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Preface

Antioxidants inhibit the formation and spread of free radicals which can be
damaging in biological systems. Free radicals form in biological systems through
metabolism, but it is also realized that exogenous environmental sources, such as
radiation, food, and drugs, contribute significantly to the generation of free radicals in
biological systems. Being reactive species, free radicals are short-lived and do not travel
far from cellular targets. Their concentration in biological systems is very low and is
difficult to detect directly by electron spin resonance spectroscopy (ESR). Indirect methods
of reactions of radicals with specific biomolecules are also sufficiently sensitive to detect
quantitatively their presence. Thus the response of antioxidant defenses which react with
radical species, can serve as an indirect measure that free radicals have been formed.
Redox-based antioxidants change their oxidation state and antioxidants become free
radicals themselves. Often, however, the antioxidants give rise to more persistent free
radicals, sometimes owing to delocalization of the lone electron around ring structures (in
vitamin E, ubiquinones, and certain carotenes). Persistent free radicals react only rarely
and the precursors often can be regenerated in biological systems.

In recent years, it is becoming clearer from biochemical studies on how the major
lipophilic antioxidants wofk. Particular attention has been given to vitamin E and quinones
found in animal and plant membranes and in carotenoids, for the protection of membranes
in lipoprotein systems. Flavonoids form another rich and varied source of natural
antioxidants.

A distinction is also becoming clearer between the physiological and
pharmacological usefulness of antioxidants for health benefits and for the treatment of
disorders related to free radical generation in cells and tissues. Studies in this area are
now reaching a point where many clinical interventions are being tested with antioxidants
for the treatment of acute, degenerative and chronic diseases to verify evidence of their
health benefits.

Since the major antioxidants are associated with dietary habits, some aspects of

nutrition are closely linked to the presence and importance of antioxidants. In particular,



XII

for lipophilic antioxidants, the nutritional effects of dietary fats and oils are very
significant.

There have been many new developments occurring that make us confident that a
volume highlighting some of the major lipophilic antioxidants, in terms of their
biochemistry and applications for biomedical use, should prove of value for the biological
community.

The stimulus for developing this volume came from a very successful conference
sponsored by UNESCO’s global Network on Molecular and Cell Biology (MCBN) and
COSTAM, the Confederation of Scientific and Technological Associations in Malaysia,
19-22 September, 1991 in Penang, Malaysia, co-sponsored by ASTA Medica, the Council
for Tobacco Research U.S.A., Eisai Company, the Federation of Asian Oceanic
Biochemists (FAOB), Federation of Asian Scientific Societies and Academies (FASAS),
Forschungarat Rauchen und Gesundheit (Research Council on Smoking and Health),
Henkel Corporation, Hoffman La Roche, International Society of Free Radical Research
(SFRR), International Union of Biochemistry (IUB), International Union of Pure and
Applied Biophysics (IUPAB), Malaysian Palm Oil Promotion Council (MPOPC), Palm
Oil Research Institute of Malaysia (PORIM), Pharma Stroschein GmbH, and University
of Science Malaysia (USM), to whom we are grateful.

The editors would also like to acknowledge the service of the local organizing
committee, Dr. M. Mohinder Singh, Chairperson, Mr. Lim Teck Thai, Mr. Loo Koi
Sang, Dr. Nik Nor Nik Mahmood, Mr. Yeoh Guan Aun, Dr. Loke Kwong Hung, Ms.
Kalanithi Nesaretnam, Dr. Chong Yoon Hin, Dr. K. C. Oo and Mr. Abd. Gapor M. Top,
who made it possible for a critical mass of scientists from 22 countries to come together
to present 74 scientific contributions on the subject, which form the basis for the chapters
contributed to this volume. We are very grateful to Dr. Elena Serbinova and Dr. K. C.
Oo for assistance in reviewing the manuscripts in this volume. Finally, our thanks are due
to Mr. Lim Teck Thai and Mr. Chee Ong Koh for technical assistance and to MPOPC for
support in the production of the manuscripts for this volume.

Augustine S.H. Ong
Lester Packer
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NEW HORIZONS IN VITAMIN E RESEARCH -
THE VITAMIN E CYCLE, BIOCHEMISTRY,
AND CLINICAL APPLICATIONS

L. Packer

University of California at Berkeley, Department of Molecular and Cell Biology, Berkeley, California 94720,
U.S.A.

