of the next sample. The effluent was monitored by the coulochem 

electrode array system with potential settings at -90, -10,70, and 150 mV, and four 

chromatograms were obtained simultaneously. 

Data Analysis. The following pharmacokinetic parameters of unchanged EGCG, EGC, 

and EC were estimated using the WinNonlin program (Pharsight, Mountain View, CA) 

with a non-compartmental approach (Gilbaldi and Perrier, 1982): terminal elimination 

rate constant (X.n); terminal elimination half-life (ti/2); area under the plasma 

concentration-time curve (AUG); systemic clearance (CL); and the steady state volume of 

distribution (Vs.s). Dose corrected AUG from intraportal administration was compared 

with that from intravenous administration to determine the contribution of the liver to the 

presystemic loss of tea catechins. Pharmacokinetic parameters of each green tea catechin 

were compared using one way analysis of variance. Bonferroni's t test was used for the 

pairwise multiple comparisons. A p value < 0.05 was considered statistically significant. 
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Results and Discussion 

Table 5.1 summarizes the pharmacokinetic parameters of green tea catechins 

following intravenous infusion. Terminal elimination rate constant of EGCG (0.0052 ± 

O.OOII min"') was smaller than that of EGC (0.0131 ±0.0022 min')andEC (0.0117± 

0.0011 min '), which corresponded to the observed differences in the elimination half-life 

of the three tea catechins (139.5, 54.2, and 59.7 min for EGCG, EGC, and EC, 

respectively). The volume of distribution of EGCG was significantly larger than that of 

EGC and EC (432 ± 70 versus 220 ±114 versus 187 ± 64 ml, respectively). This is 

consistent with the differences observed in the octanol/water partition coefficient (log 

Ko/w) values of the three catechins (Hashimoto et al., 1999). The systemic clearance of 

EGC was significantly smaller than that of EC and EGCG (6.3 ± 1.0 versus 9.4 ± 1.5 

versus 8.9 ± 1.4 ml/min). 

To exert systemic activities, drugs/chemicals administered orally need to be 

absorbed into the systemic circulation and then be distributed to different target organs. 

In animal studies, the oral bioavailability of green tea catechins was found to be less than 

2% (Chen et al., 1997). Small changes in the presystemic elimination of green tea 

catechins could have significant biological consequences because the systemic exposure 

dose would vary considerably. The oral bioavailability of green tea catechins has not 

been determined in humans because of the lack of an intravenous formulation. We have 

determined the plasma pharmacokinetics of green tea catechins in humans after oral 

administration of EGCG and a green tea catechin mixture (Chow et al., 2001) and found 

that EGCG had high oral systemic clearance (CL/F) and large oral volume of distribution 



108 

(Vp/F). In the current animal study, the systemic clearance (CL) of green tea catechins 

was found to be 15 to 25 ml/min/kg following intravenous dosing. Since small fractions 

of unchanged green tea catechins were excreted in the urine (Chen et al., 1997; Zhu et al., 

2000), the hepatic clearance is likely to contribute significantly to the total systemic 

clearance. Compared to an average hepatic blood flow of 50 ml/min/kg in rats (Lin, 

1990), the tea catechins can be considered to have moderate clearances. The steady state 

volumes of distribution (Vss) of these catechins in rats are in the range observed for other 

polar drugs (Fabre et al., 1977; Maza et al., 1996; Burstein et al., 1999) and are 

considered to have small distribution volumes. The discrepancies observed between the 

animal pharmacokinetic data and human situations could be because the oral 

bioavailability (F) of green tea catechins is also low in humans. Since F values range 

between O-I, small F values would result in high oral clearance and large apparent 

volume of distribution. 

Several presystemic processes could contribute to the low oral bioavailability of a 

drug or chemical. These include low solubility in the gastrointestinal fluid, poor 

membrane permeability, degradation/metabolism in the gastrointestinal tract, transporter-

mediated intestinal secretion/efflux, presystemic gut wall metabolism, and presystemic 

hepatic elimination. To determine the extent of presystemic hepatic elimination, we 

compared the systemic exposure of green tea catechins following intraportal and 

intravenous administration because a chemical administered into the hepatic portal vein 

needs to first pass through the liver before reaching the systemic circulation, whereas it is 

immediately present in the systemic circulation following the administration into a 
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peripheral vein. As shown in Table 5.2, green tea catechins undergo minimal presystemic 

hepatic elimination. Most of EGC (108.3%) and EC (94.9%) infused into portal vein 

entered into the systemic circulation without undergoing significant first-pass hepatic 

elimination. Similarly, a high percentage of EGCG (87.0%) entered into the systemic 

blood following intraportal infusion. Figure 5.1 to 5.3 illustrates that the average plasma 

concentration-time profiles of each green tea catechin were similar af^er intravenous (IV) 

and intraportal (IP) infusion. The data suggest that first-pass hepatic elimination does not 

play an important role in the presystemic loss of orally administered green tea catechins. 

