October 24, 2009 | http://pubs.acs.org
Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.fw001

Functional Foods for Disease
Prevention I

Fruits, Vegetables, and Teas



TOOMJ'TOL0-866T-0/T20T"0T :10p | 866T ‘¥ Joqueldss :areq uoedljdnd
Bao'sdesqndy/:dny | 6002 ‘vz 4010



October 24, 2009 | http://pubs.acs.org
Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.fw001

ACS SYMPOSIUM serRlEs 701

Functional Foods for Disease
Prevention I

Fruits, Vegetables, and Teas

Takayuki Shibamoto, EDITOR
University of California at Davis

Junji Terao, EDITOR
University of Tokushima

Toshihiko Osawa, EDITOR
Nagoya University

Developed from a symposium sponsored by the Division
of Agricultural and Food Chemistry at the 213th National Meeting
of the American Chemical Society,
San Francisco, California,
April 13-17, 1997

American Chemical Soclety, Washington, DC



October 24, 2009 | http://pubs.acs.org
Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.fw001

N

Library of Congress Cataloging-in-Publication Data

Functional foods for disease prevention / Takayuki Shibamoto, Junji Tarao,
Toshihiko Osawa, editors.

p- cm.—(ACS symposium series, ISSN 0097-6156; 701-702)

“Developed from a symposium sponsored by the Division of Agricultural and
Food Chemistry at the 213th National Meeting of the American Chemical
Society, San Francisco, California, April 13-17, 1997.”

Includes bibliographical references and indexes.

Contents: I. Fruits, vegetables, and teas — II. Medicinal plants and other
foods.

ISBN 0-8412-3572-4 (v. 1). — ISBN 0-8412-3573-2 (v. 2)
1. Medicinal plants—Congresses. 2. Functional foods—Congresses.

1. Shibamoto, Takayuki. II. Terao, Junji. IIl. Osawa, Toshihiko. IV. American
Chemical Society. Division of Agricultural and Food Chemistry. V. American
Chemical Society. Meeting (213" : 1997 : San Francisco, Calif.) VI. Series.

RS164.F87 1998
615’.32—dc21 98-6978
CIP

The paper used in this publication meets the minimum requirements of American National Standard for
Information Sciences—Permanence of Paper for Printed Library Materials. ANSI Z39.48-1984.

Copyright © 1998 American Chemical Society
Distributed by Oxford University Press

All Rights Reserved. Reprographic copying beyond that permitted by Sections 107 or 108 of the U.S.
Copyright Act is allowed for internal use only, provided that a per-chapter fee of $20.00 plus $0.25 per
page is paid to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, USA.
Republication or reproduction for sale of pages in this book is permitted only under license from ACS.
Direct these and other permissions requests to ACS Copyright Office, Publications Division, 1155 16th
Street, N.W., Washington, DC 20036.

The citation of trade names and/or names of manufacturers in this publication is not to be construed as
an endorsement or as approval by ACS of the commercial products or services referenced herein; nor
should the mere reference herein to any drawing, specification, chemical process, or other data be
regarded as a license or as a conveyance of any right or permission to the holder, reader, or any other
person or corporation, to manufacture, reproduce, use, or sell any patented invention or copyrighted
work that may in any way be related thereto. Registered names, trademarks, etc., used in this
publication, even without specific indication thereof, are not to be considered unprotected by law.

PRINTED IN THE UNITED STATES OF AMERICA



October 24, 2009 | http://pubs.acs.org
Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.fw001

Advisory Board

ACS Symposinm Series

Mary E. Castellion
ChemEdit Company

Arthur B. Ellis

University of Wisconsin at Madison

Jeffrey S. Gaffney

Argonne National Laboratory

Gunda L. Georg

University of Kansas

Lawrence P. Klemann
Nabisco Foods Group

Richard N. Loeppky

University of Missouri

Cynthia A. Maryanoff
R. W. Johnson Pharmaceutical
Research Institute

Roger A. Minear
University of Illinois
at Urbana—Champaign

Omkaram Nalamasu
AT&T Bell Laboratories

Kinam Park

Purdue University

Katherine R. Porter
Duke University

Douglas A. Smith
The DAS Group, Inc.

Martin R. Tant

Eastman Chemical Co.

Michael D. Taylor
Parke-Davis Pharmaceutical
Research

Leroy B. Townsend
University of Michigan

William C. Walker
DuPont Company



Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.fw001

October 24, 2009 | http://pubs.acs.org

Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to provide
a mechanism for publishing symposia quickly in book form. The pur-
pose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored
by other organizations when the topic is of keen interest to the chem-
istry audience.

Before agreeing to publish a book, the proposed table of contents
is reviewed for appropriate and comprehensive coverage and for in-
terest to the audience. Some papers may be excluded in order to better
focus the book; others may be added to provide comprehensiveness.
When appropriate, overview or introductory chapters are added.
Drafts of chapters are peer-reviewed prior to final acceptance or re-
jection, and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review pa-
pers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS BOOKS DEPARTMENT



Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.pr001

October 24, 2009 | http://pubs.acs.org

Preface

“FU NCTIONAL FOODS” are called by many different names, in-

cluding designer foods, pharmafoods, nutraceuticals, medical foods, and a host
of other names, depending on one’s background and perspective. Recently, food
components that possess such biological characteristics, such as anticarcino-
genicity, antimutagenicity, antioxidative activity, and antiaging activity, have
received much attention from food and nutrition scientists as a third functional
component of foods, after nutrients and flavor compounds. This symposium fo-
cuses on the latest scientific research and the impact of this research on policy
and regulation of functional foods. A major objective of the symposium was to
provide a forum for interaction among food chemists, nutritionists, medical
doctors, students, policy makers, and interested personnel from industries.

The two volumes of Functional Foods: Overview and Disease Prevention
cover the most recent research results and state-of-the art research methodology
in the field. In addition, current perspectives on functional foods and regulatory
issues are also presented. The contributors are experts in the area of functional
foods and were selected from many countries, including the United States, Can-
ada, the Netherlands, Germany, Finland, Israel, Japan, Korea, Thailand, India,
and Taiwan.

This book provides valuable information and useful research tools for di-
verse areas of scientists, including biologists, biochemists, chemists, medical
doctors, pharmacologists, nutritionists, and food scientists, from academic in-
stitutions, governmental institutions, and private industries.

This volume contains perspectives and the role of functional foods in vari-
ous human disease prevention. Biological activities of different natural plants
such as fruits, vegetables, teas, and their related compounds are presented.
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Chapter 1

The Prevention of Cancer

Bruce N. Ames' and Lois Swirsky Gold"?

'Barker Hall and *Lawrence Berkeley National Laboratory, University
of California, Berkeley, CA 94720

1. The major causes of cancer are:

a) Smoking: Abov* a third of U.S. cancer (90 % of lung cancer);

b) Dietary imbalanc 3, e.g., lack of dietary fruits & vegetables:
The quarter of the population eating the least fruits & vegetables has
double the cancer rate for most types of cancer compared to the quarter
eating the most;

¢) Chronic infections: mostly in developing countries;

d) Hormonal factors: primarily influenced by life style.

2. There is no epidemic of cancer, except for lung cancer due to
smoking. Overall cancer mortality rates have declined 16 % since 1950
(excluding lung cancer).

3. Recent research on animal cancer tests indicates that:

a) Rodent carcinogens are not rare. Half of all chemicals tested in
standard high-dose animal cancer tests, whether occurring naturally or
produced synthetically, are carcinogens under the test conditions;

b) There are high-dose effects in rodent cancer tests that are not
relevant to low-dose human exposures and that contribute to the high
proportion of chemicals that test positive;

c) The focus of regulatory policy is on synthetic chemicals,
although 99.9% of the chemicals humans ingest are natural. Over
1000 chemicals have been described in coffee: 28 have been tested
and 19 are rodent carcinogens. Plants in the human diet contain
thousands of natural pesticides which protect them from insects and
other predators: 63 have been tested and 35 are rodent carcinogens.

4. There is no convincing evidence that synthetic chemical pollutants
are important for human cancer.

Cancer Trends
Cancer death rates overall in the U.S. (excluding lung cancer due to smoking) have
declined 16% since 1950 (1). The types of cancer deaths that have decreased since

1950 are primarily stomach, cervical, uterine, and colorectal. The types that have
increased are primarily lung cancer (90% is due to smoking, as are 35 % of all cancer

2 . ©1998 American Chemical Society
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deaths in the U.S.), melanoma (probably due to sunburns), and non-Hodgkin's
lymphoma. If lung cancer is included, mortality rates have increased over time, but
recently have declined in men due to the effects of decreased smoking (1). The rise in
incidence rates in older age groups for some cancers, e.g., prostate, can be explained
by known factors such as improved screening. "The reason for not focusing on the
reported incidence of cancer is that the scope and precision of diagnostic information,
practices in screening and early detection, and criteria for reporting cancer have
chzn(g;)d so much over time that trends in incidence are not reliable" (2). (See also (3)
an ).

Cancer is one of the degenerative diseases of old age and increases
exponentially with age in both rodents and humans. External factors, however, can
markedly increase cancer rates (e.g., cigarette smoking in humans) or decrease them
(e.g., caloric restriction in rodents). Life expectancy has continued to rise since
1950. Thus the increases in the crude number of observed cancer deaths (not
adjusted for age) reflect the aging of the population and the delayed effects of earlier
increases in smoking (3,4).

Important Causes of Human Cancer

Epidemiological studies have identified the factors that are likely to have a major effect
on lowering rates of cancer: reducing smoking, improving diet (e.g., increased
consumption of fruits and vegetables), and controlling infections (5). We (5) estimate
that diet accounts for about one-third of cancer risk in agreement with the earlier
estimates of Doll and Peto (3), and we discuss diet in the next section. Other factors
are lifestyle influences on hormones, avoidance of intense sun exposure, increased
physical activity, reduced consumption of alcohol, and occupational exposures.

Since cancer is due in part to normal aging, to the extent that the major
external risk factors for cancer are diminished, (smoking, unbalanced diet, chronic
infection, and hormonal factors) cancer will occur at a later age, and the proportion of
cancer caused by normal metabolic processes will increase. Aging and its
degenerative diseases appear to be due in good part to the accumulation of oxidative
damage to DNA and other macromolecules (6). By-products of normal metabolism --
superoxide, hydrogen peroxide, and hydroxyl radical -- are the same oxidative
mutagens produced by radiation. An old rat has about 66,000 oxidative DNA lesions
per cell (7). DNA is oxidized in normal metabolism because antioxidant defenses,
though numerous, are not perfect. Antioxidant defenses against oxidative damage
include Vitamins C and E and probably carotenoids, most of which come from dietary
fruits and vegetables.

Smoking contributes to about 35% of U.S. cancer, about one-quarter of heart
disease, and about 400,000 premature deaths per year in the United States (8).
Tobacco is a known cause of cancer of the lung, bladder, mouth, pharynx, pancreas,
stomach, larynx, esophagus and possibly colon. Tobacco causes even more deaths
by diseases other than cancer. Smoke contains a wide variety of mutagens and rodent
carcinogens. Smoking is also a severe oxidative stress and causes inflammation in
the lung. The oxidants in cigarette smoke--mainly nitrogen oxides--deplete the
body's antioxidants. Thus, smokers must ingest two to three times more vitamin C
than non-smokers to achieve the same level in blood, but they rarely do. Inadequate
concentration of Vitamin C in plasma is more common among the poor and smokers

(6).

Men with inadequate diets or who smoke may damage both their somatic
DNA and the DNA of their sperm. When the dietary Vitamin C is insufficient to keep
seminal fluid Vitamin C at an adequate level, the oxidative lesions in sperm DNA are
increased 250% (9-11). Smokers also produce more aneuploid sperm than non-
smokers (12). Paternal smokers, therefore, may plausibly increase the risk of birth
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defects and childhood cancer in offspring (9,10). New epidemiological evidence
indicates that childhood cancers are increased in offspring of male smokers, e.g.,
acute lymphocytic leukemia, lymphoma, and brain tumors, are increased 3-4 times

(13)

Chronic inflammation from chronic infection results in release of oxidative
mutagens from phagocytic cells and is a major contributor to cancer (5,14). White
cells and other phagocytic cells of the immune system combat bacteria, parasites, and
virus-infected cells by destroying them with potent, mutagenic oxidizing agents. The
oxidants protect humans from immediate death from infection, but they also cause
oxidative damage to DNA, chronic cell killing with compensatory cell division (15)
and thus contribute to the carcinogenic process. Antioxidants appear to inhibit some
of the pathology of chronic inflammation. Chronic infections cause about 21% of
new cancer cases in developing countries and 9% in developed countries (16)

Endogenous reproductive hormones play a large role in cancer, including
cancer of the breast, prostate, ovary and endometrium (17,18), contributing to as
much as 20% of all cancer. Many lifestyle factors such as reproductive history, lack
cz)g exercise, obesity, and alcohol influence hormone levels and therefore risk (5, 17-

).

Genetic factors also play a significant role and interact with lifestyle and other
risk factors. Biomedical research is uncovering important genetic variation in
humans.

Occupational exposure to carcinogens can cause cancer, though how much
has been a controversial issue; a few percent seems a reasonable estimate (5). The
main contributor was asbestos in smokers. Workplace exposures can be high in
comparison with other chemical exposures in food, air, or water. Past occupational
exposures have sometimes been high and therefore comparatively little quantitative
extrapolation may be required for risk assessment from high-dose rodent tests to
high-dose occupational exposures. Since occupational cancer is concentrated among
small groups exposed at high levels, there is an opportunity to control or eliminate
risks once they are identified.

Although some epidemiologic studies find an association between cancer and
low levels of industrial pollutants, the associations are usually weak, the results are
usually conflicting, and the studies do not correct for potentially large confounding
factors like diet. Moreover, the exposures to synthetic pollutants are small and the
low concentrations do not seem plausible as a causal factor when compared to the
background of natural chemicals that are rodent carcinogens (2/). Even assuming
that the EPA's worst-case risk estimates for synthetic pollutants are true risks, the
proportion of cancer that EPA could prevent by regulation would be tiny (22).

Preventing Diet-Related Cancer

High consumption of fruits and vegetables is associated with a lowered risk of
degenerative diseases including cancer, cardiovascular disease, cataracts, and brain
dysfunction (6). More than 200 studies in the epidemiological literature have been
reviewed that show, with great consistency, an association between low consumption
of fruits and vegetables and cancer incidence (23-25) (Table 1). The quarter of the
population with the lowest dietary intake of fruits and vegetables compared to the
quarter with the highest intake has roughly twice the cancer rate for most types of
cancer (lung, larynx, oral cavity, esophagus, stomach, colorectal, bladder, pancreas,
cervix, and ovary). Eighty percent of American children and adolescents and 68% of
adults (26,27) did not meet the intake recommended by the NCI and the National
Research Council: 5 servings of fruits and vegetables per day. Publicity about
hundreds of minor hypothetical risks can cause loss of perspective on what is



important for disease prevention: half the public does not know that fruit and
vegetable consumption is a major protection against cancer (28).

Table 1. Review of epidemiological studies on cancer showing
protection by consumption of fruits and vegetables

Fraction of studies Relative risk (median)
Cancer site showing significant Low vs. high quartile
cancer protection of consumption
Epithelial
Lung 24/25 2.2
Oral 9/9 2.0
Larynx 4/4 2.3
Esophagus 15/16 2.0
Stomach 17/19 2.5
Pancreas 9/11 2.8
Cervix 7/8 2.0
Bladder 3/5 2.1
Colorectal 20/35 1.9
Miscellaneous 6/8 ~en
Hormone-dependent
Breast 8/14 1.3
Ovary/endometrium 3/4 1.8
Prostate 4/14 1.3
Total 129/172
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SOURCE: Adapted from ref. (23).

Micronutrients in Fruits and Vegetables are Anticarcinogens.
Antioxidants in fruits and vegetables may account for some of their beneficial effect,
as discussed above. However, the effects of dietary antioxidants are difficult to
disentangle by epidemiological studies from other important vitamins and ingredients
in fruits and vegetables (23,24,29,30).

Folate deficiency, one of the most common vitamin deficiencies, causes
chromosome breaks in human genes (31). Approximately 10% of the US population
(32) is deficient at the level causing chromosome breaks. In two small studies of low
income (mainly African-American) elderly (33) and adolescents (34) nearly half had
folate levels that low. The mechanism is deficient methylation of uracil to thymine,
and subsequent incorporation of uracil into human DNA (4 million/cell) (31). During
repair of uracil in DNA, transient nicks are formed; two opposing nicks causes a
chromosome break. Both high DNA uracil levels and chromosome breaks in humans
are reversed by folate administration (3/). Chromosome breaks could contribute to
the increased risk of cancer and cognitive defects associated with folate deficiency in
humans (31). Folate deficiency also damages human sperm (35), causes neural tube
defects in the fetus, and about 10% of the risk of heart disease in the U.S. (31). Diets
deficient in fruits and vegetables are commoniy low in folate, antioxidants, (e.g.,
Vitamin C) and many other micronutrients, and result in significant amounts of DNA
damage and higher cancer rates (5,23,36).

Other micronutrients, whose main dietary sources are other than fruits and
vegetables, are likely to play a significant role in the prevention and repair of DNA
damage, and thus are important to the maintenance of long term health. Deficiency of
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Vitamin B2 causes a functional folate deficiency, accumulation of homocysteine (a
risk factor for heart disease) (37), and misincorporation of uracil into DNA (38).
Strict vegetarians are at increased risk of developing a Vitamin B 17 deficiency (37).
Niacin contributes to the repair of DNA strand breaks by maintaining nicotinamide
adenine dinucleotide levels for the poly ADP-ribose protective response to DNA
damage (39). As a result, dietary insufficiencies of niacin (15% of some populations
are deficient (40)), folate, and antioxidants may act synergistically to adversely affect
DNA synthesis and repair.

Optimizing micronutrient intake can have a major impact on health at low cost.
Increasing research in this area and efforts to improve micronutrient intake and
balanced diet should be a high priority for public policy. Fruits and vegetables are of
major importance for reducing cancer: if they become more expensive by reducing use
of synthetic pesticides, cancer is likely to increase. People with low incomes eat
fewer fruits and vegetables and spend a higher percentage of their income on food.

Calories or Protein Restriction and Cancer Prevention. In rodents a
calorie-restricted diet, compared to ad libitum feeding, markedly decreases tumor
incidence and increases lifespan, but decreases reproduction (41,42). Protein
restriction, though less well-studied, appears to have similar effects (43). Darwinian
fitness in animals appears to be increased by hormonal changes which delay
reproductive function during periods of low food availability because the saved
resources are invested in maintenance of the body until food resources are available
for successful reproduction (44,45). Lower mitotic rates are observed in a variety of
tissues in calorie-restricted compared to ad libitum fed rodents (46,47), which is
likely to contribute to the decrease in tumor incidence (48). Though epidemiological
evidence on restriction in humans is sparse, the possible importance of growth
restriction in human cancer is supported by epidemiologic studies indicating higher
rates of breast and other cancers among taller persons (49); e.g., Japanese women are
now taller, menstruate earlier, and have increased breast cancer rates. Also, many of
the variations in breast cancer rates among countries, and trends over time within
countries, are compatible with changes in growth rates and attained adult height (50).
Obesity in post menopausal women is a risk factor for breast cancer (20,49).

Are Human Exposures to Pollutants or Pesticide Residues that are
Rodent Carcinogens Likely to be Important for Human Cancer?

There is an enormous background of human exposures to naturally-occurring
chemicals, and half of natural (as well as synthetic) chemicals tested are rodent
carcinogens. 99.9% of the chemicals humans ingest are natural. The amounts of
synthetic pesticide residues in plant foods are insignificant compared to the amount of
natural pesticides produced by plants themselves (51,52). Of all dietary pesticides
that humans eat, 99.99% are natural: they are chemicals produced by plants to defend
themselves against fungi, insects, and other animal predators (5/,52). Each plant
produces a different array of such chemicals. On average Americans ingest roughly
5,000 to 10,000 different natural pesticides and their breakdown products.
Americans eat about 1,500 mg of natural pesticides per person per day, which is
about 10,000 times more than they consume of synthetic pesticide residues.

Even though only a small proportion of natural pesticides has been tested for
carcinogenicity, half of those tested (35/64) are rodent carcinogens, and naturally
occurring pesticides that are rodent carcinogens are ubiquitous in fruits, vegetables,
herbs, and spices (53) (Table II).

Cooking foods produces about 2,000 mg per person per day of burnt material
that contains many rodent carcinogens and many mutagens. By contrast, the residues
of 200 synthetic chemicals measured by FDA, including the synthetic pesticides



thought to be of greatest importance, average only about 0.09 mg per person per day
(51,53). The known natural rodent carcinogens in a single cup of coffee are about
equal in weight to an entire year's worth of synthetic pesticide residues that are rodent
carcinogens, even though only 3% of the natural chemicals in roasted coffee have
been tested for carcinogenicity (21) This does not mean that coffee is dangerous,
but rather that assumptions about high-dose animal cancer tests for assessing human
risk at low doses need reexamination. No diet can be free of natural chemicals that
are rodent carcinogens (53).

Table II. Carcinogenicity of natural plant pesticides tested in rodents
(Fungal toxins are not included)
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Carcinogens: acetaldehyde methylformylhydrazone, allyl isothiocyanate,
N=35 arecoline.HCI, benzaldehyde, benzyl acetate, caffeic acid,
catechol, clivorine, coumarin, crotonaldehyde, cycasin and
methylazoxymethanol acetate, 3,4-dihydrocoumarin, estragole,
ethyl acrylate, N2-y-glutamyl-p-hydrazinobenzoic acid, hexanal
methylformylhydrazine, p-hydrazinobenzoic acid.HCI,
hydroquinone, 1-hydroxyanthraquinone, lasiocarpine, d-
limonene, 8-methoxypsoralen, N-methyl-N-formylhydrazine, o-
methylbenzyl alcohol, 3-methylbutanal methylformylhydrazone,
methylhydrazine, monocrotaline, pentanal methylformylhydra-
zone, petasitenine, quercetin, reserpine, safrole, senkirkine,

sesamol, symphytine

Noncarcinogens: atropine, benzyl alcohol, biphenyl, d-carvone, deserpidine,
N=28 disodium glycyrrhizinate, emetine.2HCI, ephedrine sulphate,
eucalyptol, eugenol, gallic acid, geranyl acetate, B-N-[y-I(+)-
glutamyl]-4-hydroxy-methylphenylhydrazine, glycyrrhetinic
acid, p-hydrazinobenzoic acid, isosafrole, kaempferol, dl-
menthol, nicotine, norharman, pilocarpine, piperidine,
protocatechuic acid, rotenone, rutin suifate, sodium benzoate,

turmeric oleoresin, vinblastine

These rodent carcinogens occur in: absinthe, allspice, anise, apple, apricot,
banana, basil, beet, broccoli, Brussels sprouts, cabbage, cantaloupe,
caraway, cardamom, carrot, cauliflower, celery, cherries, chili pepper,
chocolate milk, cinnamon, cloves, cocoa, coffee, collard greens, comfrey
herb tea, corn, coriander, currants, dill, eggplant, endive, fennel, garlic,
grapefruit, grapes, guava, honey, honeydew melon, horseradish, kale,
lemon, lentils, lettuce, licorice, lime, mace, mango, marjoram, mint,
mushrooms, mustard, nutmeg, onion, orange, paprika, parsley, parsnip,
peach, pear, peas, black pepper, pineapple, plum, potato, radish, raspberries,
rhubarb, rosemary, rutabaga, sage, savory, sesame seeds, soybean, star
anise, tarragon, tea, thyme, tomato, turmeric, and turnip.

SOURCE: Adapted from ref. (53).

Why are Half of the Chemicals Tested in High-Dose Animal Cancer
Tests Rodent Carcinogens? Approximately half of all chemicals -- whether
natural or synthetic -- that have been tested in standard animal cancer tests are rodent
carcinogens (54,55) (Table III). We have concluded that although there may be some
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bias in picking more suspicious chemicals such bias is not the major explanation for
the high positivity rate (56,57).

Table III. Proportion of chemicals evaluated as carcinogenic.

Chemicals tested in both rats and mice2 330/559 (59%)
Naturally-occurring chemicals 73/127 (57%)
Synthetic chemicals 257/432 (59%)

Chemicals tested in rats and/or mice?

Chemicals in Carcinogenic Potency Database 668/1275  (52%)
Natural pesticides 35/63 (56%)
Mold toxins 14/23 (61%)
Chemicals in roasted coffee 19/28 (68%)
Innes negative chemicals retested?;b 16/34 47%)
Physician's Desk Reference (PDR): drugs with
reported cancer testsC 117/241 (49%)
FDA database of drug submissionsd 125/282 (44%)

SOURCES: 2 The Carcinogenic Potency Database, adapted from ref. (55).
b The 1969 study by Innes et al., adapted from ref. (64), is frequently
cited as evidence that the proportion of carcinogens is low, as only 9%
of 119 chemicals tested (primarily pesticides) were positive.
However, these tests, which were only in mice with few animals per
group, lacked the power of modern tests.

€ Adapted from ref. (65), Davies and Monro

d Adapted from ref. (66), Contrera et al. 140 drugs are in both the FDA
and PDR databases.

In standard cancer tests rodents are given chronic, near-toxic doses, the
maximum tolerated dose (MTD). Evidence is accumulating that it may be cell division
caused by the high dose itself, rather than the chemical per se, that is increasing the
positivity rate. Endogenous DNA damage from normal oxidation is large. Thus,
from first principles, the cell division rate must be a factor in converting lesions to
mutations and thus cancer (58). Raising the level of either DNA lesions or cell
division will increase the probability of cancer. Just as DNA repair protects against
lesions, p53 guards the cell cycle and defends against cell division if the lesion level
gets too high (5). If the lesion level becomes higher still, p53 can initiate
programmed cell death (apoptosis) (59,60). None of these defenses is perfect,
however (5). The critical factor is chronic cell division in stem cells, not in cells that
are discarded, and is related to the total number of extra cell divisions (61). Cell
division is both a major factor in loss of heterozygosity through non-disjunction and
other mechanisms (62,63) and in expanding clones of mutated cells.

High doses can cause chronic wounding of tissues, cell death, and consequent
chronic cell division of neighboring cells, which is a risk factor for cancer (54).
Tissues injured by high doses of chemicals have an inflammatory immune response
involving activation of recruited and resident macrophages (67-73) (e.g.,
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phenobarbital, carbon tetrachloride, TPA). Activated macrophages release mutagenic
oxidants (including peroxynitrite, hypochlorite, and Hp03), as well as inflammatory
and cytotoxic cytokines, growth factors, bioactive lipids (arachidonic acid
metabolites), and proteases. This general response to cell injury suggests that chronic
cell killing by high dose animal cancer tests will likely incite a similar response,
leading to further cell injury, compensatory cell division and therefore increased
probability of mutation. .

Thus it seems likely that a high proportion of all chemicals, whether synthetic
or natural, might be "carcinogens" if run through the standard rodent bioassay at the
MTD, but this will be primarily due to the effects of high doses for the non-mutagens,
and a synergistic effect of cell division at high doses with DNA damage for the
mutagens (58,63,74).

Correlation between Cell Division and Cancer. Many studies on rodent
carcinogenicity show a correlation between cell division at the MTD and cancer.
Cunningham et al. have analyzed 15 chemicals at the MTD, 8 mutagens and 7 non-
mutagens, including pairs of mutagenic isomers, one of which is a carcinogen and
one of which is not (75-85). They found a perfect correlation between cancer
causation and cell division in the target tissue: the 9 chemicals increasing cancer
caused cell division in the target tissue and the 6 chemicals not increasing cancer did
not. A similar result has been found in the analyses of Mirsalis (86), e.g., both
dimethylnitrosamine (DMN) and methyl methane sulfonate (MMS) methylate liver
DNA and cause unscheduled DNA synthesis (a result of DNA repair), but DMN
causes both cell division and liver tumors, while MMS does neither. A recent study
on the mutagenic dose response of the carcinogen ethylnitrosourea concludes that cell
division is a key factor in its mutagenesis and carcinogenesis (87). Chloroform at
high doses induces liver cancer by chronic cell division (88). Formaldehyde causes
cancer at high doses, primarily through increases in cell division (61). PhIP, a
mutagenic heterocyclic amine from cooked protein, induces colon tumors in male rats,
but not in female rats; the level of DNA adducts in the colonic mucosa was the same
in both sexes, however, cell division was increased only in the male, contributing to
the formation of premalignant lesions of the colon (89). Therefore, there was no
correlation between adduct formation and these premalignant lesions, but there was
between cell division and lesions. The importance of cell division for a variety of
genotoxic and non-genotoxic agents has been demonstrated (90). Extensive reviews
on rodent studies (58,63,91-94) document that chronic cell division can induce
cancer. There is also a large epidemiological literature reviewed by Preston-Martin,
Henderson and colleagues (95,96) showing that increased cell division by hormones
and other agents can increase human cancer. At the low levels to which humans are
usually exposed, such increased cell division does not occur. Therefore, the very low
levels of chemicals to which humans are exposed through water pollution or synthetic
pesticide residues are likely to pose no or minimal cancer risks.

Risk Assessment. In regulatory policy, the "virtually safe dose" (VSD),
corresponding to a maximum, hypothetical cancer risk of one in a million, is
estimated from bioassay results using a linear model. To the extent that
carcinogenicity in rodent bioassays is due to the effects of high doses for the non-
mutagens, and a synergistic effect of cell division at high doses with DNA damage for
the mutagens, then this model is inappropriate. As we pointed out in 1990 (63):
"The high proportion of carcinogens among chemicals tested at the MTD emphasizes
the importance of understanding cancer mechanisms in order to determine the
relevance of rodent cancer test results for humans. A list of rodent carcinogens is not
enough. The main rule in toxicology is that 'the dose makes the poison" at some
level, every chemical becomes toxic, but there are safe levels below that. However,
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the precedent of radiation, which is both a mutagen and a carcinogen, gave credence
to the idea that there could be effects of chemicals even at low doses. A scientific
consensus evolved in the 1970s that we should treat carcinogens differently, that we
should assume that even low doses might cause cancer, even though we lacked the
methods for measuring carcinogenic effects at low levels. This idea evolved because
it was expected that (i) only a small proportion of chemicals would have carcinogenic
potential, (ii) testing at a high dose would not produce a carcinogenic effect unique to
the high dose, and (iii) chemical carcinogenesis would be explained by the mutagenic
potential of chemicals. However, it seems time to take account of new information
suggesting that all three assumptions are wrong."

Possible Hazards from Synthetic Chemicals Should be Viewed in the
Context of Natural Chemicals. Gaining a broad perspective about the vast
number of chemicals to which humans are exposed can be helpful when setting
research and regulatory priorities (21,52,97,98). Rodent bioassays provide little
information about mechanisms of carcinogenesis and low-dose risk. The assumption
that synthetic chemicals are hazardous has led to a bias in testing, such that synthetic
chemicals account for 77% of the 559 chemicals tested chronically in both rats and
mice (Table 3). The natural world of chemicals has never been tested systematically.
One reasonable strategy is to use a rough index to compare and rank possible
carcinogenic hazards from a wide variety of chemical exposures at levels that humans
typically receive, and then to focus on those that rank highest (21,98,99). We have
ranked 74 human exposures to rodent carcinogens using the HERP index (Human
Exposure/Rodent Potency), which indicates what percentage of the rodent potency
(Tumorigenic Dose rate for 50% of rodents, TD50 in mg/kg/day) a human receives
from a given daily lifetime exposure (mg/kg/day). Overall, our analyses have shown
that HERP values for some historically high exposures in the workplace and some
pharmaceuticals rank high, and that there is an enormous background of naturally
occurring rodent carcinogens in typical portions of common foods that cast doubt on
the relative importance of low-dose exposures to residues of synthetic chemicals such
as pesticides (21,55,98,100). A committee of the National Research
Council/National Academy of Sciences recently reached similar conclusions about
natural vs. synthetic chemicals in the diet, and called for further research on natural
chemicals (101).

The possible carcinogenic hazards from synthetic pesticides (at average
exposures) are minimal compared to the background of nature's pesticides, though
neither may be a hazard at the low doses consumed. This analysis also indicates that
many ordinary foods would not pass the regulatory criteria used for synthetic
chemicals. Our results call for a re-evaluation of the utility of animal cancer tests in
protecting the public against minor hypothetical risks.

It is often assumed that because natural chemicals are part of human
evolutionary history, whereas synthetic chemicals are recent, the mechanisms that
have evolved in animals to cope with the toxicity of natural chemicals will fail to
protect against synthetic chemicals. This assumption is flawed for several reasons
(52,54).

a) Humans have many natural defenses that make us well buffered against
normal exposures to toxins (52), and these are usually general, rather than tailored for
each specific chemical. Thus they work against both natural and synthetic chemicals.
Examples of general defenses include the continuous shedding of cells exposed to
toxins -- the surface layers of the mouth, esophagus, stomach, intestine, colon, skin,
and lungs are discarded every few days; DNA repair enzymes, which repair DNA that
has been damaged from many different sources; and detoxification enzymes of the
liver and other organs which generally target classes of toxins rather than individual
toxins. That defenses are usually general, rather than specific for each chemical,
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makes good evolutionary sense. The reason that predators of plants evolved general
defenses is presumably to be prepared to counter a diverse and ever-changing array of
plant toxins in an evolving world; if a herbivore had defenses against only a set of
specific toxins, it would be at a great disadvantage in obtaining new food when
favored foods became scarce or evolved new toxins.

b) Various natural toxins which have been present throughout vertebrate
evolutionary history, nevertheless cause cancer in vertebrates (52,55). Mold toxins,
such as aflatoxin, have been shown to cause cancer in rodents and other species
including humans (Table 3). Many of the common elements are carcinogenic to
humans at high doses (e.g., salts of cadmium, beryllium, nickel, chromium, and
arsenic) despite their presence throughout evolution. Furthermore, epidemiological
studies from various parts of the world show that certain natural chemicals in food
may be carcinogenic risks to humans; for example, the chewing of betel nuts with
tobacco has been correlated with oral cancer.

¢) Humans have not had time to evolve a "toxic harmony" with all of their
dietary plants. The human diet has changed dramatically in the last few thousand
years. Indeed, very few of the plants that humans eat today (e.g., coffee, cocoa, tea,
potatoes, tomatoes, corn, avocados, mangoes, olives, and kiwi fruit), would have
been present in a hunter-gatherer's diet. Natural selection works far too slowly for
humans to have evolved specific resistance to the food toxins in these newly
introduced plants.

d) DDT is often viewed as the typically dangerous synthetic pesticide because
it concentrates in the tissues and persists for years, being slowly released into the
bloodstream. DDT, the first synthetic pesticide, eradicated malaria from many parts
of the world, including the U.S. It was effective against many vectors of disease
such as mosquitoes, tsetse flies, lice, ticks, and fleas. DDT was also lethal to many
crop pests, and significantly increased the supply and lowered the cost of food,
making nutritious foods more accessible to poor people. It was also of low toxicity to
humans. A 1970 National Academy of Sciences report concluded: "In little more than
two decades DDT has prevented 500 million deaths due to malaria, that would other
wise have been inevitable (102)." There is no convincing epidemiological evidence,
nor is there much toxicological plausibility, that the levels normally found in the
environment are likely to be a significant contributor to cancer. DDT was unusual
with respect to bioconcentration, and because of its chlorine substituents it takes
longer to degrade in nature than most chemicals; however, these are properties of
relatively few synthetic chemicals. In addition, many thousands of chlorinated
chemicals are produced in nature, and natural pesticides also can bioconcentrate if
they are fat soluble. Potatoes, for example, naturally contain the fat soluble
neurotoxins solanine and chaconine, which can be detected in the bloodstream of all
potato eaters. High levels of these potato neurotoxins have been shown to cause
malformations in the hamster fetus (103).

e) Since no plot of land is immune to attack by insects, plants need chemical
defenses -- either natural or synthetic -- in order to survive pest attack. Thus, there is
a trade-off between naturally occurring pesticides and synthetic pesticides. One
consequence of disproportionate concern about synthetic pesticide residues is that
some plant breeders develop plants to be more insect-resistant by making them higher
in natural toxins. A recent case illustrates the potential hazards of this approach to
pest control: When a major grower introduced a new variety of highly insect-resistant
celery into commerce, people who handled the celery developed rashes when they
were subsequently exposed to sunlight. Some detective work found that the pest-
resistant celery contained 6,200 parts per billion (ppb) of carcinogenic (and
mutagenic) psoralens instead of the 800 ppb present in common celery (52).
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Are Pesticides and Other Synthetic Chemicals Disrupting Human
Hormones? Hormonal factors are important in cancer (see above). A recent book
(104), holds that traces of synthetic chemicals, such as pesticides with weak
hormonal activity, may contribute to cancer and reduce sperm counts. This view
ignores the facts that the usual diet contains natural chemicals that have estrogenic
activity millions of times higher than that due to traces of synthetic estrogenic
chemicals (105,706) and that lifestyle factors can markedly change the levels of
endogenous hormones (see above). The low levels of human exposure to residues of
industrial chemicals are toxicologically implausible as a significant cause of cancer or
reproductive abnormalities, especially when compared to the natural background
(105-107). In addition, even if sperm counts really were declining, which is not all
clear (108), there are many more likely causes, such as smoking and diet (see above).

Does Regulation of Low Hypothetical Risks Advance Public Health?

The world is not risk-free, and resources are limited; therefore, society must set
priorities based on which risks are most important in order to save the most lives.
The EPA reports that its regulations cost society $140 billion per year. It has been
argued that overall these regulatigns harm public health (109-112), because "wealthier
is not only healthier but highly risk reducing." One estimate indicates "that for every
1% increase in income, mortality is reduced by 0.05%" (110,113). In addition, the
median toxin control program costs 58 times more per life-year saved than the median
injury prevention program and 146 times more than the median medical program
(114). 1t has been estimated that the U.S. could prevent 60,000 deaths a year by
redirecting resources to more cost effective programs (/15). The discrepancy is likely
to be greater because cancer risk estimates used for toxin control programs are worst-
case, hypothetical estimates, and the true risks at low dose are often likely to be zero
(21,54,55) (see above).

Regulatory efforts to reduce low-level human exposures to synthetic
chemicals are expensive because they aim to eliminate minuscule concentrations that
now can be measured with improved techniques. These efforts are distraction from
the major task of improving public health through increasing scientific understanding
about how to prevent cancer (e.g., the role of diet), increasing public understanding
of how lifestyle influences health, and improving our ability to help individuals alter
lifestyle.

Rules on air and water pollution are necessary (e.g., it was a public health
advance to phase lead out of gasoline), and clearly, cancer prevention is not the only
reason for regulations. As we pointed out in 1990 (116): "What is chiefly needed is
to take seriously the control of the major hazards that have been reliably identified,
without diverting attention from these major causes by a succession of highly
publicized scares about factors that may well be of little or no importance as causes of
human diseases."
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Chapter 2

Glucosinolates, Myrosinase, and Isothiocyanates:
Three Reasons for Eating Brassica Vegetables

Jed W. Fahey, Katherine K. Stephenson, and Paul Talalay

'Brassica Chemoprotection Laboratory and Department of Pharmacology and
Molecular Sciences, School of Medicine, Johns Hopkins University, 725 North Wolfc
Street, Baltimore, MD 21205-2185

Numecrous epidemiological studies provide consistent evidence that individuals who
consume the highest quantiles of fruit and vegetables experience lower risks of
developing several types of cancer (reviewed by 1-3). Although cruciferous vegetables
(and especially Brassica sp.) are believed to play a special role in this risk reduction
(4,5), it is by no means clear how much of the protective effect can be attributed to the
nutrient or the non-nutrient cdmponents of these foods, or to what extent indirect
effects such as a parallel reduction in fat consumption and increases in fiber or vitamin
and carotenoid intake may be responsibie for protection. Epidemiolcgical studies do,
however, support the contention that dietary modification could reduce cancer risk by
one third to one half in economically developed countries (6,7). Furthermore, it is
believed that the majority of cancer cases (1.4 million new cases are expected in the
U.S. alone in 1997) could be avoided by reducing various risk factors (tobacco,
radiation, alcohol, exposure to certain drugs and chemicals) in combination with dietary
modification (8). More recently, the prospect of reducing susceptibility to carcinogens
by the administration of various chemical (including dietary) protectors has become
widely recognized as both a feasible and a rational strategy in the battle against cancer
(9-12). This approach has been termed chemoprotection, chemoprevention, or
chemoprophylaxis.

One major strategy for achieving chemoprotection against cancer depends on the
induction of Phase 2 detoxication enzymes in mammalian tissue by the administration
of dietary or synthetic chemical agents (13-15). Although chronic exposure to various
metabolic stresses cannot be always regardzd as beneficial, exposure of animals and
their cultured cells to low levels of certain of these stresses, especially electrophilic
chemicals, causes an acceleration of reduced glutathione synthesis. In addition,
electrophile exposure causes a coordinated induction of many of the Phase 2 enzymes
that detoxify these compounds, thus reducing the susceptibility of cells to higher
concentrations of the inducer as well as other related electrophiles (16,17). These
Phase 2 enzymes (e.g. glutathione transferases, NAD(P)H:quinone oxidoreductase,
glucuronosyltransferase, and epoxide hydrolase) inactivate ultimate carcinogens by
destruction of their reactive centers or by conjugation with endogenous ligands thereby

16 ©1998 American Chemical Society
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neutralizing their toxic properties and accelerating their elimination from the body.
Evidence for a causal relationship between Phase 2 enzyme induction and protection
has been mounting and can be considered as firmly established (/4,15). Recently,
considerable attention has been focused on edible plants which are rich in
phytochemicals that induce Phase 2 enzymes (18-20). This approach is consistent with
the epidemiological evidence which also strongly suggests the involvement of plants in
cancer chemoprotection . Thus, cruciferous vegetables (e.g. broccoli, cauliflower, kale,
turnips, collards, Brussels sprouts, cabbage, kohlrabi, rutabaga, Chinese cabbage, bok
choy) contain water soluble secondary metabolites called glucosinolates, which are
converted by endogenous enzymes (myrosinases) into highly reactive isothiocyanates
as a defense response to predation or injury. The resultant isothiocyanates (R-N=C=S)
or mustard oils are the principal Phase 2 enzyme inducers of cruciferous plants. The
most potent naturally-occurring inducer isothiocyanate is sulforaphane (19).
Sulforaphane was isolated in this laboratory from broccoli by monitoring the inducer
activity of extracts of this plant. The inducer and anticarcinogenic properties of
sulforaphane have also beer demonstrated in animal tissues (27,22). The latent inducer
activity of extracts of 3-day-old broccoli seedlings (sprouts) is attributable almost
entirely to the presence of glucoraphanin (the glucosinolate precursor of sulforaphane).
The concentration of inducer activity in such sprouts (200,000 - 800,000 units per gram
fresh weight) is much higher than that of mature broccoli heads (5,000 - 80,000 units
per gram fresh weight). When comparable doses of sulforaphane and of broccoli sprout
extracts (based on inducer activity) were used to treat rats that also received single
doses of the pctent carcinogen DMBA (dimethylbenz[a]anthracene), a quantitatively
similar reduction in mammary tumor development was observed (20).

The very stable glucosinolate precursors of isothiocyanates are typically present in
some plants (e.g. crucifers) at much higher concentrations than their cognate
isothiocyanates. Glucosinolate levels can amount to as much as 1% (w/w) in tissues of
some cruciferous plant species. Glucosinolates comprise about 0.05 - 0.1% of the fresh
weight of broccoli or about 50 - 100 mg of these compounds per 100 g portion.
Glucosinolates are hydrolyzed to isothiocyanates by the coexisting enzyme myrosinase
which is physically segregated within plant cells. It is commonly accepted that
myrosinase activity is initiated when plants are damaged by insects or other predators,
by food preparation, by chewing, or by other forms of damage, such as bruising or
freeze-thawing during cultivation, harvest, shipping or handling, and in animal
digestive systems. These types of tissue damage release myrosinase
[thioglucohydrolase; EC 3.2.3.1] which cleaves the thioglucose linkage thereby
releasing glucose. The resulting unstable intermediate undergoes [a probably
nonenzymatic] rearrangement in which sulfate is released and isothiocyanates as well as

/S - B-D-CeH,,0; MYROSINASE

R-C > R-N=C=§ + glucose + HSO,
\\
N-0-S0,

GLUCOSINOLATE ISOTHIOCYANATE
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other products are formed. Nearly all of the inducer activity in extracts of crucifers
arises from glucosinolates which are not biologically active as such, but must undergo
hydrolysis to isothiocyanates in order to manifest Phase 2 enzyme inducer activity
(20).

Glucosinolates were first isolated in the middle of the last century and much effort
has been devoted to developing methods for their efficient isolation and identification.
Existing methods for separation involved ion exchange, GC, and HPLC, mostly after
chemical modification (enzymatic sulfate removal and/or silylation of sugar moieties),
but chromatographic standards are difficult to obtain and in many methods biological
activity of the molecule is destroyed. We have therefore developed methods for the
separation and identification of individual glucosinolates in plant extracts by use of
paired-ion chromatography in the presence of tetraoctyl- or tetradecyl-ammonium
bromide in combination with mass and NMR spectroscopy for final confirmation of
identity (23). The paired-ion chromatography methods are extensions of methods
developed by others (24,25).

Paired-ion chromatography of glucosinolates in conjunction with myrosinase
hydrolysis and the quantitation of the resultant isothiocyanates by cyclocondensation
with 1,2-benzenedithiol provides a powerful and comprehensive procedure for rapidly
characterizing and quantitating glucosinolates in plant extracts (23). The
cyclocondensation reaction with vicinal dithiols was developed for the quantitation of
isothiocyanates. It exploits the ability of isothiocyanates to form cyclic thiocarbonyl
derivatives with vicinal dithiols. When 1,2-benzenedithiol is the analytical reagent, the
resultant 1,3-benzodithiole-2-thione has highly favorable properties for spectroscopic
quantitation (a,, = 23,000 M'em™ at A, = 365 nm)(26). The cyclocondensation
procedure has been recently improved and can now be used to measure as little as 10
picomoles of isothiocyanates in complex biclogical mixtures such as plant extracts
(27). In all cases examined, inducer activity of broccoli extracts correlated with their
potential isothiocyanate content (i.e., endogenous isothiocyanate plus isothiocyanate
released by the action of an excess of added purified myrosinase).

Phase 2 enzyme inducer potency varies according to a number of factors. We
have obtained preliminary data showing that there are large cultivar effects as well as
tremendous environmentally induced variation due to cultivation, handling and storage
parameters. Once tissue is damaged (e.g. at harvest, or due to improper handling), the
enzyme myrosinase initiates the conversion of relatively non-reactive glucosinolates to
isothiocyanates and other breakdown products which are more highly reactive than
glucosinolates. There is thus an immediate opportunity for loss of Phase 2 inducer
potency since glucosinolate breakdown products such as isothiocyanates initiate
further degradative reactions within the plant tissue. A sampling of fresh broccoli
collected randomly from 22 Baltimore area supermarkets had qualitatively similar
glucosinolate profiles, but had a greater than 8-fold range of inducer potencies between
the highest and lowest sample (20). This tremendous variability in glucosinolate
content [and hence Phase 2 inducer potency] thus translates to an inability of the
consumer to rationally select broccoli for inducer potency using criteria such as
appearance and odor for there are no such clues as to their ranking.

The common alkylthioalkyl glucosinolates (e.g. glucoraphanin, glucoiberin and
glucoerucin; see Figure 1) form isothiocyanates (sulforaphane, iberin and erucin
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Figure 1. Glucosinolates commonly found in broccoli.
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respectively) with very low cytotoxicity and extremely high Phase 2 enzyme inducing
potency. In fact sulforaphane is the most potent naturally occurring Phase 2 enzyme
inducer. These compounds are monofunctional inducers since they do not also induce
Phase 1 enzymes which can activate xenobiotics thus potentially generating
carcinogens (19,28).

Indole glucosinolates (e.g. glucobrassicin, neoglucobrassicin, 4-
hydroxyglucobrassicin, 1-hydroxyglucobrassicin and 4-methoxyglucobrassicin) do not
form stable isothiocyanates when hydrolysed by myrosinase. Unstable intermediates are
formed in the enzymatic reaction and give rise to compounds such as indole-3-carbinol,
indole-3-acetonitrile and 3,3'-diindolylmethane (29-31). These compounds are only
weak inducers of Phase 2 detoxification enzymes (unpublished obervations). For
example, the inducer potency of indole-3-acetonitrile is over 200 times lower than that
of sulforaphane. However, these compounds also induce Phase 1 enzymes, i.e. they
are bifunctional inducers (28), so that they can participate in the formation of
carcinogens by modulating the metabolic activation of procarcinogens. Furthermore,
in the acid conditions in the stomach, indoie-3-carbinol can also spontaneously
condense to cyclic structures which resemble TCDD (dioxin), and bind with high
affinity to the Aryl hydrocarbon (Ah) receptor, and induce certain cytochromes P-450
that can activate procarcinogens. Metabolic derivatives of indole glucosinolates may
therefore act simultaneously both to promote tumors and to prevent their initiation
(30,32-34).

Myrosinase hydrolysis of another class of glucosinolates, the f-hydroxyalkenyl
glucosinolates (e.g. progoitrin and epiprogoitrin), gives rise to intermediates that
apparently cyclize spontaneously to goitrogenic oxazolidonethiones. Over-
consumption of certain Brassica vegetables such as kale and cabbage has been known
for many years to cause goiter in both experimental animals and humans and may be
responsible for the development of endemic goiter in certain regions (35). Although
some crucifers such as cabbage and especially the oilseed crops crambe and rapeseed
contain large quantities of these goitrogenic glucosinolates, broccoli does not contain
significant quantities of these compounds.

Efforts are being made to understand the complex effects of diet on cancer
incidence. We have focused on minor dietary constituents that elevate the activity of
cellular detoxication or Phase 2 enzymes based on evidence indicating that induction of
these enzymes blocks the formation of tumors in experimental animals. Sensitive
analytical techniques have been developed for the quantitation of glucosinolates and of
isothiocyanates and these methods are being used to evaluate the anticancer potential
of a range of cruciferous vegetables and the environmental and genetic components of
glucosinolate production. Since glucosinolates are water-soluble, cooking and other
forms of processing should be performed, if at all, in such a way (e.g. by steaming,
microwaving, stir-frying or rapid boiling with minimal water) as to avoid excessive
leaching of the compounds.