Summary.

Probably most diseases at some point during their course involve free radical reactions in tissue
injury. In some cases, free radical reactions may be involved in multiple sites and at different stages of a
chronic disease. So, both acute and degenerative diseases are thought to involve free radical reactions in
tissue injury. An overview will be given of the evidence for the occurrence of free radicals and the
importance of antioxidant interventions with particular reference to the lipophilic antioxidant vitamin E
(tocopherols and tocotrienols).

Introduction

Vitamin E is the name given to a group of naturally occurring lipid soluble
antioxidants, the tocopherols and the tocotrienols, that are found naturally in certain plant
oils. Since the discovery of vitamin E in Berkeley by H.M. Evans in 1922, when it was
first described as an anti-sterility agent, many scientists and physicians have sought to

elucidate its biochemistry, health benefits and clinical applications.



The Vitamin E Paradoxes

Vitamin E is the major, if not the only, chain-breaking antioxidant in membranes,
but its membrane concentration is very low, usually equal or less than 0.05 - 0.1
nmoles/mg of protein (less than 1 per 1000 - 2000 membrane phospholipids). Yet the rate
of lipid radical generation in membranes can be very high, about 1 - 5 nmoles/mg
protein/min. Nevertheless, under normal conditions "rancidification," that is oxidation
of membrane lipids and proteins, does not occur. Moreover, it is very difficult to render
animals deficient in vitamin E, and vitamin E deficiency is seldom found in adult humans.
Hence, there must exist a remarkably efficient mechanism for permitting low
concentrations of vitamin E to have such high efficiency in protecting membranes against

damage and in supporting normal biological activity (1).

The Vitamin E Cycle
We hypothesize that vitamin E acts catalytically, being efficiently reduced from its
free radical form, its form after quenching radicals, back to its native state (2).

This catalysis occurs through the interactions between water and lipid soluble
substances by both non-enzymatic and enzymatic mechanisms, which regenerate vitamin
E from its radical (tocotrienoxyl and tocopheroxyl radical back to tocotrienol and
tocopherol, respectively) (3). Under conditions where these auxiliary systems act
synergistically to keep the steady state concentration of vitamin E radicals low, the loss
or consumption of vitamin E is prevented (4-10).

The thioctic acid/dihydrolipoic acid couple (TA/DHLA) is a unique antioxidant system
(4). Normally covalently-bound lipoamide exists in small amounts as the cofactor of
a-ketodehydrogenases in animals. However, larger amounts of fed TA confers protection
in tissues and membranes against oxidative damage. After absorption, TA may be
reduced enzymatically or nonenzymatically to form an active antioxidant. It acts as a
"double-edged sword," in that it appears to interact directly with the membrane to reduce
tocopheroxyl radicals (weak effect) or to reduce ascorbate, which in turn acts at

membranes to reduce tocopheroxyl radicals (stronger effect). Thus, the TA/DHLA couple
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works in recycling vitamin E both in membranes and in low density lipoproteins (LDL),
where it acts to stabilize them. The interactions between these antioxidants in membranes
and LDL are shown in Figure 1. Thus, vitamin E will only be lost when these backup
systems, either in the aqueous or membrane domains, become rate-limiting. At this point,
the loss of vitamin E will be accompanied by increased rates of lipid and protein
oxidation, destruction of membrane function, and inactivation of membrane enzymes and
receptors. Thus, vitamin E not only has an antioxidant action, but also acts as a
biological response modifier. By modulating membrane-associated enzyme systems,
vitamin E markedly affects the production of small molecular weight substances, like
secondary messengers and products of the arachidonic acid cascade, which have profound
effects at low concentrations in cell regulation and proliferation (1).

Oxidative damage will be minimized while vitamin E is still present. The
concentrations of other antioxidants that act in the cytosol to quench radical reactions or
that donate their reducing power to vitamin E may also fluctuate up and down.
Membrane associated redox couples, such as ubiquinol/ubiquinones and oxidized/reduced
cytochrome ¢, can also lower the steady state concentrations of vitamin E radicals.
Fluctuations in their concentrations, however, are not as important as changes in the
concentration of vitamin E. The index of potential damage is high only when vitamin E

is gone.