The stability of green tea catechins in aqueous solutions has been shown to be 

dependent on a variety of factors, including pH, oxygen concentration, temperature, and 

ionic strength (Yoshino et al., 1999). Green tea catechins are generally stable in acidic 

solutions at pH ranging from 1.8 to 6.4. EGC and EGCG are rapidly degraded at pH 

levels above 7.4, which is the pH of most body fluids. EC is found to be stable between 

pH 1.8 and 11.2. Since the pH of the intestinal tract ranges from 5 to 8, degradation of 

EGCG and EGC may occur in the intestinal lumen and may contribute their presystemic 

loss. 

Transporter-mediated intestinal efHux may also play a role in the presystemic loss 

of green tea catechins. The intestinal epithelial membrane transport of EC was studied 

recently using the human Caco-2 cell line (Vaidyanathan and Walle, 2001). EC was not 

absorbed from apical to basolateral side, whereas efflux from basolateral to apical side 

with a high apparent permeability was reported. The efflux was inhibited by MK-571, a 

competitive inhibitor of the MRP2 transporter expressed in the epical membrane of Caco-
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2 cells. A P-glycoprotein inhibitor, verapamil, did not inhibit the efflux of EC from 

basolateral to apical side at a concentration of 50 Apical to basolateral absorption of 

EC could be observed, although rather low, in the presence of MK-S71. This study 

suggests that intestinal efflux of green tea catechins may contribute to the low oral 

bioavailability of these phytochemicals. 

Catechins have also been shown to be metabolized by intestinal flora and 

enzymes located in the enterocytes. Meselhy et al. (1997) found that EC, EGC, and 

EGCG are extensively metabolized by a human fecal suspension. Novel metabolites of 

EGC and EC have been identified in human plasma and urine and appeared to be 

produced by intestinal microorganisms (Li et al., 2000). Sulfate and glucuronide 

conjugates of green tea catechins have been identified in preclinical and clinical samples 

(Okushio et al., 1999; Yang et al., 1999; Lee et al., 2000; Chow et al., 2001; Kohri et al., 

2001b). UDP-glucuronosyltransferase and phenolsulfotransferase located in the intestinal 

mucosa could be responsible for the presystemic gut wall metabolism of green tea 

catechins. 

We conclude that first-pass hepatic elimination of green tea catechins does not 

play a significant role in the presystemic elimination of orally administered catechins. 

Studies are needed to delineate the contribution of intestinal efflux and intestinal 

metabolism to the low oral bioavailability of green tea catechins to better understand 

factors affecting the oral bioavailability of this important class of potential cancer 

chemopreventive agents. 
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Table 5.1. Pharmacokinetic parameters of tea catechins following IV dosing 

PK Parameter EGC EC EGCG 

(min"') 0.0131 ±0.0022" 0.0117 ±0.0013 0.0052 ±0.0011^ 

ti/2 (min) 54.2 ± 10.1 59.7 ± 7.4 139.5 ± 35.0'' 

Vss (ml) 220 ± 114 187 ±64 432 ± 70^" 

CL (ml/min) 6.3 ±1.0'= 9.4 ±1.5 8.9 ±1.4 

* Mean ± SD 
'' Significantly different from that of EGC and EC, p < 0.05. 
' Significantly different from that of EGCG and EC, p < 0.05. 
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Table 5. 2. Comparisons of AUCs obtained from intravenous and intraportal infusion 

EGC EC EGCG 

Parameter IV IP IV IP IV IP 

AUC 
(ng.min/ml) 

\11.T 
±24.5 

241.5 
±43.7 

100.2 
± 13.5 

123.2 
±40.2 

690.4 
± 108.7 

666.0 
±222.2 

Dose 
(ng) 

1101 1285 930 1048 6000 6041 

AUC/dose 
(min/ml) 

0.161 
± 0.022 

0.175 
± 0.032 

0.108 
±0.014 

0.102 
±0.015 

0.115 
±0.018 

O.lOO 
± 0.030 

Fi- ^ * Iivcr 108.3% 94.9% 87.0% 

° Mean ± SD 

^Calculatedby /dose)ip 
(AUC / dose)iv 
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Figure 5.1. Average plasma concentration-time profiles of EGCG after intravenous and 

intraportal administration of green tea catechin mixture. IV, intravenous infusion; IP, 

intraportal infusion. Each point represents the average of five rats, and the cross-vertical 

bars represent one SD of the mean. 
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Figure 5.2. Average plasma concentration-time profiles of EC after intravenous and 

intraportal administration of green tea catechin mixture. IV, intravenous infusion; IP, 

intraportal infusion. Each point represents the average of five rats, and the cross-vertical 

bars represent one SD of the mean. 
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Figiire 5.3. Average plasma concentration-time profiles of EGC after intravenous and 

intraportal administration of green tea catechin mixture. IV, intravenous infusion; IP, 

intraportal infusion. Each point represents the average of five rats, and the cross-vertical 

bars represent one SD of the mean. 
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