The utility of these plants in selectively elevating Phase 2 enzymes (and not Phase
1 enzymes) is a promising facet in the rational development of dietary strategies for
reducing the risk of cancer.
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Chapter 3

Chemoprevention of Colon Cancer by Select
Phytochemicals

B. S. Reddy

Division of Nutritional Carcinogenesis, American Health Foundation,
Valhalla, NY 16595

Cancer of the colon is the leading cause of cancer deaths in the
United States and western countries. Epidemiological data,
including both cohort and case-control studies suggest that plant
foods including fruits and vegetables have preventive potential.
Plant foods are a good source of potentially antimutagenic and
anticarcinogenic agents including carotenoids, allium compounds,
and curcuminoids, to cite a few. Laboratory studies have provided
relevant mechanistic and efficacy data on the role of specific
phytochemicals in the carcinogenic process. Dietary administration
of diallyl disulfide, anetholetrithione, curcumin, caffeic acid esters,
and phytic acid inhibits colon carcinogenesis in the rodent model.
Mechanistically, organosulfur compounds have been found to
modulate the formation and bicactivation of carcinogens whereas
curcumin and caffeic acid esters have been shown to induce phase
II enzymes and inhibit cyclooxygenase and/or lypoxygenase
activities suggesting that the modulation of arachidonic acid by
these agents may play a role in their chemopreventive activity.

Several human epidemiological studies and supporting data from laboratory animal
studies suggest that dietary factors play an important role in the etiology of several
cancers. Epidemiological studies, both cohort and case-control, strongly suggest
that consumption of certain vegetables and fruits reduce the risk of development of
cancers at many sites including colon (/). Among specific categories of
vegetables, higher intake of cruceferous vegetables was associated with lower risk
for colon cancer development (/). There are many biologically plausible reasons
as to why dietary intake of plant foods might slow or prevent the occurrence of
cancer. Fruits and vegetables are a good source of potentially anticarcinogenic and
antimutagenic substances including carotenoids, vitamin E, seienium, dietary fiber,

©1998 American Chemical Society
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dithiolethiones, protease inhibitors, oligofructoses, allium compounds, and
curcuminoids, to cite a few. Inhibition of development of cancer by administration
of dietary factors that directly and/or indirectly inhibit the cancer-producing effects
of genotoxic and promoting substances offers an excellent approach to cancer
prevention. As our understanding of the mechanisms of carcinogenesis has
increased, possibilities have emerged for interfering at multiple points along
carcinogenic process namely during initiation, promotion and progression.
Chemoprevention refers to the administration of chemical agents, both naturally
occurring micronutrients and non-nutrients in foods and synthetic, to prevent the
initiational and promotional events occurring during the process of neoplastic
development (2,3). Wattenberg (3) has classified chemopreventive agents into
three broad categories, with distinctly different functions; these include the agents
that can block the metabolic activation of carcinogens; agents that can prevent the
formation of carcinogens from precursors; and agents that can suppress the
expression of neoplasia in cells previously exposed to an effective dose of
carcinogen. In addition, several chemopreventive agents have been shown to
inhibit tumorigenesis both by blocking the metabolic activation of carcinogens and
by suppressing the promotion and progression of tumors. Several micronutrients
and non-nutrients present in food fit very well into these categories. The great
diversity of the compounds is a positive feature indicating the possibility that a
variety of approaches to cancer prevention by these agents can be made and that
the options for selecting the right chemopreventive agents will be large (3).

Naturally-occurring non-nutrient substances that have been intensely investigated
for their potential chemopreventive properties include organosulfur compounds,
aromatic isothiocyanates, dithiolethiones, polyphenols, curcumin, phytic acid, and
ellagic acid, to cite a few. This chapter does not attempt to review all compounds
present in food but focuses on few a agents that have been shown to inhibit colon
carcinogenesis.

Organosulfur Compounds

Diallyl Disulfide. Organosulfur compounds present in garlic and onions, such as
allyl sulfide, allyl disulfide, and allyl methyl di- and trisulfides, and garlic and onion
oils have been found to inhibit carcinogenesis at several organ sites (4,5). Allyl
methyl trisulfide, diallyl sulfide, and diallyl trisulfide administered orally prior to
carcinogen treatment (initiation stage) inhibited benzo[a]pyrene[B(a)P]-induced
and nitrosodiethylamine-induced forestomach tumors in mice (4). In these studies,
the compound to most inhibit tumorigenesis was dially disulfide. Also, diallyl
disulfide  administered  during the initiation phase inhibited  N-
nitrosomethylbenzylamine-induced esophageal tumorigenesis in rats (5).

The effect of diallyl disulfide on colon carcinogenesis was also investigated in the
laboratory animal models (6,7). Diallyl disulfide administered in the diet prior to
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carcinogen treatment inhibited 1,2-dimethylhydrazine (DMH)-induced colon
carcinogenesis in rats. The inhibitory effects of these compounds during the
initiation phase may be due to inhibition of carcinogen activation through the
suppression of oxidative metabolism of carcinogen. Administration of diallyl
disulfide during the postinitiation phase inhibited DMH-induced colon
carcinogenesis in rats, but this inhibition of colon carcinogenesis was associated
with the retardation of body weight gain.

We have investigated the effect of dietary diallyl disulfide on azoxymethane
(AOM)-induced colon carcinogenesis in male F344 rats (7). Also, the effects of
this agent on the activities of phase II enzymes, namely glutathione s-transferase
(GST), NAD(P)H-dependent quinone reductase (QR), and UDP-glucuronsosyl
transferase (UDP-GT) in the colon were determined. Prior to initiation of
chemoprevention study, the maximum tolerated dose (MTD) level of diallyl
disulfide was determined in a subchronic toxicity study. The MTD of diallyl
disulfide was found to be 250 ppm. Dietary administration of 100 and 200 ppm
diallyl disulfide equivalent to 40 and 80% MTD levels significantly inhibited the
invasive adenocarcinomas of the colon (Table I). The inhibition of colon
carcinogenesis by diallyl disulfide is associated with an increase in the activities of
detoxifying enzymes such as GST, QR and UDP-GT in the colonic mucosa and
tumors (Table IT). It is possible that the protective effect of diallyl disulfide may be
accounted for, at least in part, by its ability to induce the detoxifying enzymes in
the colon. However, the mechanism of chemopreventive activity of this agent
administered during the postinitiation period is not clearly known.

Anethole Trithione. Several studies indicate that organosulfur compounds
present in cruceferous vegetables (Brussels sprouts, cauliflower and cabbage) such
as dithiolethiones have a role in cancer inhibition (3). Anethole trithione, a
substituted dithiolthione has been evaluated in our laboratory for its
chemopreventive activity against AOM-induced colon carcinogenesis (7). The
MTD level of anethole trithione was found to be 250 ppm in male F344 rats.
Administration of 200 ppm of anethole trithione in the diet significantly suppressed
the incidence (percentage of animals with tumors) and multiplicity (tumors/animal)
of both invasive and non-invasive adenocarcinomas of the colon whereas feeding
of 100 ppm anethole trithione inhibited the invasive adenocarcinomas of the colon
(Table I). Administration of anethole trithione strikingly increased the activities of
GST, QR, and UDP-GT in the colonic mucosa and tumors (Table II). Although
the exact mechanisms involved in its  protective effects against colon
carcinogenesis are not clearly elucidated, it appears that anethole trithione may, in
part, inhibit colon carcinogenesis by blocking the formation of or trapping ultimate
carcinogen electroophiles and/or by decreasing activation of carcinogen and by
suppressing the effect of promoters in the target organ (3). The results of this
study should provide a stimulus to design additional studies on the mechanisms of
colon tumor inhibition by organosulfur compounds during the postinitiation stage
of carcinogenesis.
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Naturally Occurring Anti-inflammatory Agents in Foods

Curcumin. Turmeric, the powdered rhizome from the root of the plant Curcumin
longa Linn., has long been used as a spice for imparting color and flavor in foods
and as a medicine for the treatment of inflammatory diseases. Curcumin
(diferuloylmethane), a phenolic compound that has been identified as the major
pigment in turmeric, possesses both anti-inflammatory (9) and antioxidant (/0)
properties. Previous studies have shown that topical application of curcumin
inhibits 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced epidermal DNA
synthesis, tumor promotion in mouse skin, and edema of mouse ears (/7). Topical
application of curcumin has also inhibited B[a]P-induced DNA adducts and skin
tumors as well as 7,12-dimethylbenz[a]anthracene (DMBA)-induced skin tumors
in laboratory animal models (72). In other studies, dietary administration of 2%
turmeric in the diet inhibited DMBA-induced skin, B[a]P-induced forestomach,
and AOM-induced small and large intestinal tumors in mice (/3,/4). Studies from
our laboratory showed that 0.2% curcumin in the diet significantly suppressed
AOM-induced formation of colonic aberrant crypt foci, which are early
preneoplastic lesions, in male F344 rats (/5). In addition, administration of
curcumin in a semipurified diet at 2000 ppm concentration to male F344 rats
significantly inhibited the incidence of colon adenocarcinomas and the multiplicity
of invasive and noninvasive adenocarcinomas induced by AOM (/5; Table I).
Dietary curcumin also significantly suppressed the colon tumor volume by >57%.

Experimental studies have shown that curcumin inhibits carcinogenesis by several
mechanisms. With respect to mode of action during the initiation phase of
carcinogenesis, curcumin has been shown to inhibit the metabolic activation of
B[a]P-DNA adducts in the skin, forestomach and liver of mice (/6). With regard
to mode of action during the postinitiation stage, the results of our study
demonstrated that curcumin suppressed the colonic mucosal and tumor
phospholipase A, (PLA;), phospatidylinositol-specific phospholipase C (PI-PLC),
cyclooxygenase activities (formation of prostaglandins such as PGE,, PGFxa,
PGD; and 6-keto PGF,a, and thromboxane B,, through the cyclooxygenase
system) and lipoxygenase activity (production of 5(S)-, 8(S)-, 12(S)- and 15(S)-
hydroxyeicosatetraenoic acids by lipoxygenase), suggesting that the modulation of
arachidonic metabolism in the colon by curcumin may play a role in its inhibitory
action against colon carcinogenesis (/5; Table III). These metabolites of
arachidonic acid exert a variety of biological activities.  Cyclooxygenase
metabolites, particularly prostaglandins of type-2 series modulate cell proliferation,
tumor growth, and immune responses (/7,/8), whereas lypoxygenase metabolites
can influence various biological responses including tumor cell adhesion and
regulation of tumor metastatic potential (/9,20). Additional studies conducted in
our laboratory indicate that curcumin increases apoptosis in the colon tumors (21).
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Caffeic Acid Esters. Propolis from honey beehives contains various chemical
constituents that exhibit a broad spectrum of activities including antibacterial,
antifungal, cytostatic and anti-inflammatory properties (22,23). Gribel and
Pashinskii (24) have shown that honey possesses moderate antitumour and
pronounced antimetastatic effects in tumors in five different strains of rats and
mice. Caffeic acid (3,4-dihydroxycinnamic acid) and its esters, are present in
propolis at levels of 20-25%, which are suspected of having a broad spectrum of
biological activities including tumor suppression. Because of this potential, several
caffeic acid esters that are present in propolis have been examined for their
antimutagenic and antitumorigenic activities. The results of these studies showed
that these agents inhibit colon adenocarcinoma HT-29 and HCT-116 cell growth
(25). Among the caffeic acid esters evaluated, phenylethyl-3-methylcaffeate
(PEMC) was found to be most effective in inhibiting aberrant crypt foci formation
(26). In addition dietary administration of PEMC significantly inhibited the
incidence and multiplicity of invasive, noninvasive and total (invasive plus
noninvasive) adenocarcinomas of the colon (27, Table I) Dietary PEMC also
suppressed the colon tumor volue by 43% compared with controls. This inhibition
is mediated through the suppression of PI-PLC and lipoxygenase activities in
colonic mucosa and tumor tissues.  Although the exact mechanisms of
chemopreventive action of PEMC remain to be elucidated, modulation of PI-PLC-
dependent signal transduction pathways and eicosanoid metabolism as well as
lipoxygenase activity (27, Table III) by PEMC probably play a role in its inhibitory
action.

Inositol and Related Compounds

Inositol hexaphosphate (InsPg, phytic acid) is a naturally occurring compound
found in substantial amounts in cereals and legumes (28). In studies carried out to
date, InsP¢ and inositol have shown chemopreventive activity not only against
cancers of colon and mammary gland but also against cancers of liver, lung and
skin (28). In separate studies, oral administration of InsPs was shown to inhibit
colon carcinogenesis in rodents during the initiation and the postinitiation stages
(28). Vucenik et al. (29) studied the chemopreventive properties of InsPs and
inositol administered individually and in combination during initiation and
postinitiation stages of DMBA-induced mammary carcinogenesis in Sprague
Dawley rats. Animals supplemented with 15 mM InsPs or inositol, or 15 mM
InsPs together with 15 mM inositol, in drinking water exhibited a significant
reduction in tumor incidence and tumor burden. The combination of InsPs and
inositol produced better chemopreventive activity than that of the compounds
administered individually.

The exact mechanisms by which InsPs and inositol exert their chemopreventive
effects have not been clearly demonstrated. InsPs has been shown to act as an
antioxidant, to control cell division and reduce the rate of cell proliferation, and to
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enhance the activity of natural killer cells, which play an important role in the
host defense against neoplasia (28).

Summary and Conclusions

Most human epidemiological data suggest that the majority of cancer deaths are
attributable to lifestyle factors including nutritional factors. Diet, as it relates to
specific food items, nutrients and non-nutrients, probably accounts for several
major cancers including those of colon and breast. There is a reasonably
consistent body of evidence from epidemiological, mechanistic, and preclinical
efficacy studies that several minor non-nutrients present in fruits and vegetables
may protect against several types of cancer. Given the continuing cancer burden
and the relatively slow impact of proven cancer treatment strategies in reducing
cancer mortality, it is important that there be an ongoing evaluation of promising
minor non-nutrients present in foods as chemopreventive agents.
Chemoprevention of cancer focuses on individuals who are at increased risk for
cancer development. An element of importance in both identifying individuals at
increased risk and conducting intervention trials is the use of intermediate
biomarkers, which may help circumvent the length and expense involved in
chemoprevention trials. The modulation of surrogate end points by minor non-
nutrients in foods may serve as the rationale for initiating further clinical trials
with cancer incidence as the end point.
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Chapter 4
Lycopene and Cancer: An Overview
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Beer-Sheva 84105, Israel

The remarkable association between diets rich in fruits and vegetables
and the reduced risk of several malignancies has led to a consideration
of the role of carotenoids in this context. Lycopene is one of the major
carotenoids in Western diets and accounts for about 50% of carotenoids
in human serum. The interest in the anticancer action of this particular
carotenoid is relatively recent and can be explained by several reasons:
a. Among the common dietary carotenoids lycopene has the highest
singlet oxygen quenching capacity and a high capability of quenching
other free radicals in vitro.

b. The inverse relationship between lycopene intake or serum values
and cancer risk that has been observed in particular for cancers of
the prostate, pancreas, bladder and cervix.

c. Laboratory findings demonstrate that lycopene inhibits cancer cell
growth in vivo and in vitro (in some cases independently of their role
as antioxidants).

d. New evidence has provided a mechanistic explanation for the
anticancer activity of lycopene.

Nutrition and absorption of lycopene.

Since mammals cannot synthesize carotenoids, including lycopene, these pigments are
obtained mainly from vegetables and fruits. In contrast to a-carotene, B-carotene,
lutein and zeaxanthin, which are widely distributed among a great variety of fruits and
vegetables, lycopene enters the diet predominantly in tomatoes and tomato products.
These include popular dishes such as chili con-carne, pizza or spaghetti with
tomato sauce. Because of the frequency of consumption, tomato ketchup is also a
major contributor of lycopene in many diets (1). The loss of lycopene during food
preparation, such as cooking, is minimal. In fact, bioavailability of lycopene can be
greatly improved by heating with the addition of some fat, as has been demonstrated
by Stahl and Sies (2).

In Western countries lycopene is the major carotenoid in human plasma; its
concentration (~0.8 M) is more than twice that of B-carotene or the sum of lutein and
zeaxantin together. This may result from either its high intake in the diet or its long

34 ©1998 American Chemical Society
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half-life in the body. The latter suggests that its frequent supply in the diet may not be
contributory, but Micozzi (3) has stressed the importance of frequent intake of
lycopene. Healthy subjects under strict carotenoid intake regimens were studied.
Lycopene blood levels, but not those of a-and p-carotene or lutein, fell significantly
during the 60 day follow-up when a carotenoid diet was not supplied. This suggests
that plasma carotenoid concentrations, other than lycopene, remain fairly constant and
are slow to change with low dietary intake. In another similar study (4), the fall in the
plasma lycopene level was accompanied by a fall of other major carotenoids in the
plasma. The reasons for the discrepancy between these two studies are not clear.
Nevertheless, the two studies reported a steep fall in lycopene plasma levels in
subjects with a low carotenoid diet.

Of the different geometrical isomers of lycopene, the cis isomers (9-and 13-cys)
are better absorbed than the all-trans form (2). The absorption and distribution of
[14C]lycopene were studied in rats and in rhesus monkeys following the oral
administration of the carotenoid in olive oil. The liver contained the largest amount of
radioactive pigment. No labeled metabolic products of lycopene were found (5).

Physiological and pathological conditions which may affect lycopene serum
levels.

The fact that age and stress significantly reduce lycopene serum levels indicates the
appropriateness of specific populations for supplementation programs. A recent study
was undertaken to characterize plasma concentrations of a-tocopherol, lycopene, B-
carotene and several other carotenoids in elderly subjects. The test population
consisted of 94 participants, 77 - 99 years old accrued from a project known as the
Nun Study, (a longitudinal study of aging and Alzheimer disease patients).
Concentrations of all analytes, except lycopene, were similar to or higher than those
reported for several middle-aged American populations. Lycopene concentrations
were significantly lower in the nun population as compared with the middle-aged
populations and tended to decrease across age groups (6).

In another study, which tested age-dependent changes in antioxidant plasma
levels in a high risk stomach cancer population (1,364 subjects 35-69 years of age),
lycopene was the only antioxidant whose level decreased significantly (7).

Investigation was carried out to determine whether the acute phase response is
associated with suppressed circulating levels of antioxidants in a population of 85
Catholic sisters 77-99 years of age (Nun Study). It was clearly demonstrated that such
physiological conditions are associated with decreased plasma levels of the
antioxidants lycopene, a-carotene, and p-carotene. The authors concluded that this
decrease in circulating antioxidants may further compromise antioxidant status and
increase oxidative stress and damage in the eldery (8).

Another recognized age-related pathology is macular degeneration. It is well
documented that lutein and zeaxanthin are the main carotenoids in the eye macula. A
study was designed to investigate the relationship between tocopherol levels and
various carotenoids in the serum with age-related macular degeneration. Cases
included 167 patients with various related pathologies and an equal number of \
controls. The surprising results show that the average levels of most carotenoids,
including those composing macular pigment (lutein and zeaxanthin), were similar in
cases and controls. However, persons with levels of lycopene in the lowest quintile
were twice as likely to have age-related macular degeneration. The authors concluded
that very low levels of lycopene, but not other dietary carotenoids or tocopherols, are
related to age-related macular degeneration (9).
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Lycopene as an antioxidant.

Reactive oxygen species occur in tissues and can damage DNA, proteins,
carbohydrates and lipids. Lycopene exhibits the highest physical quenching rate
constant with singlet oxygen (10). In a recent study (11), the ability of p-carotene to
quench NOO- radicals was compared to that of lycopene. NOO- radicals are present
in tobacco smoke and may cause cancer by reacting with various cell components.
Cell staining with trypan blue was used to follow cell death. It was found that
lycopene was at least three-fold more effective than B-carotene in preventing cell death
by quenching of NOO- radicals. Smedman et al. (12) have reported that lycopene
protects DNA damage in colon cells induced by 1-methyl 3-nitro-1-nitrosoguanidine
(MNNG) and H203. The greatest protective effect was observed at a lycopene
concentration approximating that found in blood of subjects consuming normal levels
of tomatoes. The authors concluded that this effect cannot be explained simply by the
antioxidant capacity of lycopene because the genotoxic effect of the alkylating agents,
MNNG, was also inhibited.

Epidemiological studies involving lycopene and cancer.

Beta-carotene was extensively studied and implicated as a cancer preventive agent
(see (13) for a review). However, intervention studies carried out with this carotenoid
have revealed no beneficial effect (14,15) nor showed a negative effect (16,17). In the
well-known Finnish study (16) almost 30,000 heavy smokers (all male) were followed
for five to eight years in a randomized trial. An unexpectedly higher incidence of lung
cancer was observed among men who received B-carotene than among those who did
not. In another study (15) the efficacy of B-carotene in preventing colorectal adenoma
(a precursor of invasive carcinoma) was tested in randomly assigned patients. From
the results, it is clear that there is no evidence indicating that B-carotene reduces the
incidence of adenomas. These results point out that dietary factors other than p-
carotene may contribute to a reduction in cancer risk associated with a diet high in
vegetable and fruits.

No intervention trials in humans investigating the potential effect of lycopene
supplementation on the prevention of cancer have been performed to date. At present,
only epidemiological studies which examined data on lycopene intake (based on
questionnaires) or lycopene plasma levels in relation to cancer risk are available.

A study of cervical intra-epithelial neoplasia was designed to test the potential
protective effects of various carotenoids (18). In this study, both dietary and serum
lycopene manifested a strong inverse association with this malignancy. No such
association was detected in the same study in regard to p-carotene intake. A lower
level of serum lycopene was also observed in patients who subsequently developed
bladder (19) and pancreatic (20) cancers. Serum levels of retinol, retinol-binding
protein, and B-carotene were similar among cases and controls.

A protective effect of vitamin-A and B-carotene was found in squamous cell and
small cell lung cancers. (21). In a later study, however, B-carotene-rich foods such as
papaya, sweet potato, mango and yellow orange vegetables showed little influence on
survival of lung cancer patients (22). The authors concluded that B-carotene intake
before diagnosis of lung cancer does not affect the progression of the disease. In
contrast, a tomato-rich diet which contributes only small amounts of B-carotene to the
total carotenoid intake had a strong positive relationship with survival, particularly in
women. In other studies however, lycopene intake was found to be unrelated to lung
cancer risk(23,24).

A significant trend in risk reduction of gastric cancers by high tomato
consumption was observed in a study which estimated dietary intake in low risk
versus high risk areas in Italy (25). It is interesting that a similar regional impact on
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stomach cancer risk was found also in Japan (26). Out of several micronutients
including vitamins A, C and D and B-carotene in plasma, only lycopene was strongly-
inversely associated with stomach cancer . A consistent pattern of protection for many
sites of digestive tract cancer was associated with an increased intake of fresh
tomatoes (27). Nevertheles, the possibility exists that other benefits of a Mediterranean
life style get confused with high lycopene intake from a tomato rich diet.

Various case control studies have examined the risk factors for breast cancer
which are unrelated to lycopene intake or serum levels (28,29). No direct
epidemiological data are available on the potential role of lycopene consumption in
skin cancer. However, Mercado et al. (30) demonstrated that lycopene, but not B-
carotene, levels decrease significantly in the area of UV irradiated skin.

Recently, Giovannucci et al. (31) published a survey based on the U.S. Health
Professional Follow-up Study.on prostatic cancer which included 48,000 people
participatiants. This 7-year study showed that lycopene intake from tomato-based
products is related to a low risk of prostate cancer. Consumption of other carotenoids
(B-carotene, o-carotene, lutein, B-cryptoxantine) or retinol was not associated with the
risk of prostate cancer.

In vivo and in vitro evidence for the inhibition of cancer by lycopene

The anticancer activity of carotenoids has been reviewed by Krinsky (32,33) and more
recent reviews have specifically addressed the anticancer activity of lycopene (34,35).

The effect of several retinoids and carotenoids, including lycopene and B-
carotene, was tested on rat C-6 glioma cells (36). All the retinoids and carotenoids
which were dissolved in DMSO inhibited cellular growth at the 10 uM range.
Lycopene effects were similar to those of B-carotene. Another study by Wang's group
(37) was performed on an in vivo model of glioma cells transplanted in rats. This
study also demonstrated that lycopene is an effective inhibitor. More recently,
Nagasawa and colleagues (38) found that lycopene inhibits spontaneous mammary
tumor development in SHN virgin mice probably by modulating the immune system
in tumor-bearing mice (39).

The inhibitory effect of four carotenoids found in human blood and tissues which
are effective against the formation of colonic aberrant crypt foci induced by N-
methylnitrosourea was examined in Sprague-Dawley rats (40). Lycopene, lutein, o-
carotene and palm carotenes (a mixture of alpha-carotene, beta-carotene and
lycopene), but not beta-carotene, inhibited the development of aberrant crypt foci. The
same research team also compared the cancer preventive effect of five kinds of
carotenoids on mouse lung carcinogenesis with similar results (personal
communication).

Our laboratory also tested lycopene, in comparison to B-carotene, in a well-known
animal model for hormone-dependent mammary cancer dimethyl benz(a)anthracene
(DMBA)-induced rat mammary tumors (41). The carotenoids (10 mg/kg, i.p.) were
administered twice a week. The number of tumors was higher in the control (non-
injected group) and in the B-carotene-treated group, than in the lycopene group. In the
latter, the difference was evident only at longer periods of time. The largest average
size of tumors was found in the B-carotene group and the smallest average size was in
the lycopene group. This difference is statistically significant (p<0.05).

In another study, however, a-carotene was found to be more effective than B-
carotene in inhibiting the proliferation of the human neuroblastoma cell line GOTO
(42). Lycopene and other carotenoids were found to reduce hepatocytes cell injury
induced by carbon tetrachloride. (43). Several carotenoids including lycopene protect
against liver tumor promoter microcystin-LR (44).

We compared the potential anticancer activity of lycopene to that of a- and p-
carotene in human cancer cells in culture. Lycopene was observed to strongly inhibit
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the growth of endometrial (Ishikawa) and lung (H226) cancer cells. The inhibition was
dose-dependent - half maximal inhibition was at ~2 uM. a- and B-carotene were far
less effective. For example, in Ishikawa endometrial cancer cells, a four-fold higher
concentration of a-carotene or a ten-fold concentration of B-carotene were needed for
growth inhibition of the same order. Inhibition of cell growth by lycopene was
detected after 24 hours of incubation and was maintained for at least three days. In
contrast to cancer cells, human fibroblasts were less sensitive to inhibition by
lycopene, and the cells gradually escaped inhibition (45,46).

Attempts to elucidate the mechanism for the anticancer activity of lycopene.

Induction of cell to cell communication. The interesting observation that both B-
carotene and canthaxanthin and to a lesser extend lycopene can inhibit malignant
transformation caused by either methylcholanthrene - (MCA) or x-ray radiation in
C3H/IOTI/2 cells has been reviewed (47). This study has been extended to other
carotenoids. In addition to B-carotene and canthaxanthin, a-carotene and lycopene
were also effective in inhibiting MCA-induced malignant transformation (48). In these
studies, the effective dose (0.3 uM) of carotenoids, including lycopene, was lower
than that found in previous studies of cell proliferation (10 uM). In a critical review,
Wolf (49) interpreted the low concentration needed for carotenoid action (0.3 uM) to
signify that it acts by catalytic or genomic (receptor) mechanisms, rather than as an
antioxidant which may need higher concentrations. Support for this genomic action is
found in a recent report by Bertram (50) which showed that carotenoids increase the
expression of a gene encoding connexin43 - a gap junction protein. This effect was
independent of provitamin-A or the antioxidant properties of carotenoids.

Inhibition of autocrine growth factor effects. One of the reasons for the
uncontrolled growth of cancer cells is the augmented secretion of autocrine or
paracrine growth factors which stimulate cell proliferation via different signaling
pathways. The autocrine role of the IGF system in human mammary and endometrial
cancer cells has been studied in our laboratory (51,52). We hypothesize that a possible
mechanism for the inhibitory effect of lycopene may involve the modulation of the
complex cellular IGF systems. IGF-I significantly stimulated [3H]thymidine
incorporation, whereas lycopene inhibited both basal and IGF-I-induced cell
proliferation. We found it impressive that lycopene is more effective in inhibiting fast
growing cells than slow-growing ones. When 0.4 pM lycopene was applied,
[*H]thymidine incorporation was inhibited only in cells growing in the presence of
IGF-I (53). The same lycopene concentration was ineffective in cells growing slowly
in the absence of IGF-1. Lycopene treatment did not affect the number or affinity of
IGF-I receptors but significantly reduced IGF-induced tyrosine phosphorylation of
insulin receptor substrate-1 and up-regulation of binding capacity of AP-1
transcription complex. These effects of the carotenoid may be explained by the
accompanied increase in membrane-associated IGF-binding proteins. Recently we
demonstrated that IGFBPs specifically associated with the cell membrane inhibits
IGF-IR signaling in an IGF-dependent manner as revealed by measurement of short-
and middle-term receptor mediated responses (54).

Intervention in cell cycle progression. We also performed experiments to analyze
the effect of lycopene on the cell cycle in mammary lung and endometrial cancer cells
(55). Lycopene slowed down cell cycle progression induced by IGF-I but did not
affect the distribution of cells throughout the cell cycle phases in unsynchronized
cells. In these cells, the inhibitory effect of lycopene was not accompanied by either
necrotic or apoptotic cell death. As the carotenoid slowed down cell cycle progression
in cells synchronized by mimosine and elevated cellular expression of p27 (the multi-
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cyclin dependent kinase inhibitor), interference by lycopene at several points of cell
cycle progression is suggested. This lycopene-induced delay in S phase progression
was observed in all cancer cell lines tested.

Synergism with other anticancer active compounds. Countryman et al. (56)
reported that lycopene inhibits the growth of HL-60 cells, a well-known model for
promyelocytic leukemia. These cells are also inhibited when all-trans retinoic acid is
administered in micromolar concentration. We have recently confirmed this
observation (unpublished data). One of the drawbacks of retinoid therapy is its high
toxicity. To avoid this problem a combination therapy of several drugs was considered
(57). Indeed in our study a hundred-fold lower concentration of retinoic acid, which
does not inhibit cancer cell proliferation, induced a synergistic inhibitory effect when
applied together with a low concentration of lycopene. The mechanism of this effect
and the role of cell differentiation in this process is under investigation.

Summary

Prevention of tumor induction and inhibition of tumor growth by natural food
constituents is an intriguing idea which has promoted numerous studies. Among
various plant constituents, carotenoids have been extensively studied and implicated
as cancer preventive agents. However, the idea of a single "magic bullet" which had
been successful in in vitro and in vivo models failed to show beneficial effects in
several clinical studies. Thus, our hypothesis is that anticancer effects of plant-derived
constituents, such as carotenoids, relates to their ability to synergize with other anti-
cancer compounds such as Vitamin-D3 and retinoic-acid, which when used alone are
active only at high and toxic concentrations. As lycopene levels may be low and vary
considerably in individuals, the elucidation of a lycopene mechanism of action in
inhibiting cancer cell growth will endorse its inclusion as an important component of
dietary regimens.
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Chapter 5

Mechanisms of Phytochemical Inhibition
of Carcinogenesis: Elucidating the Role of y-Tocopherol
in Nutrition

T. S. Burnett, Y. Tanaka, P. J. Harwood, and R. V. Cooney

University of Hawaii Cancer Research Center, 1236 Lauhala Street,
Honolulu, HI 96813

Epidemiologic studies have consistently demonstrated a protective
effect for fruit and vegetable consumption against the development of
many forms of cancer and heart disease. Identifying the chemical
constituents responsible for observed health benefits and their
mechanism(s) of action are critical to optimizing public health. A
number of recent studies have found that serum y-tocopherol levels are
inversely related to risk for cardiovascular disease and some cancers,
despite the fact that sources of y-tocopherol are limited to dietary oils of
plant origin that contain significant quantities of fats. In particular,
tocopherols are often found to be highly concentrated in the germ
plasm of seeds and we observe the selective concentration of y-
tocopherol in the germ of peanuts. Whereas a-tocopherol is considered
to be the most biopotent of the vitamin E analogues, y-tocopherol is
observed to be more effective in preventing neoplastic transformation
and cellular damage induced by cytokines. Studies indicate that the
mechanism of action for y-tocopherol in preventing cellular damage
may be unique relative to other phytochemicals, and potentially related
to specific chemical and biological properties of y-tocopherol, including
the ability to chemically reduce NO, to NO, enhance cellular NO
synthesis, alter the kinetics of cell growth, enhance cell saturation
density, and reduce DNA strand breaks in C3H 10T1/2 murine
fibroblasts.

Vitamin E is a lipid soluble vitamin initially recognized as a dietary factor essential for
reproduction in 1922 by Evans and Bishop (reviewed in 1). It has subsequently been
characterized and found to consist of a family of closely related chromanols (a-, -, 8-
y-tocopherols and tocotrienols) that contribute in varying extents to vitamin E function
in animals. Although over 70 years have passed since the discovery of vitamin E, the
mechanism(s) accounting for its bioactivity remains elusive. Localized in cell
membranes, vitamin E is a major free radical chain-breaking antioxidant, and has been
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reported to modulate signal transduction pathways regulating cellular proliferation. It
is unclear, however, whether its function as a vitamin is related to these properties.
Clinical deficiency in animals has been associated with fetal death and resorption.
Deficiency of vitamin E in humans, most commonly associated with malabsorption
syndromes, can result in progressive neurological syndromes, skeletal muscle
dysfunction, and erythrocyte fragility, and is thought to be associated with increased
risk for cardiovascular and degenerative age-related diseases and cancer.

Tocopherol Function: Relation to Vitamin E

Tocopherols are found ubiquitously in plants, particularly in association with seed oils,
where they function to suppress oxidation of unsaturated fatty acids (2,3).
Chloroplasts  contain  primarily = a-tocopherol, whereas in seed oils,
y-tocopherol often predominates (4). The reasons for the differential accumulation of
specific tocopherols in different plant compartments is not established, however, it
may be related to functional chemical differences in the reactions that occur between
oxidants and the tocopherols in light versus dark conditions. In corn the concentration
of tocopherol in the embryo-containing germ is greater than that found in the
surrounding endosperm (5). Wheat germ also concentrates tocopherols with o~ and -
tocopherol as the predominant forms (4). As shown in figure 1, we observe a selective
concentration of y-tocopherol within the germ of peanuts relative to the endosperm,
suggesting a possible role for y-tocopherol in protecting the dormant embryo.

y-Tocopherol comprises 70% of the tocopherols consumed in the U.S. diet (6)
and is derived from many plant sources including nuts, grains, and seeds, as well as
the food products derived from them (4). In contrast a-tocopherol, the other major
naturally-occurring tocopherol, constitutes approximately 80% of the tocopherols
found in human plasma and is significantly more bioactive as a source of vitamin E
activity (7). As a consequence, most research has focused on the role of a-tocopherol
in nutrition and the prevention of chronic disease to the exclusion of other tocopherols.
Recently a number of studies in diverse research areas have raised significant
questions regarding the assumption that y-tocopherol is simply a less effective form of
vitamin E without any intrinsic nutritional role. Yamashita et al. (8) reported that y-
tocopherol administered in whole sesame seeds, or when given in combination with
sesame seed lignans, was equally biopotent with a-tocopherol and could completely
fulfill the vitamin E requirement of rats with a concomitant rise in plasma levels of y-
tocopherol. Further research has demonstrated that sesame lignans increase tissue
concentrations of y-tocopherol, even in the presence of adequate o.-tocopherol levels in
the diet and plasma (9). These studies raise significant questions relating to the
practice of calculating vitamin E equivalents for epidemiological studies in which
dietary intake or plasma levels of y-tocopherol are multiplied by its fractional
biopotency, based on rodent studies using purified tocopherols. In the case of plasma
levels it could be argued that y-tocopherol and a-tocopherol have equal biopotencies,
whereas the dietary source of y-tocopherol may play an important role in determining
subsequent plasma levels and corresponding bioactivity.
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Figure 1. Comparison of tocopherol levels in the germ and endosperm of
peanuts. Lyophilized peanut (raw Virginia fancy peanuts provided by
Hoody’s Corp., Los Angeles, CA) germ and endosperm were separated,
crushed, and extracted repeatedly with ethanol containing BHT (50 pg/ml)
and heated to 60°C for 30 minutes. The ethanol extracts were combined in a
separatory funnel, an equal volume of aqueous 1.34% NaCl was added, and
the sample extracted 3x with hexane. The hexane extracts were combined,
washed with H,0, and evaporated. The sample was then reconstituted in 1ml
of HPLC mobile phase (hexane:isopropanol, 99:1) and chromatographed on a
Phenomenex Lichrosorb normal phase column (SuM silica, 60A, 250 mm x
4.6 mm) at a flow rate of 1 ml/min (UV monitoring at 295 nm). Data plotted
represent the mean + SEM for five separate analyses.
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Recently a metabolite of y-tocopherol, 2,7,8-trimethyl-2-(B-carboxyethyl)-6-
hydroxychroman, has been identified as a natriuretic factor in humans, responsible for
sodium excretion and controlling the pool of extracellular fluid in the body, whereas
the corresponding compound derived from a-tocopherol was found to be ineffective in
promoting natriuresis (10). In light of these recent observations and our incomplete
understanding of the mechanism for vitamin E function, the need for additional basic
research is clear.

Associations between Vitamin E and Disease

Traditionally, epidemiologic investigations have focused either entirely on
a-tocopherol in the diet and/or plasma or relied on estimates of vitamin E equivalents,
which tend to discount the potential contribution from y-tocopherol, as the biopotency
of y-tocopherol is estimated to be 10-20% that of a-tocopherol on the basis of rat
bioassays (7). While it is not known if human uptake and retention of y-tocopherol is
affected by dietary source, as demonstrated in rats (8), it is reasonable to speculate that
plasma and tissue levels may be influenced analogously when y-tocopherol is derived
from unrefined foods such as nuts and seeds, as opposed to highly refined cooking
oils. In this regard, it is of interest that a number of recent studies have shown
protective effects against cardiovascular disease incidence and mortality by
consumption of nuts, which represent a major unrefined food source for y-tocopherol
(4). Fraser et al. (/1) reported a significant decrease in the risk of myocardial
infarction and cardiac death associated with nut consumption in a prospective study of
California Seventh-Day Adventists, while Ohrvall et al. (/2) found reduced serum
levels of y-tocopherol in patients with cardiovascular disease relative to controls. In a
concomitant cross-sectional study of Swedish and Lithuanian men, Kristenson et al.
(13) reported that lycopene and y-tocopherol levels were nearly twice as high in the
Swedish population, while Swedish men were four times less likely -to die of
cardiovascular disease. However, no differences in a-tocopherol or cholesterol levels
were observed between the two study populations. Prineas et al. (/4) also reported a
dose-dependent decrease in risk of death from coronary heart disease associated with
dietary nut intake. Consumption of walnuts, an excellent source of y-tocopherol, was
found to significantly lower serum cholesterol and improve lipid profiles (/5), despite
containing >80% of calories in the form of fat. Kushi et al. (/6) reported that dietary
vitamin E consumption was strongly inversely correlated with death from coronary
heart disease in a prospective cohort study of post-menopausal women, however,
consumption of vitamin E supplements (containing exclusively a-tocopherol) was
unrelated to mortality risk. On the other hand, recent intervention studies have shown
strong protective effects for a-tocopherol supplementation in the prevention of heart
disease (/7,18) and Alzheimer’s disease (/9), although other intervention studies have
shown no net benefit to overall mortality from a-tocopherol supplementation (20).
Epidemiologic evidence for an association between dietary y-tocopherol intake
and cancer incidence has only recently begun to emerge. Significant inverse
associations between serum y-tocopherol level and cancer incidence have been
observed for early stage cervical cancer (2/) and in an ecologic study of lung cancer
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incidence comparing Fijians with Cook Islanders (22,23). In a cohort study of
Japanese Americans, Nomura et al. (24) observed a significant inverse association
with oral/pharyngeal and laryngeal tumors for y-tocopherol, but found no association
with esophogeal tumors. Zheng et al. (25) however, showed a significant positive
association for serum selenium and y-tocopherol levels with oral and pharyngeal
tumors. The strong correlation between y-tocopherol and dietary polyunsaturated fat
may confound observations of the effects of y-tocopherol, as y-tocopherol in the diet is
highly correlated with fatty acid unsaturation, particularly non-marine polyunsaturated
fatty acids which may significantly enhance oxidative damage (26).

Chemical and Biological Effects of Tocopherols

Biological and chemical differences have also been shown for the two main tocopherol
analogues. y-Tocopherol is taken up more rapidly by human endothelial cells
compared to a-tocopherol (27), is superior to a-tocopherol in preventing neoplastic
transformation in C3H 10T1/2 fibroblasts (28), and is better able to protect against
DNA single-strand breaks caused by cellular exposure to NO, (29), as well as cell
death associated with the endogenous generation of nitric oxide (30). Recently,
Christen et al. (31) demonstrated the superiority of y-tocopherol over a-tocopherol in
preventing peroxynitrite-mediated lipid hydroperoxide formation and suggested that y-
tocopherol may fill a unique biological role by reacting with potentially damaging
electrophiles that are generated endogenously. This conclusion is based, in part, upon
the unique chemical characteristics of y-tocopherol, in which the absence of a methyl
group at the C-5 position of the chromanol ring creates a reactive nucleophilic center
which can scavenge electrophiles, thereby inhibiting oxidative modification of key
cellular molecules. y-Tocopherol has also been shown to react with the NO, radical at
the C-5 position to form nitric oxide and tocored (the oxidized quinone of y-
tocopherol), or to form 5-nitro-y-tocopherol when the free radical is localized on the
nitrogen atom of NO, (30). In contrast, a-tocopherol reacts with NO, to form an
intermediate capable of nitrosating amines (28) and does not generate NO efficiently
from NO, in the absence of light or heat (30). The superiority of y-tocopherol in
reducing the highly reactive NO, radical to the more stable NO radical may be an
important factor in the ability of y-tocopherol to reduce NO,-mediated DNA single-
strand breaks (29). While the endogenous generation of NO has been linked to DNA
damage (32), carcinogenesis (33,34), and other pathologies (35) resulting from its
oxidation to more reactive species (32,36) such as peroxynitrite and NO,, NO in and of
itself possesses considerable antioxidant character (37). Furthermore, NO may have
important cell signaling functions (38) that mitigate any indirect harmful effects
associated with its oxidation products. In this regard we observe that y-tocopherol, but
not a-tocopherol, enhances cytokine-induced production of NO by C3H 10T1/2 cells
in culture (Figure 2), as measured by the stable end product, nitrite. Despite the
increased production of NO in these cells treated with interferon-y (IFNy) and bacterial
lipopolysacharride (LPS), which is normally associated with increased DNA single-
strand breaks, y-tocopherol reduced the level of breaks below that of cytokine-treated
control cells (Figure 3).
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Figure 2. Enhanced NO generation in cytokine-stimulated C3H 10T1/2
cells by y-tocopherol. C3H 10T1/2 cells were grown to confluence then
treated with 10 ng/ml interferon-y (IFNy) and 10 pg/ml bacterial
lipopolysaccharide (LPS) at the time of media change. At the same time,
cultures were treated with either a-tocopherol (30 pM) or y-tocopherol (30
pM) in ethanol (25 pl/5ml media), or 25 pl ethanol as control. NO
production was measured as mean nitrite + SEM in the medium 72 hours
later (n = 3).
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Figure 3. Effect of y-tocopherol on DNA single-strand breaks in C3H
10T1/2 cells induced to generate NO. Nitrite levels in the media (Panel A)
were determined for cells grown and treated with IFNy/LPS as described in
Figure 2 with or without 10 pM y-tocopherol. DNA single-strand breaks
(Panel B) were determined according to the method of Bittrich et al. (29) and
data is presented as the % DNA eluted relative to that retained by the filter.
Each value represents the mean of two samples. Error bars indicate the high
and low values.

51



Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.ch005

October 24, 2009 | http://pubs.acs.org

52

Although the potential for oxidative damage from cellular generation of
nitrogen oxides is well established, the role of NO in the carcinogenic process is
unclear. Chemical inhibitors of NO synthesis block the formation of neoplastic foci in
the standard C3H 10T1/2 transformation assay (33), whereas treatment with antisense
deoxyoligonucleotides, which specifically reduces levels of both NO synthase mRNA
and protein, causes enhanced foci formation (39). While further research is needed to
resolve this apparent conflict, the possibility that under specific conditions enhanced
NO formation may in fact protect against tumor development is consistent with the
enhanced NO formation and chemopreventive effects observed for y-tocopherol. The
relative ratio of cellular superoxide anion and NO may play a significant role with
respect to the extent and nature of oxidative damage that occurs in cells (40).
Consequently, altering cellular synthesis of NO may be either beneficial or detrimental
depending upon the concentrations of other key reductants and/or oxidants.

Effects of Tocopherols on Cellular Proliferation. In the C3H 10T1/2 transformation
assay, agents which generally inhibit proliferation may reduce the number of
neoplastic foci by inhibiting growth of neoplastic cells, without toxicity to quiescent
normal cells. To test the effects of a- and y-tocopherols on the growth of malignant
cells, growth curves were determined in the presence of a-tocopherol, y-tocopherol,
and solvent control for the neoplastic MCA cell line, derived from malignant colonies
of carcinogen-treated C3H 10T1/2 cells (Figure 4). Both tocopherols significantly
elevated the growth rates of transformed cells above control cultures. From this
experiment, we conclude that the tocopherols do not inhibit transformation through
general growth inhibitory effects, rather they appear to stimulate growth of neoplastic
cells. As a consequence, it is conceivable that high doses of tocopherol could
accelerate the growth of a pre-existing tumor, while still acting as cancer preventive
agents in normal cells by blocking mutations that could lead to neoplastic
transformation.  Such an explanation would be consistent with the study of
Potischman et al. (21), who reported a protective association for y-tocopherol with
early stage cervical cancer, but found elevated y-tocopherol levels in patients with
advanced disease relative to controls.

We also examined the effects of tocopherols on the growth and saturation
density of normal C3H 10T1/2 cells. In contrast to tumor cells, a.-tocopherol had no
significant effect on log-phase growth and slightly enhanced saturation density as
shown in Figure 5. y-Tocopherol, however, significantly decreased the growth rate
between 72-96 hours after treatment (Figure 6) and also increased both saturation
density and confluent density. The 72-96 hour time period corresponds to the time
when maximum uptake of tocopherol occurs (data not shown). Growth rates
subsequent to this time period were similar to control cells, despite the fact that media
and cellular tocopherol levels remained high.

In confluent C3H 10T1/2 cells, growth factor-mediated DNA synthesis was
inhibited approximately 50% by a-tocopherol and 25% by y-tocopherol as compared
to controls (Table I). Previously, Mordan et al. (38) showed that inhibition of DNA
synthesis in confluent C3H 10T1/2 fibroblasts by retinoids may be an important
element in their ability to prevent neoplastic transformation during the promotional
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Figure 4. Effects of tocopherols on the growth of the transformed MCA
cell line. MCA cells, a malignant cell line derived from cloning transformed
C3H 10T1/2 cells obtained from a neoplastic focus, were plated at a density
of 5000/35 mm dish on day 0, and treated with either a-tocopherol (30 puM),
y-tocopherol (30 uM), or solvent control (10 pul acetone/2.5 ml media) on day
1. Cell counts were obtained with a Coulter counter daily for 8 days and
values represent the mean + SEM for 4 culture dishes.
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Figure 5. Growth curve of a-tocopherol-treated cultures. Cells were
plated at a density of 5000/35 mm dish on day 0, and treated on day 1, days 1
and 7, or day 7 with a-tocopherol (30 uM). Control cells were treated with
10 ul of solvent vehicle (acetone). Cell counts were obtained daily for 12
days with a Coulter counter and each value represents the mean + SEM for 4
culture dishes. Media was changed on day 7 and is designated by an arrow.
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Figure 6. Growth curve of y-tocopherol-treated cultures. Cells were
plated at a density of 5000/35 mm dish on day 0, and treated on day 1, days 1
and 7, or day 7 with y-tocopherol (30 pM as described in Figure 5). Cell
counts were obtained daily and each value represents the mean + SEM for 4
culture dishes. Media was changed on day 7 and is designated by an arrow.
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phase. The results presented here suggest that while this effect may contribute to the
ability of tocopherols to inhibit transformation, it does not explain the greater efficacy
of y-tocopherol relative to a-tocopherol in preventing foci formation, as y-tocopherol
has a lesser effect on proliferation at this stage. Furthermore, unlike the retinoids
which cause decreased saturation density at growth arrest (4/), both a- and y-
tocopherol increase cell saturation density at confluence (Figures 5 and 6).

Table I. Effects of a- or y-Tocopherol on Growth Factor-Mediated DNA
Synthesis in Confluent Cultures of C3H 10T1/2 Fibroblasts. Confluent C3H
10T1/2 cells in 96 well trays were incubated with either 30 uM a-, or y-tocopherol, or
vehicle control (0.5% acetone). Four days later, fresh cell culture medium was added
and 11 hours after the media change, cultures were exposed to BrdU labeling agent.
DNA synthesis was determined by measurement of BrdU incorporation using a cell
proliferation assay kit #RPN 210 from Amersham Int., UK. Relative levels of BrdU
incorporation based on absorbance at 410 nm are reported. Negative controls did not
receive a media change at day 4 while positive controls did. Values represent the
mean * SEM. (n = 8).
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Negative Control | Positive Control a-Tocopherol y-Tocopherol
0 0.026 +.001 0.014 £.002 0.020 £+ .002
Conclusion

y-Tocopherol represents a ubiquitous dietary molecule, whose potential functional
significance has only recently begun to be appreciated. Its inverse association with
risk and mortality for cardiovascular disease and cancer suggest either an intrinsic
chemopreventive role or that y-tocopherol may serve as a marker for other biologically
active phytochemicals, as yet unidentified. The unique chemical and biological effects
of y-tocopherol that have been described support the former and suggest that this
tocopherol may be an essential dietary component in the prevention of aging-related
chronic disease. The effects of y-tocopherol on cellular proliferation, mutation,
antioxidant defense, and NO generation will hopefully provide clues that will enable
future studies to identify the specific mechanisms responsible for the bioactivity of the
tocopherols and determine the optimal dietary level of this and related vitamin E
species.
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Chapter 6
Carotenoids, as Promising Factor for Functional Foods

H. Nishino

Department of Biochemistry, Kyoto Prefectural University of Medicine,
Kawaramachi-Hirokoji, Kamigyoku, Kyoto 602, Japan

Various natural carotenoids, besides B-carotene, were proven to have
anticarcinogenic activity, and some of them, such as a-carotene,
showed higher potency than B-carotene. Furthermore, some of these
natural carotenoids show more potent antioxidative activity than -
carotene. Thus, these carotenoids (o-carotene, lutein, zeaxanthin,
lycopene, B-cryptoxanthin and phytoene), as well as B-carotene, may
be applicable as active components in functional foods for the
purpose of preventing oxidative damage-related diseases, including
cancer. In the case of phytoene, one of the anticarcinogenic
carotenoids, the concept of "bio-chemoprevention”, which means
biotechnology-assisted method for chemoprevention, will be fitted.
In Fact, the establishment of mammalian cells producing phytoene
was accomplished by introducing the crt B gene, which encodes
phytoene synthase. These cells were proven to acquire the resistance
against the oxidative stress. Phytoene-containing animal foods may
be classified as a novel type of functional food, which has the
preventive activity against diseases. It may also have the ability to
reduce the accumulation of oxidized substances, which are hazardous
for human health.