Amplifying the Vitamin E Message--Regulatory Effects of Vitamin E

Intracellular Signaling and Secondary Messenger Formation.

Protein kinase C (PKC), which is very important in intracellular signalling, may
be down-regulated by vitamin E, but not by its esters (11,12). This would have the effect
of inhibiting cell proliferation. These results may be relevant to the anti-cancer effects

of vitamin E.

Production of Cell Mediators by the Arachidonic Acid Cascade.
Phospholipase A2 preferentially hydrolyzes peroxidized fatty acid esters of

phospholipid membranes. Since lipid peroxides activate phospholipase A2, a decrease in



lipid peroxides by vitamin E will decrease phospholipase A2 activity (13,14). Vitamin
E thereby modulates arachidonic acid release from membrane phospholipids and therefore
arachidonic acid metabolism.

Vitamin E also inhibits plant and mammalian 5- and 15-lipoxygenases (15,16). Fatty
acid hydroperoxides necessary for activation of lipoxygenase can overcome the inhibition.
Finally, prostaglandin and HETE (hydroxyeicosatetraenoic acid) production from
arachidonic acid in bovine seminal vesicles and kidney was inhibited by a-tocopherol;
HETE production was inhibited less than that of prostaglandin. Thus, vitamin E seems
to influence both the cyclooxygenase and lipoxygenase pathways; this modulation of

arachidonic acid oxidation may have important in vivo implications.

Hypocholesterolemic Effects.

Tocotrienols, the form of vitamin E with an unsaturated isoprenoid side chain, can
serve as powerful hypocholesterolemic agents. The y-form is most active. These effects
are not exhibited by the corresponding tocopherols. Tocotrienol may well act by
inhibiting HMG CoA reductase activity (18), the rate limiting step in the biosynthesis of

cholesterol.

Anticancer Effects.

Mevalonate-derived intermediates of sterol biosynthesis, including tocotrienols
from red palm oil, suppress neoplastic growth (19). Increased linoleic acid content in fat
diets also suppresses tumor growth. The growth of several types of transplantable tumors
is also inhibited by tocotrienols, and particularly by the gamma isomer (20).

Thus, modulation of tumor growth rate by substances with polyunsaturated chains
have potential anticancer activity. The extent to which these effects are mediated through

actions on prostanoid formation or on HMG CoA reductase activity is still unclear.

Role of Vitamin E in Degenerative and Coronary Artery Disease
Several epidemiological investigations in recent years have provided strong
circumstantial evidence for beneficial effects of vitamin E in degenerative and coronary

heart disease.



Ischemic Heart Disease (IHD) Mortality.

The World Health Organization/Monica core study (27), carried out with 20
populations in Europe, is the most recent, extensive, and best controlled epidemiological
investigation thus far conducted on risk factors involved in death from ischemic heart
disease. In this study, a combination of classical risk factors accounted for only 20% of
IHD mortality. A good correlation was found between elevated plasma cholesterol and
IHD mortality in 12 populations, but not in 8 others. Of various measured parameters,
the best correlation was found between low plasma concentrations of vitamins E and A
and increased IHD mortality (27).

IHD mortality was highest in the extreme northern countries, e.g. Scandinavia,
moderate in middle European countries, and lowest in the countries of southern Europe
bordering the Mediterranean region. A seven-fold higher IHD was found in populations
in the north as compared to the south. THD mortality was inversely related to the amount
of yellow and green vegetables in the diet of these European populations. When the data
from the 12 cholesterol sensitive populations cited above were adjusted for cholesterol and
lipid standardized factors, a lower risk to IHD mortality was still significantly correlated

with higher plasma levels of vitamins E and A.

Angina Pectoris.

In a recent epidemiological study (28), the hypothesis was tested that plasma
concentrations of antioxidant vitamins might be related to the risk of angina. Classic risk
factors for coronary heart disease that were evaluated included age, habitual smoking,
blood pressure, lipid composition, relative body weight, and also seasonal trends in
vitamin and antioxidant concentrations in plasma samples from 6000 men aged 35 to 54.
Without adjustment for the various risk factors, plasma concentrations of vitamin E,
vitamin C and carotenoids were inversely related to an increased risk of angina pectoris.
However, after adjustment for the various risk parameters, only plasma vitamin E
remained as a significant factor. The adjusted odds ratio for angina between the lowest
and highest quantities for vitamin E was 2.68 (P = 0.02). Thus, populations with a high

incidence of coronary heart disease might well benefit from diets rich in vitamin E.