Information has been accumulated indicating that diets rich in vegetables and fruits
can reduce the risk of a number of chronic diseases, including cancer, cardiovascular
disease, diabetes and age-related macular degeneration. Various factors in plant
foods, such as carotenoids, antioxidative vitamins, phenolic compounds, terpenoids,
steroids, indoles and fibers, have been considered responsible for this reduction in
risk. Among them, carotenoids have been widely studied and proven to show
diverse beneficial effects on human health. Initially, carotenoids in vegetables and
fruits were suggested to serve as precursors of vitamin A; Vitamin A being the active
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compound. In this context, B-Carotene has been studied most extensively, since B-
Carotene has the highest pro-vitamin A activity among carotenoids. However, Peto
et al.(1) suggested that B-Carotene could have a protective effect against cancer
without converting to vitamin A. Logically, then, carotenoids other than B-Carotene
may also contribute to protection of cancer and various diseases.

Of more than 600 carotenoids identified up to date, about 40 carotenoids are found in
our daily foods. However, as a result of selective uptake in the digestive tract, only
14 carotenoids with some of their metabolites have been identified in human plasma
and tissues. Thus, it was decided to evaluate the biological activities of only the
carotenoids that are detectable in the human body. It was found that some of the
carotenoids that were tested showed more potent activity than B-Carotene to suppress
the process of carcinogenesis. In addition, antioxidative activity of a-carotene and
lycopene was also proven to be higher than that of B-Carotene. Therefore, various
natural carotenoids, besides $-Carotene, seem to be possible candidates as factors for
functional foods.

Initially, recent results of the evaluation for anticarcinogenic activity of the various
natural carotenoids will be summarized, as the part of the basic data for the
development of functional foods. Some of the natural carotenoids, such as phytoene,
are unstable when purified, and thus, very difficult to examine the biological
activities of them. In this context, we attempted to develop a new method for the
synthesis of phytoene in animal cells. Discovery of mammalian cells producing
phytoene was succeeded by the introduction of crt B gene, which encodes phytoene
synthase. These cells were proven to acquire the resistance against oxidative stress.
Thus, the antioxidative activity of phytoene was proven.

Anti-Carcinogenic Activity of Natural Carotenoids

Among the carotenoids, a-carotene, lutein, zeaxanthin and lycopene are now being
investigated, by international collaboration, as promising candidates for cancer
prevention. This widespread investigation is, in part, due to the fact that these
carotenoids are detectable in human plasma, and may have a more potent
anticarcinogenic activity than B-carotene.

a-Carotene. In recent studies, it was found that a-carotene induced the G1-arrest in
the process of the cell cycle (2). Since various agents which induce Gl-arrest have
been proven to have cancer preventive activity, we evaluated anticarcinogenic
activity of a-carotene. a-Carotene showed higher activity than B-carotene to
suppress tumorigenesis in skin, lung, liver, and colon (3-4).

In the skin tumorigenesis experiment, a two-stage mouse skin carcinogenesis
modes were used. Seven-week-old ICR mice had their backs shaved with an electric
clipper. Starting one week after initiation with 100pg of 7,12-
dimethylbenz[a]anthracene (DMBA), 1.0ug of 12-O-tetradecanoylphorbol-13-
acetate (TPA) was applied twice a week for 30 weeks. o- or B-carotene (200 nmol)
was applied with each TPA application. With this, greater potency of a-carotene
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over B-carotene was observed. The percentage of tumor-bearing mice in the control
group was 68.8%, whereas the percentages of tumor-bearing mice in the groups
treated with o- and B-carotene were 25.0% and 31.3% respectively. The average
number of tumors per mouse in the control group was 3.73, whereas the a-carotene-
treated group had 0.27 tumors per mouse (p<0.01, Students T-test). P-carotene
treatment also decreased the average number of tumors per mouse (2.94 tumors per
mouse), but the difference from the control group was not significant.

The greater potency of a-carotene than B-carotene in the suppression of
tumor promotion was confirmed by another two-stage carcinogenesis experiment.
This experiment used a 4-nitroquinoline-1-oxide (4NQO)-initiated and glycerol-
promoted ddY mouse lung carcinogenesis model. 4NQO (10mg/kg body weight)
was given by a single s.c. injection on the first experimental day. Glycerol (10% in
drinking water) was given from experimental week 5 to week 30, continuously. a-
and P-carotene (at the concentration of 0.05%), or vehicle as a control was mixed as
an emulsion into drinking water during the promotion stage. The average number of
tumors per mouse in the control group was 4.06, whereas the o-carotene-treated
group had 1.33 tumors per mouse (p<0.001). B-Carotene treatment did not show any
suppressive effect on the average number of tumors per mouse, but rather induced a
slight increase (4.93 tumors per mouse).

In the liver carcinogenesis experiment, a spontaneous liver carcingogenesis
model was used. Male C3H/He mice, which have higher incidences of spontaneous
liver tumor development, were treated for 40 weeks with - and B-carotene (at the
concentration of 0.05%, mixed as an emulsion into the drinking water) or vehicle as
a control. The mean number of hepatomas was significantly decreased by the a-
carotene treatmient as compared with that in the control group(the control group
developed 6.31 tumors per mouse, whereas the a-carotene-treated group had 3.00
tumors per mouse; p<0.001). On the other hand, the B-carotene-treated group did
not show a significant difference from the control group, although a tendency toward
a decrease was observed (4.71 tumors per mouse).

As a short term experiment to evaluate the suppressive effect of a-carotene
on colon carcinogenesis, the effect of N-methylnitrosourea (MNU, three intrarectal
administrations of 4mg in week 1)-induced colonic aberrant crypt foci formation was
examined in Sprague-Dawley (SD) rats. a- or B-Carotene (6 mg, suspended in 0.2
ml of corn oil, intergastric gavage daily), or vehicle as control, were administered
during weeks 2 and 5. The mean number of colonic aberrant crypt foci in the control
group was 62.7, whereas the a- or B-Carotene-treated group had 42.4 (significantly
different from the control group: p<0.05) and 56.1 respectively. Thus, the greater
potency of a-carotene over B-carotene was, again, observed.

Lutein. Lutein is the dihydroxy form of o-carotene and is distributed among a
variety of vegetables such as kale, spinach, and winter squash. It may also be found
in fruits such as mango, papaya, peaches, prunes, and oranges. An

epidemiological study in the Pacific Islands indicated that people with a high intake
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of all three of B-carotene, a-carotene, and lutein had the lowest risk of lung cancer
(5). Thus, the effect of lutein on lung carcinogenesis was examined.

Lutein showed anti-tumor promoting activity in a two-stage carcinogenesis
experiment in the lungs of ddY mice. This process was initiated with 4NQO and
promoted with glycerol. 4NQO (10 mg/kg body weight), dissolved in a mixture of
olive oil and cholesterol (20:1), was given by a single s.c. injection on the first
experimental day. Glycerol 910% in drinking water) was given as a tumor promoter
from experimental week 5 to week 30, continuously. Lutein, 0.2 mg in 0.2 ml of
mixture of olive oil and Tween 80 (49:1), was given by oral intubation three times a
week during the tumor promotion stage (25 weeks). Treatment with lutein showed a
tendency to decrease lung tumor formation. The control group developed 3.07
tumors per mouse, whereas the lutein-treated group had 2.23 tumors per mouse. ***

To confirm the antitumor promoting activity of lutein another two-stage
carcinogenesis experiment was conducted. This proved the anti-tumor promoting
activity of lutein in a two-stage carcinogenesis experiment in the skin of ICR mice.
Initiation of tumor formation was done with DMBA and promoted with TPA and
mezerein. At 1 week “after initiation by 100 pg of DMBA, TPA (10 nmol) was
applied once, then mezerein (3 nmol for 15 weeks, and 6 nmol for a subsequent 15
weeks) twice a week. Lutein (1 pmol, molar ratio to TPA = 100) was applied twice
(45 minutes before, and 16 hours after the TPA application). At the experimental
week 30, the average number of tumors per mouse in the control group was 5.50,
whereas the lutein-treated group had 1.91 tumors per mouse (p<0.05) (Nishino, H., J.
Cell Biochem., 1997, in press).

Lutein also inhibited the development of aberrant crypt foci in SD rat colon,
induced by MNU (three intrarectal administrations of 4mg in week 1). Lutein (0.24
mg, suspended in 0.2 ml of corn oil, intergastric gavage daily), or vehicle as control,
was administered during weeks 2 and 5. The mean number of colonic aberrant crypt
foci in the control group at week 5 was 69.3, whereas the lutein-treated group had
40.2 (significantly different from control group: p<0.05) (4).

Zeaxanthin. Zeaxanthin is the dihydroxy form of B-carotene, and is distributed in
our daily foods such as corn, and various other vegetables. Since the awareness of
zeaxanthin as being a beneficial carotenoid has been quite recent, available data for
zeaxanthin is minimal.

Recently, some features of zeaxanthin were elucidated. For example,
zeaxanthin suppressed TPA-induced expression of an early antigen of the Epstein-
Barr virus in Raji cells (Fig. 1). TPA-enhanced >*Pi-incorporation into phospholipids
of cultured cells was also inhibited by zeaxanthin Fig. 2). Anticarcinogenic activity
of zeaxanthin in vivo was also examined. For example, it was found that
spontaneous liver carcinogenesis in C3H/He malc mice was suppressed by the
treatment with zeaxanthin (at the concentration of 0.005%, mixed as an emulsion
into drinking water) as shown in Table 1.

Lycopene. Lycopene occurs in our diet predominantly in tomatoes and tomato
products. An epidemiological study in elderly Americans has indicated that a high
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Fig. 1. Effect of zeaxanthin on TPA-induced expression of early antigen of
Epstein-Barr virus in Raji cells.
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Fig. 2. Effect of zeaxanthin on TPA-enhanced **Pi-incorporation into
phospholipids of cultured HeL.a cells.

Table I. Effect of Zeaxanthin on Tumorigenesis in Mouse Liver

Group Number Tumor-bearing Average Number
of Mice Mice (%) of Tumors per

Control 14 35.7 1.75

+Zeaxanthin 12 . 8.3 0.08

Zeaxanthin, 0.005% in drinking water, was administered to male C3H/HC mice for a
period of 40 weeks.
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tomato intake has been associated with a 50% reduction in mortality from cancers at
all sites (6). A case control study conducted in Italy showed a potential protection,
with a high consumption of lycopene in the form of tomatoes, against cancers of the
digestive tract (7). An inverse relationship between a high intake of tomato products
and prostate cancer risk has also been reported, along with a study showing
lycopene's exceptionally high singlet oxygen carrying capacity(8-10).

Studies concerning the anticarcinogenic activity of lycopene in animal
models were carried out in the mammary gland, liver, lung, skin, and colon (4, 11,
Nishino, H., J. Cell Biochem., 1997, in press). This study in mice, with a high rate
of spontaneous mammary tumors, showed that intake of lycopene delayed and
reduced tumor growth.

Spontaneous liver carcinogenesis in C3H/He male mice was also suppressed
by exposure to lycopene. Treatment for 40 weeks with lycopene (at the
concentration of 0.005%, mixed as an emulsion into drinking water) resulted in a
significant decrease of liver tumor formation; the control group developed 7.65
tumors per mouse, whereas the lycopene-treated group had 0.92 tumors per mouse
(p<0.005).

Lycopene has also shown antitumor promoting activity in a two-stage
carcinogenesis experiment in the lung of ddY mice. This process was initiated with
4NQO, and promoted with glycerol. 4NQO (10 mg/kg body weight), dissolved in a
mixture of olive oil and cholesterol (20:1), was given by a single s.c. injection on the
first experimental day. Glycerol (10% in drinking water) was given as tumor
promoter from experimental week 5 to week 30, continuously. Lycopene, 0.2 mg in
0.2 ml of mixture of olive oil and Tween 80 (49:1), was given by oral intubation
three times a week during the tumor promotion stage (25 weeks). Treatment with
lycopene resulted in the significant decrease of lung tumor formation. The control
group developed 3.07 tumors per mouse, whereas the lycopene-treated group had
1.38 tumors per mouse (p<0.05). '

The anti-tumor promoting activity of lycopene was confirmed by another
two-stage carcinogenesis experiment. It showed anti-tumor promoting activity in the
skin of ICR mice. This process was initiated with DMBA and promoted with TPA.
From 1 week after initiation by 100 pg of DMBA, 1.0 pg (=1.6 nmol) of TPA was
applied twice a week for 20 weeks. Lycopene (160 nmol, molar ratio to TPA = 100)
was applied with each TPA application. At the experimental week 20, the average
number of tumors per mouse in the control group was 8.53, whereas the lycopene-
treated group had 2.13 tumors per mouse 9p<0.05).

Lycopene also inhibited the development of aberrant crypt foci in SD rat
colon induced by MNU (three intrarectal administration of 4 mg in week 1).
Lycopene (0.12 mg, suspended in 0.2 ml of corn oil, intergastric gavage daily), or
vehicle as control, were administered during weeks 2 and 5. The mean number of
colonic aberrant crypt foci in control group at week 5 was 69.3, whereas the
lycopene-treated group had 34.3 (significantly different from control group: p<0.05).

Other Carotenoids. In addition to the carotenoids mentioned above, -
cryptoxanthin seems to be another promising carotenoid. It has shown the strongest
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inhibitory activity in the in vifro screening test (12). B-Cryptoxanthin is distributed
in our daily foodstuff, such as oranges, and is one of the major carotenoids which is
detectable in human blood. Thus, it seems worthy to investigate more precisely.

Production of Phytoene in Mammalian Cells

Establishment of Phytoene Producing Mammalian Cells, and Analysis of their
Properties. Phytoene, which is detectable in human blood, was proven to suppress
tumorigenesis in the skin. It was suggested that the antioxidative activity of
phytoene may play an important role in its action mechanism. In order to confirm
the mechanism, a more precise study should be carried out. However, phytoene is
quite unstable when it is purified, thus, becomes difficult to examine the biological
activities of phytoene. To aid in the evaluation of its biological properties, stable
production of these carotenoids in target cells was attempted. The phytoene
synthase-encoding gene, crt B, has already been cloned from Erwinia uredovora
(13), thus it was used for the expression of the enzyme in animal cells.

Mammalian expression plasmids, pCAcrtB, to transfer the crt B to mammalian cells,
were constructed as follows. First, the sequence around the initiation codon of the
crt B gene on the plasmid pCRT-B, was modified by PCR. This was done by using
the primers to replace the original bacterial initiation codon TTG with
CTCGAGCCACCATG. This is a composite of the typical mammalian initiation
codon ATG preceded by the Kozak consensus sequence and a Xhol recognition site.
The Xhol linker which harbors a cohesive end for the EcoR1 site was ligated to the
EcoR1 site at the 3'-end of the crt B gene. The 969-gase pair (bp) Xhol fragment
was cloned into the Xhol site of the expression vector pCAGGS. The resulting
plasmid pCAcrtB drives the crt B gene by the CAG promoter (modified chicken B-
actin promoter coupled with cytomegalovirus immediate early enhancer). In the
pCAGGS vector, a rabbit B-globin polyadenylation signal is provided just
downstream of the Xhol cloning site.

Plasmids were transfected either by electroporation, or lipofection. For the
gene transfer to NIH3T3 cells (cultured in Dulbecco's modified minimum essential
medium (DMEM) supplemented with 4 mM L-glutamin, 80 U/ml penicillin, 80
mg/ml streptomycin and 10% calf serum (CS)), the parameter for electroporation
using a Gene Pulser (BioRad) was set at 1,500 V/25mF with a DNA concentration of
12.5-62.5 pg/ml. Lipofection was carried out using LIPOFECTAMINE (GIBCO
BRL) according to the protocol supplied by the manufacturer. pCAcrtB or pPCAGGS
was cotransfected with the plasmid pKOneo, which harbors a neomycin resistance-
encoding gene (kindly provided by Dr. Douglas Hanahan, University of California,
San Francisco). »

For Northern blot analysis, 20 pg of total RNA was loaded onto a 1.2%
formaldehyde agarose gel, electrophoresed and transferred to a nitroceltulose filter
(Nitroplus). The 969-bp Xho1 fragment of the crt B gene as mentioned above was
labeled with [*2P]dCTP by the random primer labeling method and used as a probe to
hybridize the target RNA on the filter. NIH#T# cells transfected with pCAcrtB
showed the expression of a 1.5 kilobases mRNA from the crt B gene as a major
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transcript. Those transcripts were not present in the cells transfected with the vector
alone.

For analysis of phytoene bv HPLC, the lipid fraction, including phytoene,
was extracted from cells (107 - 10%). The sample was subjected to HPLC (column:
3.9 by 300mm, Nova-pakHR, 6m C18, Waters) at a flow rate of 1 ml/min. To detect
phytoene, UV absorbance of the eluate ate 286 nm was measured by a UV detector
(JASCO875). Phytoene was detected as a major peak in HPLC profile in NIH3T3
cells transfected with pCertB, but not in control cells. Phytoene was identified by
UV and field desorption mass-spectra.

Since lipid peroxidation is considered to play a critical role in tumorigenesis,
and it was suggested that the antioxidative activity of phytoene may play an
important role in its mechanism of anticarcinogenic action, the level of phospholipid
peroxidation induced by oxidative stress in cells transfected with pCAcrtB or with
vector alone was compared. .

Oxidative stress was imposed by culturing the cells in a Fe**/adenosine 5'-

dlphosphate (ADP) containing medium (374 mM iron (III) chloride, 10mM ADP
dlSSOlVCd in DMEM) for 4 hr. The cells were then washed three times with a Ca’
and Mg**-free phosphate buffered saline (PBS(-)) harvested by scraping, washed
once with PBS(-), suspended in 1 ml of PBS(-), and freeze-thawed once. The lipid
fraction was then extracted from the cell suspension twice with 6 ml of
chloroform/methanol (2:1). The chloroform layer was collected, and dried with
sodium sulfate. The sample was evaporated, its residue was dissolved in a small
volume of HPLC solvent (2-propanol:n-hexane:methanol:water = 7:5:1:1), and then
subjected to chemiluminescence HPLC (CL-HPLC).
The lipids were separated with the column (Finepack SIL NH2-5,250mm X 4.6mm
i.d. JASCO) by eluting with a HPLC solvent (see above) at a flow rate of 1 ml/min at
35°C. Post column chemiluminescent reaction was carried out in the mixture of
ctyochrome ¢ (10 mg/ml) and luminol (2 mg/ml) in a borate buffer (pH 10) at a flow
rate of 1.1 ml/min. To detect lipids, UV absorbance of the eluate at 210 nm was
measured by a UV-8011 detector (TOSOH). Chemiluminescence was detected with
a CLD-110 detector (Tohoku Electric Ind.). The phospholipid hydroperoxidation
level in the cells that had been transfected with pCAcrtB and confirmed to produce
phytoene by HPLC, was lower than that in the cells transfected with vector alone
(Fig. 3). Thus, anti-oxidative activity of phytoene in animal cells was confirmed.

It is of interest to test the effects of the endogenous synthesis of phytoene on
the malignant transformation process, which is newly triggered in non-cancerous
cells. Thus, a study was carried out on the NIH3T3 cells producing phytoene for its
possible resistance against oncogenic insult imposed by transfection of the activated
H-ras oncogene. Plasmids with activated H-ras gene was transfected to NIH3T3
cells with or without phytoene production, and the rate of transformation focus
formation in 100mm diameter dishes was compared. It was proven that the rate of
transformation focus formation induced by the transfection of activated H-ras
oncogene was lower in the phytoene producing cells than in control cells.

This type of experimental method may be applicable for the evaluation of the
anti-carcinogenic activities of other phytochemicals, since the cloning of genes for
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the synthesis of various kinds of substances in vegetables and fruits has already been
accomplished. It is particularly useful to evaluate the biological activity of unstable
phytochemicals, such as phytoene and other carotenoids.

Bio-chemoprevention. Valuable chemopreventive substances, including
carotenoids, may be produced in a wide variety of foods by means of biotechnology.
This new concept may be named as "bio-chemoprevention”. In this prototype
experiment, phytoene synthesis in animal cells is demonstrated. Since phytoene
produced in animal cells was proven to prevent oxidative damage of cellular lipids, it
may become a valuable factor in animal foods to reduce the formation of oxidized
oils, which are hazardous for health. It may also aid in keeping freshness, resulting
in the maintenance of a good quality of foods. Furthermore, phytoene-containing
foods are valuable in the prevention of cancer, since phytoene is known as an
anticarcinogenic substance. Thus, phytoene synthesis may become one of the
fundamental methods for the development of novel animal foods.
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Chapter 7

Metabolism of Dietary Carotenoids and Their Potential Role in
Prevention of Cancer and Age-Related Macular Degeneration

F. Khachik", L. A. Cohen’, and Z. Zhao’
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Washington DC 20064
’Department of Chemistry and Biochemistry, University of Maryland,
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Although the number of dietary carotenoids in fruits and
vegetables is in excess of 40, only 13 from selected classes are
absorbed, metabolized, and utilized by the human body. Vitamin
A active carotenoids, such as - and B-carotene are absorbed intact
and in part, converted to Vitamin A. In contrast, metabolic
transformations of other major carotenoids such as lutein,
zeaxanthin, and lycopene involve a series of oxidation-reduction
reactions. Thirty-four carotenoids, including 13 stereoisomers, and
8 metabolites have been characterized in human serum and milk
employing two HPLC methods. Similarly, in addition to the
presence of lutein and zeaxanthin in human retina, reported
previously, their oxidative metabolites have recently been isolated
from dissected human retina. An in vivo preclinical bioavailability
and toxicity study with lycopene involving rats is described.
Proposed metabolic pathways of carotenoids and their potential
role in prevention of cancer and age-related macular degeneration
are discussed.

Although approximately 600 carotenoids have been isolated from natural sources
and characterized (1), the number of dietary carotenoids in common fruits and
vegetables consumed in the U.S. is in excess of 40 (2,3). Only 13 all-E-carotenoids,
which belong to the class of hydroxy- and hydrocarbon carotenoids (carotenes), have
been detected in human serum and milk (4). In addition, eight metabolites resulting
from two major dietary carotenoids, namely, lutein and lycopene have also been
characterized (4-9). The Vitamin A active carotenoids in human serum or plasma
and milk are: a-carotene, f3-carotene, B-crypotxanthin, and y-carotene. However, the
nutritional significance of other non-Vitamin A active carotenoids in prevention of
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cancer (10,11), heart disease (12,13), age-related macular degeneration, or AMD
(14) has also been realized.

Here we describe an updated summary of the distribution of carotenoids and
their metabolites in human serum, milk, and retina. We also describe a recent
preclinical bioavailability study with lycopene, involving rats, and propose pathways
for the in vivo metabolic oxidation of this compound. Based on this study and our
previously reported human supplementation studies with purified carotenoids, the
antioxidant mechanism of action for lycopene, lutein, and zeaxanthin as potential
candidates for lowering the risk for cancers and AMD is discussed.

Distribution of Carotenoids in Human Serum and Milk

Carotenoids in human serum and milk originate from consumption of fruits and
vegetables, which are one of the major dietary sources of these compounds. The
carotenoids of fruits and vegetables can be classified as: 1) hydrocarbon carotenoids
or carotenes, 2) monohydroxycarotenoids, 3) dihydroxycarotenoids, 4) carotenol acyl
esters, and 5) carotenoid epoxides. Among these classes, only carotenes (group 1),
monohydroxy-(group 2) and dihydroxycarotenoids (group 3) are found in the human
serum and milk. Carotenol acyl esters (group 4) apparently undergo hydrolysis in
the presence of pancreatic secretions to regenerate their parent hydroxycarotenoids,
which are then absorbed. Although carotenoid epoxides (group 5) have not been
detected in human serum or tissues, and their fate is uncertain at present, a recent in
vivo bioavailability study with lycopene, involving rats, indicates that this class of
carotenoids may be handled and modifed by the liver. This study will be described,
in detail, later in this text. For a comprehensive review of the distribution of
carotenoids in fruits and vegetable, see the articles by Khachik et al. (15-17). The
concentration of carotenoids in fruits and vegetables commonly consumed in the
U.S. has also been reported (17-20). Comparison of the qualitative profile of
carotenoids in foods with those of human serum and milk is shown in Figure 1. The
first group is Vitamin A active carotenoids, such as a-carotene, B-carotene, P-
crypotxanthin, and y-carotene.

The second group: a-cryptoxanthin, neurosporene, {-carotene, phytofluene,
and phytoene, have no Vitamin A activity and appear to be absorbed intact. At
present, there is no evidence to suggest that these carotenoids undergo metabolic
transformation.

Several oxidative metabolites of lycopene, lutein, zeaxanthin, and
lactucaxanthin in human serum and milk have been isolated and characterized (4).
Human bioavailability and metabolic studies have supported the possibility of in vivo
oxidation of these carotenoids in humans (9,21). The metabolic transformation of
these carotenoids involves a series of oxidation-reduction reactions, which have been
described previously (9,21). There are also two metabolites of lutein which are
apparently formed in the presence of acids by the non-enzymatic dehydration of this
compound in the human digestive system (8).

As mentioned earlier, carotenol acyl esters are abundant in many fruits and
vegetables (2), but have not been detected in human serum or milk (4,5). Only two
monohydroxy carotenoids, namely, a-cryptoxanthin and B-cryptoxanthin have been
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detected in common fruits and vegetables, as well as human serum and milk.
Similarly, of all the dihydroxycarotenoids isolated from various natural sources, only
lutein, zeaxanthin, and lactucaxanthin have been found in foods, human serum and
milk (4,14). The concentration of lactucaxanthin in human plasma is normally very
low, since the dietary source of this compound is limited to date. We have detected
it only in Romain lettuce, Lactuca sativa (15).

A complete list of dietary carotenoids detected in human serum and milk is
provided in Table I. These are 25 carotenoids consisting of 13 all-E-, and 12 Z-
compounds. In addition, there are 1 Z- and 8 all-E-carotenoid metabolites in human
serum and milk. The structures of these metabolites are shown in Figure 2. The
only mono-Z-carotenoid metabolite identified in human serum and milk to date is
that of 3-hydroxy-p,e-caroten-3'-one. The location of the Z-bond in this compound
is not known at present. Employing two HPLC methods, all of these 34 carotenoids
and their metabolites can be readily separated and quantified (4).

Lutein, Zeaxanthin, and Their Oxidative Metabolites in Human Retina

In 1985, for the first time, Bone et al. (22) presented preliminary evidence that the
human macular pigment is a combination of lutein and zeaxanthin. More recently, in
1993, Bon et al. (23) elegantly established the complete identification and
stereochemistry of the human macular pigment as lutein [(3R,3'R,6'R)-f,e-carotene-
3,3'diol], zeaxanthin [(3R,3'R)-f,B-carotene-3,3'diol] and (3R,3'S,meso)-zeaxanthin
[3R,3'S)-B,B-carotene-3,3'diol]. In a case-control study published in 1994, high
consumption of fruits and vegetables, rich specifically in lutein and zeaxanthin, has
been correlated with a lower risk for age-related macular degeneration (AMD) (14).
The results from that study indicated that persons consuming green leafy vegetables
containing a high concentration of lutein (ca.6 mg/day) had a 43% lower risk of
exudative AMD, compared to the subjects in the lowest quintile.

Recently, we have separated and characterized three major and 11 minor
carotenoids in human retina by HPLC-UV-Vis-MS (24). The major carotenoids
have been identified as lutein, zeaxanthin, and a direct oxidation product of lutein,
namely, 3-hydroxy-B-¢-caroten-3'-one (Figure 2). Several oxidation products of
lutein, zeaxanthin, and one of lycopene (2,6-cyclolycopene-1,5-diol I) whose
structures are shown in Figure 2, were also among the minor carotenoids. In
addition, the most common geometrical isomers of lutein and zeaxanthin, i.e. 9Z-
lutein, 9'Z-lutein, 13Z-lutein, 13'Z-lutein, 9Z-zeaxanthin, and 13Z-zeaxanthin,
normally present in serum, were also detected at low concentrations in retina.
Similar results were also obtained from an extract of freshly dissected monkey retina.
At present, this finding provides the only data, possibly suggesting in vivo metabolic
oxidation of lutein in human retina. The protection of retina from short-wavelength
visible light by lutein and zeaxanthin is based on two assumptions; 1) the oxidation
products of lutein and zeaxanthin are formed in vivo in retina and 2) these oxidative
metabolites are formed by the action of blue light. Based on supplementation studies
with purified lutein and zeaxanthin involving human subjects, we previously
proposed metabolic pathways for conversion of these dietary carotenoids to their
oxidation products (9,21). According to these metabolic transformations,
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Table I. Dietary Carotenoids in Human Serum and Milk

Entry Carotenoids Chemical Class
all-E-Dietary Carotenoids®
1 a-carotene® Hydrocarbons (carotenes)
2 B-carotene*
3 y-carotene®
4 lycopene
5 neurosporene
6 L-carotene
7 phytofluene
8 phytoene
9 a-cryptoxanthin Monohydroxycarotenoids
10 B-cryptoxanthin®
11 lutein Dihydroxycarotenoids
12 zeaxanthin
13 lactucaxanthin
Z-Dietary Carotenoids*
14 9Z-B-carotene® Hydrocarbons (carotenes)

15 13Z-B-carotene®
16  Z-lycopenes®
17 Z-phytofluenes

18 Z-B-cryptoxanthin™® Monhydroxycarotenoid
19 13,13’-Z-lutein Dihydroxycarotenoids
20 9Z-lutein

21 9'Z-lutein

22 13Z-lutein+13’Z-lutein
23 9Z-zeaxanthin

24 13Z-zeaxanthin

25 15Z-zeaxanthin

*[dentifies carotenoids with vitamin A activity. ®The location of the Z-bond in Z-
lycopenes, Z-phytofluenes, and Z-B-cryptoxanthin is not known at present.
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Figure 2. Chemical structure of all-E-dietary carotenoid metabolites identified in
human serum and milk. Only the absolute configuration rather than the planar
structure for those carotenoids with confirmed chirality have been depicted. Only
the relative not absolute configuration at C-2, C-5, and C-6 for
2,6-cyclolycopene-1,5-diol I and II is known. With permission from reference 9.
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(3R,3'S,meso)-zeaxanthin, (3R,3'R,6'R)-lutein, and (3R,3'R)-zeaxanthin may be
inter-converted through a series of oxidation-reduction and double bond
isomerization reactions as shown in Fig. 3. We have recently determined that 98%
of zeaxanthin in human plasma is identical to the form in the diet, (3R,3'R)-
zeaxanthin; only 2% exists as (3R,3'S,meso)-zeaxanthin (Khachik, unpublished
results). Since Bone et al. (23) have demonstrated that nearly equal amounts of
(3R,3'R)-zeaxanthin and (3R,3'S,meso)-zeaxanthin are present in the human macula,
the data indicate that the latter compound may be a result of double bond
isomerization of dietary (3R,3'R,6'R)-lutein as shown in Fig.3. However, the only
data in support of these metabolic transformations is the presence of 3-hydroxy-f,e-
caroten-3'-one,3"-epilutein, and (3R,3'S,meso)-zeaxanthin in retina. The transport,
the metabolic interconversions between (3R,3'R,6'R)-lutein, and the two forms of
visible light and/or catalyzed by certain proteins. Human macular carotenoids bind
to retinal tubulin (25), and other more specific human macular carotenoid binding
proteins, are being identified and characterized (Bernstein et al, unpublished results).

In Vivo Studies with Carotenoids in Rodents

Recently, the inhibitory effect of four dietary carotenoids, a-carotene, B-carotene,
lycopene, and lutein, prevalent in human blood and tissues against the formation of
colonic aberrant crypt foci, has been reported in Sprague-Dawley rats (26). The rats
received three intarectal doses of N-mehtylnitrosourea in week 1, and a daily gavage
of de-escalated doses of carotenoids during weeks 2 and 5. Lycopene, lutein, a-
carotene, and palm carotenes (a mixture of o-carotene, B-carotene, and lycopene)
inhibited the development of aberrant crypt foci quantitated at week 6. In contrast,
B-carotene was not effective. This study suggests that lycopene and lutein in small
doses may potentially lower the risk for colon carcinogenesis.

In a recent epidemiological study, the intake of carotenoids and retinol in
relation to the risk of prostate cancer has been examined (27). This study concluded
that consumption of foods rich in B-carotene, a-carotene, lutein, and B-cryptoxanthin
were not associated with the risk of prostate cancer, while high consumption of foods
rich in tomato products had a significant effect in lowering the risk. Since lycopene
is the most abundant carotenoid in tomato products (20), the reduction in the risk of
prostate cancer was, therefore, related to the cancer preventive properties of this
compound. In recent years, we have identified two oxidation products of lycopene in
humans and have proposed pathways leading to the formation of these oxidative
metabolites (9,21). Furthermore, the metabolites of lycopene, 2,6-cyclolycopene-
1,5-diols I and II (Fig. 2), have been suggested to be potentially useful in cancer
chemoprevention due to their ability to enhance the expression of a group of gap
junctional communication proteins in an in vitro model (28).

Bioavailability Study with Lycopene in Rodents
We recently conducted a preclinical toxicity and bioavailability study with lycopene,

involving rodents. The purpose of this study was to determine the biological
acceptable dose range, maximal tolerated dose (MTD), and tissue disposition of
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dietary lycopene administered as tomato oleoresin, in AIN-76A diet in male and
female rats.

Method and Materials. This was a 10-week pilot study in which the
experimental groups of inbred Fischer F344 male and female rats, at about 35 days
of age, were randomized into six groups (Table II) to ensure animals in each group
were of the same mean weight. A 4% lycopene suspension in medium chain
triglycerides, or MCT ("Betatene"), was obtained from Henkel Corporation
(LaGrange, IL) and was incorporated into the semipurified AIN-76A diet. All
animals, including controls, were given MCT and received the same amount of fat to
control for the differences in the lipid content of the various treatment groups. The
estimated concentration of lycopene in the diet of each treatment group is shown in
Table II. In addition to lycopene, the "Betadene" suspension was shown by High
Performance Liquid Chromatography (HPLC) to consist of minor quantities of
several carotenoids, as shown in Table III. Our previously published HPLC method
on a Cl18-reversed phase column, was used for the analysis of the diets and all the
specimens described here (4).

Study Time Line. All animals at 50 days of age were supplemented with the
AIN-76A diet containing the "Betadene" suspension for 70 days; the placebo groups
only received the diet and MCT, without lycopene, and carotenoids for the same
duration. Throughout the study, the weight gain of the animals were monitored
regularly. After ten week, when the rats were at the age of 120 days, blood samples
were collected by heart puncture.

Extraction of Diets, Serum, and Tissues. Diets containing lycopene were
homogenized in the HPLC solvents with echinenone as an internal standard. After
centrifugation, the supernatant was decanted, and the extraction was repeated until
the extract was colorless. The combined extracts were then reduced to an
appropriate volume for HPLC analysis. Carotenoids were identified from the
comparison of their HPLC-UV/Vis-MS profiles with those of authentic standards.
Rat sera (ca. 1 ml.) was extracted (see reference 4) using echinenone as an internal
standard. Since liver, prostate, and mammary tissues contain lipids, which interfere
with the HPLC analysis, these specimens were saponified prior to extraction. Details
of extraction and saponification will be described in a later publication.

Results and Discussion. The concentration of lycopene in serum, feces, and
all the major tissues, such as lung, liver, mammary and prostate glands was
determined by HPLC. Since the complete details of this study will be published
elsewhere, here we only present a brief summary of our results.

Serum Uptake of Lycopene. Serum lycopene concentrations for female and
male rats are shown in Table IV. These concentrations appear to vary in a non-linear
manner, with regard to dose, in both males and females. In females, the highest
lycopene concentrations are found in the serum of groups 3 and 4, rather than group
1, as expected. Similarly, among males, the highest serum concentration of lycopene
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Table II. Experimental Groups of Rats and the Lycopene Concentration of the
Diets in Maximal Tolerated Dose (MTD) Study

Number of Animals
Group Males Females Lycopene Concentration in Diet
Estimated (Actual)®
mM/Kg mg/Kg
1 10 10 2.5(2.4) 1340 (1280)
2 10 10 1.0 (0.96) 536(512)
3 10 10 0.5 (0.48) 268 (256)
4 10 10 0.25 (0.24) 134 (128)
5 10 10 0.1 (0.096) 53 (51)
6 20 20 0.0 (0) 0(0)
Total No. 70 70

*Betatene suspension containing lycopene was added to the AIN-76A diet, on the
assumption that consisted of 4% pure lycopene. However based on HPLC analysis, the
Betatene suspension contained 3.7% pure lycopene and 2% of other carotenoids such
as B-carotene, {-carotene, phytofluene, and phytoene.

Table III. Carotenoid Concentration of Rat Diets Supplemented with the
Betatene Suspension of Tomato Oleoresin

Diets, pg/g
Carotenoids 1 2 3 4 5 6
lycopene 472 348 168 92 22 0
B-carotene 284 138 69 37 8 0
{-carotene 1 9 4 2 0 0
phytofluene 58 28 14 8 2 0
phytoene 70 23 0.3 5 1 0
2,6-cyclolycopene-1,5-diol 2 14 0.8 0.5 01 O
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is found in group 3. These results suggest that a homeostatic mechanism, involving
hepatic storage metabolism, and release, in a manner similar to Vitamin A regulate
serum lycopene levels.

Uptake of Lycopene by Mammary and Prostate Glands. The uptake of
lycopene by the mammary (female) and the prostate (male) glands of rats is shown in
Table V. Lycopene concentrations in the mammary fat pad of female rats ranged
from a low of 140, to a high of 460 ng/g wet weight. In contrast to serum, the uptake
of lycopene by the mammary tissue was dose-dependent with respect to dietary
intake of lycopene.

Lycopene concentrations in the prostate gland of male rats ranged from a low
of 32, to a high of 147 ng/g of wet weight (Table V). A dose-related pattern of
lycopene uptake by the prostate of the male rats was apparent. However, on average,
the concentration of lycopene in prostate tissue was an order of magnitude lower
than mammary tissue.

Uptake of Lycopene and Carotenoids by Liver. Hepatic lycopene
concentrations of female and male rats are shown in Table VI. Lycopene was
concentrated to a 100-1000 fold greater extent in the liver, compared to serum or
other tissues. Lycopene concentrations in the liver of female rats (high of 120 pg/g
wet weight). A non-linear dose response curve for lycopene uptake by the liver was
exhibited in males, but not in females. In order to obtain a completed carotenoid
profile, the livers from 3 animals in each group were pooled for HPLC-UV/Vis-MS
analysis. Therefore, the variability between the hepatic concentration of lycopene in
female and male rats may be and artifact of small sampling. Particularly interesting,
was the absorption of the other carotenoids present in the "Betadene" suspension by
the liver of both female and male rats. These were: (-carotene, phytofluene,
phytoene, all-E-B-carotene, 9Z-B-carotene, and 13Z-B-carotene. Of interest, is the
fact that the ratio of concentration of liver phytofluene and phytoene, to lycopene, is
considerably higher than that of the "Betadene" suspension, suggesting a selective
uptake of these carotenoids by the liver.

Particularly noticeable was the presence of the two oxidative metabolites of
lycopene, namely, 2,6-cyclolycopene-1,5-diols I and II, and their precursors 2,6-
cyclolycopene-1,5-epoxide I and II in the liver of female and male rats. Although
these diols have been previously identified in human serum, their precursor epoxides
have not been detected (4,5,9). Unfortunately, these diols and epoxides of lycopene
are also present at low concentration in the "Betadene" suspension, and as a result,
their presence in the liver may be of dietary origin. However, it is quite likely that
lycopene may also undergo an in vivo oxidation in the rat liver to form these
metabolic by-products. To date, we have been unable to address the metabolism of
carotenoid abundance in many fruits and vegetables, have not been detected in
human serum. Furthermore, since human livers and tissues cannot be examined in a
systematic manner, the results described here indicate that the rats may provide a
convenient model in which the metabolism and in vivo oxidation of lycopene, as well
as other carotenoids, could be studied.
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Table IV. Lycopene Concentration of Rat Serum (ng/mL)

Group No. X+SD* Median Range
Female
1 187+ 43 205 123-232
2 169 + 42 180 109-211
3 245+ 83 210 174-366
4 313+ 47 308 262-369
5 145+ 53 152 81-207
6 0 0 0
Male
1 168 + 36 160 134-230
2 227+ 68 225 148-326
3 278 + 66 285 174-372
4 231+ 64 215 153-328
5 171 £ 49 177 100-238
6 0 0 0
"N=6

Table V. Lycopene Concentration of Rat Mammary and Prostate Glands (ng/g

wet weight)

Group No. X +SD* Median Range

Mammary
1 309 + 131 235 232-460
2 200+ 030 197 172-231
3 215+ 062 220 139-282
4 (N=4) 229 + 054 217 181-288
5 174 £ 057 143 139-239
6 0 0 0

Prostate
1 97+ 17 99 79-112
2 95+48 83 54-147
3 50+ 37 35 23-093
4 52+26 52 26-077
5 47+ 16 47 32-063
6 0 0 0

*N=3
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Conclusion

The majority of epidemiological studies to date have associated the high
consumption of carotenoid-rich fruits and vegetables with a lower risk for several
human cancers. Unfortunately, the scientific community at large has prematurely
assigned this protective effect to a single carotenoid, B-carotene, because of its
Vitamin A activity. During the past 14 years, we have reported that fruits and
vegetables contain approximately 40-50 carotenoids, some of which are found at
markedly greater concentrations than B-carotene. Among these, 34 carotenoids,
including 13 stereoisomers and eight metabolites have been identified in human
serum and milk. In addition, as described earlier, the in vivo anti-tumor activity of
several carotenoids against colon carcinogenesis in a rodent model has been
reported. It is quite likely that each of these carotenoids, individually, or in concert
with one another, may exert their protective role in prevention of human cancers.
Selective uptake of carotenoids by specific tissues may also be related to their
functional role in disease prevention. This is certainly the case with respect to the
accumulation of lutein and zeaxanthin in human retina, and their photo-protective
role in prevention of AMD.

Here, we presented a preclinical bioavailability study with lycopene and have shown
that rodents can be successfully used to determine the concentrations of this carotene
in serum and tissues. In view of the high accumulation of lycopene in the liver of the
rats, in comparison to serum and other tissues, it appears that rodents provide us with
a reasonably good model to study the metabolism and cancer preventive properties
of lycopene, as well as other carotenoids which have been largely neglected to date.
As indicated earlier, the metabolites of lycopene, lutein, and zeaxanthin enhance the
expression of a group of gap junctional communication proteins in an in vifro model
of carcinogenesis (28), emphasizing the importance of carotenoid metabolites.
Unfortunately, much of the definitive details concerning the biological activities,
role, and function of carotenoids in humans remain unexplored due to the focus on B-
carotene. Future human and animal studies should concentrate on elucidating the
bioavailability, metabolism, function, interaction, and efficacy of the spectrum of
dietary carotenoids, as well as their metabolites.
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Chapter 8

Auraptene, an Alkyloxylated Coumarin from Citrus
natsudaidai HAYATA, Inhibits Mouse Skin Tumor Promotion
and Rat Colonic Aberrant Crypt Foci Formation

Akira Murakami', Wataru Kuki’, Yasuo Takahashi’, Hiroshi Yonei’,
Takuji Tanaka’, Hiroki Makita®, Keiji Wada®, Naomi Ueda‘, Masanobu Haga’,
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Technology, Kinki University, Iwade-Uchita, Wakayama 649-64, Japan
’Research and Development Division, Wakayama Agricultural Processing Research
Corporation, 398, Tsukatsuki Momoyama-Cho, Nagagun, Wakayama 649-61, Japan
*First Department of Pathology, Gifu University School of Medicine, 40 Tsukasa-Machi,
Gifu 500, Japan
‘Faculty of Pharmaceutical Sciences, Health Sciences University of Hokkaido, Ishikari
Tobetsu, Hokkaido 061-02, Japan
*Division of Applied Life Sciences, Graduate School of Agriculture, Kyoto University,
Kyoto 606-01, Japan

Auraptene, a coumarin-related compound, has been isolated from the cold-
pressed oil of natsumikan (Citrus natsudaidai HAYATA), as an inhibitor of
12-O-tetradecanoylphorbol-13-acetate (TPA)-induced Epstein-Barr virus
(EBYV) activation in Raji cells. In a two-stage carcinogenesis experiment
with 1.6 nmol of TPA and 0.19 pmol of 7,12-dimethyl benz[a]anthracene
(DMBA) in ICR mouse skin, topical application of 160 nmol of auraptene
significantly reduced tumor incidence and the number of tumors per mouse
by 27% and 23%, respectively. Auraptene at 50 pM almost completely
suppressed TPA-induced superoxide (O37)and hydroperoxide (ROOH)
generation in differentiated HL-60 cells as well as lypopolysaccharide
(LPS)/interferon-y (IFN-y)-induced nitric oxide (NO) generation in RAW
264.7 cells. Dietary feeding of auraptene at a dose of 100 or 500 ppm
inhibited azoxymethane (AOM)-induced rat colonic aberrant crypt foci
(ACF) formation in a dose-dependent manner. Oral administration of
auraptene (50 - 200 mg/kg body wt.) clearly enhanced the glutathione S-
transferase (GST) activity in mouse liver, suggesting that auraptene is an
effective chemopreventer in both tumor initiation and promotion phases.

Cancer is the leading cause of death in many developed countries. At present,
cancer prevention is accepted as a promising avenue for cancer control. Chemical
carcinogenesis is based on the rationale of the successive three stages, i.e., initiation,
promotion and progression, in experimental rodents and presumably in humans (/).
The first step, initiation, is considered to occur in one or more cells of a tissue, and
provoked by the metabolic activation of procarcinogens by phase I enzymes such as
P-450 monoxygenases to form ultimate carcinogens responsible for DNA mutations.

86 ©1998 American Chemical Society
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Promotion involves colonal proliferation of the initiated cells, and makes them into
premalignant tumor cells. Progression is the stage converting such benign tumor
cells into malignant tumors. Our attentions have been directed to the inhibition of
the tumor promotion stage as a chemopreventive strategy (2) since it needs a long
time to occur and is recognized as a reversible process, at least in its earlier stages,
among the multistages of carcinogenesis. Extensive epidemiological surveys have
demonstrated that ingestion of vegetables or fruits is inversely related to cancer
incidence. In fact, citrus fruits are widely known to contain various types of
chemopreventers such ad d-limonene, limonoids and their glucosides, flavonoids,
carotenoids, and so forth (3-6). In this article, we describe the isolation and
identification of a new-type of citrus derived chemopreventer from natsumikan
(Citrus natsudaidai HAYATA), and the cancer preventive activity of the major
compound, auraptene, in mouse skin and rat colon as well as the possible action
mechanism so far investigated. The occurrence and quantity of the active
constituent (auraptene) in several citrus fruits and their commercially available
juices are also reported.

Isolation of the Active Constituents from Natsumikan

To more efficiently search for the active compounds from crude extracts, we have
been using a convenient in vitro assay, the tumor promoter-induced Epstein-Barr
virus (EBV) activation test in Raji cells (7-9). The whole parts of fresh natsumikan
were extracted by an FMC in-line Citrus Juice Extractor, which is used in fruit juice
factories, to give cold-pressed oil. The oil was then fractionated by silica gel
column chromatography with reference to the results of EBV assay. The EBV
activation ;inhibitors were finally purified by HPLC to give five coumarin- and
psoralen-types of compounds (Fig. 1); isoimpreatorin (ICsg = 17 pM), auraptene
(ICsp = 18 uM), epoxyauraptene (ICsp = 27 uM), 5[3,7-dimethyl-6-epoxy-2-
octenyl)oxy]psoralen (ICsg = 15 uM), and umbelliferone (ICsp = 450 uM)(10).

Anti-tumor Promoting Activity in Mouse Skin

Auraptene was then subjected to in vivo experiments on account of sample
availability. In a two-stage carcinogenesis experiment with 0.19 pmol of 7,12-
dimethylbenz[a]anthracene (DMBA) and 1.6 nmol of 12-O-tetracanoylphorbol-13-
acetate (TPA) in ICR mouse skin, topical application of 160 nmol auraptene 40 min
prior to each TPA treatment significantly reduced tumor incidence and the numbers
of tumors per mouse by 27% (P < 0.01) and 23% (P< 0.05), respectively, at 20
weeks after promotion (Table 1). Nishino et al. previously reported anti-tumor
promoting activity of a coumarin-related mixture, Pd-II[(+) anomalin, (+)
praeuptorin B], in mouse skin treated with DMBA and TPA (11). The present study
supports their conclusions that coumarins are potential agents for anti-tumor
promotion.

Inhibitory Effects on Reactive Oxygen Wpecies Generation in vitro

We examined inhibitory effects of auraptene on TPA-induced superoxide (O2°) and
hydroperoxide (ROOH) generation in a promyelocytic leukemia cell line, HL-60
cells, differentiated by the treatment of DMSO (72), and on lypopolysaccharide
(LPS)/interferon-y)-induced nitric oxide (NO) generation in a murine macrophage
cell line, RAW 264.7 cells (13). Auraptene at a concentration of 10 pM inhibited
03" generation by 89% (Table 1). Having no O2" scavenging effect (data not
shown), auraptene might suppress the multicomponent NADPH oxidase system
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Table 1. In vivo and in vitro anti-tumor promoting activity of

auraptene
% inhibition (dose or concentration)
In vivo?
no. tumors/mouse 27 (160 nmol, P <0.01)
19 (16 nmol, P < 0.01)
tumor incidence 23 (160 nmol, P <0.05)
< 10 (16 nmol, not significant)
In vitro
superoxideb 89 (10 uM)
hydroperoxide® 83 (10 uM)
nitric oxided 88 (10 uM)

3Each group was composed of 15 female ICR mice. Mice at 7 weeks old
were initiated with DMBA (0.19 umol). One week after initiation, the
mice were promoted with TPA (1.6 nmol) twice a week for 20 weeks.

bHL-60 cells were preincubated with 1.25% DMSO at 37 °C for 4 days,
differentiating them into granulocyte-like cells. TPA (100 nM)-induced
extracellular Oz" was detected by the cytochrome ¢ reduction method, in
which visible absorption at 550 nm was measured.

STPA (100 nM)-induced intracellular ROOHs in differentiated HL-60 cells
were detected by using DCFH-DA as an intracellular fluorescence probe.
dLPS (100 ng/mL)/IFN-y(100 U/mL)-induced NO generation in RAW
264.7 cells was detected by the Griess method, in which visible absorption
at 543 nm was measured.

responsible for Oy~ generation. The flow cytometric analyses of differentiated HL-
60 cells were then conducted to evaluate suppressive activity toward the TPA-
induced intracellular ROOH formation using dichrolofluorescene diacetate as a
probe (I4). Auraptene at a concentration of 10 pM inhibited ROOH formation by
83% (Table 1). Decrease in the ROOH level should be derived from O3~ generation
suppression to some extent. The action mechanism by which auraptene inhibits
tumor promotion has not yet been clarified. However, suppression of TPA-induced
oxidative stress is presumably involved in the inhibition since free radicals are
relevant to tumor promotion in the mouse skin model (15). In this model, a great
number of leukocytes such as neutrophils, recruited by chemotactic factors, are
known to accumulate in the dermis to generate Oz with the second TPA
stimulation through the NADPH oxidase system (/5). Interestingly, Petruska et al.,
recently reported that reactive oxygen species, produced by myeloperoxidase in
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leukocytes, enhance formation of (&)-trans-7,8-dihydroxy-7,8-
dihydrobenzo[a]apyrene[DNA adducts in lung tissue in vitro (10). it is, thus,
tempting to speculate that auraptene is protective to DNA mutations.

furthermore, 50 mM auraptene completely inhibited the LPS/IFN-g-induced
NO generation in RAW cells by 93%, and showed no NO scavenging activity (data
not shown). Recently Nishino et al., reported that some of the NO-donors have
tumor promoting activity in Sencar mouse skin, and tumor promoters induce NO
generation in cultured mouse peritoneal macrophages (17) and rat hepatocytes (18).
In addition to its relevance to tumor promotion, NO is considered to have tumor
initiating activity due to the formation of nitrosamines (/9). Thus, reduction of an
excess amount of NO would be a novel and reliable means of chemoprevention. In
this context, it should be noted that auraptene blocks both Oz~ and NO generating
pathways in leukocytes.

Inhibition of Rat Colonic Aberant Crypt Foci Formation

Cancer preventive efficacy of auraptene in the initiation phase was examined in the
azoxymethane (AOX)-induced aberrant cyrpt foci (AXF) formation experiments in
rat colon. ACF are considered to be preneoplastic lesions since they appear in
carcinogen-treated rodent colons and even in human colons with a high risk for
cancer development (20). In fact, most inhibitors of ACF formation have been
proven to possess anticarcinogenesis activity in long-term experiments (21). The
experimental protocol and results are shown in Fig.2. Auraptene at a dose of 100 or
500 ppm in the basal diet clearly, and dose-dependently, inhibited the number of
ACEF per colon [inhibitory rate (IR) = 40.8-56.1%)], the number of total AC (IR =
50.8-65.9%), and mean crypt multiplicity (IR = 18.6-24%) after five weeks of
feeding (Fig. 2). On the basis of these results, long-term animal experiments for rat
colon anti-carcinogenesis is now in progress.

Glutathione S-transferase-inducing Activity in Mouse Liver

Coumarin-related compounds have primarily received attention for the anti-
carcinogenic effects in rodents on account of their inducing activity of phase II
enzymes such as glutathione S-transferase (GST, EC 2.5.1.18), and their conjugation
with electrophilic forms of carcinogenic metabolites. The GST-inducing activity of
auraptene in the mouse liver was measured by the method described by Habig et al.
using 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate (22). As shown in Fig. 3,
oral administration of auraptene (50-200 mg/kg body wt.) once a day for five days to
male ddy mice enhanced dose-dependent liver GST activity by 1.4-2.1-fold without
significant differences in body weight (data not shown). The activity was
comparable to that of 3-tert-butyl-4-hydroanisole (BHA). Thus, the GST-inducing
?ctivity of auraptene may play an important role in the inhibition of rat colonic ACF
‘ormation.

Quantitative Analyses of Auraptene in Citrus Fruits and Their Juices

Levels of auraptene were high (408-585 mg/kg fresh wt.) in the peels of natsumikan
and hassaku orange, moderate (101-120 mg/kg fresh wt.) in grapefruit, and absent

(< 1 mg/kg fresh wt.) in the peels of Satsuma mandarin (tangerine), Valencia orange,
navel orange, lemon, and lime (data not shown). The tendency of auraptene content
in the sarcocarps of the above fruits is similar with that in the peels (Fig. 4). The net
contents in the sarcocarps, however, were about 40-1,800 times less than those in the
peels. Commercial juices from natsumikan, hassaku orange, or grapefruit showed
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Fig. 3.
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relatively higher contents of auraptene (0.87-1.80 mg/L). However, even if hassaku
orange or natsumikan is added to the juices, the auraptene content is trivial (0.1-0.26
mg/L) in the products of which total fruit juice content was 10% (Fig. 4).

Conclusions

Auraptene, a citrus coumarin, inhibited mouse skin tumor promotion and rat colonic
ACF formation, suggesting that auraptene is an effective cancer chemopreventer.
One possible action mechanism for the inhibition of tumor promotion might be
suppression of the generation of O~ , ROOH, and NO in leukocytes. GST-inducing
activity may contribute to the inhibition of ACF formation. As the cold-pressed oils
of citrus fruits are produced world wide at the industrial level today, samples of
auraptene are readily available. These characteristics together with high
chemopreventive potency make it an appropriate source substance for the creation of
physiologically functional foods.
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Chapter 9

Anticarcinogenic and/or Antimetastatic Action of Apple
Pectin in Experimental Rat Colon Carcinogenesis and
on Hepatic Metastasis Rat Model

K. Tazawa'", Hideo Ohkami’, Iwao Yamashita’, Yasuharu Ohnishi’,
Tomohiro Saito’, Masahiro Okamoto’, Kiichi Masuyama’, Kazumaro Yamazaki’,
Shigeru Takemori’, Mitukazu Saito’, and Hediki Arai’

'School of Nursing, and ‘Second Department of Surgery, Toyama Medical and
Pharmaceutical University, 2630 Sugitani, Toyama City, Toyama 930-01, Japan

Among pectin, apple pectin (AP) exerts a bacteriostatical action on
Staphylococcus aureus, Streptococcus faecalis, Pseudomonas
aeruginosa and Escherichia coli. So, it is thought that AP may
change the composition of the intestinal flora. In this study, we
used  water-soluble methoxylated pectin from  apples.
Supplementation of the diet with 20% AP significantly decreased
the number, and the incidence of azoxymethane-induced colonic
tumors. Prostaglandin E2 levels in distal colonic mucosa, or portal
blood, from 20% AP fed rats were lower than those in basal diet fed
rats. Furthermore, 20% AP fed rats significantly inhibited the
incidence of the experimental portal bacteremia induced by
methotrexate. The incidence of hepatic metastasis was significantly
reduced by the diet with 20% AP. In conclusion, AP may exert an
antitumor effect, and prevents cancer metastasis and portal
bacteremia by modifying host immune function, and/or by altering
the intestinal flora. Dietary fibers, like pectin, have a very important
function in the intestinal tract as anti-inflammatory foods.

Epidemiologic and animal model studies suggest a protective role of certain types of
dietary fiber, against colon cancer. This protection by dietary fiber may be mediated
through the dilution of tumorigenic compounds to the gut, and an indirect effect on
the metabolism of carcinogens. Experiments were conducted in animal models to
study the effect of certain nonconventional, or conventional types of dietary fiber on
colon carcinogenesis. Regarding pectin, there are contradictory reports as to whether
or not it is effective in experimental colon carcinogenesis (1)~(8). In fact, there are
several kinds of pectin, and the previous investigators mainly used citrus pectin.

96 ©1998 American Chemical Society
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Previously, we reported that apple pectin inhibited azoxymethane(AOM)-induced
colon carcinogenesis in rats (3). Apple pectin has stronger bacteriostatic action on
Staphylococcus aureus, Streptococcus faecalis, Pseudomonas aeruginosa, and
Escherichia coli than do either citrus pectin or carboxymethylcellulose Na (9).
Therefore, apple pectin may be expected to have a strong influence on the intestinal
microflora and bacterial enzymes activities. The intestinal bacteria may play a
significant role in the pathogenesis of colon cancer because their enzymes are
important in the metabolism of procarcinogens, and the production of tumor
promoters in the colon (10).

To date, there have been no reports concerning the effects of apple pectin on
fecal enzyme activities, or on prostaglandin E2(PGE2) levels in colonic mucosa or
portal blood, in relation to prevention of experimental colon carcinogenesis. The
ability of apple pectin to decrease PGE2 was dose-dependent (1), and those results
suggest an anti-inflammatory effect in the bowel.The purpose of the present study
was to investigate the effects of dietary apple pectin on three fecal enzymes: -
glucuronidase, B-glucosidase and tryptophanase, at various periods of time. This
study also examined the effect of pectin on the portal bacterenemia and hepatic
metastasis rat model, to determine whether the anti-inflammatory effect of dietary
fiber had a scavenger effect in the intestinal digestion and portal circulation system.

Materials and Methods

1) Animals and diets. Male Donryu rats from Shizuoka Laboratory Animal Center
(Shizuoka, Japan), 4 weeks old, each weighing about 200g, were used and placed in
steel cages to prevent coprophagia. A total of 62 rats were divided into 3 groups; the
control group fed a basal diet, the citrus pectin (CP) group fed the basal diet
containing 20% CP (USA-SAG type, DD slow set, The Copenhagen Pectin Factory
Ltd., Copenhagen, Denmark), and the apple pectin (AP) group fed the basal diet
containing 20% AP (OM type, Herbstreith Ai Fox, Neuenburg, Germany). The
molecular structure of two pectins is somewhat complicated. AP and CP is formed
with D-galacturonic acid molecules which are linked to each other by E@-(1-4)-
glycosidic bonds to become polygalacturonic acid. The carboxyl groups are partally
esterified with methanol, and the secondary alcohol groups may be partially
acetylated.

2) Carcinogenesis. From 2 weeks after starting diet administration, animals (6
weeks old) were given subcutaneous injections of AOM (7.4 mg/kg,Sigma Chemical
Company, St. Louis, USA) once weekly for 10 weeks. Rats were sacrificed 30
weeks after the first injection of AOM.

3) Fecal bacterial enzyme activities. Fresh fecal pellets were collected for the
following enzyme activities at the O (after 2weeks diets), 12 and 19weeks. We
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previously described the methods of PB-Glucosidase, B-Glucuronidase and
Tryptophanase assay (12).

4) Prostaglandin E2 (PGE2) levels. When rats were sacrificed 30 weeks after the
first injection of AOM, the colonic mucosa was scraped off, immediately frozen, and
stored at -80A¢ until extraction for the measurement of PGE2. The amount of PGE2
in the extract of homogenized colonic mucosa and portal blood was measured by a
radioimmunoassay method at Minase Research Institute (Ono Pharmaceutical Co.,
Ltd. Japan)

5) Portal bacteremia. 3 days after methotrexate (MTX;20mg/kg) was
administered into the abdominal cavity, all animals were anesthetized, and
phlebotomized, via the portal vein, under strictly aseptic conditions. Blood cultures
were then obtained. We examined the incidence of bacteremia between AP group
and control group fed a basal diet.

6) Measurement of experimental hepatic metastasis. Under pentobarbital
anesthesia, Donryu rats underwent a laparotomy. 2.5 X 10° AH60C ascites liver
cancer cells were then inoculated into the portal vein(/3). At 14 days after tumor
transplantation, the rats were sacrificed and metastatic nodules in the liver were
macroscopically counted.

Results

1) Tumor induction (Table I). The incidence of total colon tumors in the control
group and CP group was 100% (18/18) and 70% (14/20) (P<0.05), respectively.
That of 43% in the AP group (6/14) was significantly lower than that in the control
group (£<0.001). The average number of tumors per rat in the AP group (0.6+0.2)
had a statistically significant difference compared with that in the control group
(2.440.2) (P<0.001).

2) Fecal enzyme activities (Table II)

P-glucuronidase activity: At week 0 ( 2 weeks after feeding the diet), a significant
decrease of activity was seen in the apple pectin group, compared with that in the
control group. The activity in the apple pectin group was 1/10 lower than that in the
control group. However, from the 12th week on, the activity increased in both pectin
diets compared with that in the control diets (P<0.05 or less).

Fecal PB-glucosidase activity: From week 0, E;-glucosidase activity tended to
decrease in citrus pectin group (P<0.1) compared with that in the control group. The
apple pectin group, on the other hand, had a significantly lower B-glucosidase
activity (P<0.05 or less) than did the control diet group.

Fecal tryptophanase activity: In the citrus pectin group, tryptophanase activity
decreased, compared with that in the control group at week O but there was no
tendency. In the apple pectin group, the activity tended to decrease compared with
that in the control group.
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TableI. Number and Incidence of Colon Tumors in Each Experimental Group

Diet Animals with colon No. of tumor per rat
tumor (%)
Control (n=18) 18 (100) 2.4 029
Citrus pectin (n=20) 14 (70%) 1.6 £ 0.4b
Apple pectin (n=14) 6 (43 0.6 +0.2¢)

a) mean £SE, b) P<0.03, ¢) P<0.001 compared with control group

Table II. Fecal Enzyme Activities on the 0, 12th and 19th Week after
the First Azoxymethane Injection

Group 0 week
(n) (after 2 week diets)  12Weeks 19weeks
B -glucuronidase (m mol./min./g)
Control (5) 24740944 1584028 121020
20% CP (5) 1.10+0.22 31140279  3.72+0.66%
20% AP (5) 02340032  406+0339 25640419
B -glucosidase (m mol./min./g)
Control (5) 2.50+0.46 1.88+£022  0.92%0.16
20% CP (5) 1.40£0.10 1344005  131%027
20% AP (5) 0.73+006%)  4.06+0339 2561041
Tryptophanase (n mol./min./g)
Control (5) 96.6+21.7 67.0+89 49.146.5
20% CP (5) 44.4+4.8 64.7+8.4 64.7+59
20% AP (5) 68.9+18.7 39.5+6.60)  40.6+42

a) mean £SE, b) P<0.05, c) P<0.01, d) P<0.005 compared with control group
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3) PGE2 levels (Table III)

The PGE2 level of portal blood in 20% AP-fed rats (0.30A}0.08 ng/ml) was
significantly lower than in the control group (0.81A}0.17 ng/ml) (P<0.05). There
was significant difference on PGE2 level in distal colonic mucosa between control
group (422.+125.6 ng/g), and 20% AP group (166.6+25.8 ng/g) (P<0.001).

4) Portal bacteremia (Table IV)
The incidence of portal bacteremia decreased to 40% in 20% AP-fed rats. Cultured
portal blood after MTX injection yielded bacteremia, consisting of predominantly
Escherichia coli and Enterococcus.

5) Hepatic metastasis (Table V)

The hepatic metastasis of rate model was significantly lower in the AP group than in
the control group (P<0.05). The mean number of tumor nodules per rat in the AP
group was significantly lower than that of control group (P<0.01).

Discussion

Pectin is a partially methoxylated polymer of galacturonic acid obtained from fruit.
There have been a number of reports concerning the effectiveness of pectin in
inhibiting experimental colon carcinogenesis (1),(2),(5). There are several kinds of
pectin, but these research groups mostly used citrus pectin. Apple pectin has stronger
bacteriostatic action against pathogenic bacteria than citrus pectin (9). Therefore,
apple pectin may markedly affect the composition of the intestinal bacterial flora.
The results of our study indicates that the induction of colon neoplasia by AOM was
dose-dependently inhibited by AP. Fecal tryptophanase activity tended to decrease in
the AP group compared with that in the control group. The reduced level of
tryptophan metabolites in the colon might be related to the inhibitory effect of AP on
colon carcinogenesis (Chung ).

At week 0 (2 weeks after starting the diet but before AOM), the B-
glucuronidase activity in the AP group had fallen to 1/10 of that the control group.
Bauer et al. (2) found an increased incidence of dimethylhydrazine-induced
colorectal tumors and fecal B-glucuronidase activity in male Sprague-Dawley rats
fed a diet containing 6.5% pectin. In general, the higher fecal B-glucuronidase
activity in the pectin-fed animals is said to be associated with a higher tumor
incidence. In a recent study, we examined B-glucuronidase activity weekly during
the initiation phase, and found that the initially lower B-glucuronidase activity in the
AP group gradually increased to reach that in the control group at 6 week after
starting the diet (data not shown).

It is known that PGE2 has a role in the regulation of the immune response,
directly or indirectly, and in the activation of ornithine decarboxylase (ODC), which
is necessary for the proliferation of tumors. These results thus indicate that the effect
of AP on colon carcinogenesis may partially depend on the decrease of PGE2
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Table III. Prostaglandin E2 Levels in Colonic Mucosa and Portal Blood

20% citrus pectin or 20% apple pectin
PGE2 level (ng/g)

Group (n) proximal colon distal colon
(mean *SE) (mean *SE)
Control (5) 397.6+62.3 422.1+125.6
20% CP (3) 379.4+77.4 324.9+33.7%
20% AP (5) 274.3+80.6 166.6+25.8%)

Apple pectin (10% or 20%)

PGE2 level (ng/ml)

Group (n) portal blood (mean +SE)
Control (7) 0.81+0.17

10% AP (6) 0.54+0.13

20% AP (7) 0.30+0.08%)

a) P<0.001, b) P<0.05 compared with control group

Table IV. Effect of 20% Apple Pectin-supplemented Basal Diet on the Incidence
of Portal Bacteremia 3 Days after Methotrexate Administration

Control 20% apple pectin

Bactcrial culture 4/ 4 2/5

Table V. Effect of 20% Apple Pectin on Hepatic Metastasis Produced by
Intra-portal AH60C Cells

G Hepatic metastasis
roup incidence Av. no. of tumor nodules / rat
Control 14/15(93.3%) 56.31£12.59)
20% AP 7/13 (53.9%)%) 162+ 5.49

a) mean = SE, b) P<0.05, c) P<0.01 compared with control group
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concentration in the colonic mucosa. GE2 levels in the blood of the portal vein in
the 20% AP group were significantly lower on the 30th week than PGE2 levels in the
control group. Also Oral administration of 20% AP inhibited the portal bacteremia
induced with MTX and hepatic metastasis of AH60C asites liver cancer cells
inoculated into the portal vein.

These results suggest that AP has a scavenger effect in intestinal digestion.
The detailed mechanisms of action of AP have not yet been clarified. However,
findings obtained so far, including the results of the present study, suggest that AP
exerts an antitumor effect and prevents cancer metastasis and carcinogenesis by
modifying host immune function, and/or by altering the intestinal flora. The
inhibition of hepatic metastasis by oral administration of AP in the present study
strongly suggests that this dietary fiber may be effective for the prevention of
micrometastasis, and/or residual cancer cells remaining after surgery.

Various drugs and foods have been suggested to have a preventive effect on
cancer, but few of them have proven to be clinically effective. Preparation of
galacturonic acid obtained from apple may be appropriate for prophylactic use
because they have few or no adverse effects. Although much labor and time is
needed to demonstrate the benefit of medical interventions for disease prevention, it
is hoped that investigation of the prevention of cancer metastasis using AP and other
anti-inflammatory food preparations will make considerable progress in the future.

Conclusion

AP administered orally has a scavenger effect in the intestinal digestion and portal
circulation system. Dietary fibers like pectin, espescially apple pectin with strong
bacteriostatic action, have a very important function in the intestinal tract as anti-
inflammatory foods.
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Chapter 10

Antitumor Activity of Emblica officinalis Gaertn Fruit
Extract

Pratima Sur’, D. K. Ganguly', Y. Hara’, and Y. Matsuo’

'Division of Pharmacology and Experimental Therapeutics, Indian Institute
of Chemical Biology, 4 Raja S.C. Mullick Road, Jadavpur, Calcutta 700 032, India
? Food Research Laboratory, Matsui Norin Company Ltd., 223-1 Miyabara, Fujieda
City, 426 Japan
’Hayashibara Biochemical Laboratory, Fujisaki Cell Center, Okayama 702, Japan

The antitumor activity of Emblica officinalis Gaertn (Phyllanthus
emblica Linn) fruit extract (EFE) was assessed against different
human leukemic cell lines, ML-2, U-937, and K-562. Significant
cell growth inhibition was observed in all the cell lines. Induction
of differentiation, assessed by indirect immunofluorescence,
Nitroblue tetrazolium reduction, morphology was observed in EFE
treated cells. Balb/C mice, pretreated with the EFE extract,
inoculated with Ehrlich Ascites Carcinoma (EAC) cells showed
significant cell growth inhibition. The in vivo effect was
accompanied by the anti-inflammatory property of EFE.

In Indian traditional medicine, the fruit of Emblica officinalis Gaertn has been used
extensively as the main ingredient, which has been known to prevent colds, coughs,
and enhances immunity (1). So far, the fruit is known as one of the best sources of
natural Vitamin C. Such Vitamin C has been found to be more readily assimilated
than the synthetic Vitamin C. The fruit is also known to contain a significant amount
of pectin (1), a complex polysaccharide containing galactoside residues, which is
known to possess anticancer properties (2). The antioxidant, and strong reducing
properties of Vitamin C are known to be responsible for its use as a free radical
scavenger, indicating its chemotherapeutic potential (3). Many anti-inflammatory
drugs are reported to prolong survival of patients with cancer (4). The anti-
inflammatory property of this fruit is also mentioned in Indian traditional medicine.
Considering all previous facts, the present study was undertaken using EFE extract.
The in vitro antitumor property against human leukemic cell lines, preliminary in
vivo antitumor property against Ehrlich Ascites Carcinoma (EAC), and the anti-
inflammatory property of EFE werc all evaluated in this study.

Plant Material. The fruit of Emblica officinalis was collected during the winter
season (November-December) in West Bengal, India. Voucher specimens of the
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dried fruit and extract were deposited at the Division of Pharmacology and
Experimental Therapeutics, Indian Institute of Chemical Biology, Calcutta, India.

Preparation of Emblica officinalis Fruit Extract (EFE). The fruit is green when
young, and gradually turns to pale yellow when it is mature. The EFE was prepared
in the following manner:

Mature fruit minced into pieces
Seeds removed and discarded

Dried at room temperature

Soaked in 50% Ethanol for 7 days at room temp.
lﬁltered

Brown filtrate
Rotaryfvaporated

Brown Residue ,
Dissolved in double distilled water

Millipore filter
Sterile Extract kept at 5°C
Emblii Fruit Extract (EFE)

Cells. Human leukemic cell lines ML-2, U-937, and K-562 cells were obtained from
the Fujisaki Cell Center, Okayama, Japan. Cells were maintained routinely in a
RPMI 1640 medium, and supplemented with 10% fetal calf serum (heat inactivated).
Cultures were maintained at 37°C in a 95% humidified atmosphere containing 5%
COj in air.

For preliminary in vivo studies, Ehrlich Ascites Carcinoma (EAC) cells were
obtained from the Chittaranjan National Cancer Research Center, Calcutta, India.
EAC cells were maintained in Balb/C mice by weekly intraperitoneal inoculation
with 10° cells per mouse. Sprague Dawley rats (125-150gm) were used to study the
anti-inflammatory effect.

In Vitro Cell Growth Inhibition. Cells at a concentration of about 0.5 x 10° /ml
were used to start the experiment in a 12-well sterile plastic plate. EFE, at desired
concentrations, were added on day '0', and incubated for S days at 37°C. Viable
cells, as judged by the Trypan blue dye exclusion test, were counted every day (5).
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Cell growth inhibitions, after treatment, were indicated by doubling times, using the
formula:

Doubling Time = Time(hour)/No. of Doubling
Where, No. of Doubling = [log.final cell no. - log.initial cell no.] /0.302

Tritiated Thymidine, Uridine and Leucine Incorporation. Effect of EFE (50,
100, 200 pg/ml) on the synthesis of DNA, RNA, and protein synthesis were
observed with EFE treated ML-2 cells after 24 and 72 hour time intervals. The
method used was essentially the same as reported earlier (5).

Cell Cycle Analysis. Cell cycle analysis was performed with EFE treated ML-2
cells as described earlier (5). Treated ML-2 cells, after 24 and 72 hours, were
washed with phosphate buffered saline, and fixed in 70% ethanol. The fixed cells
were washed and incubated with RNase (40 pg/ml) for 30 min at 37°C. Cells were
again washed and stained with propidium iodide (50 pug/ml) for 30 min. at 0°C. The
stained cells were analyzed on a coulter profile flow cytometer.

Indirect Immunofluorescence. Cells, after 72 hours of treatment, were washed in
0.9% saline, and incubated for 30 min. at 37°C in heat inactivated, pooled, AB serum
to prevent nonspecific FC binding (6). Modulation of the expression of specific cell
surface antigens was observed by monoclonal antibodies obtained from Nichirei
(Tokyo, Japan), Coultronics and Seralab (UK). Cells were incubated for another 30
min. at 37°C with a second monoclonal antibody containing FITC conjugated (ab'),
goat anti-mouse antiserum. The cells were washed and suspended in 0.9% saline,
and analyzed by a coulter profile flow cytometer (Coulter Electronics, Hialeah, F1),
as done earlier (7).

Morphology. Morphologic differentiation was observed on Giemsa-stained slide
preparations, with 72 hour EFE treated ML-2 cells.

Nitroblue tetrazolium (NBT) reduction assay. The NBT reduction assay was
performed, as described previously (7). EFE treated ML-2 cells were washed and
suspended (1 x 10° cells) in 0.2 ml of RPMI 1640 meduim, containing 5% FCS,
0.1% NBT, and 30 mg of TPA. After 30 minutes of incubation at 37°C, the
percentage of cells containing blue black deposits, were counted.

In vivo effect of EFE on the growth of EAC in mice. In vivo effects with EFE,
against EAC, were observed following three different methodologies:

A Animals (n=7) were pretreated with 100 mg/kg EFE for 3 days. After a 24
hour gap, the animals were inoculated with 10° EAC cells intraperitoneally.
On the 4™ day of inoculation, the animals were sacrificed. Total
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intraperitoneal EAC cells were then counted, and compared with the control
(without treatment) group.

B. Animals (n=7) were inoculated with 10° EAC cells/mouse on day zero.
Treatment with EFE (100 mg/kg) started from day 1, and continued to day 3.
On day 4, the animals were sacrificed. Intraperitoneal cell counts were then
made, and compared with the control.

C. Animals (n=7) were pretreated for 3 days as described in A. After a 24
hour period, they were inoculated, and treated as described in B. On day 4,
they were sacrificed. Intraperitoneal EAC cells were then counted, and
compared with the control.

Antiinflammatory activity (Carrageenan-induced Oedema). A 1% solution (0.1
ml) of carrageenan, in 0.9% saline, was injected in male rats beneath the plantar
aponeurosis of the right hand paw, and divided into four groups (6 in each). Group 1
served as the control, group 2 received phenylbutazone (100 mg/kg, ip) as standard.
Groups 3 and 4 received 50 mg/kg, ip and 100 mg/kg, ip of EFE respectively. Drugs
were administered 1 hour before the injection of carrageenan . Foot volume was
measured plethesmographically after 4 hours of carrageenan administration. The
difference between the control and the treated groups indicated the degree of oedema
developed, and the percentage of inhibition was thereby calculated. For the in vivo
experiments, significance tests were done using the Student's t-test.

Results

Differential cell growth inhibitions, as indicated from the doubling times, were
observed in EFE treated cell lines (Table I). The prolonged doubling time of treated
cells with respect to the control, indicate inhibition of cell growth. Negative
doubling time was due to continuous cell death after treatment. The EFE treated
ML-2 cells showed the maximum sensitivity to EFE. To make a comparitive study,
the time required for different cell lines to inhibit 50% cell growth, with a specific
dose of EFE (200 pg/ml of cell suspension), was made (Table II). It was found that
the ML-2 cell line was the most sensitive, requiring 32 hours to inhibit 50% cell
growth. For the K-562 cell line, the time required was 63.0 hours. The ML-2 cell
line was selected for further study because of its higher sensitivity against EFE.

Cell growth inhibition of the ML-2 cells was corroborated by the inhibition
of 3H-Thymidine uptake after treatment, with different doses of EFE (Table III).
With 100 pg EFE/ml of ML-2 cell suspension, 65% inhibition of 3H-Thymidine
uptake could be observed in 72 hours. However, uptake of >H-Uridine or 3H-
Leucine was not inhibited in EFE treated ML-2 cells (data not shown). The DNA
histogram patterns of EFE treated ML-2 cells were found to be perterbed after the 72
hour treatment (Table IV). Accumulation of cells in the 'G,-M' compartment was
prominent with a depletion of 'S' phase cells, resulting in the inhibition of cell
growth,



October 24, 2009 | http://pubs.acs.org
Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.ch010

108

Table I. Doubling Time in Log Phase of Different Tumor Cells under the Effect

of EFE
Tumor  Cell Lines Doubling Time (Hr)
EFE Concentration  (ug/ml)
0 100 200 400
1. ML-2 30.5 38.7 64.8 -58.9
2. U-937 36.2 39.5 50.2 98.3
3. K-562 29.6 30.7 43.6 100

Table II. Time Required for 50% Cell Growth Inhibition with EFE

Cell Line Iso (Hr)
100 pg/ml 200 pg/ml

ML-2 44.0 32.0

U-937 48.0 40.0

K-562 92.0 63.0

Specific antibodies expressed on macrophage, monocyte, and granulocyte
surfaces were observed on the ML-2 cells treated with EFE (100pug/ml) for 72 hours
(Table V). Such induction of differentiation, evidenced by indirect
immunoflorescence, was supported by enhanced NBT reducing activity (Table VI),
and morphological changes (Figure 1). The morphology of different doses of EFE
(72 hr) treated cells, showed enhanced cytoplasm to nuclear ratio, and ruffled
surfaces. Morphologically mature cells were observed with all the doses of EFE
used.

Preliminary in vivo cell growth inhibitions are shown in Table VII.
Pretreatment with the EFE, followed by i.p. EAC tumor inoculation, showed a 50%
tumor growth when compared with the control (protocol-A). When tumor bearing
mice were treated with EFE, as described in protocol-B, they produced a 30%
inhibition of the tumors. When the protocols were coupled together, the cell growth
inhibition was found to be 82%, showing an additive effect. It is important to note
that experiments carried out with extracts of EFE, prepared from fruits from different
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areas of West Bengal, India, showed similar results as those described above. The
appreciable antiinflammatory activity of EFE was found when compared with the
control. The treatment with 100 mg/kg of phenylbutazone showed 50% inhibition.
40% and 62.3% (p<0.001) inhibitions of oedema were observed with 50 mg/kg and
100 mg/kg EFE treatments, respectively.

Table I1I. Inhibition of DNA Synthesis

*H-Thymidine Incorporation in ML-2 Cell

24 Hr Treatment 48 Hr Treatment 72 Hr Treatment

EFE ug/ml cp.m. /10 cells

0(Control) 18,466(--) 20,503(--) 23,921(--)
50 15,350(17) 14,783(28) 11,728(51)
100 15,542(16) 10,529(48.7) 8,370(65)
200 10,742(42) 9,270(54.8 7.250(70)

Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.ch010
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The results shown represent the average value of the three independent experiments
(deviations were within 3-5%). The values in parenthesis indicate percent inhibiticn.

Table IV. Cell Cycle Analysis
DNA Histogram of ML-2 Cells Treated with EFE

Intensity Distribution of Stain Fluorescence at Different Stages of Cell Growth

48 Hr 72 Hr
EFE
mg/ml Go-G; G-M S Go-Gy G,-M S
0(Control) 39.9 17.5 42.5 36.25 12.9 50.8
50 34.7 13.0 52.2 33.44 23.45 43.1

100 34.5 17.8 47.7 38.14 20.35 41.5
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Discussion.

The purpose of the present study was to investigate the antitumor property of EFE.
In vitro inhibition of cell growth in ML-2 cells, by EFE, was accompanied by
inhibition of DNA synthesis and perterbation of the cell cycle.

Growth and maturation are normally synchronized in hematopoitic stem
cells. A blocked cellular maturation plays an important role in cancer. Thus, therapy
leading to the differentiation is often used to induce stem cells to mature (8,9).
Enhanced expression of myeloid differentiation antigens CD14, CD15, CDy1p, €tc. are
normally expressed on the surface of monocytes, macrophages and activated
granulocytes, and were found to be enhanced on the surface of EFE treated ML-2
cells, indicating differentiation.

It has been observed (10,11) that antineoplastic agents, such as inducers of
differentiation, cause sustained inhibition of DNA synthesis, while protein or RNA
synthesis remains unchanged. Similar observations were found with EFE treated
ML-2 cells.

Table V. Indirect Inmunofluorescence
Reactivity of ML-2 Cells with Antibodies on Monocyte, Macrophage and
Granulocyte Surface Antigens after a 72 Hr. Treatment

Antibody  Cluster Designation Mean Fluorescence Intensity(MFI)
Saline 50 ug/ml 100 pg/ml
Control EFE EFE

1.MY 9 CD3; 1.592 1.254 1.376

2. MY 4 CDu4 0.298 0312 0.3477

3.M0 CDy 0.288 0.294 0.3467
4. Leu-15 CDi1p 0.279 0.280 0.317%
5. MCS-1 CDis 0.300 0.298 0.3667

6. Saline - 0.284 0.279 0.315
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Table V1. Nitroblue Tetrazolium Reduction
NBT-Reducing Activity After EFE Treatment in ML-2 Cells

Experiment(n=5) Percent Positive Cell £S.D.
24 Hr 48 Hr 72 Hr
Control 0.52+0.0 0.78 £ 0.09 1.2+0.7
EFE 50 pg/ml 1.0+0.5 58+12 7.5+0.6
EFE 100 pg/ml 53+2.1 119+£23 120+2.1
EFE 200 pg/ml 6.05+3.1 120+2.8 145+1.8

Vitamin C in the extract might be partially damaged inspite of every care,
due to exposure during the drying of the fruits, and the preparation of EFE. The
amount of Vitamin C present in the extract, after drying, possibly acted as a
scavenger of free radicals and prevented tumor growth. Pectins, which are complex
polysaccharides, and known to inhibit azomethane, induced colon carcinogenesis
(12), adenocarcinoma growth, and embolization of tumor cells (13), were reported to
be present in the fruit (1). Such properties of Vitamin C and pectins might be
responsible for the antitumor property of the fruit extract. Further in vitro studies
with EFE are in progress with different fractions of EFE.

Table VII. In Vivo Cell Growth Inhibition

Total Number of Viable Percent
Treatment® Intaperitoneal EAC cell Cell Growth
/ mouse (x107) Inhibition
A. Pretreatment 0.72 + 0.08* : 50.0
B. Post Treatment 1.00 £ 0.2* 30.0
C. Pretreatment 025+0.18* 82.5
+ Post Treatment
D. Control 1.43+0.14 -

*In vivo treatment in Balb/C mice with 100 mg/kg EFE, following methodologies as
described in the text.
*p<0.001 (n=7)
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The in vivo cell growth inhibitions, according to different protocols, showed
the differential efficacy of EFE. Moreover, the enhanced antitumor effect in EFE
pretreated mice, followed by EAC inoculation, and indicated the preventive
character of the extract. Vitamin C in the fruit extract helped in the destruction of
the free radicals responsible for the onset and progression of cancer.

Inflammation is generally considered to be closely related to tumor
promotion. It has been shown that anti-inflammatory agents might be able to retard
the tumor growth by inactivating the synthesis of prostaglandin, which is related to
cell proliferation and neoplasia (14). The strong anti-inflammatory effect of EFE
might possibly be responsible, at least partially, for its anti-inflammatory property.
Based on the present work, it can be concluded that EFE might be an important
candidate in cancer therapy.
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Chapter 11

Beneficial Effect of Moderate Alcohol Consumption
to Health: A Review of Recent Results on Wines

Michikatsu Sato

Wines and Spirits Research Center, Mercian Corporation, 9-1, Johnan 4-chome,
Fujisawa 251, Japan

Numerous reports have shown that moderate alcohol consumption has
an apparent protective effect on the incidence of mortality from
coronary heart disease (CHD). Several large population studies have
shown a U shaped relation between alcohol intake and mortality for
both men and women. Moderate alcohol intake (10~30 g/day as pure
alcohol) reduces cardiovascular mortality by 20%~80% (mean about
50%). There is no question that heavy drinking and total abstinence
are not good for health, while moderate alcohol drinking is obviously
good for health. Reports on the red wine’s beneficial effect on health
are increasing. The benefits of red wine ingestion may be due in part
to the alcohol, but largely to the presence of phenolics in abundance.
There is so much data on the prevention of oxidation of low-density
lipoproteins (LDL) by wine phenolics, and on the inhibition of platelet
aggregation, reducing the risk for thrombosis. We showed a direct
correlation between the phenolic content, and the ability of the wine
constituents to scavenge superoxide radicals. In this review, the
benefits of wine ingestion, including our recent results on its
superoxide radical scavenging activities, are described. The
constituents contributing most to health are also discussed from recent
studies reported.

The wine consumption in Japan is rapidly increasing in these 3 years, and the annual
increase rate is around 10 to 20%. Of wines, the red wine market is especially
developing sharply. The reason for the increase in the wine market in Japan may be
largely due to the appearance of reasonable priced wines, with acceptable quality.
Connection of the healthy image of red wine ingestion to the recent movement
seeking a healthy diet, seems to result in the increased ratio of red wine. The trend is
also developing in East Asian countries. Wine consumption in Thailand, China,
Taiwan, etc., is increasing. The concept of prevention of diseases related to life style,
by having proper diet has been gradually accepted. Wine seems to be integrated into
the Japanese diet as a part of proper foods.

Here, the benefits of moderate consumption of alcohol, antioxidant effects of
wine phenolics to low density lipoprotein (LDL), and the superoxide radical

114 ©1998 American Chemical Society
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scavenging activities of wine are described including our studies and recent scientific
papers on the benefits of wine ingestion.

Effects of Moderate Alcohol Consumption

Numerous data (/-6) have shown that moderate alcohol consumption has an apparent
protective effect on the incidence, or mortality, from coronary heart disease (CHD).
Several large population studies have shown a U shaped relation between alcohol
intake, and mortality, for both men and women. Moderate alcohol intake (10-30
g/day as pure alcohol) reduces cardiovascular mortality by 20%~80% (mean about
50%) (7). There is no question that heavy drinking and total abstinence are not good
for health, while moderate alcohol drinking is obviously good for health.

A moderate intake of alcohol results in a reduction of platelet aggregation (8-
13). Coronary thrombosis can be prevented by the inhibition of platelet aggregation
activity. Alcohol consumption in moderation decreases the LDL, and increases HDL
level in blood (12-14). The LDL reduction effect has a great advantage in reducing
the risk of atherosclerosis, because a high level of plasma LDL tends to be oxidized
due to the long duration in blood. Oxidation of LDL is the signal of incorporation by
monocytes/macrophages (15, 16). The LDL oxidation is the initiation step of
arteriosclerosis. Alcohol reduces the release of catecholamines in response to
stresses (17). As stresses generate the harmful superoxide radicals in human body, it
is important for the individual to have a stress release, to reduce the risks of various
diseases. Heavy drinking is obviously hazardous to the human body, but proper or
moderate drinking is good for health.

‘French Paradox’ and Effects of Phenolics in Red Wine

Reports on the red wine’s beneficial effects on health are increasing (/, 2, 18, 19).
The benefits of red wine ingestion may be due, in part, to the alcohol, but largely due
to the presence of the abundance of phenolics. A comparative study, initiated by the
WHO, has shown a marked difference in mortality and morbidity from CHD among,
especially, French and US populations (20). Despite a similar intake of a saturated
fatty acid diet, and comparable levels of plasma cholesterol content, the French
subjects were less susceptible to CHD than the US subjects. Renaud and de Lorgeril
(8) postulated that consumption of wine was the only dietary factor responsible for
this discrepancy, commonly referred to as the ‘French Paradox.” There has been so
much data on the prevention of oxidation of low-density lipoprotein (LDL) by wine
phenolics (/9, 21-23) and on the inhibition of platelet aggregation, reducing the risk
for thrombosis (9, 24-26).

The effect of red wine ingestion on the antioxidant activity of serum, and on
the inhibition of LDL oxidation has been examined using human volunteers.
Maxwell et al. (27) administered Bordeaux red wine (5.7 mL/kg) with meals, to 10
healthy students, and the antioxidant activity of serum was periodically measured.
The serum antioxidant activity rose rapidly after ingestion of red wine, and the
activity reached a peak after 90 min. Although the antioxidant activity gradually
declined after the peak, the antioxidant levels were still significantly raised at 4
hours. The report may be the first study using human volunteers to examine the
effect of red wine ingestion on the antioxidant status of human blood. In Japan,
Kondo et al. (22) reported the inhibition effect of red wine ingestion on human LDL
oxidation, using 10 healthy volunteers. Bordeaux red wine (0.8 g/kg ethanol per day)
was administered for two weeks, and compared the lag time to oxidize the plasma
LDL. The lag time of the red wine ingested group was significantly longer than that
of non-drinking group, and that of before drinking wine. The result directly
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demonstrated that regular, and long-term consumption of red wine, but not ethanol,
inhibited LDL oxidation in vivo. Whitehead er al. (28) also examined the serum
antioxidant status after ingestion of 300 mL of red or white wine using 18 volunteers.
The serum antioxidant activity significantly increased after one hour (18% increase)
and two hours (11% increase) in the group (n = 9) of red wine ingestion.

Large numbers of ecological data and in vivo administration data show that
red wine ingestion has beneficial effects on health, not only for the reduction of risk
of atherosclerosis and CHD, but also reduction of overall mortality.

Which Component of Red Wine Is Really Contribute to the Reduction of
Cardiovascular Disease?

There is a debate on which beverage offers the most protection from cardiovascular
diseases (CVD) among alcoholic products. Recently, Rim reviewed papers on
ingestion of wines, beer, and spirits in his invited commentary (29). The results of
the 12 case-control and cohort studies were reviewed, and the same number of
studies (seven) found an inverse association between alcohol and CVD for each type
of alcoholic beverages. Three of the studies reported that only wine consumption
was inversely associated with CVD. However, wine was exclusively consumed in
the 2 studies out of 3 cases. He concluded that “From all of the observational data
collected, from more than 305,000 men and women, the available evidence suggests
that no particular type of beverage provides substantial additional cardiovascular
benefit apart from its ethanol content,”

Limiting to the preventive effect against CVD, alcohol itself may be the most
important factor in alcohol beverages. However, red wine contains a lot of
phenolics, and phenolics efficiently scavenge superoxide radicals (30). Now various
diseases have been found to be caused by the action of reactive oxygen species such
as superoxide radicals (3/-33). Therefore, I believe that red wine ingestion in
moderation should have additional benefits for health.

Superoxide Radical Scavenging Activities of Wines

We thought that the antioxidant effect of free radicals may be the most important
factor for the beneficial effects of wine. Generally speaking, ischemia and the
following reperfusion cause the formation of superoxide radicals. Stress, smoking,
drug and food intake also generate free radicals. In the human body, there are
defense systems to protect themselves from the attack of free radicals. Superoxide
dismutase (SOD), glutathione peroxidase, vitamin C, E, carotenoids, etc., in our body
can quench or scavenge free radicals. The excess amount of free radicals oxidizes
lipoprotein, lipids, protein, DNA (34), etc., and the damages caused thereby lead to
various diseases such as CHD, arteriosclerosis, cancer, aging, etc. (3/). Hence, we
(30) have investigated the relationship between the phenolic content of wine, and the
superoxide radical scavenging activity (SOSA).

Forty-three wine samples, differing in their vintage, variety, and region of
production, were collected, and the relationship between superoxide radical
scavenging activity (SOSA), and constituents in wines was examined (35). There
was no correlation between the SOSA values and the free SO, levels in wine, and
also no correlation between the SOSA values and the total SO, levels in wine. There
was a positive correlation between SOSA values and the wine color intensity
(absorbance at 520 nm), and the correlation coefficient, » = 0.7517. The relationship
between SOSA and the total phenol contents in wine was very high (r = 0.9686) by a
single regression analysis.
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The wine produced by Markham Vineyards in Napa Valley, California,
showed the most potent SOSA of 1189.1 unit/mL. The next is Barolo produced in
Italy. The wines made from Cabernet Sauvignon or Nebbiolo had a high phenolic
content and SOSA. The wines from Tempranillo, Pinot noir, and Merlot were the
next group. The wines from Gamay showed low SOSA values in red wines. White
wines had a low phenolic content and SOSA values. Japanese domestic wines made
from Cabernet Sauvignon and Merlot also had high SOSA values.

We further examined which of the wine components contributed most to
superoxide radical scavenging activity (36). Twelve varieties of wines were chosen
as representatives, and were fractionated with a Sep-pak cartridge. The relationship
between the total polyphenol contents and the SOSA values in the 12 wines was very
close, and the correlation coefficient was 0.97. There was almost no correlation (» =
0.27) between the polyphenol contents and the SOSA values in the fraction (A)
containing phenolic acids, sugars, organic acids, amino acids and salts. The
correlation between the polyphenol contents and the SOSA values in the fraction (B)
containing catechin, procyanidins and flavonols, was very close, and the r value was
0.957. The relationship in the fraction (C) containing anthocyanin monomers,
polymers and tannins, was very close and the correlation coefficient was 0.978. Of
the fractions, the fraction B exhibited about half of the polyphenol content and SOSA
compared with the fraction C. Therefore, the fraction C containing anthocyanins and
tannins is believed to contribute most to the SOSA value. We further examined the
relation of SOSA values and components in each fraction by HPLC analysis. From
the analysis, anthocyanin polymers, but not monomers contained in fraction C had
the highest correlation coefficient with SOSA values.

As anthocyanin polymers might contribute most to SOSA, we examined the
formation of oligomers between anthocyanin and catechin in a model wine solution
(37). As the grape berries of Vitis vinifera most abundantly contain malvidin-3-
glucoside, we isolated the anthocyanin monomer from dried grape skins. The
formation of anthocyanin oligomers between the malvidin-3-glucoside and (-)-
epicatechin, in the presence of acetaldehyde, was examined in a model wine solution.
Novel peaks appeared by 4-day incubation, and the peaks were clearly detected at 9
days’ incubation. The polymerization was also occurred in the absence of
acetaldehyde, but the formation rate was much slower. Compounds corresponding
the two peaks were isolated by HPLC, and the inhibition activity against human
platelet aggregation was examined. Both of the compounds showed three to four
-times higher anti-platelet aggregation activity than malvidin-3-glucoside.
Epicatechin had not the activity. Superoxide radical scavenging activity (SOSA) of
the compounds was examined in the hypoxanthin-xanthin oxidase system. The
SOSA of the compounds was about 4 times higher than malvidin-3-glucoside, and
the activity was comparable with epicatechin. The peaks were also clearly detected
from commercially available red wine. The detailed results will be published
elsewhere in the near future. Now, we are postulating that the most contributing
factor to its antioxidant activity in red wine will be oligomers of anthocyanins, and
the polymerization may be occurred between anthocyanins and catechins.

Recent Studies on Benefits of Red Wine Ingestion

Red wine contains another beneficial substance for health, named resveratrol.
Resveratrol, 3,5,4’-trihydroxystilbene, is one of phytoalexin compounds produced by
grapevines in response to fungal infection, or abiotic stresses, such as UV irradiation
(38, 39). trans-Resveratrol is attracting attention, because it is one of the
components present in wines that could be responsible for the decrease in CHD
observed among wine drinkers. The effect could be due to its inhibition ability of
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LDL oxidation (/9), the anti-platelet aggregation activity (40, 41), and the inhibition
of eicosanoid synthesis (41, 42). Wines contain piceid, 3-b-glucoside of resveratrol,
and it also blocks platelet aggregation (42, 43). The piceid will release resveratrol by
b-glucosidase digestion in the intestine (44). The cis-isomers have anti-tumor
activity as well as the trans isomers by inhibiting protein-tyrosine kinase (45).

Very recently, the potent anti-cancer effect of trans-resveratrol was reported
by a group of the University of Illinois (46). In the report, resveratrol had anti-
initiation, anti-promotion, and anti-progression activities against cancer cells in vitro.
It also inhibited the development of preneoplastic lesions in carcinogen-treated
mouse mammary glands in culture and inhibited tumorigenesis in a mouse skin
cancer model.

The resveratrol contents in wines of various grape origins and varieties have
been reported (47-50). The resveratrol level in wines is not high, e.g., 1-10 mg/L in
red wines, and <1 mg/L in white wines. We also investigated resveratrol and piceid
levels, along with their isomers, in wines produced from domestically grown grapes
(Sato, M., Suzuki, Y. Okuda, T., Yokotsuka, K. Biosci. Biotech. Biochem. in press).
The highest total stilbene content including trans-, cis-resveratrol, trans-, and cis-
piceid was 13.4 mg/L in Pinot noir wine. As the effective dose of resveratrol
reported ranging 3.1-27 pM (46), the levels contained in red wine seem to be too low
to be effective. However, regular ingestion of red wine may have some effects due to
the resveratrol.

Red wine inhibits the growth of Helicobacter pylori in vitro. Fuglsang and
Muller (57) reported that California Burgundy inhibited the H. pylori growth within
15 min. It may be related to stomach cancer prevention by daily red wine ingestion.

Very recently, Orgogozo ef al. (52) reported that the odds ratio was 0.18 (p «
0.01) for the incidence of dementia and 0.25 (p < 0.03) for Alzheimer’s disease in the
elderly subjects aged 65 and over, drinking 3 to 4 standard glasses of red wine (250
and up to 500 mL). He described that as the subjects living in the district of Gironde
and Dordogne were drinking red wine exclusively, the effect by red wine ingestion is
not conclusive. However, there may be some benefits for elderly people over 65
years old. As the reactive oxygen species play an important role for
neurodegenerative disorders include Alzheimer’s disease, etc. (53). Phenolics in red
wine might be effective against the diseases.

Concluding Remarks

Moderate alcohol consumption (10-30 g/day as pure alcohol) is obviously beneficial
for health, and the reduction of risk against cardiovascular diseases (CVD) will be
due to the ethanol itself contained in beverages. Red wine contains a lot of
phenolics, and it efficiently scavenges superoxide radicals, with phenolics contained
in red wine. Red wine ingestion elevates plasma antioxidant activity in vivo. Of the
components in red wines, anthocyanin oligomers seems to contribute most to the
superoxide radical scavenging activity (SOSA). Polymerization between
anthocyanin and epicatechin was demonstrated in a model wine, and the oligomers
were detected in commercially available wines.