Coronary Artery Disease (CAD)--Atherosclerosis.

Cholesterol-rich low density lipoproteins are clearly involved in the multistep
process. of CAD. Many years ago, atherosclerotic lesions were shown to occur in
rabbits fed diets high in cholesterol. Feeding with antioxidants, such as vitamin E,
reduced the occurrence of these lesions. Polyunsaturated fatty acids, which are
susceptible to lipid peroxidation, can form free radicals that can injure the endothelium,
damage heart muscle cells, and provoke proliferation of smooth muscle. These processes
are inhibited by vitamins C and E.

When polyunsaturated fatty acids, cholesterol and/or apoprotein B in low density
lipoproteins (LDL) are oxidatively modified, the damaged LDL are phagocytized by
macrophages. Extensive uptake of damaged LDL by macrophages results in the formation
of foam cells. Foam cells accumulate under the unbroken layer of endothelial cells where
they aggregate to form a fatty streak. The fatty streak serves as a nucleus for the
development of the atherosclerotic plaque. Higher vitamin E concentrations would be
expected to retard all of these processes. Thus, the multifactorial actions of vitamin E,
not only as an antioxidant but also as a biological response modifier, account for the high

correlation between low plasma levels of vitamin E and the high risk of CAD.

The Benefits of Vitamin E in Other Chronic Diseases and in Aging

Aging.
Deposits resulting from free radical reactions accumulate in tissue during the aging

process. Lipid peroxidation may be an important factor in provoking premature aging.

Cancer.
Reactive oxygen species have been implicated in the process of cancer initiation
and promotion. Vitamin E and the other antioxidants can function as anticarcinogens by

quenching free radicals or reacting with their products. Epidemiological studies indicate



that vitamin E, alone or in combination with other antioxidants, is associated with a
decreased incidence of certain forms of cancer.

Skin cancer is both the most common form of human cancer and the most common
malignant cancer. Populations exposed to high levels of ultraviolet irradiation show an
increased incidence of malignant and non-malignant melanoma. Alarmingly, the incidence
of this disease has doubled in the United States in the past decade. Because antioxidants
retard the multi-step process of carcinogenesis, molecular damage due to ultraviolet
irradiation may well be reduced by vitamin E.

Anticancer agents that generate reactive oxygen species, such as adriamycin,
damage normal tissue. Thus in patients treated with adriamycin (doxorubicin), vitamin

E may be beneficial in protecting the skin, the heart, and other tissues.

Arthritis.
Increased free radical production has been observed in animal and human studies
on arthritis. Vitamin E therapy is effective in relieving pain and in improving mobility

in patients with osteoarthritis.

Circulatory Conditions.

Excessive platelet aggregation speeds the development of atherosclerosis. Vitamin
E supplementation significantly decreases platelet aggregation in healthy adults and
reduces elevated platelet aggregation rates in patients with high blood lipid levels and in
oral contraceptive users. In patients with coronary artery disease who undergo bypass
surgery, pretreatment with vitamin E reduces the elevated free radical concentrations in

the plasma that usually occur.

Cataracts.

Photooxidative mechanisms and reactive oxygen species are important in
cataractogenesis. Vitamin E delays or minimizes cataract development in isolated animal
lenses. High plasma antioxidant concentrations correlate with reduced cataract risk in

adults.



Exercise.

Strenuous physical exercise is associated with an increased rate of lipid and protein
oxidation and of vitamin E consumption. Mountain climbers who were given oral doses
of 400 IU/day vitamin E showed improved physical performance and decreased breath
pentane output during prolonged exposure to high altitudes.

Air Pollution.
Vitamin E is an important component of the lung’s defense against the injurious

effects of smog, smoke, and smoking.

Relative Activities of Tocopherols and Tocotrienols

d-a-Tocopherol and d-a-tocotrienol, two forms of vitamin E, are natural membrane
antioxidants. Both have the same aromatic chromanol "head," but d-a-tocopherol has a
saturated whereas d-a-tocotrienol has an unsaturated polyisoprenoid "tail."