Regular and proper amount ingestion of red wine might be beneficial against
diseases such as dementia, Alzheimer’s diseases, stomach cancer, etc. other than
CVD. Although I do not recommend drink wine to abstainers, if you drink alcohol,
please drink red wine in moderation with a meal enjoying your life.
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Fatigue is caused by excessive physical or mental stress or due
to drug intake, environmental insult, nutritional imbalance and
diseases. In this paper, several different experiments were
designed to evaluate the anti-fatigue mechanism and clinical
functions of yiegin. We found that yiegin can enhance exercise
capacity; prolong the survival time in oxygen deficiency
conditions, increase anti-cold capacity; and activate the sperm
generation system.

Fatigue is caused by excessive exercise, which could be physical or
mental, or due to drug intake, environmental insult, nutritional imbalance
and diseases(1,2). Fatigue makes it difficult for the body to continue the
normal metabolism or maintain exercise strength. It also results in a
decrease in the activity of the body's defense system. Our study is based
on the traditional Chinese-medical theory, which focuses on balancing the
effects of Chinese-medicine by elevating the body function capacity, and
stimulating body energy metabolism(3). Therefore, we carried out several
different experiments to evaluate the anti-fatigue mechanism and clinical
efficacy of yiegin, a brownish-black, high density liquefied Chinese drug.

Materials and Methods:

Materials: Kunming mice (body weight from 18 to 22 g, with equal
numbers of male and female, China) were provided by the Experimental
Animal Center of the Shanghai Medical University. Other chemicals were
of the highest purity commercially available. Yiegin was provided by
Shanghai Chinese Medicine University, and used at concentration of 1 g
crude drug/mL. Another Chinese drug called Zhuangyaojianshenwan
(Guangzhou Chen Li Ji Pharmaceutical Company) was used in this study

122 ©1998 American Chemical Society
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as an internal reference. The crude drugs were suspended in water and
orally administrated to mice at 8 g/kg body weight basis. Water was used
as placebo.

Physical fitness test. Mice were divided to three groups, namely the
placebo group (water), Yiegin group (8 g crude drug/kg body weight
basis) and Zhuangyaojianshenwan group (8 g crude drug/kg body weight
basis). The supplements were orally administrated once a day, and
continued for 10 days. After 1 hour from the last feed, lead weights,
constituting 5% of the body weight, was tagged to the tail, and the mice
were forced to swim in a 25, 30 cm deep water bath (4). The total
swimming time of each group was determined.

Oxygen deficiency test. Similar to the experimental design described
above, mice were divided into three groups. The supplements were orally
administrated once a day and continued for 8 days. Then after 1 hour
from the last feed, each mouse was placed in a 250 mL sealed bottle
containing 15 g oxygen absorbent. The total survival time of each mouse
was determined.

Cold proof test. Mice were divided into three groups. The supplements
were orally administrated once a day and continued for 8 days. Then after
1 hour from the last feed, mice were placed in a room at -4 for 4 or 6
hours. The survival rate of each group was determined.

Changes of blood urea nitrogen level. Mice (body weight 18-22 g)
were divided to three groups. The supplements were orally administrated
once a day and continued for 10 days. Then after 30 minutes from the last
feed, mice were subjected to swimming exercise in a 30 water bath for 90
minutes, and blood was withdrawn for urea nitrogen test.

Enhancement of sperm generation capacity. Twelve months old male
mice (body weight 35-41 g) were divided into three groups. The
supplements were orally administrated once a day, and continued for 10
days. Testes were removed, weighted and homogenized at 5 mg/mL with
buffered culture medium. The quantity and physiological activity of the
sperm were determined under microscope.

Results and Discussion:

First, we examined the effect of yiegin on the enhancement exercise
capacity by a physical fitness test. Compared to the placebo group
(water), the average swimming time of yiegin treated groups and
commercial Chinese drug treated groups were 397.378.6 and 363.352.6
minutes (Table I). Increases in enhancement exercise capacity for both
groups were 50.0% and 35.9% respectively. These results indicate that
yiegin has a significant effect on the enhancement of exercise capacity.
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Table I. Effect of yiegin on the enhancement of exercise capacity.

Average Extension
Treatments swimming time (min) percent
Yiegin(n=10) 397.3 8.6 (b) 50.0
*CSCD (n=10) 363.3 2.6 (a) 35.9

Placebo(Water) (n=10) 267.1 92.8

*CSCD: Commercially Sold Chinese Drug
(a) p<0.05; (b) p<0.01

We then tested the effect of yiegin on prolonging the survival time
of mice, under an oxygen deficiency state. As shown in Table II, the
average survival time for yiegin, commercially sold Chinese drug
(Zhuangyaojianshenwan), and the placebo (water) groups were 48.66.4,
52.58.2, and 32.27.2 minutes respectively. Compared to the placebo
(water) group, the extension of yiegin group was 49.6%, although the
CSCM group showed a higher survival time, 63.3%. This result also
indicated that yiegin prolongs the survival time of mouse under an
oxygen deficiency state.

The results obtained in a cold proof test, to examine the effect of
yiegin on the enhancement of anti-cold capacity, is shown in Table III.
The survival percentage of yiegin group, commercially sold Chinese drug

Table I1. Effect of yiegin on prolonging the survival time of mouse in
an oxygen deficiency state.

Average Extension
Treatments survival time (min) percent
Yiegin(n=10) 48.6 6.4 49.6
*CSCD (n=10) 52.5 8.2 63.3
Placebo(Water) (n=10) 322 7.2

*CSCD: Commercially sold Chinese Drug

(Zhuangyaojianshenwan) group and placebo (water) group, following a 4
hour test period, were 60, 20 and 10% respectively. For a 6 hour test
period, the survival percentage of yiegin, commercially sold Chinese drug
(Zhuangyaojianshenwan) and placebo (water) group were 70, 50 and 10%
respectively. The results of both drug treated groups showed that yiegin
significantly enhanced the anti-cold capacity in mice.
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Table II1. Effect of yiegin on the enhancement of anti-cold capacity.

Survival
Treatments percent )4

4 hr. test time

Yiegin(n=10) 60 <0.05

*CSCD (n=10) 20
Placebo(Water) (n=10) 10

6 hr. test time

Yiegin(n=10) 70 <0.01

*CSCD (n=10) 50 <0.05
Placebo(Water) (n=10) 10

*CSCD: Commercially sold Chinese Drug

Table IV shows the results of the changes of blood urea nitrogen
before, and after drug supplementation. Compared with the blood urea
nitrogen level before supplementation, the placebo group did not show
any change, but the yiegin treated group showed a decrease from 6.58 to
3.32(almost a 50% decrease). The commercially sold Chinese medicine
(Zhuangyaojianshenwan) treated group also showed a decrease from 6.41
to 4.97. This result indicates that yiegin can significantly stimulate
metabolism.

Table IV. Effect of yiegin on the variation in blood urea nitrogen
level.

BUN** BUN**
Treatments Before After )4
supplement supplement
Yiegin 6.58 1.34 3.32 2.74 <0.05
*CSCD 6.41 1.55 497 2.60 <0.1
Placebo(Water) 6.53 1.43 6.54 1.30 >0.05

*CSCD:Commercially Sold Chinese Drug
**BUN: Blood Urea Nitrogen

The enhancement effect of yiegin on sperm generation capacity is
shown in Table V. Compared to the placebo (water) group, 4 g/kg yiegin
administrated group showed an increase in sperm quantity, but not so
much in activity. However, 8 g/kg yiegin administered group showed a
significant increase both in sperm quantity, from 80 to 122 million/100mg
and activity, from 65.5 to 82.5.
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Table V. Effect of yiegin on the enhancement of sperm generation

capacity.
Sperm
Treatments Quantity(Million/100mg) Activity
Yiegin 4g/kg 99.0 19.2 (a) 65.5 13.2
Yiegin 8g/kg 122.5 26.7 (b) 82.5 6.4
Placebo(Water) 80.2 21.1 65.5 4.6

(a)p<0.05;(b)p<0.01

(a)
defi

From these results, we conclude yiegin possesses the capacity to
enhance exercise capacity; (b) prolong the survival time in oxygen
ciency state; (c) enhance anti-cold capacity; and (d) activate sperm

generation system.
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Chapter 13

A Potent Antioxidative and Anti-UV-B Isoflavonoids
Transformed Microbiologically from Soybean
Components

Akio Mimura', Shin-ichi Yazaki', and Hiroshi Tanimura’

'Department of Biotechnology, Yamanashi University, Takeda, Kofu 400, Japan
*Kobe Steel Ltd., Kobe 651, Japan

Japanese traditional fermented soybean foods (miso(soybean paste),
soy sause, natto and so on) have been hypothesized to contribute to
the lower incidence of human cancers and cardiac diseases.
Soybeans are rich in isoflavonoid glucosides such as daidzin and
genistin. During the fermentation with microorganisms, these
glucosides can be hydrolized to aglycon isoflavones (daidzein and
genistein), and further transformed to biologically active compounds
such as more hydroxylated isoflavones. Several kinds of fungi
relating to the fermented foods and bacteria isolated from soil were
screened for the production of potent activity of antioxidation (anti-
UV-B) from soybean components. Aspergillus niger IFO 4414 was
selected as the most potent producer of antioxidative isoflavones.
The fungus was cultivated in the medium composed of soybean
flour, and it was observed that anti-UV-B activity of the culture
extracts was increased remarkablly during the fermentation. From
the fermented soybeans, a isoflavone with potent anti-UV-B activity
was isolated and identified as 4',7,8-trihydroxyisoflavone (8-
hydroxydaidzein), which was demonstrated as the hydroxylated
product of daidzein at the 8-position of A-ring. The maximum
conversion rate to 4',7,8-trihydroxyisoflavone from daidzein was
67.8%(w/w). 4',7,8-trihydroxyisoflavone was observed to have
almost same anti-UV-B activity (antioxidative activity) as BHA, 60
to 100 times stronger activity than alpha-tocopherol, and about 15
times stronger activity than daidzein and genistein, using the
measurement method with rabbit erythrocyte membrane ghosts
irradiating UV-B light.

©1998 American Chemical Society 127
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Soybeans are known to contain several isoflavones and their glucosides
(1,2). These compounds have been demonstrated to have antioxidative
activity (3,4). The antioxidative activity of soybeans is considered to be the
biological activity to maintain our good health. The extent of the antioxidative
activity of isoflavones is positively correlated to the number of hydroxy groups in
the isoflavone molecules (5). From this point of view, more potent antioxidative and
anti-UV-B isoflavones can be transformed microbiologically from natural
isoflavones in soybeans. A higher consumption of soybean foods, rich in these
natural and transformed isoflavones, has been considered to be a factor in a lower
incidence of human cancer, cardiac diseases and other age-related disorders.

The Japanese have taken much of the fermented soybean foods, such as miso
(soybean paste), soy souse, natto and so on, and observed that during fermentation of
soybeans to produce miso and soy sauce, the antioxidatiove activity increased
remarkablly. Soybeans contain many kinds of isoflavone glucosides such as daidzin,
genistin and glycitin, and during fermentation with microorganisms, these isoflavone
glucosides can be transformed to their corresponding aglycone, and further
metabolized. An Indonesian soybean fermented food, Tempeh has reported to have
more antioxidative activity than its raw materials (6,7), and as a metabolized
isoflavone with potent antioxidative activity, 4',6,7-trihydroxyisoflavone has been
isolated and identified as the transformed compound from the soybean isoflavones
(8,9,10).

The biological activity of soybean isoflavones has been investigated
intensively for antioxidative activity, fungistatic action, antihemolytic activity, anti-
tumor promoting activity, and anticancer activity (5,11,12,13,14). Higher
antioxidative activities in Japanese soybean fermented foods suggest that they
contain several kinds of compounds with potent antioxidative activity. In our
research with fungi for fermentation of soybeans, a fungus culture which can
produce a potent anti-UV-B and antioxidative activities was found. From the
culture broth, a microbiologically transformed isoflavone from daidzin in soybeans
was isolated and identified its chemical structure.

Screening of fungi transformed soybean components

One handred strains of fungi, including type cultures and newly isolated fungi from
soil, were cultivated aerobically in the soybean medium composed of 10% soybean
flour (Sigma type 1, pH 6.0) for 4 days at 28 C and the culture brothes were extracted
with 80% aceton, and then the extracts were assayed for their anti-UV-B activity.
The assay procedure has been reported and shown breifly in Figure 1 (15). The
increase of antioxidative activity in typical cultures of fungi were presented in Figure
2. Among them one fungus, Aspergillus niger IFO 4414 produced more antioxidative
activity than soybean medium without fermentation (indicated as S.B. medium).
Aspergillus oryzae IFO 4176, Aspergillus soyae IFO 4200, Penicillium carmemberti
IFO 8187, and one isolated fungus 33M-2 indicated the production of anti-UV-B
active compounds from soybean components. From these results, Aspergillus niger
IFO 4414 was used for further experiments.
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** TOSHIBA UV lamp (FL 20S-E)

Figure 1. Assay method of anti-UV-B activity.
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Purification of Anti-UV-B compounds from Aspergillus niger 1IFO 4414 culture

340 grams of fermented material was extracted with 80% acetone. After the acetone
was evaporated under reduced pressure, the aliquot was extracted with ethylether.
The ether extract was condensed, and applied to silica-gel chromatography (Silica
Gel 60, E.Merck), and eluted with chloroform/methanol. The active fraction
(chloroform/methanol, 9:1) was applied to the HW-40F (Toyopearl TSK gel)
column chromatography, and eluted with methanol/water. The 40% methanol
fraction was applied to further purification with HPLC (Deverosil ODS-S column,
40% methanol/10mM phosphate buffer pH 2.7, UV 260nm detection). The purified
compound, of 50 mg with pale yellow color, was obtained.

The elusidation of chemical structure was performed using UV, IR,
MS, and NMR. Analytical results were summarized in Figure 3. From the
structure analyses, the active compound was identifed as 4'.7,8-
trihydroxyisoflavone (8-hydroxydaidzein).

Many kinds of isoflavones have been reported to be produced by
cultivation of Streptomyces microorganisms on the medium of soybean meal. This
was usually used for antibiotic productions with Streptomyces (12,13,14,16). Ohmura
et al found 4',7,8-trihydroxyisoflavone from fermentation broth of Streptomyces sp.,
isolated from soil. It was considered that some of isoflavones in soybeans would be
transformed to 4',7,8-trihydroxyisoflavone during fermentation. However, they have
not demonstrated the scheme of transformation reactions from daidzin to 4',7,8-
trihydroxyisoflavone.

Anti-UV-B activity of 4',7,8-trihydroxyisoflavone

The anti-UV-B activity of several antioxidative compounds and isoflavones in
soybeans was summarized in Figure 4 and Figure 5. Potent anti-UV-B activity, as
strong as butylhydroxyanisol (BHA), was observed in 4',7,8-trihydroxyisoflavone. It
also showed about 60 to 100 times stronger activity than alpha-tocopherol, and about
15 times stronger activity than daidzein and genistein. The antioxidative activity of
these compounds evaluated with the linolenic acid oxidation method showed good
correlation to the anti-UV-B activity (data not shown).

Transformation of 4',7,8-trihydroxyisoflavone from daidzin and daidzein

Aspergillus niger (IFO 4414) was cultivated in 100 ml synthetic medium (Czapek-
Dox), containing 100 microgram daidzin or daidzein respectively. The production of
4',7,8-trihydroxyisoflavone was analyzed with HPLC (Develosil ODS-5, 35C,
methanol/10mM phosphate buffer, UV 260nm detection). Table 1 indicates the
transformation reaction of daidzin to 4',7,8-trihydroxyisoflavone. The final yeild of
the product was only 2.4 microgram from 100 micrograms of daidzin. However,
from the 100 microgram daidzein the final yeild was increased to 15.9 microgram
after 10 days cultivation. In this transformation reaction, the final cumulative
conversion rate from daidzein to 4',7,8-trihydroxyisoflavone was 15.9%(w/w).

The time course of microbial transformation of daidzin is shown in Figure 6.
The results indicate that daidzin was at first hydrolized to its aglycon, daidzein, and
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Figure 3. Structure of anti-UV-B isoflavone, 4',7,8-trihydroxyisoflavone
(8-hydroxydaidzein).
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Figure 4. Anti-UV-B activity of 4' 7 8-trihydroxyisoflavone.
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Table 1. Transformation of daidzin to 4',7,8-trihydroxyisoflavone by
Aspergillus niger 1FO 441

Cultivation time Content (pug)
daidzin 4',1,8-trihydroxyisoflavone
0 day 100 0
4 days 30.6 0.7
10 days 0.2 24

Synthetic medium (Czapek-Dox medium ) was used

Table II. Transformation of daidzein to 4',7,8-trihydroxyisoflavone by
Aspergillus niger IFO 4414

Cultivation time Content (ug)
daidzein 4',7,8-trihydroxyisoflavone
0 day 100 0
4 days 80.3 1.7
10 days 62.8 15.9

Synthetic medium (Czapek-Dox medium ) was used
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—®— Daidzein
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28°C,rotary shaker (180 rpm.)

Figure 6. Time course of transformation of daidzin to
4',7,8-trihydroxyisoflavone by Aspergillus niger 1IFO 4414.
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Figure 7. Proposed pathway of transformation of isoflavones in soybeans
by Aspergillus niger 1IFO 4414,

further oxidized to 4',7,8-trihtydrioxyisoflavon as shown in Figure 7. It was observed
that 4',7,8-trihydroxyisoflavone was further metabolized to other unknown
compounds during a longer fermentation period (data not shown). In this reaction the
maximum conversion rate from daidzin to 4',7,8-trihydroxyisoflavone was 67.8%
(w/w) after 48 hour transformation period.

The cell-free extract of Pseudomonas sp., grown on (+)-catechin, has
been demonstrated to oxidize taxiforin to 3',4',5,7,8-pentahydroxyflavonol (2,3-
dihydrogossypetin) as an intermediate in the aerobic  metabolism of
flavonoids. The enzymatic transformation by taxiforin 8-monooxygenase, in the
presence of NAD(P)H and molecular oxygen proceeds the hydroxylation of 8-
position of flavonoid A-ring (17).

In this report, it was demonstrated that the hydroxylation of 8-position
of the isoflavone A-ring occurs stoichiometrically, by the microbial transformation of
Aspergillus niger (IFO 4414). From these observations, it can be concluded that
isoflavon glucosides in soybeans, such as daidzin, and genistin are transformed
microbiologically during fermentation of Aspergillus niger (IFO 4414). This type of
transformation of isoflavones can occur during the production of soybean fermented
foods and more hydroxylated isoflavones could be the origin of the potent
antioxidative activity of the soybean fermented foods.
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Chapter 14
Soy Isoflavones in Foods: Database Development

Patricia A. Murphy, Kobita Barua, and Tongtong Song
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Ames, 1A 50011

Although there is considerable interest in plant phytochemicals and
their potential health protective effects, there is very limited
information on the concentrations of many of these components in
foods. Additionally, many clinicians erroneously assume that soy
protein is a homogenous material like casein. Recoveries of both
internal  (4-hydroxybenzyl-2,4,6-trihydroxyphenyl ketone), and
external (daidzein, genistein and genistin) standards in 5 different
soyfoods, weekly, were evaluated. For precision, soybeans and
soymilk were analyzed for within day and for day-to-day precision,
bimonthly. Levels of 12 isoflavones (genistein, daidzein and
glycitein; glucosides, malonyiglucosides, and acetylglucosides) and
their forms change during processing. The glucoside forms of the
isoflavones are almost 2X the molecular weight of the aglycones.
The reported isoflavone levels should be normalized to the aglycone
mass Yisoflavanoid equivalent) rather than a simple sum of all
isomers. The levels of isoflavones in soybeans, soy-based infant
formula, soy flours, isolates, concentrates and TVP from our
database will be reported.

Phytochemicals are reported to have a number of health protective effects. However,
our knowledge of the concentrations of these components in foods is quite limited.
Isoflavones from soybeans, and several other legumes, are classified as
phytoestrogens in many literature citations due to their weak estrogenic activity in
mammalian systems. A number of epidemiological studies have suggested that
consumption of soybeans and soy foods is associated with lowered risks for several
cancers (including breast, prostate, and colon)(1), cardiovascular diseases (2,3), and
bone health (4). The mechanism(s) for these effects remains to be delineated.
Current citations for phytoestrogens in the literature for 1997 exceed 500. Therefore,

138 ©1998 American Chemical Society
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there is major interest in studying the biological effects of phytoestrogens. In
contrast, our knowledge of the levels of these components in foods is limited.

Fortunately, the estrogenic isoflavones are confined to a few plant foods
consumed by humans. The major source of phytoestrogens in human diets is
isoflavones in soybeans, and soy foods. Estrogenic isoflavones are found in alfalfa
and clover seeds, usually consumed as sprouts, chick peas or garbanzo beans, and
some pulses. The estrogenic isoflavones found in the other legumes are biochanin A,
formononetin, and coumesterol. Our development of a database on isoflavone levels
in human foods has been simplified by segregation of isoflavones into a few food
plant species.

Soy Foods

Soy ingredients are the major source of isoflavones used in a variety of human
clinical, and in animal studies, to determine the mechanism(s) for isoflavones' health
protective effects. Unfortunately, some clinicians erroneously believe that all soy
protein sources are equal with respect to isoflavone content, and use it as casein is
used in nutritional studies. However, isoflavone contents of soy ingredients and
foods depend on a number of factors, including the variety of the soybean, crop year,
and on the type of processing used to produce the ingredients. We have divided soy
foods into three classes: soy ingredients, traditional soy foods, and second generation
soy foods(5). Soy ingredients include raw (or unprocessed) soybeans, soy flours
(defatted and full-fat), soy concentrates, soy isolates, and texturized soy protein
(TVP). Traditional soy foods include soymilks, soy-based infant formulas, tofu,
tempeh, natto, miso, and other soy-based foods traditional to Asian cuisine. Second-
generation soy foods include items such as soy-based burgers, hot dogs, chicken and
bacon analogs, and soy cheeses.

Soy Ingredients Soy ingredients contain the highest concentrations of isoflavones.
Defatted soy flours contain the highest concentrations of isoflavones in the
ingredient class. The isoflavones tend to associate with the protein fraction in
soybeans. There are no detectable isoflavones in soybean oils. Full-fat soy flours
have lower isoflavone levels compared to defatted soy flours, due to the dilution of
the lipids in full-fat flours. Full-fat flours are a limited section of the commercial
marketplace due to their instability due to rapid lipid oxidation. Soy isolates are
produced as the alkaline soluble, acid insoluble protein fractions from defatted soy
flours to yield approximately 90% protein. The aqueous processing steps result in
losses of isoflavones in discarded fractions (6). Soy concentrates are prepared from
defatted soy flours by either aqueous or alcoholic extractions. The type of extractant
has a profound effect on the isoflavone content, due to the solubility of isoflavones in
alcohols. TVP's are prepared by extrusion from defatted soy flours, concentrates or
isolates. The remaining isoflavone contents will reflect the concentrations of the
starting materials, but the processing history may be unknown by the user of these
products.
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Database Development and Quality Control

To provide a functional database for clinicians, dieticians, food scientists, and
consumers, we attempted to analyze the major soy ingredients in the U.S. food
supply for isoflavones. Ingredients selected were representative of: varieties of
soybeans grown in fowa in 1992 and 1995, soy flours, soy isolates, soy concentrates,
TVP from the major soy ingredient producers, and soy-based infant formulas.

Analysis of isoflavones was performed by HPLC separation, and
quantification by photodiode array detection of the 12 isoflavones found in soy
products (Figure 1), and of biochanin A, fomononetin and coumesterol in alfalfa and
clover sprouts (Song, et al, Amer. J. Clin. Nutri., in press).

Routine quality control is critical to developing a valid database 97). Quality
control measures were routinely performed throughout the isoflavone analysis
period. These included: analysis of isoflavone standards every day that the samples
were run (Figure 2), accuracy estimations by recovery of external and internal
standards in 5 soy food matrices monthly (Table I), and precision estimation by
evaluation of a coefficient of variation for 4 food matrices for within-day and
between-day variance, bimonthly (Table II).

In Figure 2, the importance of this quality control check is evident. Running
daily standards each time the samples are analyzed is done to confirm that the HPLC
system is operating correctly. The first positive deviation from the mean around the
date of 2/19/97 showed that the autosampler was failing. Any samples run on these
days were rerun after the instrumentation problem was corrected. The next deviation
from the mean, both negative and positive, were on days where the laboratory room
heating failed, and then exceeded column heater temperature. Although the latter
deviation from our standards mean would be evident to anyone working in the
laboratory, the former was not obvious without this internal quality control measure.

The recovery of external standards, genistin, genistein and daidzein, were
reasonable (Table I). Recoveries were always higher and more consistent (lower
coefticients of variation) for the glucoside, genistin, than the aglycones, genistein
and daidzein. These recovery differences were anticipated, since our extraction
scheme is optimized to extract the predominant forms of isoflavones in most soy
matrices, the glucosides. The glucoside forms, malonylglucoside, acetylglucoside
and underivitized glucoside, account for > 95% of the isoflavonoid forms in soy-
based foods, except for foods that are highly fermented (such as miso and soy sauce).
Recovery of our internal standard, THB, was almost as consistent as genistin.
Multiple recovery levels of both internal and external standards were linear over the
range of concentrations found in soybeans and soy foods (Song, ef al. Amer. J. Clin.
Nurti., in press).

Table II presents an example of a bimonthly precision estimate for the
isoflavone analysis of one soy matrix stored over the lifetime of the project. No
differences were seen in the precision between the two soy matrices, soy flour and
freeze-dried soymilk, stored at room temperature and at -29°C, over the lifetime of
the project. Additionally, no changes were observed in isoflavone form distribution
during storage at room temperature, nor at -29°C (data not shown). Excellent
precision was observed for all within-day estimates. Only glycitin deviated outside
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Figure 1. Structures of isoflavones and internal standard, 2,4,4'-
trihydroxybenzoin (THB). Daidzein if R, & R,=H; Genistein if R,=O0H &
R,=H; Glycitein if R,=H & R,= OCHj; Glucoside if R,=H; Acetylglucoside
if R;=C(0)CH,; Malonylglucoside if R,=C(O)CH,C(O)OH.
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Figure 2. Quality control analysis of standards in routine HPLC analysis of
soybean isoflavones. DEIN=daidzein; THB=2,4,4’-trihydroxybenzoin;
GEIN =genistein.
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Table I. Recovery of Genistin, Genistein, Daidzein
And 2,4,4'-Trihydroxybenzioin (THB) in Soy Foods

Food Recovery Analyte
Daidzein Genistein Genistin THB
X+sd® CV®  X+sd CV X+sd CV X+sd CV
n 25 25 8 21
TVP 90+9 10 916 7 986 6 945 5
Soymilk 888 9 9011 13 9947 7 95+8 8
Soybean 8116 20 95+10 10 99+4 4 98+5 S
Tofu 9218 8 9129 10 94+4 4 95¢5 5
Tempeh 90+10 11 87¢17 19 966 6 95+4 4
? X = average, sd = standard deviation ® CV = coefficient of variation

our 8% CV limits in this example. Since glycitin accounts for <3% of the total
isoflavones in this matrix, this deviation was judged to be acceptable.

Data Compilation. Data compilation was presented two ways. Individual
isoflavone contents were measured for all 12 forms found in soy. Since isoflavones
are absorbed as the aglycone, the total concentration of isoflavones in food products
cannot be expressed as the arithmetic sum of the individual forms. The molecular
weight of the glucosides is 1.6 to 1.9 greater than the aglycone. Thus, simple
addition of the mass of the isoflavone contents will overestimate the true isoflavone
content of the product. Ideally, the molar concentration of isoflavones could be
used. However, since many soy products are used by consumers and others not
familiar with scientific units, mass concentration units (mg/g and pg/g) are already
used on some retail soy products. Therefore, we recommend that total isoflavone
contents be adjusted for the molecular weight differences of the glycoside moiety
prior to addition.

For example, total genistein in a product should be the sum of genistein +
(genistin/1.60) + (malonylgenistin/1.92) + (acetylgenistin/1.76). Total isoflavones
can be the sum of the adjusted sums of total genistein + total daidzein + total
glycitein. Figure 3 represents the difference in isoflavones reported on an "as is"
basis, the sum of mass of each form in the 3 foods, and on a "normalized" basis
where the molecular weight differences adjustment has been made to correctly
reflect the free isoflavone concentration of the products. It is obvious that failure to
normalize the isoflavone data overestimates the true free, or effective isoflavone
concentrations of a food source. All subsequent figures in this paper will report only
normalized isoflavone totals for daidzein, genistein, and glycitein.
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Table II. Within-day and Between-day Precision
Of Isoflavone Analysis®

Isoflavone Mean (ug/g) Coefficient of Variation (%)
Within Day® Between Day®
Daidzin 188+6 33 3.1
Glycitin 5245 3.0 9.5
Genistin 223+10 3.1 4.4
Malonyldaidzin 1,430+29 2.6 2.0
Malonylglycitin 13143 5.6 2.5
Malonylgenistin 1,379+26 2.1 1.9
Acetylgenistin® 28+1 1.4 3.5
Daidzein 21+1 1.8 5.0
Genistein 19+1 1.9 4.8
Total Daidzein 860+17 2.6 1.9
Total Glycitein 103+4 4.7 4.1
Total Genistein 893+18 2.1 2.1

® Soybean flour stored at -29°C over 24 months. ° n=4. ° n=5. ¢ acetyldaidzin,
acetylglycitin, and glycitein not detected.
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Figure 3. Isoflavones in soybeans, soymilk and tofu expressed on an "as is"
basis and on a "normalized" basis. Din=daidzin; Gin=genistin; Glin=glycitin;
MDin=malonyldaidzin;, MGin=malonylgenistin, MGlin=malonylglycitin;
ADin=acetyldaidzin; AGin=acetylgenistin; AGlin=acetylglycitin;
Dein=daidzein; Gein=genistein; Glein=glycitein.
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Isoflavones in Soy Ingredients

The results of our database development for soy ingredients and soy-based infant
formulas are represented in Figures 4-9. In Figure 4, the yearly variability in total
isoflavone levels in soybeans, which are destined for ingredient manufacture as well
as soybean oil production, is evident. In the 1992 soybeans, the range of total
isoflavones was from 800 to 1500 pg/g. In the 1995 soybeans, the range was from
900 to 2050 pg/g. In the 1996 soybean, the range was from 900 to 3250 pg/g. This
variability represents both season differences in isoflavone expression and genetics
of the soybean variety. Farmers plant different varieties of soybeans each year as
seed companies make agronomic improvements and sell different varieties. We have
observed up to 5 fold differences in isoflavone concentrations in single varieties
grown in different locations or crop years (8). It is our opinion that environment
affects on isoflavone concentrations are much greater than genetics. We have well
controlled agronomic studies that support this opinion (Fehr, Hoeck, Murphy,
unpublished).

Figure S presents the levels of isoflavones found in commercial soy flours.
Soy flours may be prepared from soybeans or hulled soybeans. The hull contributes
a very small fraction to isoflavone totals (6). Commercial soy flours may be full fat,
but, due to stability issues, most commercial flours will be defatted. The range in
isoflavones observed in these commercial flours, mimics the variation seen in intact
soybeans.

Commercial soy concentrates can be divided into two types ranging in
isoflavone concentrations from 50 to 1000 pg/g (Figure 6). Prior to 1994, almost all
commercial soy concentrates could be represented by samples A-f, the very low
isoflavone containing concentrates. These low values reflect the popular technology
for preparing concentrates, by ethanol washing to remove oligosaccharide and
undesirable flavors, and to retain the functional properties desirable in a concentrate.
Since 1994, soy ingredient manufacturers have recognized the marketing advantage
to having some soy concentrates with isoflavone levels closer to that of intact
soybeans or soy flours. This has resulted in concentrates available with isoflavone
levels similar to flours. Both types of products are currently available in the
marketplace. the ways to determine what type of concentrate one has, are to analyze
for isoflavones, or require the manufacturer to document isoflavone levels in the
product. As a general rule, alcohol extracted concentrates can be expected to have
low isoflavone levels, unless the manufacturer has added the isoflavone fraction back
to the product.

" Soy isolates are generally the most expensive soy ingredient and contain
isoflavones at one third to one half found in intact soybeans ranging from 470 to
1050 pg/g (Figure 7). The aqueous alkali and acid steps used to produce isolate
results in losses of isoflavones to discarded fractions in product production (6).
Some manufacturers are recovering this now valuable co-product in their isolate
manufacturing operations.

Four commercial TVP isoflavone concentrations are presented in Figure 8.
TVPs' isoflavone levels seem to fit a bimodal population, as concentrations do. This
reflects the variety of soy ingredients that can be used to produce TVPs. TVPs can
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Figure 4. Isoflavones in soybeans harvested in 1992, 1995 and 1996. Aglycone
total concentrations or "normalized" concentrations of daidzein, genistein and
glycitein are shown.
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Figure 6. Isoflavones in soy concentrates. Aglycone total concentrations or
"normalized" concentrations of daidzein, genistein and glycitein are shown.
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Figure 7. Isoflavones in soy isolates. Aglycone total concentrations or
"normalized” concentrations of daidzein, genistein and glycitein are shown.
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Figure 8. Isoflavones in texturized vegetable (soy) protein. Aglycone total

concentrations or "normalized" concentrations of daidzein, genistein and
glycitein are shown.
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be made from soy flours, soy concentrates, and soy isolates (9). TVPs may be
produced by extrusion of semi-moist soy ingredients, spinning of soy fibers from
very concentrated soy protein solutions, or other technologies to produce solid
materials resembling muscle proteins. The end user may have no knowledge of the
initial soy ingredient used to produce a TVP. Either an isoflavone measurement
must be made, or the TVP supplier must provide this information. The isoflavones
in the TVP presented in Figure 8 appear to be made from flours for the high
isoflavone containing products, and from isolate, for the product containing 950
ng/g.

Figure 9 presents the isoflavone levels found in commercial soy-based infant
formula available in the United States. These concentrations are on a dry formula
weight basis. Reconstituted formula would contain 25-30 pg/ml if prepared
according to the manufacturers directions. Soy-based infant formulas are produced
using soy isolate as the soy source. Although there were some statistically
significant differences in individual isoflavone amounts in these commercial
formulas, they are surprisingly similar in comparison, with the difference in
isoflavone concentrations observed in soybeans and other soy products. When
isoflavone levels in these formulas are adjusted for the percent soy isolate reported
on the label on the product formulation, the differences between products is even
smaller.

In summary, isoflavone database development requires attention to analytical
quality control to insure the goodness of the data destined for the database. A variety
of quality control measures should be employed, including precision and accuracy
measures of the matrix effects, and quality control of the instrumentation. Data must
be expressed correctly on a mass basis, taking into account the differences in the
molecular weight of the isoflavanoid forms. Soy ingredients vary according to the
variety, level of processing, and type of processing. Ranges of isoflavone
concentrations are known, but exact levels for a particular product should be
measured by the investigator, or supplier.
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Chapter 15

Human Bioavailability of Soy Bean Isoflavones:
Influences of Diet, Dose, Time, and Gut Microflora

S. Hendrich, G.-J. Wang, X, Xu, B. -Y. Tew, H.-J. Wang, and P. A. Murphy

Department of Food Science and Human Nutrition, Iowa State University,
Ames, IA 50011

To characterize the bioavailability of the anticarcinogenic soy
isoflavones, men and women were fed soy foods containing 0-2.7
mg isoflavones/kg. Effects of background diet, soy food type, and
dose were examined in studies using randomized cross-over
designs. Plasma, urine and fecal isoflavones were measured by
reverse-phase HPLC. After a single dose of soy, plasma daidzein
‘and genistein were similar. Urinary recoveries of daidzein over 24
h from various soy foods fed within varying background diets were
25-50%, and of genistein, 10-20% of the dose given. Daidzein
recovery was significantly greater than that of genistein.
Isoflavone recovery did not depend upon soy food or background
diet, and isoflavone excretion increased linearly with dose. Human
gut microfloral breakdown of isoflavones was inversely related to
plasma and urinary isoflavone content, with three distinct
phenotypes (high, moderate, and low fecal isoflavone excretor)
evident and likely to significantly influence isoflavone
bioavailability.

Isoflavones are proposed anticarcinogens, found in soy beans in amounts of 1-3
mg/g (1) and in soy foods in amounts of 0.025--3 mg/g (2). Only trace amounts
of isoflavones are found in other legumes, making soy a unique source of these
potentially beneficial food components. Isoflavones are antioxidants in vitro and
in vivo (3, 4). Their weak estrogenicity may be related to both toxic and
potentially beneficial effects (5). Isoflavones are tyrosine kinase and DNA
topoisomerase II inhibitors (6, 7). They also inhibit angiogenesis in an in vitro
model (8). Any or all of these functions might account for the anticarcinogenic
effects of isoflavones. Isoflavone extracts made from toasted, defatted soy flakes
in amounts of 1 mmol total isoflavone per kg of diet are anticarcinogens at the

150 ©1998 American Chemical Society
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stage of promotion in rat hepatocarcinogenesis models (9, 10). The
anticarcinogenic ability of purified isoflavones remains to be proven, as well as
their mechanisms of action in vivo.

The ability of isoflavones to exert such anticarcinogenic effects depends
upon their bioavailability, defined in a nutritional sense as the relative ability of
these compounds to reach their sites of action in biologically active forms.
Bioavailability of dietary compounds depends upon their structure, dose, and
characteristics of their food matrices. In many cases, interactions of the
compounds with gut microflora may also be significant in determining the
compounds’ biological effects.

Influence of Soy Food Type and Isoflavone Structure on Isoflavone
Bioavailability

Soy isoflavone structure determines some aspects of the bioavailability of these
compounds (Figure 1). Isoflavones in most soy foods are more than 90% in
glycosidic form, which seemingly must be cleaved by gut microfloral B-
glycosidases before the isoflavone aglycones can be absorbed, because those
glycosides are probably poor substrates for mammalian B-glycosidases (11).
Isoflavone aglycones, which are present in fermented soy foods in relatively great
quantities (2), may be somewhat more rapidly absorbed than isoflavone
glycosides (12). Plasma and urinary isoflavones were similar in racs fed genistein
or an equimolar amount of genistein glycoside from soy extract at 10-50 h after a
single dose in rats (12), suggesting good efficiency of glycoside cleavage. Thus,
whether dietary isoflavones are present as glycones or aglycones may not be
important to their availability. The presence of malony! or acetyl side chains on
the glycosides may also be unimportant with respect to isoflavone absorption
from soy foods, because when women were fed the same single dose of
isoflavones from tofu (relatively high in glycones and acetyl glycones) v.
texturized vegetable protein (TVP, relatively high malonyl glycone content),
urinary and plasma isoflavones did not differ with soy food (13). Urinary
excretion of genistein was greater after tofu feeding than after TVP feeding only
because the total genistein content of the tofu was greater than that of TVP,

The phenolic structure of isoflavones seems to be a major determinant of
their availability because such hydroxyls are readily metabolized to glucuronide
conjugates, which are excreted rapidly in bile and urine (14). Biliary excretion is
likely the main limiting factor with respect to the dose percentage of isoflavones
that is systemically available. The generally low recovery of isoflavones from
feces, and recovery of a total of only 10-50% of ingested isoflavones in urine (12,
13, 15-17) suggests that biliary excretion of isoflavones is followed by their
breakdown, catalyzed by gut microorganisms (17).

Influence of Dose and Time Course on Isoflavone Bioavailability
A series of human feeding studies has been performed to assess the influence of

isoflavone dose on isoflavone excretion and plasma concentrations. In the first
study, 8 young women were fed a single dose at breakfast of 8.0 pmol total
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Figure 1. Structures of soy bean isoflavones. For daidzein, R,=R,=H, for
genistein, R, = OH and for glycetein, R,=H and R,=OCHs. The respective
glucosidic forms are daidzin, genistin and glycetin. The three isoflavones may
also occur in foods as malonated and acetylated glucosides.
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isoflavones from soy milk/kg body weight within a background diet consisting of
3 meals of chocolate-flavored Carnation Instant Breakfast in skim milk. The peak
excretion of isoflavones occurred between S-11 h after dosing, with excretion
falling to nearly nil at 24 h after dosing. Urinary excretion of daidzein was more
than twofold greater than that of genistein, although the dose of daidzein was only
25% greater than was the ingested dose of genistein. Plasma daidzein averaged
6.84 umol/L and genistein 3.3 pmol/L at 6.5 h after soy milk dose (18). A second
study feeding single doses of soy milk isoflavones of 2.0, 4.0 and 8.0 umol/kg to
12 women (age 24 + 6 y (mean = standard deviation) in a randomized cross-over
design showed similar results of a statistically significant twofold difference in
relative urinary recovery of daidzein v. genistein at all doses (16). Dose was
linearly related to plasma isoflavone level at 6.5 h after dosing (e.g., 0.7, 1.1 and
2.1 pumol genistein/L corresponding to doses of 2.0, 4.0 and 8.0 umol/kg). Dose
was similarly related to urinary isoflavone levels (24, 58 and 79 pmol total
isoflavone excreted at 2.0, 4.0 and 8.0 pmol/kg doses, respectively).

A subsequent randomized cross-over design study examined 7 women fed
three isoflavone-containing meals per day at 5 h intervals for a total daily dose of
10, 20 and 30 pmol isoflavones/kg. Peak urinary isoflavone excretion was
prolonged, with nearly the same total amounts excreted between 0-12 and 12-24 h
after the first isoflavone dose, compared with significantly decreased urinary
isoflavone levels at 12-24 h v. 0-12 h after dose in the single dose study (16). But
total urinary isoflavone excretion was still linearly related to isoflavone dose (88,
159 and 250 pmol excreted, respectively, at doses of 10, 20 and 30 umol/kg) (17).
For 5 of 7 subjects, urinary recovery of daidzein was significantly greater than
that of genistein. But two subjects, who excreted significantly greater amounts of
total isoflavones than did the other 5 subjects, showed about 34% recovery of
both ingested genistein and daidzein in urine. The two- to threefold greater
urinary isoflavone recovery in these two subjects was accompanied by tenfold
greater recovery of isoflavones in their feces compared with other subjects.

To characterize longer term dose effects on bioavailability of isoflavones,
eight women and eight men, ages 20-28, were fed 0, 3.0 or 6.0 pmol
isoflavones/kg from soymilk in breakfast for seven days in a randomized cross-
over design. Each subject consumed an ad libitum diet with the soymilk with a
one-week washout period between soymilk doses. Twenty-four h urine
collections were conducted on the last two days of each feeding period and
isoflavones measured by reverse-phase HPLC as described (16). In all subjects,
urinary excretion of isoflavones was nearly the same on days 6 and 7. Urinary
daidzein was twofold greater than genistein and tenfold greater than equol on both
feeding days. Total 24 h urinary isoflavone excretion was 48 and 96 pmol at 3.0
and 6.0 umol/kg doses, respectively in women (25% of daily dose). Men
excreted an average of 80 and 140 umol total isoflavones over 24 h at doses of 3.0
and 6.0 pmol/kg, respectively (30-34% of daily dose). These data suggest that
men have greater bioavailability of isoflavones than do women. Excretion of
daidzein, genistein and equol seemed to reach a steady state by six days of
feeding in these subjects, with a relatively linear dose/response.

In general, human bioavailability of isoflavones is linearly related to their
dose within a broad dose range (2-30 umol/kg body weight). Daidzein is more



Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.ch015

October 24, 2009 | http://pubs.acs.org

154

bioavailable than is genistein, when total urinary excretion is used as an indicator.
Isoflavones from a single dose are usually cleared from the body within 24 h.
More frequent doses prolong clearance time. Moderate gender differences in
isoflavone bioavailability seem to occur, at least in young aduits.

Isoflavone Metabolism: Influence of Gut Microflora

The consistently low recovery of isoflavones from feces in human bioavailability
studies (13, 15-17) coupled with urinary recovery of only 10-50% of ingested
isoflavones indicates either significant disappearance or significant storage of
these compounds. Storage of isoflavones within the the human body seems
highly unlikely. At present, there exists no evidence for such a phenomenon.
Furthermore, the chemical nature of these compounds compels their rapid biliary
and urinary excretion after glucuronidation. The fate of isoflavones after biliary
excretion has not been well-characterized chemically, but flavonoids and
isoflavonoids may be degraded by strains of Clostridium, Butyrivibrio and
Eubacterium found in the guts of rats, cattle and humans (19-21). The half-lifes
of disappearance of isoflavones in an in vitro anaerobic incubation of a
suspension of human feces in brain/heart infusion (BHI) media were 7.5 and 3.3 h
for daidzein and genistein, respectively (17). Genistein may be more susceptible
to C-ring cleavage by virtue of its 5-OH group, a moiety absent from daidzein
(22).

Some individuals, who have much greater fecal isoflavone excretion than
most subjects, experience more prolonged and greater isoflavone bioavailability,
with similar bioavailability of daidzein and genistein, in contrast with the majority
of subjects (17). This suggests that the presence or absence of certain gut
microfloral species may be an important determinant of isoflavone bioavailability.

Gut microfloral metabolism of isoflavones in vitro has been studied in 15-
20 subjects over a ten-month period. Adults ages 21-45, who had not taken
antibiotics for 3 months before or during the study period, deposited fecal
samples, which were immediately homogenized as tenfold (weight/volume)
dilutions in BHI media. After addition of 590 pmol/L each of daidzein and
genistein (23), the samples were incubated anaerobically for 48 h. The BHI
medium contained cysteine hydrochloride (0.5 mg/L) as a reducing agent, and
resazurine (1.0 mg/L) as an oxygen indicator. Media samples were analyzed for
isoflavone content at 0, 6, 12, 24 and 48 h by HPLC (16). The rate constant, k, of
degradation of daidzein, calculated as the negative slope of the regression line
plotted for isoflavone content of each sample over time, was significantly
different at day O of the study among subjects grouped according to three fecal
excretor phenotypes: Low; k =0.012 (n = 5), Moderate; k = 0.055 (n = 10) and
High; k =0.299 (n =5). At day 300, Low (n = 5) and Moderate (n = 4)
phenotypes had similar daidzein degradation rate constants of 0.053 and 0.073,
respectively, and differed significantly from the daidzein degradation rate
constant of the High excretor phenotype (n = 5), k = 0.326. At day 0, genistein
degradation rate constants were 0.023, 0.163 and 0.299 for Low, Moderate and
High excretor phenotypes, respectively, each group significantly different from
the other groups (p < 0.05). At day 300, genistein degradation rate constants still
differed significantly among the three phenotypes, k = 0.049 (Low), 0.233
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(Moderate) and 0.400 (High). These data suggest relatively stable human gut
microfloral differences in ability to degrade isoflavones. The microorganisms
responsible for these differences remain to be determined. It is likely that such
differences would influence the biological effects of isoflavones, given our
previous observations (17). Further characterization of such differences and
development of screening methods may be important for validation of isoflavone
intakes in human clinical trials of the health effects of soy.

Conclusions

Isoflavone bioavailability depends upon the phenolic nature of these compounds,
which determines their major metabolic products. Gut microflora also exert
profound effects on isoflavone availability, with microfloral breakdown of these
compounds limiting their reabsorption and systemic availability. The presence of
varying glycosidic and aglycone forms of isoflavones in soy foods probably has
little impact on the bioavailability of these compounds, which is linearly related to
their dose over a broad dose range.
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Chapter 16

The Color Stability and Antioxidative Activity
of an Anthocyanin and y-Cyclodextrin Complex

Hirotoshi Tamura, Mitsuyoshi Takada, Atsushi Yamagami, and Kohei Shiomi

Department of Bioresource Science, Kagawa University, Miki-cho, Kita-gun,
Kagawa 761-07, Japan

Since the malvidin type of anthocyanins was found to be the strongest
antioxidant among 6 representative types of anthocyanins, which
activity was evaluated by TBA fest, the utilization of the malvidin type
of anthocyanins as food additives was investigated with great interest.
However, anthocyanins are apt to change their chemical structure to
forms which are irreversibly decomposed to lower molecules in a
weakly acidic aqueous solution. For example, the color of anthocyanins
possessing the anhydrobase and/or flavylium forms, will rapidly fade
away due to the formation of a colorless pseudobase.

The effect of o, B, and y-cyclodextrins on the color stability of
anthocyanins was investigated with respect to the formation of inclusion
compounds. The color stabilty of malvidin 3-(6- O-p-
coumaroylglucoside) was greatly enhanced by the formation of an

inclusion molecule with y-cyclodextrin. Furthermore, antioxidative
activity of the anthocyanins was retained after formation of the host-

guest complex with y-cyclodextrin at pH 7.4.

Low-density lipoprotein (LDL), which is the major carrier of plasma cholesteryl ester,
has been implicated as one of the agents for coronary heart disease (CHD). In many
countries, high intake of saturated fats has been strongly correlated with high mortality
from CHD. French people, in general, have shown a relatively low frequency of CHD,
whereas groups of people in other European countries have shown a higher frequency
(1,2). This population difference in the occurrence of CHD has been termed the French
Paradox. Further, oxidative modification of the polyunsaturated lipid components of
LDL, by active oxygen species, may also have a role in causing atherosclerosis (3).
Recently, the French Paradox has been attributed, in part, to a generally higher level of
red wine consumption by the French. The wine alcohol itself may be responsible for
preventing CHD (4,5). Additionally, non-alcoholic components also appear to have
potent and beneficial antioxidant properties with regards to the oxidation of human LDL
(2). Specifically, the polyphenols in red wine, such as tannins, catechins and
anthocyanins, have received atlention as the chemicals potentially responsible for
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protecting LDL from oxidative modification. The proanthocyanidin type of tannins,
catechins, and anthocyanins are the main polyphenols in grape exfracts (6-8).
Anthocyanins, which are representative flavonoids, and widely found in plants, readily
change their chemical form in aqueous solution. Previous researchers have not evaluated
the various physiological functions of the individual anthocyanin forms [i.e., flavylium,
anhydrobase or pseudobase forms). However, various physiological functions of
anthocyanin equilibrium mixtures (9,10) have been reported.

In general, it is believed that functional flavonoids, including anthocyanins,
show physiological activities as the aglycon form in blood vessels. Duke has reported
(9) and summarized the biological activity of some anthocyanidins. For instance,
pelargonidin has been found to act both as an anti-viral and an anticarcinogenic agent.
Moreover, delphinidin was also found to have anticarcinogenic and antioxidative
properties. However, analysis of standard solutions of Vaccinium myrtillus anthocyanins
(VMA) and rat plasma, after oral administration (400mg/kg), demonsirated thal the
absorption of anthocyanins occurred in the rat plasma (11). About $% of anthocyanidin
glucosides, not anthocyanidin, were absorbed into the blood. This was the first report
that anthocyanin glucosides themselves were observed in blood, demonstrating the
important role of anthocyanins in these physiological functions (12). Therefore, the
utilization of anthocyanins as food additives has been accorded great interest. However,
one of the drawbacks has been that anthocyanins are prone to changes in their chemical
structure in weakly acidic aqueous solution. Consequently, coloring species of
anthocyanins, which include the anhydrobase and flavylium forms, in a weakly acidic
solution, will quickly fade into a colorless pseudobase form, an undesirable effect. Some
stabilization mechanisms of food colorants must therefore be considered.

Cyclodextrin can bind to various kinds of low molecule compounds into ils
cave structure, thereby stabilizing the low molecule organic compounds by the inclusion
effect. This includes hydrophobic interaction and steric profection from hydration.
Some examples of anthocyanin-cyclodextrin complexes have previously been reported
(13). It was observed that adding B-cyclodextrin to solutions of callistephin and
chrysanthemin at pH 2.0, and 26°C, resulted in a strong decrease in the flavylium
chromophore absorption band. In contrast, malvin, and - or B-cyclodextrin complexes
did not appear to affect the visible absorption spectrum of the flavylium chromphore.
This suggests that inclusion of malvin into the cyclodexirin cavity did not occur (14-16).
In addition, no evidence for color stabilization, or an effect of the anthocyanin-
cyclodextrin complex on antioxidative activity was found. In our objectives, inclusion of
colored forms and colorless forms of the anthocyanin into a cyclodextrin structure was
expected to help in maintaining the food factor functionality of the anythocyanin. The
inclusion effect of cyclodextrin on various kinds of malvidin type of anthocyanins was
studied.

Isolation of anthocyanins in grape skins

HPLC analysis. HPLC analysis of Muscat Bailey A pericarps was carried out
according to the method described by Goto and co-workers (17) as follows: Column,
C18, Smm Develosil (250 X 4.6 mm 1.d.); temperature was controlled at 40°C; detectlor
280 nm and 520 nm; mobile phase, A: AcOH : CH3CN : H20 : H3PO 4=8:10:80.5:
1.5%; mobile phase, B: AcOH : CH3CN : H20 ; H3P04 = 20: 25 : 53.5: 1.5% (viIV) .
The flow rate of the eluent was 1 mL/min. The analysis was accomplished by a linear
gradient elution from solvent A to solvent B in 30 min. Isolation of anthocyanin
pigments from 1.4 kg of Muscat Bailey A pericarps using 1.8 L of 0.5% TFA-50%
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MeOH aqueous solution was carried out according to the method described by Tamura
et al. (18) . Malvidin 3-glucoside, malvidin 3,5-diglucoside, malvidin 3-0-(6-O-p-
coumaroylglucosido)- S-glucoside, and malvidin 3-0-(6-0-p-coumaroylglucoside) were
purified with an ODS column. The purity of each anthocyanin was checked by analytical
HPLC at 290 nm and 520 nm. The four pigments with purity greater than 95% were
used to assay antioxidative activity and color stability, in a cyclodextrin aqueous
solution.

Oxidation system of linoleic acid by ferrous sulfate. The oxidation of linoleic acid
was conducted using a modification of a method reported previously (19, 20). Linoleic
acid (17.8 mmol) was diluted with 4.9 mL of a trizma-buffer solution (0.25 mM, pH 7.4)
containing 0.2% SDS and 0.75 mM potassium chloride. Lipid peroxidation was initiated
by adding 1 mmol ferrous sulfate. The antioxidant solution (0.1mL) was added into the
buffer solution when necessary. The total volume of the reacting lipid peroxidation
solution was then adjusted to 5 mL. Incubation was continued for 16 h at 37°C in the
dark. Adding 9.1 mmol BHT alcoholic solution to the tube stopped the reaction.

Antioxidative activity assay (21,22). The antioxidant (5 pmol) was dissolved in 0.5%
trifluoroacetic acid-ethanol or 0.5% frifluoroacetic acid-water, then the solution was
made up to 5 ml with the same solvent. The diluted antioxidant solution (0.1 mL) was
mixed with the lipid peroixidation solution (4.9 mL). The antioxidative activity was
quantitatively determined using the thiobarbituric acid (TBA) method (23). The amount
of TBA reactive substances was estimated by malondialdehyde formed from 1,1,3,3-
tetraethoxypropane.

Color stability of anthocyanins. The color stability of malvidin 3,5-diglucoside,
malvidin 3-glucoside and their p-coumaroyl ester was measured at pH 3, § and 7.0, and
30°C for 24 h. The decrease in visible maximal absorption (540 nm for pH 3.0, S50nm
for pH 5.0, 580nm for pH 7.0) of the anthocyanins was recorded against {ime course.
UV-VIS spectra were measured with a JASCO V-520SR spectrophotometer. The pH
solutions mentioned above were prepared by mixing 0.1M of a cilric acid aqueous
solution with 0.2 M of a Na2HPO4 aqueous solutions {(McIlvain buffer solution).

Antioxidative activity of anthocyanins

Antioxidative activity of the four pigments extracted from Muscat Bailey A grapes was
previously evaluated on the basis of the amount of malondialdehyde formed by the
autoxidation of linoleic acid in Trizma buffer (pH 7.4) (22). p-Coumaric acid did not
affect the antioxidative activity. Malvidin 3-glucoside acted as one of the polyphenol
antioxidants. However, the mixture of malvidin 3-glucoside and p-coumaric acid did not
show cooperative antioxidative activity. Malvidin 3-glucoside acylated with p-coumaric
acid, in contrast, showed the strongest antioxidative activity. p-coumaric acid thus
appears to act as an intramolecular synergist. Moreover, the relative antioxidative
activity of anthocyanidin among flavonoids was of great interest, and subsequently
compared (Fig. 1 and 2).

Each flavonoid collected commonly had ortho diols on the B-ring. Thus,
cyanidin was selected as the representative anthocyanidin, and compared with the
flavonoids. The antioxidative activity of cyanidin was found to be the same as that of
catechin and quercetin. Luteolin, a flavone, was the strongest antioxidani. The
antioxidative activity of six representative anthocyanidin 3,5-diglucosides, and their p-
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Figure 1. Comparison of antioxidative activity between cyanidin
and the other flavonoids in the linoleic acid system at pH 7.4.
Lipid peroxidation was induced by 400 uM FeCl2.

Reported values are the mean + standard deviation (n=4).
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Figure 2. Structures of cyanidin and the other flavonoids having
orth diol on the B ring.
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coumaroyl esters, was also compared to one another (Fig. 3). The malvidin type of

anthocyanin was found to be a powerful antioxidant. Antioxidative activity of a-
Tocopherol and related phenolic antioxidants has been previously reported in a self-

initiated autoxidation system (24) by Burton and Ingold, whereby a-Tocopherol was the
strongest antioxidant in the related phenolic compounds. The stability of free radicals
formed by the autoxidation was atlained by reaction inhibition, due to bulk methyl
groups close to the phenoxy radical. Two methoxy groups on the B ring of the malvidin
chromophore might participate in the stability of free radicals for the same reason. In
addition, all of the acylated anthocyanins also exhibited greater antioxidative properties.
In each case, the p-coumaroyl moiety appeared to greatly contribute to antioxidative
activities as a synergist. Among the anthocyanins, antioxidative activity of the cyanidin
type of anthocyanins was less than that of the malvidin type of anthocyanin. So, the
antioxidative potency in wine grapes might be, in large part, due to the main four
malvidin series of anthocyanins contained in Muscat Bailey A, Cabernet Sauvignon, and
some other grape varieties, more so than the catechins.

Stability of anthocyanins in buffer solutions with cyclodextrin

As the antioxidative activity of the malvidin type of anthocyanins showed the highest
values amongst the six representative anthocyanins having different functional groups on
the B-ring, color stability and antioxidative activity of the malvidin series of
anthocyanins, in buffer solutions with cyclodextrins, were also studied. Cyclodexrin
can include various chemicals in the nonpolar cave of the host molecules to form a stable
host-guest complex. Thus, a-cyclodextrin (cavity size, 6 A) can include one molecule of
benzene, and B-cyclodextrin (8 A) can include one molecule of naphthalene as shown in
Fig. 4. The larger y-cyclodextrin (10 A) can include two molecules of naphthalene (25).
On the other hand, the molecular size of anthocyanidins in nature is approximately 6.6 X
12 A (Fig. 5). Thus, anthocyanin molecules, such as nathphalene derivatives, may be
generally incorporated into B- and y-cyclodextrins. The host-guest complex formation
between four types of anthocyanins, and a-, -, y-cyclodextrins were examined, and
investigated specifically towards the enhancement of color stability, and the functionality
of anthocyanins as food factors. Figures 6 and 7 show the stability of anthocyanins (10-
4 mole/L) at pH 3 and pH § with B-cyclodextrin in 10mM cyclodexirin concentrations.
Without the cyclodexirin, the color stability was very different from that of the -
cyclodextrin solution. At pH 5, the solution color had completely faded. At pH 3.0, four
kinds of malvidin glucosides, with or without p-coumaric acid as an ester maintained
solution color for a long period of time. Malvidin 3-glucoside maintained about 60% of
the color. As malvidin 3-glucoside with p-coumaric acid formed a precipitate, which
setiled at the bottom of the solution, visible absorption was not observed. At pH 3.0,
chemical equilibrium between the flavylium (colored, F) form and the pseudobase
(colorless, P) form of the four anthocyanins was quickly attained after dissolution. The
equilibrium can be expressed by:

K(equilibrium constant) = F / P

Proton signals from both forms, in a weakly basic solution, using 1H-NMR, were
observed. Color stability, in this case, is represented by the ratio of the concentrations of
the flavylium form to the pseudobase form of the anthocyanin (26). If the equilibrium
shifts to the flavylium form, the color retention should be increased. Although the
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Figure 3. Comparison of antioxidative activity between
deacylatedanthocyanins and acylated anthocyanins in the linoleic
acid systemat pH7.4. Lipid peroxidation was induced by 400uM
FeCl2 (n=4).
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Figure 4. Chemical structure of Cyclodextrins
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preferential inclusion of the colorless forms of the pigment into the B-cyclodextrin cavity
has been reported (27), the instability of the colored forms of those anthocyanins in
solution with B-cyclodextrin was not observed in this study. Thus, the equilibrium
constant of the flavylium and pseudobase forms did not change significantly, despite the
presence of B-cyclodextrin. However, in the buffer solutions at pH 3 and 5, v-
cyclodextrin had a slight stabilizing effect on some colored anthocyanin molecules. The
stability depended on the mole ratio of y-cyclodextrin to the pigments (1X10-4M).
Malvidin 3-(6- O-p-coumaroylglucoside) possessed the most stable color by adding
10mM of y-cyclodextrin in the solution, as shown in Figs. 8 and 9. Mistry et al. and
Dangles and Brouillard (15, 16) tested the inclusion effect of malvin into the y-
cyclodextrin cavity. They did not observe an improvement in the stability of malvin
when bound in the y-cyclodextrin cavity. Actually, malvidin 3,5-diglucoside showed the
weakest stability in our experiments. It is possible that malvidin 3,5-diglucoside could
not be included into the y-cyclodexirin cave because of steric hindrance by bulky 5-
glucoside within the cavity. However, the inclusion complex formation of malvidin 3-(6-
0-p-coumaroylglucoside), and y-cyclodextrin did cause an increase in solubility into the
buffer solution. That is, solubility of the complex was higher than that of malvidin 3-(6-
O-p-coumaroylglucoside) itself for the buffer solution (90% of the color was retained).

The 1H-NMR spectrum of the inclusion complex of malvidin 3-(6-O-p-
coumaroylglucoside) and y-cyclodextrin showed higher field shift of the 3-position
methyne proton signal, of the glucose unit of y-cyclodextrin, indicating an inclusion
complex (28). These trends in color stability were similar in pH 5 solutions. The
inclusion complex of malvidin 3-(6-O-p-coumaroylglucoside), and y-cyclodextrin,
showed color retention at about 30% at pH 5.0, even though the other anthocyanins lost
about 95% of their color within 24 h of dissolving. As mentioned above, y-cyclodextrin
can incorporate two molecules of nathphalene into the cave. Therefore, the p-coumaroyl
moiety of malvidin 3-(6-O-p-coumaroylglucoside) might take part as an intramolecular
spacer of malvidin 3-glucoside (29). The rigid packing of the p-coumaroyl moiety and
malvidin chromophore into the cave increased the color stability of the complex in
solution at pH 3.0 and 5.0. From this, a tentative mechanism for the color stability of
malvidin 3-(6-O-p-coumaroylglucoside) with y-cyclodextrin can be proposed as shown
in Fig. 10.

Antioxidative activity of anthocyanins in buffer solutions with cyclodextrin

Antioxidative activities of anthocyanins, with or without y-cyclodextrin, was examined
as follows (Fig. 11). Lipid peroxidation was induced by 150 mM FeCI2 at 30°C for 16 h
in the dark. Antioxidative aclivity was observed only at pH 7.4 (physiological
condition). Under the physiological condition, y-cyclodextrin (10mM) showed
antioxidative activity, but this concentration of y-cyclodextrin produced 20 nmols
MDA/mg linoleic acid. After the addition of four kinds of malvidin glucosides, with or
without p-coumaric acid, lipid peroxidation with the anthocyanin-y-cyclodexirin
complex was found to be suppressed. This suggests that, in the inclusion molecule,
anthocyanin still acted as an antioxidative reagent. However, the antioxidative power
was slightly less relative to the condition without y-cyclodextrin.
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Conclusion and Perspective

The color stability of acylated malvidin 3-glucoside was extremely enhanced by the
formation of an inclusion molecule at pHs 3.0 and 5.0. However, under physiological
conditions (i.e., pH 7.4), the color stability was not as great. In contrast, antioxidative
activity of anthocyanins at pH 7.4 still remained after formation of the host-guest
complex with y-cyclodextrin. For the purposes of an industrial application, the utilization
of grape anthocyanin pigments at lower pHs could be investigated in future study. The
shelf-life of grape color in processed foods might be increased by inclusion into a y-
cyclodextrin cavity. Furthermore, after digestion, the host-guest inclusion complex
between malvidin 3-(6-O-p-coumaroylglucoside)-5-glucoside, or malvidin 3-(6-O-p-
coumaroylglucoside), and y-cyclodextrins may still show the functionality of
anthocyanins as food factors for human health.
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Chapter 17

Inhibitory Effect of Flavonoids on Lipoxygenase-
Dependent Lipid Peroxidation of Human Plasma
Lipoproteins

J. Terao', E. L. da Silva, H. Arai, J-H. Moon, and M. K. Piskula

National Food Research Institute, Ministry of Agriculture, Forestry and Fisheries,
2-1-2 Kannondai, Tsukuba, Ibaraki 305, Japan

There is increasing evidence that oxidative modification of plasma
low-density lipoprotein (LDL) leads to the formation of lipid-laden
foam cells in atherosclerotic lesions. In recent years, a role of
lipoxygenase in this event has attracted much attention, although the
mechanism for the modification still remains uncertain. Thus, we
evaluated the inhibitory effect of several dietary antioxidants,
including flavanoid aglycone, and glycosides, on the lipoxygenase-
dependent lipid peroxidation of human plasma LDL. 15-
Lipoxygenases (15-LOX) from soybean and rabbit reticulocytes
were used as the enzymes. LDL oxidation was monitored by the
measurement of cholesteryl ester hydroperoxides (CE-OOH), using
reverse-phase HPLC.  (-)-Epicatechin, quercetin, and quercetin
monoglucosides (quercetin-3-O-f-glucopyranoside, quercetin 4'-O-
B-glucopyranoside, quercetin-7-O-B-glucopyranoside) were found to
inhibit the accumulation of CE-OOH, whereas no inhibition was
observed with 5-fold a-tocopherol-enriched LDL. It is, therefore,
implied that dietary flavonoids, such as catechins and quercetin, can
exert a role in decreasing cardiovascular diseases by inhibiting
lipoxygenase-induced LDL oxidation.

It is generally accepted that oxidatively modified, low-density lipoprotein (LDL)
plays an important role in the early stages of atherogenesis (1-3). Although the exact
mechanism by which oxidized LDL is formed in vivo is still unknown, LDL can be
modified oxidatively by 15-lipoxygenases (15-LOX) in in vitro systems (4-7). High
levels of lipoperoxides were found in LDL, and incubated with fibroblasts which
overexpress 15-LOX (8,9). Therefore, the 15-LOX reaction seems to participate in
the initial process of LDL oxidation as shown if Fig. 1. Several clinical trial studies
have indicated that dietary antioxidants help in preventing the progression of

172 ©1998 American Chemical Society
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coronary artery disease (review, see ref. 10). These studies are focusing on the
introduction into the LDL particles of chain-breaking antioxidants, such as a-
tocopherol and the carotenoids, which decrease the extent of LDL oxidation. The
use of 15-LOX inhibitors from dietary sources might be an interesting mode of
prevention of atherosclerosis if 15-LOX plays an essential part in oxidative
modification of LDL in vivo. Here, we selected (-)-epicatechin, quercetin, and
quercetin monoglucosides as typical dietary flavonoids (Figure 2), which are
recognized as lipoxygenase inhibitors (11,12). Their inhibitory effects on 15-LOX-
dependent LDL oxidation was evaluated by measuring the accumulation of
cholesteryl ester hydroperoxides (CE-OOH). The results suggest that on a molar
basis, these flavonoids are stronger inhibitors than a-tocopherol in the 15-LOX-
induced oxidative modification of LDL.

Effect of Lipophilic Antioxidants on Soybean Lipoxygenase-Dependent
Peroxidation of Phospholipid-Bile Salt Micelles

We first investigated the inhibition of some typical antioxidants in the enzymatic
lipid peroxidation of bile-salt micelles of phosphatidylcholine (PC), using soybean
lipoxygenase (13). Soybean enzyme can oxidize micellar phospholipids directly in
the presence of bile salt (14,15). The inhibition ratio of each antioxidant was
calculated from the phosphatidylcholine hydroperoxide (PC-OOH) concentration
after 60 min. incubation with, and without, antioxidants. The 50% inhibition
concentrations (IC50) were obtained, as shown, in Table 1. The IC50 of quercetin
(90 uM), is much lower than a-tocopherol (220 uM). This indicates that quercetin
possesses a higher inhibitory effect than a-tocopherol in the 15-LOX-dependent lipid
peroxidation of esterefied lipids, in biological systems. p-Carotene showed no
inhibitory effect, even at the concentration of 1 mM.

Effect of Antioxidants on Soybean Lipoxygenase-Dependent Peroxidation of
Human LDL.

Human LDL was isolated from fresh human plasma by discontinuous density-
gradient ultracentrifugation, according to the method of Kleinveld (16). Its
suspension in PBS buffer (0.2 mg protein/ml) was oxidized by the addition of 10,000
U/ml of soybean lipoxygenase (Typel-B, 206,000 units/mg protein from Sigma
Chemical Co.). LDL oxidation was carried out at 20°C, and the cholesteryl ester
hydroperoxides (CE-OOH) was measured by reverse phase HPLC as the index of
LDL oxidation levels (Figure 3). There was a progressive increase in the CE-OOH
level without a detectable lag phase. In addition, 1 uM ascorbic acid was an
effective antioxidant only in the first 3 hours. The LDL fraction used in the
experiment, contained endogenous o-tocopherol, at the level of 11.4 n mol/mg
protein.

We prepared a-tocopherol-enriched LDL by the addition of D/L-a-
tocopherol to plasma. LDL particles were isolated after incubation for 3 hours. This
LDL contained 5-fold enriched a-tocopherol (50.2 nmol/mg protein), however, no
inhibitory effects were identified by the enrichment treatment. In contrast, (-)-
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Fig. 2 Possible Pathway for Oxidative Modification of Human Low-Density
Lipoprotein (LDL) Leading to Athersclerosis.

Table I. The 50% Inhibition Concentrations (IC50) of Quercetin and
Quercetin Monoglucosides on Mammalian 15-LOX-Induced Oxidation of
Cholesteryl Esters in Human LDL

Antioxidants IC50 (uM)
Quercetin 0.35

Q3G 0.47

Q7G 0.47

Q4'G 1.2

Human LDL (0.4 uM) was oxidized with 15-LOX (1 pM) at 20°C, for 3 hours in the
presence or absence of quercetin or quercetin glucosides.
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epicatechin and quercetin were found to be strong LOX inhibitors. Thus, it is
indicated that (-)-epicatechin and quercetin act as effective inhibitors when LDL was
subject to the lipoxygenase reaction.

Effect of Antioxidants on Mammalian 15-LOX-Dependent Lipid Peroxidation
of Human LDL.

Mammalian 15-LOX has been purified from various tissues, and its molecular
properties have been studied (17). Mammalian 15-LOX is capable of oxygenating
esterified fatty acids, not only in micelles, but also in biomembranes and plasma
lipoproteins. It is suggested to participated in the oxidative modification of LDL.
We applied LOX from rabbit reticulocytess as mammalian 15-LOX, and its reaction
with LDL was used as the in vitro model system for the estimation of the antioxidant
activity of flavonoids in the LOX-induced oxidative modification of LDL (Figure 4).
Similar to soybean LOX, CE-OOH accumulated linearly by the reaction of
reticulocyte 15-LOX with human LDL, and (-)-epicatechin and quercetin, at 1 pM,
and inhibited the accumulation effectively. a-Tocopherol-enriched LDL did not
inhibit the CE-OOH accumulation, and ascorbic acid only inhibited the first stage of
3 hours, at the level of 1 uM. Thus, flavonoids are superior to a-tocopherol and
ascorbic acid in the 15-LOX-dependent oxidation of LDL. However, flavone at the
same concentration was completely ineffective. Indeed, flavone contains a flavonoid
nucleus, but does not have any additional phenolic groups. It is therefore likely that
the substitution of the flavone nucleus with hydroxyl groups is essential to the ability
of flavonoids to inhibit the 15-LOX catalyzed LDL oxidation.

Effect of Quercetin and Quercetin Monoglucosides on Mammalian 15-LOX-
Dependent Lipid Peroxidation of Human LDL

A number of flavonoids are commonly found in foods in the form of glycosides. For
example, quercetin is mainly present in the forms of 3,4'-di-O-B-glucosides, and 4'-
O-B-glucoside in onion (18). Glucosidase from human plasma, and intestinal
bacteria, are likely to hydrolyze the glucose moiety, resulting in a flavonoid aglycone
(19). However, a recent study has shown the presence of flavonoids as glycosides in
human plasma (20). In order to know the difference between a flavonoid aglycone,
and its glycoside, in the inhibition of 15-LOX-induced LDL oxidation, we selected
quercetin and quercetin glucosides (quercetin-3-O-f-glucopyranoside; Q3G,
quercetin  4'-O-B-glucopyranoside; Q4G, and quercetin-7-O-f-glucopyranoside;
Q7G).

Table 1 shows the IC 50 (the 50% inhibition concentration) of these
aglycones and glucosides. Interestingly, binding of the glucose group at the 3- and
7- positions influenced the inhibitory effect very little, indicating that hydroxyl
groups at 3- and the 7- positions, at least partly, do not take an essential part in the
inhibition mechanism. On the other hand, IC 50 obtained from Q4'G was lower than
those obtained from the other glucosides and aglycone. The hydroxyl group at the B
ring seems to, to some extent, contribute to the inhibition of 15-LOX-induced
oxidation.
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Conclusion

In 15-LOX-induced LDL oxidation, flavonoids containing a polyhydroxyl group can

act

as strong inhibitors. They may, therefore, have a role in the prevention of

atherosclerosis if 15-LOX participates in the process of this degenerative disease.
Endogenous a-tocopherol in LDL may not work as an effective inhibitor of this
process. Quercetin glucosides, as well as aglycone, can inhibit this LOX-induced
oxidation. These flavonoids may be promising compounds for the prevention of
atherosclerosis.
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Chapter 18

Comparison on the Nitrite Scavenging Activity and

Antimutagen Formation Between Insoluble and Soluble

Dietary Fibers

K. Kangsadalampai

Division of Food and Nutrition Toxicology, Institute of Nutrition, Mahidol
University, Puttamonthon 4 Road, Salaya, Nakhon Pathom 73170, Thailand

Nine insoluble fibers prepared from fruits and vegetables and
eleven soluble fibers were evaluated for their nitrite scavenging
activity and the antimutagen formation of aminopyrene-nitrite (AP-
nitrite) model in the Ames test. Most of the insoluble fibers were
good nitrite scavengers and inhibitors of mutagen which arose from
the reaction of the model (pH 3). However, it was found that most
of the soluble fibers were not good nitrite scavengers. The presence
of some fibers (7 out of 11) in the reaction mixture of the AP-nitrite
model increased the revertant number of Salmonella typhimurium
TA98 and TA100 induced by the reaction products. Subsequent
experiments showed that the binding of aminopyrene to some
soluble fibers was reversible and might be the possible mechanism
of mutagenic enhancement.

Dietary fiber is believed to decrease the incidence of colorectal cancer; but not all
types of fiber are equally protective. Two studies questioned the philosophy that a
high fiber diet will do no harm, even it does not prevent colon cancer. An
Australian study showed a positive correlation between cereal fiber intake and
colon cancer (/) and a British study showed increased mortality from gastric cancer
in vegetarians (2). Studies on the antimutagen formation of fiber (especially fiber
from fruits and vegetables) are scanty. Moller et al. (3) noted that wheat bran acted
as a nitrite scarvenger under gastric-like conditions. Their work indicated that
nitrite scavenging may be a factor in the possible role of bran protecting against
gastric cancer development. It was observed in an in vitro experiment that
hydrophobic carcinogens adsorbed to the insoluble plant cell wall component, but
commercial soluble fiber currently used as emulsifiers and stabilizers in the food
industry namely; k-carrageenan, y-galactomannan, (1—3,1—4)-p-D-glucan, gum
arabic, pectin, polygalacturonic acid and sodium carboxymethylcellulose,
maintained 1,8 dinitropyrene in aqueous solution and decreased its adsorption to a-
cellulose (4). This phenomenon suggested the possible mechanisms by which
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soluble fibers might enhancethe development of cancer. It was thus worth
examining the role of dietary fibers as nifrite scavengers and their antimutagen
formation.

Materials and Methods

Chemicals. Bacto agar was the product of Difco Laboratories, (Detroit, Michigan,
U.S.A.). Oxoid nutrient broth No. 2 was purchased from Oxoid Ltd., (Basingstoke,
Hampshire, England). Aminopyrene was furnished by Aldrich (St. Louis Missuri,
U.S.A.). Sodium thiocyanate (NaSCN), bovine serum albulmin (BSA), d-biotin,
sodium dihydrogen phosphate and a-cellulose were purchased from Sigma
Chemical Co. (St. Louis, Missouri, U.S.A.). Hydrogen bromide, sodium nitrite and
N-(1-napthyl)ethylenediamine dihydrochloride were obtained from BDH
Chemicals Ltd. (Poole, England). Other chemicals were of laboratory grade.

Plant Fibers. They were prepared from cabbage, Chinese kale, cucumber,
waxgourd, ivygourd, papaya, unpolished rice, rice bran, gauva, pineapple core and
pomelo peels. Each sample was disrupted and blended with water; the homogenate
was then frozen overnight. After thawing, it was washed repeatedly with water to
remove water-soluble materials including protein and water soluble vitamins (3).
The fiber was extracted with a mixture of hexane and acetone (3:2) to remove lipid
soluble compounds. Finally the resultant powder was ground and passed through a
20-mesh screen.

Soluble Fibers. They were obtained from various sources. Agar was the
product of Difco Laboratories (Michigan, U.S.A.). Carboxymethylcellulose (CMC)
was prepared by D.S.K. Internationals (Tokyo, Japan). Carrageenan was furnished
by Systems Bioindustries (Baupte, France). Gum arabic and guar gum were
supplied by Rickard Gum (England) and Jainson (Jodhiur, India) respectively.
Locust bean gum was bought from C.E. Roepera GmbH and Co. (Hamburg,
Germany). Three methylcellulose namely; MC 25 cps (centipoise), MC 1500 cps
(centipoise) and MC 4000 cps (centipoise) were the products of Dow Chemical
(Michigan, U.S.A.). Pectin was purchased from Hercules, Inc. (New York, U.S.A.).
Sodium alginate and xanthan gum were the products of Went Cheme (Germany)
and C.N.L (Paris, France).

Nitrite Scavenging Capability (NSC). Fiber (20, 40 or 100 mg) was added to 5
ml of simulated gastric mixture containing BSA 300 mg/l and imitated saliva
(consisting of 0.3 mM NaSCN and 2 g/l NaCl) as suggested by Moller et al. (3).
The mixture was refrigerated overnight. Before incubation, 5 ml of 80 mM sodium
nitrite was added to the reaction mixture and pH level was adjusted to 1.5-2.0 with
0.5 ml of 2N HCL. Incubation through shaking was conducted at 37° C for 2 h. The
reaction tube was placed in an ice bath for 10 min before the reaction mixture was
finally filtered through filter paper. The procedure by Takeda and Kanaya (6) was
used to determine the nitrite content. NSC was the slope obtained from the linear
regression between calculated amount (in mg) of fiber and the amount (in ug) of
nitrite that disappeared from the reaction mixture.
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Antimutagen Formation of Fibers. Aminopyrene interacting with sodium nitrite
in an acidic medium (pH 3) was used as a standard mutagenic model (7). Fiber
sample (10, 20, 40, 80 or 120 mg) was added to 2 ml of simulated gastric condition
mixture containing BSA 300 mg per litre and imitated saliva (3). The mixture was
refrigerated overnight. Before incubation, 300 pl of 0.004 M sodium nitrite, 300 pl
of 0,004 M aminopyrene and 1400 ui of 0.02 N hydrochloric acid (sufficient acid to
acidify the reaction mixture to a pH level of 3.0-3.5) were added. Thorough
shaking during incubation was carried out at 37° C for 4 h. The mixture was then
placed in an ice bath for 10 min. The reaction tubes were centrifuged and the
supernatant was collected and filtered through sterile 0.2 micron filter paper.
Filtrate (0.015 ml or 0.025 m}) of the reaction mixture was mixed with 0.5 ml of 0.5
M NaPO,-KCL buffer pH 7.4 and was subjected to preincubation method of the
Ames mutagenicity test using Salmonella typhimurium strain TA 98 or TA 100
modified by Yahagi et al. (§) without the addition of activating system. The fiber
incorporated in the reaction mixture tube was said to have antimutagen formation
activity when the Salmomella revertants per plate were lower than those of the
standard nitrite treated aminopyrene plate and demonstrated a negative dose-
response relationship.

Aminopyrene Binding Strength of Different Fibers. The experiment was
designed to elucidate a possible mechanism to explain why 9 out of 12 fibers could
increase the formation of mutagen. It was conducted simultaneously in two
separated tubes. In each tube, fiber sample (15 mg per tube) was autoclaved at 121

°C for 15 min, brought to room temperature, and added with 2.0 ml of sterile water
and the tube was kept refrigerated overnight. The solutions of 10 ul of aminopyrene
(0.075 mg per ml) and 740 pl of 0.2 N hydrochloric acid were added to the tube.
Each reaction tube was first shaken in the waterbath for 1 h. It was then
centrifuged at 3,500 rpm, for 20 min. One ml of the supematant of the first tube
(Portion A) was transferred to the tube containing 90 ul of 2 M sodium nitrite and
refrigerated. To the remaining mixture in the first tube, 1 ml of sterile distilled
water (pH 3.0) was added and further incubation was carried out for another 1 h;
then, the mixture was centrifuged and 1 ml of the supernatant was taken as Portion
B. This portion was also added 90 pl of 2 M sodium nitrite. The remaining second
tube was incubated in a shaking water bath (37°C) for 2 h, centrifuged and 1 ml of
the supernatant (Portion C) was added with 90 pl of 2 M sodium nitrite. The
reaction mixtures of Portions A, B and C were shaken for another 2 h in the water
bath at 37 °C before they were mixed with 90 pl of 2 M ammonium sulfamate in
the ice bath for 10 min. Mutagenicity of each portion was determined as described
above.
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Results and Discussion

Nitrite Scavenging Capability. The NSC results of various fiber types are shown
in Table I. The NSC of ivygourd fiber is noted as the best. Indications note that
fiber from various fruits and vegetables show different NSC. NSC (ng nitrite/mg
fiber) ranged from 135.8 for cooked pomelo peels to 252.4 of ivygourd. A widely
used food additive a-cellulose; however, had very low capability (1.6 ng nitrite/mg
fiber). On the other hand, it was found that no soluble fibers changed the
concentration of nitrite under the studied condition. It is important to note that the
studied plant fibers are insoluble fibers according to the method of preparation
which could remove all water soluble substances. From the present experiment, it
appears that only insoluble fibers are beneficial as nitrite scavengers.

The study results have demonstrated that plant fiber are nitrite scavengers
under conditions similar to those prevailing in a normal human stomach. Dence (9)
documented that wood lignin could react with nitrite under markedly acidic
conditions. However, most of the fiber samples in this study were prepared from
unlignified wall of dicotyledonous plants (except for rice bran and unpolished rice)
which were poor lignin sources. The only possible lignin source in this study might
be the pineapple core which was, nevertheless, not a good nitrite scavenger.
Further elucidation on the components of the fiber samples which are nitrite
scavengers is required.

Antimutagen Formation of Fiber It is shown that most fiber extracted from
various plant sources can bind nitrite. The inverse dose-response relationships
between the amount of fiber and the mutagenicity of the nitrite treated aminopyrene
are shown in Table II. It is noted that plant fibers have significant antiformation of
mutagens on both tester strains of Ames test. In addition, it is not surprising to find
that a-cellulose has no antiformation of mutagen. It is noted that pineapple core
fiber, which possibly contained high lignified cell walls, trapped nitrite and
inhibited the mutagenicity of the studied model. However, its NSC and
antiformation of mutagen were not better than those of the others. Table III shows
that three fibers namely; carrageenan, sodium alginate, and xanthan gum exhibite
their inhibitory effects against the mutagenicity of the model. However, the fibers
namely; agar, CMC, guar gum, gum arabic, locust bean gum, MC 25, MC 1500,
MC 4000, and pectin increase the mutagenicity of nitrite treated aminopyrene on
Salmonella typhimurium TA98 and TA100.

Rice bran was a good source of nitrite scavenging fiber. Its extracted fiber
was the second best in reducing the mutagenicity of nitrite treated aminopyrene.
Moorman et al. (/0) worked on the ion exchange capacity and ability to bind
mutagens such as benzo[a]pyrene and 2-aminoanthracene (2-AA) and mutagens
extracted from fried ground beef by soft white wheat bran, hard red wheat bran, and
corn bran. They found that wheat bran had the highest ion exchange capacity and
were effective in binding the 2-AA. Benzo[a]pyrene and the fried ground beef
mutagens were not effectively bound by fibers which were demonstrated by the
failure of reducing the mutagenicity by passing the hamburger mutagen through the
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Table I. Nitrite scavenging capability of different fibers.
Data were the slope of the linear regression between the amount of
fiber (in milligram) per tube and the disappearance of
nitrite ion (in nanogram) from the reaction mixture.

Data were reported as means and standard deviations (n = 4)

Fiber NSC
(ng nitrite per mg fiber)
cabbage 213.0 +22.1
Chinese kale 237.6+31.2
pomelo peel 91.1+18.9
cucumber 218.9+25.9
waxgourd 204.7 £ 24.6
ivygourd 252.4 +28.4
papaya 210.1 £36.5
unpolished rice (boiled) 72.4+15.7
rice bran 262.7+17.9
pineapple core 142.2 +24.0
a-cellulose 1.6 £ 0.8
agar trace*
pectin trace
carrageenan trace
sodium alginate trace
guar gum trace
locust bean gum trace
xanthan gum trace
gum arabic trace
carboxymethylcellulose trace
methylcellulose 25, 1500 and 4000 cps** trace

* ]less than 1 ng nitrite per mg fiber

** cps = centipoise
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Table I1. Antimutagen formation of different plant fibers on 2,000 pl
reaction mixture containing 300 pl of 0.004 M sodium nitrite, 300 pl of 0.004
M aminopyrene, and 1400 ul 0.02N hydrochloric acid. The fiber has
antimutagen formation activity if it reduced the Salmonella revertants per
plate with negative dose response relationship. Revertant colonies were
reported as means and standard deviations in parenthesis (n = 4).
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TA98 TA100
fiber mg  revertants % mg revertants %
fiber per reduction  fiber per reduction
per plate or per plate or
plate stimulation  plate stimulatio
n
waxgourd 0 688(57) 0 0 697(35) 0
38 781(11) +13.52 63 680(12) -2.44
75 741(28) +7.70 125  639(52) -833
150 612(57) -11.05 250  633(28) -9.19
300 125(25) -81.84 500  560(20) -19.66
450 18(4) -97.39 750  270(12) -61.27
ivygourd 0 648(54) 0 0 724(25) 0
38 376(26) -41.98 63 758(45) +4.69
75 86(13) -86.73 125 739(14) +2.07
150 26(3) -95.99 250  200(22) -72.38
300 20(7) -96.92 500  184(16)  -74.59
450 24(9) -96.30 750  212(11) -70.72
cabbage 0 664(44) 0 0 688(42) 0
38 528(18) -20.49 63 582(96) -15.41
75 422(23) -36.45 125  522(46) -24.13
150 265(39) -60.10 250  573(27) -16.72
300 32(6) -95.19 500  474(29) -31.11
450 20(5) -96.99 750  214(16) -68.90
Chinese 0 750(29) 0 0 697(38) 0
kale 38 616(17) -17.87 63 608(13) -12.77
75 434(25) -42.14 125  589(16) -15.50
150 206(29) -72.54 250  561(44) -19.52
300 14(2) -98.14 500  158(18) -77.34
450 16(6) -97.87 750  156(13) -77.62
pineapple 0 750(29) 0 0 697(38) 0
core 38 606(8) -19.20 63 539(17) -22.67
75 559(28) -25.47 125  650(25) -6.75
150 203(21) -72.94 250  640(22) -8.18
300 97(12) -87.07 500  510(19) -26.83
450 40(18) -94.67 750  330(24) -52.66

Continued on next page.
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Table I1. Continued.

TA98 TA100
fiber mg  revertants % mg revertants %
fiber per reduction  fiber per reduction
per plate or per plate or
plate stimulation plate stimulatio
n
papaya 0 726(59) 0 0 688(48) 0
38 550(38) -24.25 63 612(36) -11.05
75 470(11) -35.27 125  666(47) -3.20
150 134(30) -81.55 250  528(29) -23.26
300 17(12) -97.66 500  249(16) -63.81
450 16(8) -97.80 750  154(18) -77.62
pomelo 0 772(25) 0 0 724(32) 0
peel 38 740(11) -4.15 63 710(12) -1.94
75 644(28) -16.59 125  686(32) -5.25
150  488(11) -36.79 250  664(14) -8.29
300  209(36) -72.93 500  468(24) -35.36
450 92(16) -88.09 750  240(36) -66.86
cucumber 0 879(52) 0 0 814(71) 0
38 624(36) -29.02 63 790(52) -2.95
75 514(12) -41.53 125  736(44) -9.59
150 127(25) -85.56 250  540(16) -33.67
300 18(4) -97.96 500  106(26) -86.98
450 21(7) -97.62 750 85(7) -89.56
rice bran 0 879(52) 0 0 814(71) 0
38 692(45) -21.28 63 791(37) -2.83
75 280(23) -68.15 125  652(24) -19.91
150 20(12) -97.73 250  116(18) -85.75
300 18(7) -97.96 500  110(18) -86.49
450 14(8) -98.41 750 91(12) -88.83
unpolished 0 664(44) 0 0 688(42) 0
rice 38 566(15) -14.76 63 658(23) -4.37
(boiled) 75 537(18) -19.13 125  640(40) -6.98
150  424(26) -36.15 250  625(44) -9.16
300  400(29) -39.76 500  604(37) -12.21
450 144(18) -78.32 750  572(27) -16.87
a- 0 879(52) 0 0 814(48) 0
cellulose 38 680(25) -22.64 63 878(28) +7.86
75 624(21) -29.02 125 828(35) +1.71
150  686(28) -21.96 250  839(24) +3.07
300 762(23) -13.32 500  806(36) -0.99
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Table III. Antimutagen formation of different soluble fibers on 2,000 ul
reaction mixture containing 300 ul of 0.004 M sodium nitrite, 300 ul of 0.004
M aminopyrene, and 1400 ul 0.02N hydrochloric acid. The fiber has
antimutagen formation activity if it reduced the Salmonella revertants per
plate with negative dose response relationship. Revertant colonies were
reported as means and standard deviations in parenthesis (n = 4).
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TA98 TA100
fiber mg  revertants % mg  revertants %
fiber per reduction  fiber per reduction
per plate or per plate or
plate stimulation _ plate stimulation
agar 0 1176(77) 0 0 472(38) 0

67  1400(70)  +19.04 167  564(22)  +19.49
133 1858(46)  +57.99 333  598(13)  +16.69
267  1595(78)  +35.62 668  592(13)  +25.42
400 1125(28)  -434 1000 582(83)  +23.30

pectin 0 1271(94) 0 0 730(33) 0
67 2672(102) +11022 167 1175(106)  +37.87
133 2410212) +89.61 333  1620(85)  +37.87
267  2900(98) +128.16 668  1455(131)  +23.82
400  3015(56) +137.21 1000  1515(49)  +28.93

carrageenan 0 1008(94) 0 0 730(33) 0
67 380(92) -62.31 167 593(76) -18.77
133 399(93) -60.42 333 698(46) -4.39
267 420(67) -58.34 668 682(59) -6.58
400 350(42) -65.28 1000  670(29) -8.22

sodium 0 788(56) 0 0 444(28) 0
alginate 67 373(53) -52.67 167 218(39) -50.91
133 226(57) -71.32 333 224(20) -49.55
267 189(29) -76.02 668 206(18) -53.61
400  278(20) -64.73 1000  248(23) -44.15

guar gum 0 1035(31) 0 0 576(35) 0

67 -~ 1983(75)  +91.59 167  931(21)  +61.63
133 1660(28)  +60.38 333 942(69)  +63.54
267  778(30)  -24.84 668  492(41)  +14.59

400  658(16)  -3643 1000  556(21) -3.48
locustbean 0  1271(94) 0 0 730(33) 0
gum 67 1318(154)  +3.69 167  712(54) -1.24

133 1182(88) -7.01 333 802(31) +9.86
267 1494(111)  +17.54 668 848(65) +16.16
400 1722(126)  +35.48 1000  955(35) +30.82

Continued on next page.
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Table I11. Continued.

TA98 TA100
fiber mg  revertants % mg  revertants %
fiber per reduction  fiber per reduction
per plate or per plate or
plate stimulation _ plate stimulation
xanthan 0 1008(94) 0 0 730(33) 0
gum 67 1012(69) +0.39 167 611(26) -16.31
133 992(95) -1.59 333 552(65) -24.39
267 726(83) -27.98 668 490(31) -32.88
400 620(55) -38.50 1000  340(21) -53.43
gum 0 1035(32) 0 0 576(35) 0
arabic 67 1242(25) +20.00 167 742(39) +28.81
133 1415(35) +36.71 333 966(108) +67.70
267  1850(42) +78.74 668 1123(24) +94.96
400  1412(90) +36.42 1000  1288(44) +123.61
carboxyl 0 780(90) 0 0 433(15) 0
methyl 67 933(24) +19.61 167 472(11) +9.00
cellulose 133 894(20) +14.61 333 576(25) +33.02
267 1840(28)  +135.89 668 561(36) +29.56
400  1723(37)  +120.89 1000  617(23) +42.49
methyl 0 780(90) 0 0 433(21) 0
cellulose 67 896(34) +14.87 167 464(28) +7.15
25 cps 133 918(101) +17.69 333 454(36) +4.84
267  1020(91) +30.76 668 690(28) +59.35
400 1640(64) +11025 1000  668(74) +54.27
methyl 0 1176(77) 0 0 472(88) 0
cellulose 67  1565(108)  +33.07 167 799(30) +69.27
1500cps 133 1964(107)  +67.00 333 852(33) +80.50
267  1656(73) +40.81 668 804(26) +70.33
400  1960(85) +66.66 1000  818(11) +73.30
methyl 0 1176(77) 0 0 472(88) 0
cellulose 67 1325(35) +12.67 167 818(23) +73.30
4000cps 133 1839(100)  +56.37 333 876(13) +85.59
267  1990(42) +69.21 668 680(62) +44.06
400  1703(137)  +44.81 1000 618(25) +30.93
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fiber coloumns. Thus, further study on the inhibition of mutagens of fried food by
rice bran fiber is still required.

Aminopyrene Binding Strength of Soluble Fibers. Since nitrite scavenging
capability was not a characteristic of the soluble fibers in this study, the binding to
aminopyrene was of interest to be explored. Fiber-mutagen binding has been
suggested as one of the mechanisms of action which may prevent mutagenesis. The
results of the present study enable us to categorize the fibers into two groups (Table
IV). The first group contains agar, carboxymethylcellulose, guar gum, gum arabic,
locust bean gum, and pectin. These results were in accordance with the
experimental design suggesting that aminopyrene bound to the fibers at a certain
amount and left the unbound portion reacted with sodium nitrite and became
mutagenic. When a portion of 1 ml of the mixture was removed and the mixture
was made up to the original volume, the one ml portion B was found mutagenic
nearly the same magnitude as of portion A. It is therefore suggested that the binding
is reversible due to the concentration of aminopyrene in the environment. The
second group of fiber consisting of MC 25 cps, MC 1500 cps and MC 4000 cps has
a different characteristic. The mutagenicity of portion C of each fiber is not
different from that of portion A. On the other hand, the mutagenicity of portion B
does not recover after the addition of water suggesting that aminopyrene firmly
binds to such fibers.

The results of the soluble fiber in the first group indicate a possible
mechanism by which soluble fibers may enhance mutagenesis of the aminopyrene-
nitrite model. The fibers may maintain aminopyrene (a hydrophobic mutagen
precursor) in some unknown specific manner and presumably release it to the
solution to interact with nitrite continuously. This phenomenon may occurr due to
the concentration gradient between the bound aminopyrene portion and the free
aminopyrene in the medium. It is obvious that the products of nitrosation of
compounds other than amines in gastric-like condition are composed of some direct
mutagens (/). Direct mutagens are generally less stable than indirect mutagens in
the aqueous environment. Agents such as nitrosamides, nitrosoureas and
ethylenimines are chemically stable only in the anhydrous state (/2). Since the
incubation time was 4 h, the total direct mutagen which occurred in the reaction
mixture of nitrite and aminopyrene (interaction occurred for all aminopyrene at the
same time) may have a lesser chance (due to its unstability) to interact with the
DNA of the tester strains than that of the reaction mixture containing fiber which
occurred continuously due to the released aminopyrene.

It is necessary to note that although the three types of methylcellulose were

all good aminopyrene binders, they also increased the mutagenicity of
aminopyrene-nitrite model (Table IV). It might be postulated that 1) the reaction
rate of aminopyrene and nitrite might be too fast for the fibers to trap aminopyrene
in order to retard the formation of mutagenic molecules or 2) nitrite ions could react
with the scavenged molecule of aminopyrene and the molecules of nitrosated
product had lesser affinity with the fiber thus they were continuously released to
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Table IV. Aminopyrene binding strength of soluble fibers. Data expressed
as means and standard deviations of revertant bacteria per plate (n = 4).

TA98 TA100
Fiber Portion pg fiber revertants ug fiber revertants
per plate per plate per plate per plate
agar A 185 1600 (83) 462 720 (32)
B 185 1665 (35) 462 886 (25)
C 185 1280 (64) 462 539 (65)
guar gum A 185 1622 (118) 462 698 (77)
B 185 1840 (47) 462 699 (64)
C 185 1547 (33) 462 709 (18)
gum arabic A 185 1399 (54) 462 642 (34)
B 185 1568 (40) 462 592 (14)
C 185 1486 (73) 462 740 (26)
locust bean A 185 1158 (115) 462 906 (62)
gum B 185 1168 (54) 462 860 (28)
Cc 185 1048 (30) 462 915 (25)
pectin A 185 2335 (107) 462 1239 (73)
B 185 2385 (35) 462 1195 (21)
C 185 2340 (85) 462 1345 (106)
CMC A 185 547 (49) 462 500 (60)
B 185 636 (41) 462 467 (44)
C 185 578 (39) 462 441 (54)
MC 25 A 185 488 (36) 462 438 (29)
cps B 185 264 (18) 462 266 (17)
Cc 185 517 (45) 462 410 (44)
MC 1500 A 185 524 (46) 462 416 (18)
cps B 185 376 (27) 462 262 (21)
C 185 644 (23) 462 413 (14)
MC 4000 A 185 544 (20) 462 501 (76)
cps B 185 240 (49) 462 230 (30)
C 185 641 (55) 462 538 (16)

CMC = carboxymethylcellulose, MC = methylcellulose, cps = centipoise

*Portion A: Mixture of fiber and 0.004M aminopyrene was incubated at 37 °C for
1 h and 1 ml of the mixture was transferred to react with 0.004M sodium
nitrite for 2 h.

*Portion B: Remaining mixture of fiber and 0.004M aminopyrene (after taking
Portion A) was added with 1 ml of sterile-pH 3.0 water and incubated at 37
°C for another 1 h. One ml of the mixture (Portion B) was taken to react with
0.004M sodium nitrite for 2 h,

*Portion C: The second reaction mixture tube containing fiber and 0.004M
aminopyrene was incubated at 37 °C for 2 h; then, 1 ml of the mixture was
transferred to react with 0.004M sodium nitrite for 2 h.
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interact with the tester strains of Ames test. Further experiments to obtain the
kinetic parameters of the interaction between nitrite and most precursors of
mutagens occurring in the gastric conditions are necessary in order to give a clearer
view on how to prevent the formation of such mutagens. Therefore, from the
present experiment it is possible to draw a conclusion, that in order to protect
consumers from the mutagens formed from nitrite salt during the gastric digestion,
the supplementary fiber must be a good, rapid nitrite scavenger and the scavenging
activity should have a strong association constant.

Conclusion

The consumption of fruits and vegetables provide some nitrite scavengers and
would protect the consumer from mutagens derived from nitrite treated compounds
occurring during gastric digestion. However, the results obtained were contrary,
when food grade soluble fibers were studied. More data on specific components of
fruit and vegetable fiber binding nitrites or mutagens are required.
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Chapter 19

Antitumor Effect of Green Tea on Rat Urinary Bladder

Tumor Induced by N-Butyl-N-(4-hydroxybutyl)
nitrosamine

M. Matsushima and D. Sato

Second Department of Urology, School of Medicine, Toho University,
Tokyo 153, Japan

The effect of various types of tea, including leaf and powdered green tea,
on N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN)-induced urinary bladder
carcinogenesis in rats were investigated. Green tea had an antitumorgenic
effect on urinary bladder tumor induced in rats by BBN, while half-
fermented tea (oolong tea) and fermented tea (black tea) did not. Powdered
green tea had a concentration-dependent effect on urinary bladder tumor,
and the antitumorgenic effect of powdered green tea was pronounced than
that of leaf green tea.