In membranes, d-a-tocotrienol shows 40- to 60-times higher antioxidant potency than
d-a-tocopherol due to: (i) higher recycling efficiency from chromanoxyl radicals, (ii) more
uniform membrane bilayer distribution, and (iii) better interaction of chromanols with lipid
radicals (29). Thus, d-o-tocotrienol may have higher physiological activity than
d-a-tocopherol under conditions of oxidative stress.

Both d-a-tocopherol and d-a-tocotrienol protect human LDL against oxidative
modification induced by lipoxygenase, UV-irradiation, or peroxyl radicals initiated by azo
dyes. As revealed by electron spin resonance spectroscopy, chromanoxyl radicals of both
d-a-tocopherol and d-a-tocotrienol are formed in oxidatively stressed LDL. In the
presence of ascorbate, the recycling efficiency for d-a-tocotrienol was higher than for
d-a-tocopherol.

In myocardial ischemia-reperfusion studies (30) palm oil vitamin E (POE), (a gift of
A. Gapor, PORIM) which contains 45% d-a-tocopherol and 55% d-a-tocotrienol,

conferred protection to rat hearts against ischemia-reperfusion injury. After 40 min. of



10

ischemia, the hearts from animals fed POE for 45 days recovered 90% of the control
value of their mechanical activity (contractility), whereas hearts from the control group
recovered only 17% of the initial level.

Lipid and protein oxidation in the reperfused heart was greatly reduced by POE
treatment. During the reperfusion period, more d-a-tocotrienol (79 %) than d-a-tocopherol
(59%) was consumed. d-a-Tocotrienol also demonstrated higher in vitro NADH-,
NADPH-, succinate-, and ascorbate-dependent recycling efficiency from chromanoxyl
radicals in heart membranes (mitochondria and microsomes) than d-a-tocopherol.

Thus, d-a-tocotrienol clearly is highly efficacious in protecting myocardial

membranes against oxidation in the course of ischemia-reperfusion injury.

New Horizons in Vitamin E Research: Requirements for Vitamin E

The Vitamin E Paradox.

How do we reconcile the great efficiency of minute quantities of vitamin E in
membranes with the beneficial effects of vitamin E supplementation on human health seen
in chronic diseases and acute clinical conditions?

A local deficiency of vitamin E can arise rapidly in membranes under conditions of
intense oxidative stress. Under these conditions, molecular damage to lipids, proteins, and
nucleic acids can be expected. Examples of such acute situations are ischemia-reperfusion
injury, e.g. myocardial infarction or stroke and subsequent reoxygenation, hemorrhagic
and other forms of shock, exposure to extremes of environmental pollution or irradiation,
or treatment with antineoplastic drugs.

The replenishment of vitamin E in depleted membranes often requires days to weeks,
even in tissues in which vitamin E turnover is rapid. Thus, dietary supplementation with
vitamin E during or after an episode of acute stress may prevent tissue injury.

Because water-soluble antioxidants that recycle vitamin E can be introduced in a

matter of minutes, the effective concentration of the residual vitamin E in membranes or
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lipoproteins, thereby may be rapidly increased. Similarly, water-soluble recyclers or
water-soluble forms of vitamin E such as vitamin E phosphate or vitamin E succinate,
may also be more effective than vitamin E itself. Thus, the concept of vitamin E
recycling may prove to be crucial in the development of new strategies for the treatment

of acute conditions involving oxidative damage.

Biokinetics and Tissue Absorption of Vitamin E.

The biokinetics and tissue absorption of different forms of vitamin E in humans
has not been well studied. On the basis of animal studies, however, fast and slow
turnover tissues have been identified. Furthermore, certain tissues, such as adipose tissue,
the liver and the adrenal gland, accumulate vitamin E.

Dietary vitamin E is transported on chylomicra from the intestine to the liver and
other tissues. In rat liver, an a-tocopherol binding protein has been identified, however
its specificity for the different tocopherols, i.e. alpha, beta, gamma, and delta, and for the
corresponding tocotrienols is unknown. Whether this binding protein is involved in the
incorporation of vitamin E into lipoproteins is also unclear. In human plasma, tocopherols
tend to be associated with phospholipid-rich lipoproteins, whereas tocotrienols are
primarily found in triglyceride-rich lipoproteins (K.C. Hayes, personal communication).
Thus, different pathways must exist for the incorporation of these two forms of vitamin
E into lipoproteins. In regard to tissue uptake, adipose tissue becomes enriched in
tocotrienols, while most other tissues contain more a-tocopherol than a-tocotrienol. Thus
specificity is also expressed at the interface between plasma lipoproteins, probably
including chylomicra, and various tissues.