The incidence of urinary bladder cancer in Japan is very low compared with that in the
USA. However, the urinary bladder cancer rate in 3rd generation, or later, Japanese-
Americans in about 3 times that of native Japanese (1). a number of contributing
environmental factors has been identified in the case of bladder cancer. Of that, the
role of diet is very important in urinary bladder carcinogenesis. Green tea has a long
history, and its therapeutic effects have been frequently reported. Recently, attention
has been paid to the anti-carcinogenic effect of its principal ingredient, cathechin (2).
In the present study, we investigated the inhibitory effect of the various types of tea,
including green tea, on the carcinogenesis of urinary bladder tumors induced in rats by
N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN).

Materials and Methods
First Experiment. Fifty-seven weeks old male Wistar rats divided into two groups,
and BBN was added to their drinking water for 5 weeks at a concentration of 0.05%.

The drinking water was then replaced with tap water for the control group and sencha
(green tea) for the green tea group.
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Second Experiment. One hundred and twenty-seven weeks old male Wistar rats
were used. We divided them into 6 groups and BBN was added to their drinking
water for 5 weeks at a concentration of 0.05%. At the beginning of week six, the
drinking water was replaced by ordinary tap water for the control group (group 1),
sencha (green tea) for group 2, macha for group 3, hojicha (roasted green tea) for
group 4, oolong tea for group 5, and black tea for group 6.

Methods of Tea Preparation. Sencha and Hojicha: We poured 1200 mL of hot
tap water on 10 g tea leaves of commercially available sencha and hojicha. After 60
seconds, the decoction was cooled to room temperature and given as drinking water to
the animals. Macha: We poured 400 mL of hot water on 10 g of the commercially
available macha. After whipping, the decoction was diluted 100 times and given as
drinking water to the animals. Oolong tea and black tea: We poured 100 mL of hot
tap water on a tea pack of commercially available oolong tea or black tea. After 3 min,
the delcoction was cooled to room temperature and given as drinking water to the
animals.

Third Experiment. One hundred seven weeks old male Wistar rats were used.
We divided them into five groups, and BBN was added to their drinking water at a
concentration of 0.05% for 5 weeks. After that, the drinking water was replaced with
tap water. The control group was fed a CE-2 pellet diet (by Nippon Clea Co.), group
2 was fed 0.15% powdered green tea CE-2 pellet diet, group 3 a 1.5% powdered
green tea CE-2 pellet diet, group 4 a 3% powdered green tea CE-2 pellet diet and
group 5 a 6% powdered green tea CE-2 pellet diet for 40 weeks.

Results

First Experiment. All rats were sacrificed at 40 weeks and their urinary bladders
were distended with 10% formaldehyde solution and a ligature placed around the neck
of each bladder to maintain proper distention. After fixation, the number of gross
tumors was counted and the size of each tumor measured by ruler. The bladder was
then sliced and prepared for light microscopy. Tissues were embedded in paraffin and
stained with hematoxyline and eosin. Gross tumors were nearly all spherical papillary
tumors like that shown in Fig. 1-3. Regarding the mean volume per tumor and total
tumor volume, there were significant differences between groups. However, there
were no significant differences between groups in the number of rats with tumors or
the number of tumors per rat. The body weight of the rats was nearly identical in both
groups, with no side effects noted. The results indicate that oral administration of
green tea suppresses the growth of BBN-induced bladder tumors in rats (Fig. 4).

Second Experiment. All rats were sacrificed at 40 weeks. Regarding the number
of tumors per rat, there were significant differences between the green tea and roasted
tea groups and the control group. However, there were no significant differences
between the macha, oolong tea, and black tea groups, and the control group. There
were also significant differences in mean tumor volume per rat between the green tea
and control group. The total tumor volume of the green tea group was one tenth that
of the control groups. In this experiment, green tea had an antitumor effect on BBN-
induced urinary bladder tumors in rats. However, the half-fermented tea (oolong tea)
and fermented tea (black tea) did not have such an effect (Fig. 5).

Third Experiment. All rats were sacrificed at 40 weeks. Tumor incidence in
groups 1, 2, 3, 4, and 5 was 96%95%, 75%, 88%, and 92%, respectively.



Fig. 1. Normal urinary bladder of Wistar rat.
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Fig. 2. Urinary bladder tumor of the control group.
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Fig. 3. Urinary bladder tumor of the green tea group.
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Fig. 4.  Effect of green tea on BBN-induced urinary bladder carcinogenesis in rats.
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Regarding the number of tumors per rat, there was significant difference between
group 4 and the control group. Regarding the mean tumor volume and total tumor
volume of each group, there were significant dose-dependent differences between
groups 2 to 5, and the control group. In conclusion, powdered green tea had an
antitumor effect on BBN-induced urinary bladder tumor in rats. The antitumor effect
of the powdered green tea was stronger than that of leaves green tea (Fig. 6).

Discussion

Numbers of contributing environmental factors have been identified in the
development of urinary bladder cancer. Among them, diet is very important in urinary
bladder carcinogenesis (1). Investigation of dietary factors indicates a higher risk of
bladder cancer due to levels of vitamin A and infrequent consumption of carrots, milk,
and cruciferous vegetables, as well as too much animal meat and fat and excessive
coffee consumption. Vital statistics for Japanese show that the death rate for all cancer
in both males and females in Shizuoka prefecture is much lower than the Japanese
average (2). The standardized mortality ratios for all cancers and for stomach cancer
in the mid-western areas of Shizuoka prefecture-where green tea is a staple product-
were much lower compared with the national average in both sexes (2). A significant
difference in the number of habitual green tea drinkers in the town of Kawane (with a
low standardized stomach cancer mortality ratio) and the towns of Osuka (with a high
standardized stomach cancer mortality ratio) were observed in both sexes. The extract
of fresh green tea leaves was effective in inhibiting the growth mouse sarcoma 180
(2). The result of our first experiment indicates that oral administration of green tea
suppresses the growth of urinary bladder BBN-induced tumors in rats. Liberal intake
of green tea and fruit juices may be responsible for low level of urinary bladder cancer
in metropolitan Nagoya in Japan (3). These data suggest the possibility that green tea
may reduce bladder cancer risk. Green tea leaves contain about 10% catechins, which
have the following composition: (-)-epigallocatechin gallate (EGCg) 50%, (-)-
epigallocatechin (EGC) 30%, (-)-epicatechin gallate (ECG 10%, and (-)-epicatechin
(EC) 10%. Tea catechins are responsible for the astringent taste of green tea. Hara et
al. reported the suppression of the growth of implanted sacroma 180 tumors in mice
by EGCg (4). Kada et al found that EGCg has an antimutagenic effect on
spontaneous reverse mutations in bacterial systems (5), while Okada et al. found that
EGCg inhibited the mutagenicity of Trp-P-1 from a tryptophan pyrolysate (6).
Carcinogenic mechanisms are composed of at least two steps, initiation and promotion
(7). Nakamura et al found that the extracts of Japanese green tea and EGCg inhibited
N-methyl-N-nitro-N-nitrosoguanidine (MNNG)-induced mutagenicity in Escherichia
coli and decreased the 12-O-tetra-decanoyl-13-acetate (TPA)-mediated promotion of
neoplastic transformation in mounse epidermal JB6 cells in vitro (8). Horiuchi et al
demonstrated that EGCg also inhibited tumor promoting activity induced by
teleocidine, a potent promoter, in two-stage skin carcinogenesis experiments with
mice (9). These results suggest that extract of green tea leaves and EGCg may have
inhibitory effects on both stages of initiation and promotion in carcinogenesis.
Matsumoto et al. found that tea catechins, black tea extract and oolong tea extract have
a chemopreventive addition against hepatocarcinogenesis (10). The results of our
second experiment indicate that extracts of green tea had an antitumor effect on BBN-
induced bladder tumor, while half-fermented tea (oolong tea) and fermented tea (black
tea) did not. EGC and EGCg-the main polyphenolic constituents of green tea
responsible the inhibition of tumor initiation and promotion-are present in much lower
concentration in black tea and oolong tea.



Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.ch019

October 24, 2009 | http://pubs.acs.org

196

p<0.05
100
75
/
50 z Group 1 (Control)
% B Group 2 (Green tea)
0
No. of tumors per rat D Group 3 (Macha)
150 -
125 ,5-0—02. 10,000 . Group 4 (Roasted tea)
8,000 m
100 =
75 1,000} ‘ E Group 5 (Oolong tca)
750
so 500 p
% 250 Group 6 (Black tca)
0 0

Mean volume per tumor Total tumor Volume (mm?)

Fig. 5. Effect of each tea on BBN-induced bladder tumors in male Wistar rats.
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Most Japanese drink green tea brewed from green tea leaves, discarding the tea
grounds. Many nutrients, including vitamin A, vitamin E, chlorophyll, food fiber and
lipid, are still contained in the tea groups. Recently powdered green tea has become
available in Japan, allowing drinkers to consume all the dried tea matter in beverage
form. In our third experiment, we investigated the antitumor effect stronger than that
of the green tea extracts.

The amount of green tea, roasted tea, oolong tea and black tea administrated in
this study corresponds to 6 to 7 cups of each tea in humans, and 1.5% dose of
powdered green tea administered in this study corresponds to about 10 cups of green
tea in humans. Since the present results suggest that green tea extract and powdered
green tea eating may protect against human urinary bladder carcinogenesis.
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Chapter 20

In Vitro and In Vivo Effects of Fatty Acids and Phenolic
Compounds on Chemical Mediator Release from Rat
Peritoneal Exudate Cells

K. Yamada', N. Matsuo"’, K. Shoji', M. Mori', T. Ueyama', S. Yunoki', S. Kaku',
S. Oka’, K. Nishiyama’, M. Nonaka', H. Tachibana', and M. Sugano™*

'Department of Food Science and Technology, Kyushu University, Fukuoka 812-81, Japan
’Department of Biological Resource Sciences, Miyazaki University, Miyazaki 889-21, Japan

Phenolic antioxidants in foodstuffs, such as tea polyphenols and
flavonoids, inhibited histamine and LTB4 release from rat peritoneal
exudate cells. Among them, triphenol compounds suppressed
histamine release, but not diphenol compounds. In LTB4 release,
most phenolic compounds with 1,1-diphenyl-2-picrylhydrazyl
radical scavenging activity exerted an inhibitory effect.
Carboxylated phenols, or quercetin glycosides, exerted weak
activity, irrespective of their strong radical scavenging activity. This
suggests that membrane permeation of phenols is necessary for the
inhibition of LTB4 release. In addition, unsaturated fatty acids with
more than 3 double bonds significantly suppressed LTB4 release.
Feeding experiments suggested that perilla oil, rich in n-3 o-
linolenic acid, decreases LTBas-releasing activity of the cells,
probably by reducing the proportion of arachidonic acid in
membrane phospholipids. Tea polyphenols feeding decreased the
activity through some different mechanism.

Allergic reactions are usually classified into 4 types. Type I allergy plays an
important role in the induction of allergies against food proteins, or airborne antigens
(7). In the expression of the type I allergy, induction of allergen-specific IgE, and
release of chemical mediators such as histamine and leukotrienes (LT) from mast
cells or basophils, are critical steps. Recently, it has been reported that some food
components affect the above immune processes. For example, unsaturated fatty
acids (UFA) seem to enhance type I allergic reactions through enhancement of IgE
production, and inhibition of IgA and IgG production by rat mesenteric lymph node
lymphocytes (2). Since the expression of IgE production-enhancing activity of UFA
was inhibited in the presence of a lipophilic antioxidant o-tocopherol, lipid
peroxidation seems to enhance type I allergy. On the other hand, natural
antioxidants such as flavonoids (3, 4) and tea polyphenols (TP) (3, 6) have been

’Current address: Department of Biochemistfy, Oita Mcdical University, Oita 879-55, Japan.
“‘Current address: Faculty of Human Health Science, Prefectural University of Kumamoto, Kumamoto 862,
Japan
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reported to suppress type I allergy through the inhibition of chemical mediator
release. These findings suggest that various types of food components can regulate
allergic reactions. Thus, clarification of a mechanism by which they regulate allergic
reactions may have great benefits in the prevention of allergies. However,
information on the regulatory mechanism is so far, limited. Thus, we studied the
structure-activity relationship on the chemical mediator release inhibitory effect of
phenolic compounds.

In addition, polyunsaturated fatty acids (PUFA) have been reported to
regulate various biological functions including immune reactions (7-/7). Among
them, arachidonic acid (n-6) is a substrate of lipoxygenase, and gives 4-series LT
which induces the type I allergy. On the contrary, another n-6 y-linolenic acid (72,
13), and n-3 PUFA, such as eicosapentaenoic (EPA) and docosahexaenoic acids
(DHA), have been reported to be anti-allergic (7, 9). We also studied on the effect of
PUFA on chemical mediator release from rat peritoneal exudate cells (PEC) to
clarify the mechanism of their anti-allergic effect and found that PUFA, with more
than 3 double bonds, strongly suppressed LTBa release from the cells (/7).
However, the mechanism by which PUFA suppress LTB4 release was not clarified
well, especially in vivo. Thus, we studied the effect of dietary fats, and TP, on the
chemical mediator releasing activity of PEC.

In Vitro Assay System for Chemical Mediator Release-inhibitory Substances

Preparation of Rat Peritoneal Exudate Cells. PEC were isolated by the method of
Matsuo et al. () from 8-9 weeks old male Wistar rats (Ceac Yoshitomi, Fukuoka,
Japan). At first, Tyrode buffer (137 mM NaCl, 2.7 mM KCl, 1.8 mM CaClz, 1.1
mM MgCh, 11.9 mM NaHCOs3, 0.4 mM NaH2POs4, 5.6 mM glucose, pH 7.2),
supplemented with 0.1% bovine serum albumin was injected into the peritoneal
cavity. The abdomen was then massaged gently for 2 min. After opening the
peritoneal cavity, the fluid containing PEC was recovered, and the cells were washed
once with Tyrode buffer. After centrifugation at 200 x g for 10 min at 4°C, cells
were resuspended in a modified-ammonium chloride buffer (150 mM NH4Cl, 10
mM KHCOs3, 10 mM EDTA-2Na, pH 7.4) and then incubated for 5 min at 4°C.
After centrifugation, cells were resuspended in Tyrode buffer, supplemented with 0.9
mM CaCla.

Determination of histamine. After adjusting the cell density at 0.5 x 10° cells/ml,
cells were stimulated with 5 uM A23187 for 20 min at 37°C, in the absence or
presence of phenolic compounds. DMSO concentration of the cell suspension was
adjusted to the levels below 1%, where the solvent exerted no effect on the mediator
release. The stimulation was terminated by incubating the cells for 15 min at 4°C
and the cell suspension was centrifuged for 10 min at 300 x g.

Histamine content in the supernatant was measured according to the method of
Shore et al. (14), with slight modifications (5). After mixing 2 ml of the above
supernatant with 0.75 g of NaCl and 0.5 ml of 1 N NaOH, 5 ml of the 3:2 (v/v)
mixture of n-butanol and chloroform was added. After mixing for 5 min, the
solution was centrifuged for 5 min at 270 x g and the upper butanol layer was
recovered. Four ml of the solution was mixed with 2 ml of n-heptane and 1.5 ml of
0.1 N HCI for S min. After centrifugation for 5 min at 270 x g, 1 ml of the HCI layer
was recovered, and mixed with 0.15 ml of 1 ¥ NaOH and 0.1 ml of 0.2% o-
phthalaldehyde. This solution then stood for 5 min at room temperature. The
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reaction was terminated by adding 0.14 ml of 0.5 N H2SOs4, and fluorescence
intensity was measured using a spectrophotometer (type RF500, Shimadzu, Kyoto,
Japan), with the excitation at 360 nm, and the emission at 450 nm. Since around

20% of intracellular histamine was released spontaneously without A23187
stimulation, relative histamine release (%) was calculated according to the following
formula: (A23187-stimulated release with test sample - spontaneous release/A23187-
stimulated release without test sample - spontaneous release) x 100.

Determination of LTB4. LT released into Tyrode buffer after an A23187
stimulation was measured, according to the method of Powell (/5), with slight
modifications (5). PEC (2 x 10° cells) were suspended in 40 ul of Tyrode buffer
containing 0.9 mM CaCl: at 4, mixed with 5 ul of sample solution and 5 pl of 50 uM
A23187, and then incubated for 20 min at 37. The reaction was terminated by
adding 50 pl of the 30:25 (v/v) mixture of acetonitrile and methanol. After adding
50 ng of PGB:2 as the internal standard, the cell suspension was centrifuged for 10
min at 300 x g The supernatant was filtered through a 0.22 um nitrocellulose filter
(Millipore, Tokyo, Japan). The filtrate (20 pl) was applied to a ODS-A column (150
X 6 mm, 5 pm particle size) attached to the Shimadzu SCL-10A high performance
liquid chromatography system. Eicosanoids were eluted from the column with a
30:25:45 (v/v/v) mixture of acetonitrile, methanol and H20 containing 5 mM
CH3COONH4 and 1 mM EDTA-2Na (pH 5.6), at a flow rate of 1.1 ml/min. PGB2
and LTB4 were detected by the absorbance at 280 nm. Relative LTB4 release (%)
was calculated according to the following formula: (A23187-stimulated release with
test sample/A23187-stimulated release without test sample) x 100.

Determination of DPPH radical-scavenging activity. Polyphenols, or
antioxidants, were dissolved in ethanol to measure their 1,1-diphenyl-2-
picrylhydrazyl (DPPH) radical-scavenging activity. Reaction mixtures containing 20
mM HEPES (pH 7.4), 0.05 mM DPPH, 60% ethanol and 0.05 mM test samples were
stood for 30 min at room temperature in dark place and then absorbance at 517 nm
was measured. DPPH radical scavenging activity (%) was calculated according to
the following formula: (A517 without test sample - A517 with test sample/A517
without test sample) x 100.

Statistics. When necessary, data was analyzed by Duncan’s new multiple range test
to evaluate significant differences (/6).

In Vitro Effect of Food Components on Chemical Mediator Release from Rat
Peritoneal Exudate Cells .

Effect of unsaturated fatty acids. When rat PEC were stimulated with A23187 in
the presence of 0.1 mM UFA, oleic (18:1n-9) and linoleic (18:2n-6) acids did not
affect LTB4 release from the cells. Whereas, fatty acids with more than 3 double
bonds exerted a significant inhibitory effect (/7). The inhibitory effect was
enhanced with the number of double bonds in the order of a-linolenic acid (18:3n-3)
< y-linolenic acid (18:3n-6) < EPA (20:5n-3) < DHA (22:6n-3). The inhibitory
effect was detected only at 100 uM in arachidonic acid, above 10 uM in EPA, and
above 1 pM in DHA. Since production of LTB5 was observed only in the presence
of EPA, at least a part of extracellular PUFA may be incorporated into the cells and
oxidized with lipoxygenase. LTBsS is produced by lipoxygenase oxidation of EPA,
and reported to suppress the production of LTB4. However, arachidonic acid, the
precursor of LTB4 suppressed LTBs release. In addition, DHA, which is not
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metabolized to LT, exerted the highest suppressing effect. These results suggest that
PUFA directly suppress LTB4 production, probably through inhibition of the
lipoxygenase activity.

On the other hand, these PUFA have also been reported to enhance type I
allergy through stimulation of IgE production, and inhibition of IgA and IgG
production by rat mesenteric lymph node lymphocytes (2). Since the expression of
their IgE production enhancing activity was inhibited in the presence of lipophilic
antioxidants, such as o-tocopherol, oxidation of PUFA is responsible for the process.
Fortunately, various antioxidants have been reported to act as an anti-allergic agent
by inhibiting chemical mediator release (5, 6). These results suggest that
combinational use of lipophilic antioxidants is essential to express anti-allergic effect
of PUFA, without expression of IgE production-enhancing activity

Effect of tea polyphenols. TP have been reported to exert diverse biological effects,
such as anti-oxidative, anti-bacterial, anti-fungal, anti-viral, anti-atherosclerotic and
anti-cancer activities (/7-20). In addition, TP with the triphenol group, such as
epigallocatechin (EGC), epicatechin gallate (ECg) and epigallocatechin gallate
(EGCg) have been reported to suppress both histamine and LTB4 release from rat
PEC, while TP with the diphenol group, such as catechin and epicatechin, do not (J).
Similarly, triphenolic TP have been reported to exert transformed cell-specific
toxicity, but not diphenolic TP (20). In the case of immunoglobulin production,
triphenolic TP suppressed IgE production of rat mesentric lymph node lymphocytes
bellow 0.1 mM, but diphenolic TP did not (27). These results suggest that the
triphenol group has a stronger biological effect than the diphenol group.

TP inhibits histamine release from rat basophilic RBL-2H3 cells stimulated
with a nonspecific stimulant A23187, and with antigen-IgE complex composed of
anti-DNP IgE and DNP-BSA (6). In addition, they inhibited both histamine and
LTBa4 release from mast cells present in rat PEC. Histamine is accumulated m
secretory granules, and released from the cells after an elevation of intracellular Ca**
level, and the activation of protein kinase C (22, 23). On the other hand, LT are
released after the elevation of the Ca®" level, activation of phospholipase A2 (PLA2),
and lipoxygenase oxidation of arachidonic acid released from membrane
phospholipids by PLA2 (24,25). Simultaneous suppression of histamine and LTB4
release suggests that TP exert thexr effect through a common reaction, such as the
elevation of the intracellular Ca®* level. However, the increase of Ca®* occurred
irrespective of the presence of EGCg (6). Thus, TP may inhibit the process after the
elevation of Ca*".

Effect of simple polyphenols. In addition to TP, simple polyphenols can suppress
histamine release from RBL-2H3 cells (5). In this case, the inhibitory effect of
diphenolic compounds such as catechol, resorcinol and hydroquinone was negligible.
Whereas, triphenolic compounds such as pyrogallol, and gallic acid, strongly
suppressed histamine release, as seen in TP. A similar result was obtained in rat
PEC, stimulated with A23187, in the presence of simple polyphenols. As shown in
Table I, triphenols, such as pyrogallol and gallic acid, inhibited the release of
histamine; mono- and di-phenolic compounds did not. These results suggest that the
triphenol structure is essential for the expression of their histamine release inhibitory
activity.
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Table I. Chemical Mediator Release Inhibitory and DPPH Radical Scavenging
Activities of Phenolic Compounds

Phenolic Compounds Relative histamine Relative LTB4 DPPH radical
release (%) release (%)  scavenging activity (%)

None 100+4° 100+4* 0

Catechol 102+1* 2746" 82.9

Resorcinol 134£2° 92+12° 19.8

Hydroquinone 12142° 45+4° 84.8

Pyrogallol 73+1¢ 22+42° 822

Salicylic acid 116+8° 94+13° 0

Protocatechuic acid 12542 76+5* 83.1

Gallic acid 87+3¢ 99+12° 82.3

Data are mean+SE (n=3) and values not sharing a common letter are significantly
different at p < 0.05.

On the other hand, a different structure-activity relationship was observed in
LTB4 release. As shown in Table I, o-diphenolic catechol, and p-diphenolic
hydroquinone, exerted a strong inhibitory effect as well as pyrogallol, but m-
diphenolic resorcinol did not. The LTBs release inhibiting activity of simple
polyphenols is related to their DPPH radical-scavenging activity. Thus, the
inhibition of LTB4 release seemed to be related to their anti-oxidative activity. In the
case of carboxylated phenols, any compounds such as monophenolic salicylic,
diphenolic protocatechuic, and triphenolic gallic acids, could not inhibit LTB4
release irrespective of their strong DPPH radical scavenging activity. Kohiyama er
al. (26) also reported that carboxylated diphenols strongly inhibited the lipoxygenase
reaction in a cell free system, but not in intact rat platelets. In addition, a
carboxylated catecholamine has been reported to lose cellular DNA breaking
activity, though it exerts DNA breaking activity in vitro, as strong as those without a
carboxyl group (27). The addition of a highly hydrophilic carboxyl group may
reduce the membrane permeability of phenolic compounds. The inability of
carboxylated compounds suggests that penetration of polyphenols through cell
membranes is essential for the inhibition of LTB4 release. Since a carboxylated
triphenol, gallic acid, inhibited histamine release as strongly as pyrogallol, triphenols
may interact with cell surface component(s) to suppress histamine release.

Effect of flavonoids. Flavonoids are another group of natural phenolic antioxidants
which have been reported to inhibit chemical mediator release (28-33). To clarify
the mechanism by which they regulate chemical mediator release, we studied here
the structure-activity relationship of flavonoids on the inhibition of chemical
mediator release. At first, the activity of flavonols with different B rings was
examined. As shown in Table II, histamine release was weakly inhibited by the
diphenolic quercetin, and strongly by triphenolic myricetin, but not by monophenolic
kaempferol. This suggests that the triphenol structure in the B ring is essential for
the inhibition of histamine release. On the other hand, LTB4 release was inhibited by
all flavonols employed here, irrespective of the number of OH groups in the B ring.
Thus, some structure other than the B ring, appearcd to be participated in the
inhibition of LTB4 release.
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Table II. Chemical Mediator Release Inhibitory Activity of Flavonoids and
Quercetin Glycosides '

Flavonoids Sugar  Relative histamine Relative LTB4 DPPH radical

release release scavenging activity
(%) (%) (%)
None - 100£4* 100+4° 0
Kaempferol - 122+6° 342° 83.4
Quercetin - 81+3° 0° 83.4
Quercitrin ~ Rhamnose  Not tested 55+6° Not tested
Rutin Rutinose Not tested 73+4¢ 80.7
Myricetin - 52+1¢ 12+0° 77.8
Luteolin - Not tested o® 80.0
Cyanidin - Not tested 67+7° 48.7

Data are meantSE (n=3) and values not sharing a common letter are significantly
different at p < 0.05.

Since the A ring of flavonoids is m-diphenol, which exerted no regulatory
activity in the case of simple polyphenols, the contribution of the C ring was further
studied. When PEC were stimulated, in the presence of quercetin glycosides with
various sugars at the C-3 position, the inhibitory effect of glycosides was much
weaker than that of their aglycon quercetin. Since rutin exerted DPPH radical
scavenging activity as strong as quercetin, the decrease of inhibitory activity may be
due to the decrease of membrane permeability induced by the addition of hydrophilic
sugar molecules.

Then, the activity of a flavonol (quercetin), flavone (luteolin) and
anthocyanidin (cyanidin), with a diphenolic B ring was compared, to examine the
importance of C3-OH and C4-carbonyl groups. Quercetin has both groups, luteolin
has only a C4-carbonyl group, and cyanidin has only a C3-OH. As shown in Table
II, quercetin and luteolin exerted strong inhibitory effects but the effect of cyanidin
was much weaker than those of the former. DPPH radical-scavenging activity of
flavonoids exerted a similar tendency with their LTB4 release inhibitory effect.
These results suggest that the C4-carbony! is essential for the expression of a strong
LTB4 release inhibitory effect of flavons and flavonols. Though cyanidin exerted
weaker DPPH radical scavenging activity at 50 uM, it scavenged the radical as
effective as other flavonoids at 10 upM (scavenging rate 76.8%). Since the cyanidin
solution is obviously colored at 50 uM, the DPPH determination seemed to be
complicated by the absorption by cyanidin itself. These observations suggest that
anthocyanidins have DPPH radical scavenging activity as strong as other flavonoids.

In flavonoids, three structural groups are important determinants for radical
scavenging, and/or antioxidative potential: 1) the o-dihydroxy (catechol) structure in
the B ring, 2) the 2,3 double bond adjacent to C4-carbonyl group, and 3) 3- or 5-OH
group which interact with C4-carbonyl group (34). According to the above results,
strong DPPH radical scavenging activity can be expressed only by a catechol
structure in the B ring. However, the structures conjugated with a 4-carbonyl group
seems to be essential for the expression of a strong LTB4 releasing inhibitory
activity.

Effect of antioxidants and scavengers of reactive oxygen species in the presence
of polyphenols. Phenolic compounds exert reducing activity against oxidized
compounds, and scavenging activity against reactive oxygen species (ROS).. To
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show which activity participates in the inhibition of LTB4 release, the effect of some
antioxidants and ROS scavengers on LTBa release was examined in the presence, or
absence of phenolic compounds.

Table I1I. DPPH Radical Scavenging and LTB4 Release Inhibiting Activity of
Antioxidants and Reactive Oxygen Scavengers

Additives DPPH radical Relative LTB4 release (%)

scavenging activity None Catechol
%)

None 0 100+2* 41+1°

Butyrated hydroxytoluene 82.7 41+2° 22+43°

a-Tocopherol 82.0 71£1° 1144°

Mannitol 0 10843 4313

Triethylenediamine 0 119+8¢ 3743°

Data are mean+SE (n=3) and values not sharing a common letter are significantly
different at p < 0.05.

Butylated hydroxytoluene is a synthetic antioxidant, and o-tocopherol is a
representative natural antioxidant known as vitamin E. Both antioxidants exerted
DPPH radical scavenging activity as strong as catechol. On the other hand, a
hydroxyl radical scavenger mannitol, and a singlet oxygen scavenger triethylene-
diamine, did not exert DPPH radical scavenging activity. In addition, LTBa4 release
inhibitory activity was observed only in the antioxidants which exerted DPPH radical
scavenging activity. The inhibitory effect of catechol was especially enhanced in the
presence of a-tocopherol. On the other hand, mannitol and triethylenediamine did
not affect the inhibitory effect of catechol. These results suggest that the LTBa
releasing inhibitory effect of phenolic compounds is related to their DPPH radical
scavenging activity. Since radical scavengers which erase hydroxyl radical and
singlet oxygen, did not suppress the expression of LTBa release inhibitory activity of
catechol, these ROS may not be participated in the inhibitory reaction.

In Vivo Assay System for Chemical Mediator Release Inhibitory Substance

The above cellular experiments suggest that PUFA, and phenolic antioxidants, have
anti-allergic effects through the inhibition of chemical mediator release. However,
the activity observed in cellular experiments may not be always reproducible on an
animal level. Thus, a feeding experiment is essential for the assessment of an anti-
allergic effect of food components. In the case of PUFA, dietary EPA and/or DHA
have been reported to affect eicosanoid production (7, 9, 10). In the case of phenolic
compounds, dietary TP have been reported to affect the development of various
diseases (19). Thus, the effect of dietary fats and TP on the chemical mediator
releasing activity of rat PEC was examined.

To examine the effect of food components on the chemical mediator
releasing activity of mast cells, PEC were isolated from Wistar rats after 3 weeks
feeding of the diets containing the various types of dietary fats and TP, stimulated
with 5 uM A23187. Then, the amounts of histamine and LTB4 were determined,
according to the method of Matsuo et al. (5). Safflower oil (SA) rich in n-6 linoleic
acid, perilla oil (PE) rich in n-3 a-linolenic acid, palm oil (PA) rich in saturated
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palmitic, and monounsaturated oleic acids were added to the diet at the 10% level.
TP is a mixture of tea catechins prepared from green tea, and widely used for food
additives in Japan (Taiyo Chemical Co., Yokkaichi, Japan). TP was added to the
diet at the 1% level in the first feeding experiment. Body weight and food intake
were measured every day. After isolating PEC, various tissues such as heart, liver,
lung, kidney, spleen, and adipose tissues were excised out and weighed. Lipids were
extracted according to the method of Folch ef al. (35), and fatty acid composition of
the phospholipid fraction was analyzed using gas-liquid chromatography according
to the method of Ikeda et al. (36).

In the second feeding experiment, TP was added to the diet at 0, 0.01, 0.1
and 1.0% levels and SA which exerted no LTB4 release inhibitory effect was added
at the 10% level, to examine the dose-dependent effect of TP. After 3 weeks
feeding, PEC are isolated to compare LTBs4 releasing activity and fatty acid
composition, as described above.

Dietary Effect of Food Components on Chemical Mediator Releasing Activity of
Rat Peritoneal Exudate Cells

Combinational effect of dietary fats and tea polyphenols. Rats ate diets
containing TP, as much as diets without TP, but weight gain was lower in the TP-fed
groups than in the TP-free groups. This suggests that the feeding of such high dose
of TP disturbs the growth of rats. In this growing condition, histamine releasing
activity of PEC was significantly higher in the PA-fed group, than in the SA- and
PE-fed groups. However, TP feeding did not affect the histamine releasing activity.
On the other hand, LTB4 releasing activity was significantly lower in the PE-fed
group than in the other groups. In addition, TP feeding significantly decreased LTB4
releasing activity in all dietary fat groups.

In vitro cellular experiments suggested that triphenolic compounds interact
with cell surface components, and need not be incorporated into cells to express the
histamine release inhibitory effect. This means that fairly high amounts of TP
should be present in extracellular fluid during the stimulation of mast cells. Washing
of cells before A23187 stimulation erases the effect of extracellular TP. When
catechin was orally administered to men at a dose of 92.3 mg/kg, increase in blood
phenol level was 4 to 21 pg/ml, which is corresponding to 14-72 pM, during 48 hr
after the single administration (37). Chemical mediator release inhibitory effect of
TP was detectable at the doses above 10 uM in EGCg, and at 100 uM in other
phenolic compounds (5). Though exact levels of these catechins are not reported in
normal dietary conditions, EGCg may suppress histamine release in vivo.

Table IV. Effect of Dietary Fats and Tea Polyphenol on Chemical Mediator
Releasing Activity of Rat Peritoneal Cells

Diet Histamine releasing activity LTBa releasing activity
(ng/»lO6 cells) (ng/2 x 10° cells)
SA 611+21° 59.9+1.9°
PE 573+39° 27.240.6°
PA 760+15° 55.4+2.2°
SA + TP 626120° 22.4+1.8%
PE + TP 613+37° 17.241.6°
PA + TP 827+23° 40.2+1.7°

Data are meantSE(n=3). Values not sharing a common letter are significantly
different at p<0.05. SA(safflower oil), PE(perrila oil), PA(palm oil), TP(tea
polyphenol).
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Table V. Effect of Dietary Fats and Tea Polyphenol on Fatty Acid Composition
in Phospholipid of Rat Peritoneal Cells
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Diet Fatty acid (%)

16:0 18:0 18:1n9  18:2n-6  20:4n-6  22:6n-3
SA 22.4%1.0 207420  12.542.1°  11.910.6™ 20.9+1.3* 3.0£0.2*
PE 22,6403 22.3+1.0 16.0104™ 93+0.4* 8.7+1.0° 5.7+0.6°
PA 21.741.0 16.5£0.8 17.4+1.3" 13.0£0.6° 14.142.4° 4.6+0.9"

SA+TP 21.340.9 204422 15.1£0.5® 13.1+1.1° 14.240.8° 1.740.2°
PE+TP 212+1.1 203+0.9 16.3+0.9% 12.8+0.8* 7.2+0.7° 4.2+0.8®
PA+TP 18.1+29 18.1+2.8 14.6+1.1%  9.6+1.9%° 14242.0° 4.4+0.6™
Data are meantSE (n=3) and values not sharing a common letter are significantly
different at p < 0.05. SA; safflower oil, PE; perrila oil, PA; palm oil, TP; tea
polyphenol.

Since LTB4 is produced by lipoxygenase oxidation of arachidonic acid
derived from cell membrane phospholipids, fatty acid composition of the
phospholipid fraction of PEC was measured. As shown in Table V, fatty acid
composition was significantly affected in 18:1n-9, 18:2n-6, 20:4n-6, and 22:6n-3. A
most marked change was observed in the proportion of arachidonic acid (20:4n-6).
The proportion of arachidonic acid in the PE-fed group, was almost one third of that
the SA-fed group and the level of the PA-fed group was significantly lower than that
of the SA-fed group. Such a decrease in the proportion of arachidonic acid may lead
to the decrease of LTB4 production. However, the difference in the proportion of
arachidonic acid between the SA- and PA-fed groups did not reflect on the LTB4
releasing activity. Since the percentage of mast cells in PEC preparations is only 10
to 30%, comparison of fatty acid composition of PEC may be somewhat misleading.

TP feeding significantly decreased the level of arachidonic acid in the SA-

fed group to the level encountered in the PA-fed group, where the addition of TP did
not lower it. This suggests that TP-feeding decreases the LTB4 releasing activity by
decreasing the proportion of arachidonic acid as shown in feeding PE. However, TP
did not affect the proportion of arachidonic acid in PE- and PA-fed groups. These
results suggest that PE feeding decreases the LTB4 releasing activity of the cells
through the reduction of arachidonic acid content, but the other mechanism is also
working in the decrease of LTB4 releasing activity by TP feeding.
Dose-dependent effect of dietary tea polyphenol. The TP dose employed in the
first feeding experiment was the maximal dose which did not significantly decrease
food intake of rats, However, weight gain was significantly decreased at this TP
level. In addition, the TP level is corresponding to approximately 60 g for 60 kg
person per day, and several hundred cups of green tea should be consumed every day
to take this TP level. Thus, we examined the effect of TP at lower doses.

Weight gain during 21 days feeding was unchanged at the 0.01% TP level
(13242 g) compared with the control group (1314 g), slightly decreased at the 0.1%
TP level (127£1 g), and significantly decreased at the 1% TP level (1014 g).
However, a significant decrease in food efficiency was observed only in the 1% TP
group (0.3130.01 g weight gain/g intake in the 1% TP fed group vs. 0.38+0.01 g
weight gain/g intake in the control group). Decrease in tissue weight was most
- marked in adipose tissue, and then spleen and heart, at the 1% TP level. On the other
hand, a significant increase in tissue weight was observed in liver (11.620.4 g in
control) at the 0.1% (17.5£0.4 g), and 1% (13.740.2 g) levels. In the kidney the
levels were(2.36:+0.04 g in control) at the 0.01% (2.59+0.06 g) and 0.1% (2.63+0.07
g) levels. In the spleen, the levels were (0.71£0.05 g in control) at the 0.1% level
(0.96+0.04 g). These results suggest that TP dose around 0.01% is a safety lcvel
which does not largely affect tissue weight.
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Table V1. Dose-dependent Effect of Dietary Tea Polyphenol on Chemical
Mediator Releasing Activity and Proportion of Arachidonic Acid in
Phospholipids of Rat Peritoneal Cells

TP dose (%) Histamine release  LTB4 releasing activity ~ Arachidonic acid

(%) (ng/2 x 10° cells) (%)
0 94.6+1.6° 3.67+0.50° 16.4+1.2°
0.01 87.610.7° 1.63£0.30° 18.0+1.0°
0.1 81.1+1.1° 1.98+0.18° 18.840.3*
1.0 90.1+2.0° 1.44+0.27° 13.2+1.1°

Data are mean+SE (n=6) and values not sharing a common letter are significantly
different at p < 0.05.

For chemical mediator release, a significant decrease in histamine releasing
activity was observed in the groups fed 0.01 and 0.1% TP, though the effect was
very weak (Table IV). On the contrary, a decrease in the LTB4 releasing activity was
more marked and observed even at 0.01% level. Though the proportion of
arachidonic acid was decreased in the 1% TP fed group, it was increased in the 0.01
and 0.1% TP-fed groups. However, a decrease in the LTB4 releasing activity was
observed in all TP doses. This suggests that the decrease in LTBa4 releasing activity
was not necessarily induced by the decrease in the proportion of arachidonic acid in
the phospholipid fraction of PEC.

The lowest TP dose, 0.01%, is corresponding to the intake of approximately
600 mg for 60 kg person per day. Since a cup of green tea contains approximately
100 mg of TP, several cups of green tea per day is enough to take the level of TP.
Thus, daily consumption of various types of teas containing TP may suppress the
allergic reactions in allergic patients, as well as reduction of cancer risk (/9). Such
anti-allergic effects of TP may be enhanced by the other food components, such as
dietary fats rich in n-3 PUFA, as shown here. In addition, it is reported that dietary
a-tocopherol and sesamin did not exert a significant effect on LTC4 productivity of
rat lung tissue in individual feeding, but simultaneous feeding dramatically decreased
LTCa productivity in a lung tissue-specific manner (38). These results suggest that
synergism of food components should be clarified to construct designer foods with
multifunctional activities.
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Chapter 21

Tea Catechin (EGCG) and Its Metabolites
as Bioantioxidants

1. Tomita, M. Sano, K. Sasaki, and T. Miyase

School of Pharmaceutical Sciences, University of Shiznoka, 52-1 Yada,
Shizuoka 422, Japan

After a single administration of 100mg (-)-epigallocatechin gallate
(EGCG)/kg body weight orally to SD rats, its concentration
changes in the plasma and bile were investigated using HPLC with
electrochemical detector (ECD). The highest concentration in
plasma was observed one hour after administration. Not only
free, but also conjugated forms of EGCG (e.g. glucuronide and
sulfate) were detected in both biological fluids. When EGCG was
incubated with rat plasma or bile at 37 degrees C, most of it
disappeared after 30 min, while about 20% of the antioxidative
activities remained in both fluids. Two new dimerized products of
EGCG, P-1 and P-2, were isolated from the incubation mixture
with bile. They were identified as theasinensin A (P-1), and a new
product (P-2). Though the yield of these 2 products from EGCG
was small, their antioxidative activities comparable to that of
EGCQG, should be worth consideration.

It is known that (-)-epigallocatechin gallate(EGCG) is the major tea catechin in
green tea leaves, and it exerts powerful antioxidative activities in vitro(1,2), as well
as in vivo experimental systems(3-5). We have shown that the oral administration
of EGCG (50mg/kg) to rats once per day, for 7 days, inhibited t-butyl
hydroperoxide (BHP) induced peroxidation in the liver and kidney slices up to 32%
and 25%, respectively(4). We have also reported that feeding rats with 1%
polyphenon 100 (catechin mixture of (+)-gallocatechin 1.4%, (-)-epicatechin 5.8%,
(-)-epicatechin gallate 12.5%, (-)-epigallocatechin 17.6% and EGCG 53.9%
supplied by Mitsui Norin Co.Ltd.) for 18 months, significantly suppressed the
increase of TBARS level in plasma(6). It also suppressed the increase of
triglyceride, total cholesterol and phospholipid in the plasma. These results indicate
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that catechins exert their activity in vivo after they were absorbed and distributed in
rat tissue and organs. In relation to the activity of EGCG in vivo, its absorption,
distribution and metabolic fate are of recent concern among investigators.

Unno et al. (7,8), and Okushio et al. (9), proved that EGCG was absorbed
from rat or human intestinal tracts and it was present as such in plasma using GC-
MS and LC-MS analysis. The highest concentration of EGCG in rat or human
plasma was detected 1 or 2 hours after the administration and decreased quickly
thereafter.  Lee et al.(/0), reported that catechins were present in their conjugated
forms in the plasma and urine of humans who ingested 1.2g of decaffeinated green
tea, containing 235mg catechins in total. The analysis was carried out by HPLC
with the coulochem electrode array detection system. In vivo antioxidant effects of
tea in men who ingested 300 ml of tea extract, prepared from 6g green tea leaves
was recently reported by Serafini et al.(5), Maximum plasma radical trapping
activity for peroxyl radicals was attained 30 min after the dosage of green tea.

In the present study, we have investigated the time course of the levels of
free EGCG and the conjugated forms (glucuronide and sulfate) in the plasma and
bile, after the oral administration of EGCG to free-moving rats with catheters. We
also tried to identify the chemical structures of two compounds produced during the
incubation of EGCG with bile.

Materials and Methods

Chemicals: EGCG was prepared from green tea leaves, which was processed at
Shizuoka Tea Experlmental Station, Its purity was confirmed to be ca. 98% by 'H-
NMR. 3,7-Dimethyl amino 10-N-methyl carbamoyl phenothiazin (MCDP) for
antioxidative assay was obtained from Kyowa Medex Co. Ltd.(Tokyo, Japan).
Beta-Glucuronidase (G-7896) and sulfatase (S-9754) were purchased from Sigma
Chemical Co. (St.Louis. MO, USA) All other chemicals used were of reagent
grade quality.

Animals: Male Sprague-Dawley rats (8 weeks old) were obtained from Japan SLC
Inc. (Hamamatsu, Japan). Rats underwent both venous, and biliary catheterization
to allow free moving, and enteral feeding under unanesthetized conditions. Blood
and bile samples from the above rats were collected time-dependently for a period of
24 hours. The plasma was obtained by centrifuging the blood at 1500xg for 10 min.
These samples were mixed with 1/5 volume of ascorbic acid-EDTA solution(/0) and
stored at 80 degrees C until analysis. Blood and bile used for the in vitro metabolic
study of EGCG were collected from rats under EGCG anesthesia.

Extraction of EGCG and its dimerization products from plasma and bile: An
aliquot of the sample was mixed with 1/4 volume of 0.1H HCI. The mixture was
extracted 2 times with the same volume of ethyl acetate . The combined extract was
evaporated and dried under N, gas. The residue was dissolved in 25% acetonitrile
aqueous solution and used for the analysis of polyphenol and for the determination
of antioxidant activities.
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Analysis and assay for antioxidant potency. The analysis of EGCG and the
dimerization products was performed by HPLC with ECD(/7). Chemical structures
of the dimerization products were elucidated on the basis of spectroscopic evidence
such as UV, NMR, FAB-MS, SI-MS and CD. Incubation of the plasma and bile
with beta-glucuronidase or sulfatase was carried out in the presence of ascorbic
acid-EDTA by the method of Lee et al(/0). Antioxidant activities (AOA) were
evaluated using MCDP and radical inducers (¢-butyl hydroperoxide, H;O0;), or a
thiobarbituric acid (TBA) assay with rat brain homogenates by the method of Sano,
et al.(12) and Stocks, et al.(/3), respectively.

Results and Discussion

Time course of the contents of EGCG and its conjugated forms in plasma and bile.
After EGCG(100mg/kg-body weight) was administered orally to SD rats, portal
blood and bile were periodically collected through free moving cannulation system.
As shown in Figure 1, the maximum EGCG level was found 60 and 90 min after
administration in plasma and bile, respectively. The level of EGCG in plasma
decreased sharply after 1 hour, which is in accord with the results of Unno et al (7).
On the contrary , the level of EGCG in bile decreased slowly with another peak in 5
hours, which might be a reflection of reabsorption through the intestinal tract. When
the plasma or bile was treated with beta-glucronidase (500 units), or sulfatase (40
units), at 37 degrees C for 45 min in the presence of vitamin C and EDTA, their level
changed as shown in Figure 2. The portion of glucronide to that of sulfate, and free
form in plasma, increased after 120 min, while it was almost unchanged in bile.
Their ratio was found to be 1:1:1, for glucronide, sulfate and free form.

Time course of antioxidative activity vs. metabolic change of EGCG in plasma
and bilee. When EGCG (100 ug/ml) was incubated with rat plasma or bile at 37
degrees C for 60 min, its content decreased sharply. Almost no EGCG was found
after 45 min., as shown in Figure 3. The antioxidative activities (AOA) with BHP or
H,0,, however, decreased rather moderately, and the activities remained in both
plasma and bile after 45 min (see Figure 3). It was also found that antioxidative
activities evaluated as TBARS with rat brain homogenate-autoxidation system(/3)
remained after 45 min (see also Figure 3). We, then, examined whether EGCG
might be converted into other compounds with antioxidative activities in these fluids.

Isolation and identification of 2 dimeric products from EGCG. Plasma or bile, to
which EGCG (100 ug/ml) was added, and incubated at 37 degrees C for 30 min, was
analyzed by HPLC. It was found that 2 new peaks (P-1 and P-2) appeared, different
from that of EGCG ( Figure 4). The elucidation of the chemical structure of P-1 and
P-2 were conducted using the products isolated from the reaction mixture of EGCG
with bile. P-1 isolated as an amorphous powder has a molecular formula of

C44H3402; and [alpha]zl; was —187.50. The chemical structure was identical to that
of theasinensin A(14) as shown in Figure 5. P-2 was a new compound, and afforded
tridecaacetate by treatment with as amorphous powder. The molecular formula was
determined as C43H3,0;; on the basis of secondary ion mass spectroscopy (SI-MS)
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Figure 1. EGCG levels in rat plasma and bile following the oral

administration of EGCG.
Values are average of duplicate determinations from two rats.
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Figure 2. Free and conjugated EGCG in rat plasma and bile.
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and [alpha]z{)‘ was —189.001. The chemical structure was elucidated from the
analytical data of the 'H-NMR, "*C-NMR, difference nuclear Overhauser effect, and
heteronuclear multiple bond connectivity spectra (see Figure 5).

Antioxidative activities of P-1, P-2 and their concentration changes in rat
plasma and bile. It was suggested that both P-1 and P-2 would show antioxidative
activity from the metabolic study of EGCG mentioned above. Antioxidative activity
(AOA) was evaluated using BHP, or H,0, and was designated as AOApnp and
AOAg 0, respectively. AOA assay using rat brain homogenates(TBARS-brain) was
also carried out. As shown in Table I, 50% inhibitory concentrations (ICso uM) of
both P-1 and P-2 were not much different from that of EGCG. It must be noted that
ICso for TBARS-brain of P-1 and P-2 were even smaller than that of EGCG.

Table I. Antioxidative Activities of EGCG and its Dimerization
Products (P-1, P-2)
Antioxidants AOAgyp AOApo2 TBARS-brain

ICso M)
EGCG 96 11.6 0.20
P-1 10.2 12.1 0.12
P2 13.1 142 0.19

Figure 6 shows the time course of the concentration of P-1 and P-2, when
EGCG (100 ug/ml) was incubated with rat plasma or bile at 37 degrees C for 60min.
With plasma, both P-1 and P-2 appeared shortly after the incubation of EGCG, and
the maximum yields of P-1 and P-2 were 4.5% and 3.7% in respect to the amount of
EGCG added. With bile, the formation of P-2 was much greater than that of P-1, and
their yields in 15 min were 2.2% and 13.2 %, respectively. Though the
pharmacological significance of P-1 and P-2 in the metabolism of EGCG should
await further examination, their strong antioxidative activities should at least be fully
taken into consideration. In discussing the antioxidative potency of tissues and
organs of rats given EGCG, all of the activities might not necessarily be due to intact
EGCQG itself.
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Chapter 22
Effects of Tea Polyphenols Against Helicobacter pylori
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and Y. Hara

'Gastrointestinal Division, Hamamatsu Medical Center, Hamamatsu, Japan
’Department of Food and Nutrition Sciences, University of Shizuoka, Hamamatsu
, College, Hamamatsu, Japan
Food Research Laboratories, Mitsui Norin, Fujieda, Japan

Helicobacter pylori (H. pylori) is known to be associated with gastritis,
peptic ulcer, and gastric carcinoma. We examined polyphenolic
components of green tea such as epicatechin (EC), epigallocatechin (EGC),
epicatechin gallate (ECg), epigallocatechin gallate (EGCg), for their
antibacterial activity against H. pylori. Minimum inhibitory concentration
(MIC) of each tea polyphenolic component against 23 strains of H. pylori
was determined using agar dilution method. MIC50 were >200, 200, 50, 50
ug/mL for EC, EGC, ECg, EGCg, respectively. In addition, thirty-four
patients who proved to be H. pylori infected were received green tea
extracts for 1 month. Eradication of H. pylori was documented in 6
patients. These findings suggest that tea polyphenols have an antibacterial
activity against H. pylori.

Helicobacter pylori (H. pylori) is a spiral-shaped, Gram-negative, urease-producing
microaerophilic bacillus that has a strong affinity for gastric epithelium (7). It is
estimated that more than half of the world's population is infected with this
bacterium (2). During the last decade, H. pylori has been recognized as an agent
responsible for chronic inflammation of the gastric mucosa. The infections are
chronic, with little tendency to spontaneous cure, and are accompanied by persistent
gastritis in nearly all infected individuals. H. pylori gastritis may produce gastric
atrophy, a risk factor for gastric carcinoma, and intestinal metaplasia of the gastric
mucosa, a potentially premalignant lesion. The natural history of the association
between H. pylori and gastric cancer appears to involve acquisition of this organism

©1998 American Chemical Society 217
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in childhood followed by chronic gastritis for more than three decades, with
progression to atrophic gastritis, intestinal metaplasia, dysplasia and finally to
gastric cancer (3). This raises the exciting possibility that eradication of H. pylori
infection could markedly reduce the incidence of this common and serious condition.

Tea extracts show bactericidal activity against various bacteria when added into the
bacterial culture medium (4, 5). Polyphenol is one of the components responsible for
this activity of tea extracts. The aim of the study was to investigate the effect of
polyphenolic components of green tea such as epicatechin (EC), epigallocatechin
(EGC), epicatechin gallate (ECg), and epigallocatechin gallate (EGCg) on the anti-H.
pylori activity.

Materials and Methods

EC, EGC, ECg, EGCg were prepared from green tea as described previously (6). The
molecular structures are illustrated in Figure 1. Bacterial susceptibility to catechins
was tested by determining the minimal growth inhibitory concentration (MIC) for 3
standard strains (ATCC 43526, ATCC 43579, ATCC 43629) and 20 clinical isolates
of H. pylori using agar dilution method. All strains were tested on Brucella HK agar
supplemented with 10 % horse blood. Aliquots of H. pylori culture were transferred
to the wells containing different concentrations of catechins and incubated at 35
degrees C in microaerobic atmosphere (5 % O3, 10 % CO, for 72 h).

We next determined whether green tea extracts eradicate H. pylori in humans.
Thirty-four patients with gastric ulcer, with duodenal ulcer, and with chronic
gastritis who proved to be H. pylori infected were received capsules of tea extracts
700 mg/day orally for 1 month. Table 1 shows their components. The mean age of
the patients was 54.2 years (range, 26 to 70 years); there were 22 males and 12
females. In each case, infection was confirmed when serological test (serum anti-H.
pylori IgG antibody) and specific culture were positive. No patient received specific
treatment for H. pylori before and during testing. A 13C-urea breath test was
performed to determine the H. pylori status of the patient before and after
treatment. The breath test is a simple, non-invasive, and reliable test that reflects of
13C-labeled urea by H. pylori urease (7-11). Following fasting for at least 6 h,
patients were given a solution of 0.1 N citric acid to delay gastric emptying. After a
further 5 min, patients were administered 150 mg of 13C-urea dissolved in tap water.
Duplicate breath samples were collected before and 15 min after administration of
the 13C-urea and were analyzed for the 13C/12C ratio in the CO7 by isotope mass
spectrometry. An increase of 6 per million in the 13CO7 15 min after ingestion of
13C-urea compared with baseline measurement was considered positive for H.
pylori. The 13C-urea breath test was repeated in the patients whose clearance of H.
pylori was defined as a negative breath test at the cessation of treatment.
Recrudescence of H. pylori infection usually occurs within 4 weeks after cessation
of treatment if the organism is not completely eliminated; if a patient is still H.
pylori negative 4 weeks after treatment he or she has been presumed likely to remain
so (1, 12-15). Therefore eradication of H. pylori was assessed as a negative breath
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Fig. 1. Molecular structures of green tea polyphenols.
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test at one month after the end of treatment. Changes in biochemical blood analysis
and urinalysis were assessed before and 1 month after the treatment.

Table 1. Composition of green tea polyphenols in catechin capsule

Green tea catechins %
Epigallocatechin (EGC) 21.0
Epicatechin (EC) 7.3
Epigallocatechin gallate (EGCg) 29.2
Epicatechin gallate (ECg) 7.9
Total 65.4
Results

MICsg of tea polyphenols against clarithromycin sensitive strains of H. pylori
were >200 (25 —> 200), 200 (3.13 —>200), 50 (6.25 — 100), 50 (3.13 — 100) pg/mL
for EC, EGC, ECg, EGCg, respectively. MICsq values against clarithromycin
resistant strains were same without that of EC. Either ECg or EGCg was the most
potent agent tested against H. pylori. These results were similar to those against
standard strains (Table 2).

In the second part of the study, all 34 patients completed the course of treatment,
and no adverse event was recorded in biochemical analysis and urinalysis. More than
half of 34 patients were found to be decreased in the delta (A) 0/00 values one month
after the treatment, and eradication of H. pylori was documented in 6 patients one
month after the completion of treatment (Figure 2).

Discussion

Geographical studies of gastric cancer incidence and H. pylori prevalence reveal
striking parallels between the two. Gastric cancer, like H. pylori infection, has foci of
high incidence, usually in populations of low socioeconomic class (16,17). In 1994,
the International Agency for Cancer Research recognized a cause-and-effect
relationship between H. pylori and gastric adenocarcinoma and classified H. pylori
as a group I (definite) carcinogen (/8). Unfortunately, there is no simple and entirely
safe means of eradicating H. pylori infection. The "gold standard" thus far has been
triple therapy with bismuth compounds, metronidazole, and tetracycline (/2, 13).
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Fig. 2. Changes in H. pylori activity before and after catechin administration to H.
pylori-infected patients. Catechin (700 mg/day) was orally administered to
H. pylori-infected 34 patients for one month. 13C-urea breath test was
performed to determine the H. pylori status of the patients before and after
the treatment (1M, 2M). Eradication was defined as a negative breath test at
one month after the cessation of treatment (2M). Urea breath test consisted
of a baseline breath sample and a breath sample 15 minutes after the
administration of 150 mg of 13C-urea dissolved in tap water. Breath samples
were measured by mass spectrometry. Values were expressed as excess delta
(A) per mil units, which were the ratio of 13C to 12C in the sample compared
with a standard, multiplied by 1000, minus the baseline value.

o---+; patients with cure of H. pylori infection, —; patients without cure
of H. pylori infection
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Table 2. Minimum inhibitory concentration of catechins for standard strains
and clinical isolates of H. pylori (ug/mL)

EC EGC ECg EGCg
ATCC 43526 >200 200 50 50
ATCC 43629 > 200 >200 50 50
ATCC 43579 > 200 200 50 50
CAM (-) (n = 8) 200* 200* 50% 50*
CAM(#) (n=12)  >200* 200* 50* 50*

Abb: ATCC, american type culture collection (standard strain); CAM (-),
clarithromycin resistant strain; CAM (+), clarithromycin sensitive strain; EC,
Epicatechin; EGC, Epigallocatechin; ECg, Epicatechin gallate; EGCg,
Epigallocatechin gallate.

*MICs values were expressed.

None of the antibiotic treatments are particularly easy to take and approximately 30
% of patients develop some sort of side effect, usually nausea and diarrhea or
headache. Occasionally the treatment can result very severe diarrhea and the
development of pseudomembranous colitis (/9). Moreover, there is the tendency of
the antibiotic treatment to increase bacterial resistance within the general population
(20). Tea leaves contain various kinds of polyphenols which are also called tea
catechins. The principal catechins present in green tea are (-) - EC, (-) - EGC, (-) -
ECg, and (-) - EGCg. Catechins with the presence of galloyl and gallic moieties of
the catechin structure were, in particular, highly effective in promoting antibacterial
activity against H. pylori in vitro. Although the mechanism of how these compounds
damage H. pylori remains to be examined in the future, it is suggested that the
catechins interact with the bacterial membrane and perturb the lipid bilayer and
disrupting the barrier function (2/). Our results suggest that green tea polyphenols
have an antibacterial activity against H. pylori under the concentration of as in
ordinarily brewed tea (1000 pg/mL) and these compounds may be useful as
prophylactic and therapeutic agents against H. pylori infection.
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Chapter 23

Modulation of Mitotic Signal Transduction
by Curcumin and Tea Polyphenols and Their
Implication for Cancer Chemoprevention

Jen-Kun Lin, Yu-Chih Liang, Yu-Li Lin, Yen-Chou Chen, and Shoei-Yn Lin Shiat
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It has been demonstrated that diets rich in fruits and vegetables are
protective aganist cardiovascular diseases and certain forms of
cancer. These protective effects have been attributed to the anti-
oxidant present, including vitamin C, Carotenes and
phytopolyphenols. The polyphenolic components of higher plants
may act as anti-oxidants (sometimes may be as pro-oxidants), or as
agents of other mechanisms, contributing to the anti-carcinogenic
or cadioprotective action. Curcumin is a widely used dietary
pigment (curry), and this polyphenolic compound has been
demonstrated to be an inhibitor of tumor promotion in chemical
carcinogenesis. Recent studies also indicate that tea polyphenols
are active in inhibiting the processes of carcinogenesis induced by
various carcinogens. Investigations from this laboratory and others
have indicated that modulation of mitotic signal transduction may
attribute, in part, to the molecular mechanisms of these cancer
chemopreventive agents.

Carcinogenesis is a multiple process comprising initiation, promotion and
progression. Multistage models of carcinogenesis have been developed for various
tissues and animal species, for mechanistic investigations (/, 2). These animal
models have played important roles as in vivo test systems in the identification of
exogenous and/or endogenous agents exerting a role in enhancement, or prevention,
of various stages of carcinogenesis (2). It has been suggested that intervention of the
carcinogenesis process by chemical means, namely cancer chemoprevention, can
affect at any of the three stages. However, the promotion stage, because of its
reversibility may be a particularly attractive candidate for chemical intervention.
Tumor promotion has been described as the clonal expansion or proliferation of an

©1998 American Chemical Society 225



Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.ch023

October 24, 2009 | http://pubs.acs.org

226

initiated cell. Two distinct effects of tumor promoting chemicals have been
demonstrated : direct mitogenic effects (proliferation), and the induction of cell
lethality (apoptosis). It is apparent that cell proliferation, induced through mitogenic
effects may occur directly by interaction of the chemical with a receptor. It may also
occur by direct modification of gene expression, or indirectly by the modification of
growth factors or hormonal stimulation/inhibition. Meanwhile, tumor promotion may
also be induced through partial cytolethal means ; the induction of cell death by a
chemical in the target tissue results in a compensatory increase in cell proliferation in
the surrounding surviving cells (3).

A number of tumor promoters have been shown to produce free oxygen
radicals in cells and tissues (Oxygen radicals have been demonstrated to participate
in mouse skin tumor promotion) (4). The production of reactive oxygen species
(ROS) either extracellularly or intrcellularly, by tumor promoting compounds, has
been associated with the tumor promotion stage in several animal model systems
(4,5). If the formation of ROS and the resulting damage to cellular proteins, lipids
and/or nucleic acids are important in this stage of promotion, then chemopreventive
agents that function through anti-oxidant mechanisms may be effective in preventing
the transcription of the initiated cell to the neoplastic state.

Anti-oxidants are available from both natural and synthetic sources. Chinese
herbal medicine such as tumeric and tea are two important plants containing strong
antioxidants. Chinese green tea, in particular is composed of several catechin
polyphenols. These tea polyphenols have anti-oxidant properties and have been
demonstrated to be anticarcinogenic as well as antimutagenic (6). Tea polyphenols
have demonstrated chemopreventive activities in animal cancer models in the colon
and large intestine, duodenum, esophagus, forestomach, liver, lung, mammary gland
and skin (7).

Curcumin is the major yellow pigment in turmeric and curry and is obtained
from the rhizome of the plant curcuma longa. Curcumin had chemopreventive
activity in mouse skin, colon (8) and rat mammary models (9).

Biochemical mechanisms of action of curcumin

Curcumin is a potent anti-inflammatory agent (/0); it inhibits arachidonic acid
metabolism by blocking both the lipooxygenase and cyclooxygenase pathways, and
possibly phospholipase A2. Curcumin exhibits its strong antioxidant activity (/1) by
being an effective superoxide scavenger (/2). It inhibits TPA-induced DNA
synthesis, demonstrating an inhibitory effect on proliferation (8). It also modifies
cytochrome p450, enhances glutathione-S-transferase activity, and may modify the
metabolic activation and DNA binding of PAH carcinogens by this mechanism.
Curcumin has also been shown to inhibit the activities of cellular kinases, including
phosphorylase kinase (/3), and EGF-R kinase (14). The short-term treatment of cells
with curcumin inhibited the EGF receptor intrinsic kinase activity up to 90% in a
dose- and time-dependent manner. It also inhibited the EGF-induced tyrosine
phosphorylation of EGF receptors (/4). The observed early effects of curcumin were
mediated via cellular mechanisms, and preceded the period when inhibition of cell
growth occurred. Furthermore, curcumin has been shown to inhibit the TPA-
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mediated induction of c-Jun/AP-1 (15), omithine decarboxylase (8), and protein
kinase C activity (/6) in mouse NIH3T3 cells.

Inhibition of EGF-mediated tyrosine phosphorylation of EGF-R, by curcumin,
was mediated by a reversible mechanism. In addition, curcumin also inhibited EGF-
induced, but not bradykinin-induced calcium release. These findings demonstrate
that curcumin is a potent inhibitor of a growth stimulatory pathway, the ligand-
induced activation of EGF-R, and may potentially be useful in developing anti-
proliferative strategies to control tumor cell growth (7).

Induction of apoptosis by curcumin

It has demonstrated that many antitumor agents are capable of inducing cell death by
the processes of apoptosis. Curcumin could stop the growth of immortalized mouse
embryo fibroblast NIH3T3 cells, human colon cancer cell HT-29, human kidney
cancer cell 293 and human hepatoma HepG2 cells with various common features of
apoptosis (/8). The apoptosis changes were not detected in the primary culture of the
mouse embryonic fibroblast C3H10T1/2, rat embryonic fibroblast and human
foreskin fibroblast cells. Treatment of NIH3T3 cells with the PKC inhibitor
staurosporine, the tyrosine inhibitor herbimycin A, and the arachidonic acid
metabolism inhibitor quinacrine induces apoptotic cell death. These results suggest
that in some immortalized and transformed cells, blocking the cellular signal
transduction might trigger the induction of apoptotsis (18).

We also found that curcumin could induce apoptotic cell death in
promyelocytic leukemia HL-60 cells, at concentration as low as 3.5 pg/ml. The
apoptotic induction of curcumin appeared in a dose- and time-dependent manner
(19). Flow cytometric analysis showed that the hypodiploid DNA peak of propidium
iodide-stained nuclei appeared at 4 hr after 7 pg/ml curcumin treatment. The
apoptotic induction activity of curcumin was not affected by cycloheximide,
actinomycin D, EGTA, W7 (calmodulin inhibitor), sodium orthovanadate, or
genistein. By contrast, an endonuclease inhibitor ZnSO, and proteinase inhibitor N-
tosyl-L-lysine chloromethyl ketone (TLCK) could markedly abrogate apoptosis
induced by curcumin, while TPA had a partial effect. The antioxidants, N-acetyl-L-
cysteine, L-ascorbic acid, a-tocopherol, catalase, and superoxide dismutase, all
effectively prevented curcumin-induced apoptosis. These result suggested that
curcumin-induced cell death was mediated by ROS. Immunoblot analysis showed
that the level of the antiapoptotic protein Bcl-2 was decreased to 30% after 6 hr
treatment with curcumin, and was subsequently reduced to 20% by a further 6 hr
treatment. Furthermore, overexpression of bcl-2 in HL-60 cells resulted in a delay of
curcumin-treated cells entering into apoptosis, suggesting that bcl-2 plays a crucial
role in the early stage of curcumin-triggered apoptotic cell death in this cell line (/9).

Apoptosis of HepG2 cells, triggered by curcumin and other agents, is
characterized in an attempt to delineate the common apoptosis signaling pathway in
human hepatoma cells. Several hallmarks of apoptosis, including DNA ladder,
chromatin condensation, DNA fragmentation, and an apoptosis specific cleavage of
28S and 18S ribosomal RNA were observed after treatment with curcumin (20).
Curcumin treatment, however, did not alter the expression levels of Bax proteins.
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pS3 protein accumulated slowly, and decreased abruptly after reaching the
maximum. Conversely, c-myc protein decreased initially, and subsequently increased
proceeding the onset of apoptosis (20). When COLO 205 colorectal carcinoma cells
were treated with curcumin (60 uM), the appearance of apoptotic DNA ladders was
delayed about Sh, and G1 arrest was detected (2/). The reduction of p53 gene
expression was accompanied by the induction of the Hsp70 gene expression in the
curcumin treated cells. The intracellular Ca*'? concentration was depleted by
curcumin in a dose-dependent manner. These findings suggest that curcumin may
induce the expression of Hsp 70 gene through the initial depletion of intracellular
Ca*?, followed by the suppression of p53 gene function in the target cells (21).

Biochemical mechanisms of action of tea polyphenols

Tea has been considered as a crude medicine in China for more than 4,000 years.
Different kinds of pharmaceutical effects, such as protection of blood vessels,
reduction of serum cholesterol levels, and prevention of arteriosclerosis were
reported as an integrated effect (22). Green tea contains a large amount of
polyphenols, most of which are flavan-3-ols, commonly known as catechins. The
major flavan-3-ols are (-)-epicatechin derivatives including (-)-epicatechin (EC), (-)-
epigallocatechin (EGC), (-)-epicatechin-3-gallate (ECG) and (-)-epigallocatechin-3-
gallate (EGCG).

The biochemical mechanisms of action of these tea polyphenols have been
intensively investigated (23). The biochemical and pharmacological effects of tea
polyphenols have been attributed to the competitive inhibition of cytochromes p450
involved in the bioactivation of various carcinogens, as well as to antioxidant
properties as scavengers of ROS (24). Recent studies have shown that tea
polyphenols cause increases in the activities of phase II detoxifying enzymes, such as
glutathione-S-transferase, NAD(P)H quinone reductase, epoxide hydrolase, and
UDP-glucuronosyl transferases (23).

It is known that the 5°-flanking regions of phase II genes contain several cis-
acting regulatory elements, such as the antioxidant-responsive element
(ARE)/electrophile-responsive  element and xenobiotic-responsive  element
(XRE)/aromatic hydrocarbon-responsive element, which are through to mediate the
induction of phase Il enzymes by many drugs (25,26). It is suggested that the
stimulation of mitogen-activated protein kinases (MAPKs) may be the potential
signaling pathways utilized by tea polyphenols to activated ARE-dependent genes
27).

Suppression of extracellular signals and cell proliferation by tea extract and
EGCG

We have demonstrated that the major and most potent component of tea polyphenol
EGCG inhibited the growth of S-180 and A431 cells (28). The mechanism
underlying these inhibitory effects of EGCG is not fully understood. For this reason,
we tried to explore the growth inhibiting nature, and mechanism of action, of tea
extract and EGCG on human epidermoid carcinoma A431 cells that express high
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levels of epidermal growth factor (EGF) receptors (29). The EGF receptor is a 170
kDa plasma membrane glycoprotein with an extracellular ligand-binding domain, a
single transmembrane region, and an intracellular domain that exhibits intrinsic
tyrosine kinase activity (30).

Various aqueous extracts from Green tea, Paochung tea, Oolong tea and Black
tea, showed the significant inhibitory effects on the binding of '*I-EGF to A431
cells (Figure 1). The degree of these inhibitions are dose-dependent. Furthermore,
the inhibitions of tea extracts on the phosphorylation of the EGF receptor were
demonstrated in vivo, in A431 cells (Figures 2&3). It seems that the inhibitions are
dose-dependent, and Green tea extract is stronger as compared to other tea extracts.
The major tea polyphenol in the Green tea extract has been shown to be EGCG.
Therefore, we promptly researched the effect of EGCG on the phosphorylation of
EGF-receptor (EGF-R).

In the experiments shown in Figure 4, we examined the effects of different
concentrations of EGCG on the EGF-R autophosphorylation of A431 cells, in
response to EGF (Figure 4A). A similar experiment was performed to see the effect
of EGCG on the PDGF-R autophosphorylation of NIH3T3 cells in response to
PDGF (Figure 4B). Western blotting, using an anti-tyrosine antibody, showed that
EGF-R (or PDGF-R) was rapidly tyrosine phosphorylated upon EGF (or PDGF)
stimulation. The results indicate that 1 pug/ml of EGCG is sufficient to inhibit the
EGF-R kinase activity by 45% (Figure 4A), while 5 pg/ml of EGCG is able to inhibit
the PDGF-R kinase activity by 53% (Figure 4B). There is no effect of EGCG
treatment (30 min) on the level of total EGF-R protein (Figure 4A, bottom), or
PDGF-R protein (data not shown). These results suggest that EGCG can suppress the
extracellular signals through suppressing EGF-R (or PDGF-R) autophosphorylation
upon EGF (or PDGF) stimulation (31).

In order to determine the amino acid target for phosphorylation, A431 cells
were labeled with [*p]-orthophosphate, then pretreated with EGCG before EGF
(31). EGF-R was immunoprecipitated from total cell lysates, and analyzed by SDS-
PAGE, followed by autoradiography. There is an increase in the level of total
phosphorylation of the *’p-EGF-R by EGF (20 ng/ml, Figure 5A, lane 2), and it can
be inhibited by EGCG (5 pg/ml, Figure 5A, lane 3). Phosphoamino acid analysis of
the EGF-R, by two-dimensional thin layer electrophoresis (TDTLE) showed that
EGCG only decreased the phosphorylation of the receptor protein on the tyrosine (Y)
residue (Figure 5B), but not on serine (S) and threonine (T) residues (3/).

Inhibition of receptor tyrosine kinase activity by EGCG in vitro

We examined the effect of EGCG on the activities of six different protein kinases.
The results indicated that EGCG inhibited all of the kinases examined, but to
different extents (Table I). The inhibitory activity of EGCG is more effective in
receptor-type protein tyrosine kinases (EGF-R, PDGF-R, and FGF-R, 1C5=0.5-1.0 p
g/ml), than non-receptor-type protein tyrosine kinase (pp60'*", ICso > 10 pg/ml). In
receptor-type protein kinases (PTKs), EGCG shows more selective inhibition of
EGF-R (ICsp = 0.5 pug/ml) than other receptor-type PTKs (31). By contrast, EGCG
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Figure 1. Effect of various tea extracts on '*’I-EGF binding to A431 cells. Cells
were serum-starved for 6h and then treated with various concentrations of tea
extracts. After 30 min, '*I-EGF were added for 1h. After the incubation, the
cells were washed and solubilized with 1 ml of 1.5 N NaOH at RT for 1h. The
solubilized lysates were transferred to plastic tubes for counting on a y-
spectrometer.
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Figure 2. Effect of Green tea and Paochung tea extracts on tyrosine
phosphorylation in A431 cells induced by EGF. Serum-starved were exposed to
various concentrations of tea extracts for 30 min and then to 20 ng/ml of EGF
for 10 min. Total cellular proteins (50 pg) were separated on SDS-PAGE (10%
polyacrylamide) and blotted with anti-phosphotyrosine antibody. Immuno-
complexes were detected by horseradish peroxidase second antibody and then
by ECL kits. The position of the 170-kDa phosphotyrosine protein is indicated
as EGF-R at the right (top). The intensity of EGF-R phosphorylation bands were
quantified by densitometry (IS-1000 Digital Imaging System) (bottom).
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Effects of Oolong tea and Black tea on tyrosine phosphorylation in A431 cells
induced by EGF .
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Figure 4. Effect of EGCG on tyrosine phosphorylation in A431 (A) or NIH3T3
(B) cells induced by EGF (A) or PDGF (B). Serum-starved cells were exposed
to various concentrations of EGCG for 30 min (lanes, 3-9) and then to 20 ng/ml
of EGF (or 10 ng/ml of PDGF) (lanes, 2-9). Expression of tyrosine
phosphorylated proteins was measured as described (31). Expression of EGF-R
was analyzed by immunoblotting using first anti-EGF-R mAb.

(Reproduced with permission from reference 31. Copyright 1997 Wiley.)
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Figure 5. Analysis of EGF-induced phosphorylation of EGF-R by EGCG. A:
Cells were labeled with [*’p]orthophosphate for 4h, and incubated with or
without EGCG (5 pg/ml) for 30 min then EGF (20 ng/ml) for 10 min. **p-
labeled EGF-R were immunoprecipitated with anti-EGF-R mAb and analyzed
by autoradiography. B: Two-dimensional thin-layer electrophoresis (TDTLE)
pattern of amino acids after hydrolysis of *’p-EGF-R excised from Immobilon-P
membrane. S, phosphoserine; T, phosphothreonine; Y, phosphotyrosine.

(Reproduced with permission from reference 31. Copyright 1997 Wiley.)
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scarcely inhibits serine- and threonine-specific protein kinases such as protein
kinases A and C at 20 pg/ml (Table I). Thus inhibitory activity of EGCG is highly
specific for receptor-type PTKs, especially EGF-R. This observation prompted us to
investigate the effects of EGCG on the DNA synthesis in A431 cells. Table II shows
that EGCG alone has no significant effect on cell survival at 15 pg/ml, but can
inhibit the [°H]-thymidine incorporation into DNA in EGF-treated cells (3). The
activity of ERK 1 and ERK 2 was inhibited by EGCG (Figure 6).

Table I. Effect of EGCG on the activities of protein kinases in vitro

Protein kinase ICsp (ng/ml)?
EGF receptor 0.5

PDGF receptor 1

FGF receptor 1

pp60*r© >20

Protein kinase C >20

Protein kinase A >20

*The activity of protein kinase was measured as described (31).

Table II. Effect of EGCG on EGF-stimulated [*H]-thymidine incorporation

into DNA in A431 cells.
Treatment [*H] Thymidine incorporation
(relative ratio to control)®

Control 1.00

EGF (40 ng/ml) 1.62 £0.02
EGCG (15 pg/ml) 0.92+0.11
EGF + EGCG (1 pg/ml) 1.68 £ 0.06
EGF + EGCG (5 pg/ml) 1.42 +0.08
EGF + EGCG (15 pg/ml) 1.06 + 0.04

*Each experiment was independently performed three times (3/) and expressed as
mean t SE.
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Figure 6. Effect of EGCG on the inhibition of MAP kinase (ERK1 and ERK2)
in A431 cells. Serum-starved cells were exposed to various concentrations of
EGCG for 30 min and then to 20 ng/ml of EGF for 10 min. Total cellular
proteins (50 pg) were separated on SDS-PAGE (10% polyacrylamide) and
blotted with anti-phospho-MAPK antibody (top) or anti-MAPK antibody
(bottom). Immunocomplexes were detected by alkaline phosphatase second
antibody and then by NBT/BCIP substrates.



October 24, 2009 | http://pubs.acs.org
Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.ch023

237

Induction of nitric oxide synthase was blocked by EGCG

Nitric oxide (NO) plays an important role in inflammation, and multiple stages of

. carcinogenesis. We investigated the effect of various tea polyphenols on the

induction of NO synthase (NOS), in thioglycollate-elicited and lipopolysaccharide
(LPS)-activated peritoneal macrophages. Gallic acid, (-)-epigallocatechin and
EGCG the major tea catechin, were found to inhibit inducible NOS (iNOS) protein
in activated macrophage. EGCG, a potent antitumor agent with anti-inflammatory
and antioxidant properties, inhibited NO generation, as measured by the amount of
nitrite released into the culture medium (32).

An electrophoretic mobility shift assay indicated that EGCG blocked the
activation of NFkB, a transcription factor necessary for iNOS induction. EGCG also
blocked the disappearance of IkB from the cytosolic fraction. These results suggest
that EGCG decreases the activity and protein levels of iNOS by reducing the
expression of iINOS mRNA. The reduction could occur through prevention of the
binding of NFxB to the iNOS promoter, thereby inhibiting the induction of iNOS
transcription (32).

Concluding remarks

It has been demonstrated that the function of many growth signal transducing
proteins is significantly dependent on their redox state. Such proteins include growth
factor receptors, protein kinases, protein phosphatases, as well as a number of
important transcription factors, including AP-1 and NFxB (33). It has been
speculated that the adjustment of the redox states of individual signal-transduction
proteins within cells is aprerequisite for their optimum functioning in the
transmission of growth response (33). Such protein redox regulation could be

achieved through the direct oxidative interaction of H;O, (or O;"), or indirectly
through changes in cellular levels of GSH and GSSG.

Both curcumin and EGCG are active anti-oxidants. As described above, these
two compounds can act as ROS scavenger and inhibit the activities of protein kinases
and growth factor receptor kinases. They can effectively suppress the activation of
NFsymbol 107 \f "Symbol" \s 12kB. Therefore, it is very likely that both
curcumin and EGCG (and other tea polyphenols) may function as cancer
chemopreventive agents through modulation of the redox mitotic signal
transduction. The molecular mechanisms of this modulation deserve further
investigation.
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245
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reactive oxygen species production in tumor
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anethole trithione, 25
caffeic acid esters, 30
diallyl disulfide, 24-25
inositol and related compounds, 30-31
naturally occurring anti-inflammatory agents,
28-30
organosulfur compounds, 24-25
phenylethyl-3-methylcaffeate, 30
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longa Linn., 28
Chemoprotection or chemoprophylaxis, strategy
for induction of Phase 2 detoxication enzymes
in mammalian tissue, 16-17
Chinese medicine. See Anti-tumor effect of green
tea; Curcumin; Yiegin
Citrus fruits. See Auraptene; Naksumikan (Citrus
natsudaidai HAYATA)
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cyclodextrin complex
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secondary metabolites, glucosinolates, 17
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anti-inflammatory agent, 28
biochemical mechanisms, 226-227
chemopreventive properties of organosulfur and
anti-inflammatory compounds against colon
carcinogenesis in male F344 rats, 261
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effect of curcumin and PEMC on colonic
mucosal and tumor cyclo-oxygenase and
lipoxygenase activity, 29¢
induction of apoptosis (cell death), 227-228
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Cyclodextrins
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million malaria deaths, 11
Diallyl disulfide
chemopreventive properties of organosulfur and
anti-inflammatory compounds against colon
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free radical scavenger with chemotherapeutic
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morphology testing, 106



October 24, 2009 | http://pubs.acs.org
Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.ix002

nitroblue tetrazolium reducing activity after EFE
treatment, 112¢
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dietary effect of food components on chemical
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dose-dependence of dietary TP, 206-207
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cells, 206¢
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inhibition, 202, 203¢
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polyphenols, 201, 202¢
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in vitro assay system for chemical mediator
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mediator release from rat PEC, 200-204
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LTB4 determination method, 200
rat PEC preparation, 199
relation of LTB4 release inhibition and DPPH
radical scavenging activity, 204
statistical method, 200
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scavenging and/or antioxidative potential, 203
structure-activity relationship in LTB4 release,
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suppression of histamine and LTB4 release by
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green tea, 204-205
See also Anti-tumor effect of green tea
Flavonoids
typical dietary flavonoids as lipoxygenase
inhibitors, 174f
See also Peroxidation of human plasma
lipoproteins
Folate deficiency
chromosome breaks in human genes, 5
mechanism of deficient methylation of uracil to
thymine, 5
French paradox
low frequency of coronary heart disease and red
wine consumption by French, 157
See also Wine consumption
Fruit extract of Emblica officinalis Gaertn. See
Emblica officinalis Gaertn fruit extract (EFE)
Fruits and vegetables
anticarcinogenic micronutrients, 5-6
carotenoids in foods and human plasma and
tissues, 59-60
chromosome breaks in human genes by folate
deficiency, 5
epidemiological studies showing cancer
protection, 5¢
factors in plant foods responsible for risk
reduction, 59
natural carotenoids such as phytoene, 60
potentially anticarcinogenic and anti-mutagenic
substances, 23-24
protective prematurely assigned to -carotene for
vitamin A activity, 84
reducing risk of cancer development, 23
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Glucosinolates
common alkylthioalkyl glucosinolates, 19f
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developing methods for efficient isolation and
identification, 18
hydrolysis to isothiocyanates by coexisting
enzyme myrosinase, 17
levels in fresh broccoli, 17
phytochemicals inducing Phase 2 enzymes, 16—
17
separation and identification by paired-ion
chromatography, 18
water-soluble and excessive leaching by cooking,
20
Goiter
cyclization of B-hydroxyalkenyl glucosinolates
intermediate to goitrogenic
oxazolidonethiones, 20
over-consumption of certain Brassica vegetables,
20
Green tea. See Anti-tumor effect of green tea
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Helicobacter pylori
eradication testing with tea extracts, 218
strong affinity for gastric epithelium, 217
See also Tea polyphenols
HERP index (Human Exposure/Rodent Potency),
historically high for workplace exposures and
some pharmaceuticals, 10
Hormone-dependence mammary cancer, lycopene
versus B-carotene, 37
Human hormones, pesticide or synthetic chemical
effect, 12
Human plasma lipoproteins. See Peroxidation of
human plasma lipoproteins

I

Indole glucosinolates
bifunctional inducers also inducing Phase 1
enzymes, 20
weak inducers of Phase 2 enzymes, 20
Inositol hexaphosphate (InsPg, phytic acid)
acting as antioxidant, controlling cell division,
and reducing rate of cell proliferation, 30-31
inhibit colon carcinogenesis in rodents, 30
substantial amounts in cereals and legumes, 30
Insoluble dietary fiber. See Dietary fiber
(insoluble and soluble)
Isoflavones. See Bioavailability of soybean
isoflavpnes; Soy isoflavones in foods

Isothiocyanates, quantitation by
cyclocondensation reaction with vicinal
dithiols, 18

L

Leukemia (promyelocytic) cells, apoptotic cell
death by curcumin, 227
Lipoproteins
low-density lipoprotein (LDL) oxidatively
modified by 15-lipoxygenases, 172-173
possible pathway of oxidative modification of
human LDL leading to athersclerosis, 174f
See also Peroxidation of human plasma
lipoproteins
Lutein
anti-tumor promoting activity, 62
dihydroxy form of o-carotene, 61
inhibition of aberrant crypt foci development in
rat colon, 62
lutein, zeaxanthin, and their oxidative
mctabolites in human retina, 74, 77
proposed metabolic transformation of dietary
(3R,3'R,6'R)-lutein and (3R,3'R)-zeaxanthin in
human retina, 77, 78f
vegetables kale, spinach, and winter squash and
fruits, 61-62
Lycopene
anti-tumor promoting activity in lung of mice, 65
bioavailability study in rodents, 77, 79-83
high single oxygen carrying capacity, 62, 65
lowering risk of prostate cancer by rodent in vivo
studies, 77
metabolites, 2,6-cyclolycopene-1,5-diols I and II,
76f, 77
tomatoes and tomato products, 62, 65
See also Lycopene bioavailability study in
rodents
Lycopene and cancer
absorption of geometrical isomers of lycopene,
35

. attempts to elucidate anticancer activity

mechanism, 38-39

epidemiological studies, 36-37

improving bioavailability by heating with fat, 34

in vivo and in vitro evidence for inhibition of
cancer by lycopene, 37-38

induction of cell to cell communication, 38

inhibition of autocrine growth factor effects, 38

intervention of cell cycle progression of
mammary lung and endometrial cancer cells,
38-39

low risk of prostate cancer, 37

lycopene as antioxidant, 36
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macular degeneration, 35

major carotenoid in human plasma, 34-35

physiological and pathological conditions effect
on lycopene serum levels, 35

preventing damage by NOOe radicals from
tobacco smoke, 36

risk reduction of gastric cancers by high tomato
consumption, 36-37

synergism with other anticancer active
compounds, 39

tomatoes and tomato products, 34

Lycopene bioavailability study in rodents

carotenoid concentration in rat diets
supplemented with Betatene suspension of
tomato oleoresin, 80¢

experimental groups of rats and lycopene
concentration of diets in maximum tolerated
dose study, 80t

extraction of diets, serum, and tissues, 79

HPLC determination of lycopene concentration
in major tissues, 79

method and materials, 79

serum uptake of lycopene, 77, 81, 82¢

study time line, 79

uptake by mammary and prostate glands, 81, 82¢

uptake of lycopene and carotenoids by liver, 81,
83t
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Macular degeneration
increased probability for low lycopene levels, 35
lutein and zeaxanthin main carotenoids in eye
macula, 35
lutein, zeaxanthin, and their oxidative
metabolites in human retina, 74, 77
proposed metabolic transformation of dietary
(3R,3'R,6'R)-lutein and (3R,3'R)-zeaxanthin in
human retina, 77, 78f
Malvidin type of anthocyanins. See Anthocyanin
and y-cyclodextrin complex
Mammary cancer (hormone-dependent), lycopene
versus B-carotene, 37
Myrosinase hydrolysis, cyclization of p-
hydroxyalkenyl glucosinolates intermediate to
goitrogenic oxazolidonethiones, 20

N

Natsumikan (Citrus natsudaidai HAYATA)
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isolation and structures of active constituents, 87,
88f
See also Auraptene
Niacin, deficiency adversely affecting DNA
synthesis and repair, 6
Nitric oxide synthase
induction blocked by major tea catechin EGCG,
237
See also Tea polyphenols
Nun study, lycopene concentrations in Catholic
sisters 77-99 years old, 35

o

Organosulfur compounds
chemoprevention of colon cancer, 24-25
chemopreventive properties of organosulfur and
anti-inflammatory compounds against colon
carcinogenesis in male F344 rats, 26¢
Oxygen deficiency state. See Yiegin

P

Paired-ion chromatography, separation and
identification of glucosinolates in conjunction
with myrosinase hydrolysis, 18

Pectin

contradictory reports in experimental colon
carcinogenesis, 96

See also Apple pectin

Peroxidation of human plasma lipoproteins

cholesteryl ester hydroperoxides (CE-OOH)
index of low-density lipoprotein (LDL)
oxidation level, 173, 176f

effect of antioxidants on LDL oxidation induced
by mammalian 15-lipoxygenases (15-LOX),
175, 176f

effect of quercetin and quercetin monoglucosides
on mammalian 15-LOX-dependent lipid
peroxidation, 174¢, 175

inhibition of LDL oxidation by soybean 15-LOX.
173, 175, 176f

inhibition of phospholipid oxidation by soybean
lipoxygenase, 173

15-LOX participation in initial process of LDL
oxidation, 172-173, 174f

Pesticide residues

carcinogenicity of natural plant pesticides tested
in rodents, 7¢

hormonal factors, 12

human exposures, 6-7

Phase 1 enzymes, activate xenobiotics potentially
generating carcinogens, 20
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Phase 2 enzymes
factors affecting inducer potency, 18
glucosinolate breakdown products initiating
further degradation, 18
Phenolic compounds. See Fatty acids and phenolic
compounds
Phenylethyl-3-methylcaffeate (PEMC)
chemopreventive properties of organosulfur and
anti inflammatory compounds against colon
carcinogenesis in male F344 rats, 26t
effect of curcumin and PEMC on colonic
mucosal and tumor cyclo-oxygenase and
lipoxygenase activity, 29¢
Phytoene
bio-chemoprevention, 69
imposing oxidative stress by culturing cells, 67
mammalian expression plasmid construction, 66
phytoene synthase-encoding gene, crt B, from
Erwinia uredovora, 66
possible resistance against oncogenic insult, 67,
69
reduction of oxidative stress-induced lipid
hydroperoxidation level in NIH3T3 cells
producing phytoene, 68f
- transfection by electroporation or lipofection of
plasmids, 66-67
unstable when purified, 66
Pollutants, human exposures, 6-7
Public health, regulation of low hypothetical risks,
12

Q

Quercetin and quercetin monoglucosides
effect on mammalian 15-lipoxygenases-
dependent lipid peroxidation of human LDL,
1741, 175
See also Peroxidation of human plasma
lipoproteins

R

trans-Resveratrol
component in wine potentially responsible for
coronary heart disease reduction, 117-118
phytoalexin by grapevines in response to
infection and stresses, 117-118
3,5,4'-trihydroxystilbene, 117
Risk assessment
chemical levels versus toxicity effects, 9-10
virtually safe dose, 9
Rodent carcinogens
carcinogenicity of natural plant pesticides, 6-7

chemical evaluations for carcinogens, 7-8
correlation between cell division and cancer, 9
high-dose animal cancer tests, 7-9

high positivity rate, 8

maximum tolerated dose (MTD), 8

proportion evaluated as carcinogenic, 8¢

S

Smoking
causes of human cancer, 3-4
damage to somatic DNA and DNA of sperm in
men, 34
inadequate Vitamin C concentration in plasma, 3
risk of birth defects and childhood cancers by
paternal smokers, 3-4
Soluble dietary fiber. See Dietary fiber (insoluble
and soluble)
Soy isoflavones in foods
database development for clinicians, dieticians,
food scientists, and consumers, 140-143
data compilation "as is” and on "normalized”
basis for isoflavones, 142, 143f
effect of processing, 139
estrogenic isoflavones in plant foods, 139
factors influencing isoflavone content in
soybeans, 139
highest concentration of isoflavones in soy
ingredients like defatted soy flours, 139
isoflavone levels in commercial soy flours, 144,
145f
isoflavone levels in soy-based infant formulas,
147f, 148
isoflavone levels in soy concentrates, 144, 146f
isoflavone levels in soy isolates, 144, 146f
isoflavone levels in texturized vegetable protein
(TVPs), 144, 147f, 148
isoflavone yearly variability representing
seasonal and genetic differences of soybeans,
144, 145f
lower isoflavone levels in full-fat soy flours, 139
quality control analysis of standards in routine
HPLC analysis, 141f
quality control measures, 140, 148
recovery of external standards, 140, 142¢
second-generation soy food examples, 139
structures of isoflavones and internal standard
2,4,4'-trihydroxybenzoin, 141f
traditional soy foods like soymilk, tofu, and
foods common to Asian cuisine, 139
within-day and between-day precision of
isoflavone analysis, 140, 143¢
See also Bioavailability of soybean isoflavones
Soybeans and their components
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antioxidative activity of Indonesian Tempeh, 128
antioxidative activity positive correlation to
number of hydroxy groups, 128
anti-UV-B activity of 4',7,8-trihydroxyisoflavone
(8-hydroxydaidzein), 131, 132f
Aspergillus niger IFO 4414 more antioxidative
activity than unfermented soybean medium,
128, 130f
assay method of anti-UV-B activity, 129f
comparison of anti-UV-B activity among 4',7,8-
trihydroxyisoflavone and other isoflavones
from soybeans, 133f
fermentation increasing antioxidative activity,
128
increase in antioxidative activity in typical
cultures of fungi, 128, 130f
proposed transformation pathway of isoflavones
in soybeans by A. niger, 135, 136f
purification of anti-UV-B compounds from A.
niger IFO 4414 culture, 131, 132f
screening fungi-transformed components, 128
time course of transformation of daidzin by A.
niger IFO 4414, 135f
transformation of 4',7,8-trihydroxyisoflavone
from daidzin and daidzein, 131, 134¢, 135
See also Bioavailability of soybean isoflavones;
Soy isoflavones in foods
Sperm generation, yiegin increasing both quantity
and activity, 125, 126¢
Sulforaphane
glucoraphanin the glucosinolate precursor, 17
most potent naturally occurring Phase 2 enzyme
inducer, 20
Superoxide radical scavengers
activities of various wines, 116-117
anthocyanins and tannins believed to contribute
most activity, 117
strong relationship between scavenging activity
and phenolic content, 116
Synthetic chemicals
hormonal factors, 12
mechanisms for coping versus natural chemicals,
10-11
natural defenses of humans, 10-11
prevention of 500 million malaria deaths by
DDT, 11
regulatory efforts to reduce low-level human
exposure, 12
trade-off between naturally occurring and
synthetic pesticides, 11
viewing in context of natural chemicals, 10-11

T

Tea catechins
activity in vivo after absorption and distribution

251

in rat tissue and organs, 209-210
analysis and assay method for antioxidant
potency, 211
antioxidative activities of dimeric products, 214
concentration changes of dimeric products in rat
plasma and bile, 214, 215f
(-)-epigallocatechin gallate (EGCG) in green tea
leaves, 209
experimental chemicals, 210
experimental test animals, 210
extraction of EGCG and dimerization products
from plasma and bile, 210
free and conjugated EGCG in rat plasma and
bile, 211, 212f
isolation and identification of EGCG dimeric
products, 211, 213f, 215f
levels of EGCG in plasma and bile following
oral administration, 211, 212f
time course of antioxidative activities of EGCG
in plasma and bile, 211, 213f
See also Anti-tumor effect of green tea; Tea
polyphenols
Tea polyphenols
analysis of epidermal growth factor (EGF)-
induced phosphorylation of EGF receptors by
EGCG, 229, 234f
bacterial activity of tea extracts, 218
biochemical mechanisms, 228
chemopreventive activities in animal cancer
models, 226
composition of green tea polyphenols in catechin
capsule, 220¢
effect of EGCG on inhibition of nitrogen-
activated protein kinase in A431 cells, 235,
236f
effect of Green tea and Paochung tea extracts on
tyrosine phosphorylation, 229, 231f
effect of Oolong tea and Black tea extracts on
tyrosine phosphorylation, 229, 232f
gastric cancer incidence and Helicobacter pylori
(H. pylori) prevalence, 220
green tea content, 228
H. pylori activity before and after catechin
administration, 220, 221f
highly effective in promoting antibacterial
activity against H. pylori in vitro, 222
increase in phase II detoxifying enzyme activity,
228
induction of nitric oxide synthase blocked by
EGCG, 237
inhibition of protein kinase activity by (-)-
epigallocatechin gallate (EGCG) in vitro, 229,
235
inhibitory effects of extracts from Green tea,
Paochung tea, Oolong tea, and Black tea, 229,
230f
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minimum inhibitory concentration of catechins
for standard H. pylori strains and clinical
isolates, 222t
molecular structures of green tca polyphenols,
219
procedure to evaluate H. pylori eradication from
humans, 218, 219f
suppression of extracellular signals and cell
proliferation by tea extract and EGCG, 228-
229
See also Anti-tumor effect of green tea; Tea
catechins
Teas
crude medicine in China for >4,000 years, 228
See also Anti-tumor effect of green tea; Tea
catechins; Tea polyphenols
Tobacco smoke, lycopene preventing NOO-
radicals damage, 36
Tocopherol
chemical and biological effects, 49-52
effect of y-tocopherol on DNA single-strand
breaks in C3H 10T1/2 cells induced to
generate NO, 49, 51f
effects of a- or y-tocopherol on growth factor-
mediated DNA synthesis in confluent cultures
of C3H 10T1/2 fibroblasts, 52, 56
effects on cellular proliferation, 52-56

effects on growth of transformed malignant cells,

52,53

function in relation to vitamin E, 46-48

growth curve of a-tocopherol-treated cultures,
52, 54f

growth curve of y-tocopherol-treated cultures,
52,55f

NO generation in cytokine-stimulated C3H
10T1/2 cells by y-tocopherol, 49, 50f

superiority of y-tocopherol in NO, radical
reduction, 49

superiority of y-tocopherol over a-tocopherol, 49

o-Tocopherol
majority of tocopherols in human plasma, 46
more bioactive as vitamin E source, 46
¥-Tocopherol
associations of dietary intake and cancer
incidence, 48-49
comparison of concentration in germ and
endosperm of peanuts, 46, 47f
family of closely related chromanols, 45
predominating in seed oils, 46
2,7,8-trimethyl-2-(B-carboxyethyl)-6-
hydroxychroman metabolite a natriuretic
factor in humans, 48

Turmeric
powdered rhizome from Curcumin longa Linn.
root, 28
See also Curcumin

Urinary bladder tumors. See Anti-tumor effect of
green tea

\4

Vegetables. See Brassica vegetables; Fruits and
vegetables
Virtually safe dose (VSD), hypothetical one in a
million cancer risk, 9-10
Vitamin B12, deficiency effects, 5-6
Vitamin C. See Emblica officinalis Gaertn fruit
extract (EFE)
Vitamin E
associations with disease, 48—49
deficiency in humans, 46
family of closely related chromanols (c-, B-, 8-,
Y-tocopherols and tocotrienols), 45
free radical chain-breaking antioxidant, 45-46
inverse relation of vitamin E consumption to
coronary heart disease in post-menopausal
women, 48
lipid soluble vitamin, 45
protective effects against cardiovascular disease,
48
tocopherol function, 46-48
See also y-Tocopherol

w

Wine consumption

anthocyanins and tannins believed to contribute
most radical scavenging activity, 117

French less susceptible to coronary heart diseast
as "French paradox,” 115

high- and low-density lipoproteins (HDL and
LDL) levels with moderate alcohol
consumption, 115

increasing in Japan and East Asian countries,
114

inhibition of LDL oxidation by phenolics in red
wine, 115-116



October 24, 2009 | http://pubs.acs.org
Publication Date: September 24, 1998 | doi: 10.1021/bk-1998-0701.ix002

recent studies on red wine ingestion benefits,
117-118

trans-resveratrol attracting research attention,
117-118

superoxide radical scavenging activities, 116—
117

See also Alcohol consumption; Anthocyanin and
y-cyclodextrin complex

Y

Yiegin

brownish-black, high density liquefied Chinese
drug, 122

changes of blood urea nitrogen level, 123

cold proof test, 123

decreasing blood urea nitrogen to stimulate
metabolism, 125

enhancement of exercise capacity, 123, 124¢

enhancement of sperm generation capacity, 123

enhancing anti-cold capacity in mice, 124, 125¢

experimental materials and methods, 122-123

253

increasing both sperm quantity and activity, 125,
126¢

oxygen deficiency test, 123

physical fitness test method, 123

prolonging survival time of mouse in oxygen
deficiency state, 124

z

Zeaxanthin

dihydroxy form of B-carotene, 62

effect of 12-O-tetracanoylphorbol-13-acetate
(TPA)-enhanced **P-incorporation into
phospholipids of cultured HeLa cells, 62, 64f

effect on TPA-induced expression of early
antigen of Epstein~Barr virus in Raji cells, 62,
63f

effect on tumorigenesis in mouse liver, 64¢

lutein, zeaxanthin, and their oxidative
metabolites in human retina, 74, 77

proposed metabolic transformation of dietary
(3R,3'R,6'R)-lutein and (3R,3'R)-zeaxanthin in
human retina, 77, 78f
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