In our laboratory, rats fed with large supplements of POE with roughly equivalent
concentrations of tocopherol and tocotrienol accumulate both tocopherols and tocotrienols
in many tissues, different skeletal muscle fibers and liver. Future biokinetic and tissue
absorption studies in both humans and animals should allow us to define better the

biological functions and actions of tocopherol and tocotrienol isomers.
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Vitamin E Requirement.

Health status, lifestyle, diet, and environment markedly influence the requirements
for vitamin E. Although demonstrable vitamin E inadequacy in apparently healthy adults
is rare, vitamin E requirements may vary fivefold in individuals, depending on the dietary
intake of polyunsaturated fat, tissue composition, the steady state concentrations of other
interactive antioxidants in tissues, and genetic factors.

Free radical-mediated damage has been implicated in cellular and extracellular
changes that occur over time in the aging process and in development of chronic diseases.
Vitamin E and other antioxidants prevent or minimize oxidative damage in biological
systems. How adequate the antioxidant defense should be to protect the body from
excessive free radical concentrations is one of the many new horizons for vitamin E

research.
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Table 1. Health Benefits and Clinical Applications of Vitamin E

Clearly Defined Need

Malabsorption Cholestatic liver disease, cystic fibrosis,
abetalipoproteinemia, celiac disease, sprue, pancreatitis

Familial deficiency Genetic factors
Prolonged total Environmental factors

parenteral nutrition

Some Evidence, Not Completely Accepted

Premature infants Reduced risk of intraventricular hemorrhage and reduced
severity of retrolental fibroplasia

Intermittent claudication Increased mobility and stronger exercise endurance
Peyronie’s disease Decreased fibrosis, pain

Hemolytic anemias Sickle cell, G-6-P-D deficiency, Thalassemia

Other Indications

Adult respiratory Low plasma E levels in ARDS Suggest a need for parenteral
distress syndrome E administration, which may delay onset of acute respiratory
(ARDS) failure (21)

Epilepsy Vitamin E supplementation in addition to antiepileptic drug

therapy resulted in reduction in seizures in a majority of
epileptic children refractory to antiepileptic drugs (22)

Tardive dyskinesia After vitamin E administration, scores on Abnormal
Involuntary Movement Scale were lower in subjects with
persistent tardive dyskinesia (23)
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Table 1 (continuation). Health Benefits and Clinical Applications of Vitamin E

Cancer therapy

Burns

Radiotherapy. Plasma E and [-carotene levels were
decreased in patients during radiotherapy prior to bone
marrow transplantation. Antioxidant loss must be considered
a possible cause of early post-transplant organ toxicity (24)

Chemotherapy. Heart damage due to adriamycin therapy was
decreased by vitamins A and E (25)

Vitamin E supplementation stimulated T-helper cells to near
normal levels in patients after bum injury (20-64% of body
surface area) (26)



Lipid-Soluble Antioxidants: Biochemistry and Clinical Applications 17
A.S.H. Ong & L. Packer (eds)
© 1992 Birkhiuser Verlag, Basel/Switzerland
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Summary

The relative reactivities of a- and y-tocotrienol toward peroxyl radicals have been compared with
those of a-T and other natural lipid soluble antioxidants by measuring their temporal disappearance when
present in either homogeneous solutions or within human low density lipoprotein (LDL) previously enriched
with a-tocotrienol. In homogeneous systems, the relative reactivities of the various antioxidants decreased
in the following order: ubiquinol-10 > a-tocopherol = a-tocotrienol > @-carotene = lycopene >
y-tocopherol = y-tocotrienol. A similar sequence of consumption of antioxidants was also obtained when
a-tocotrienol-enriched human LDL was exposed to peroxyl radicals. Under both conditions, a-tocotrienol
reacted with peroxyl radicals as rapidly as a-tocopherol, though both forms of vitamin E were consumed
after ubiquinol-10.

Introduction

The term vitamin E is a generic description for all tocols and tocotrienol
derivatives which qualitatively exhibit the biological activity of a-tocopherol. The
structure of tocotrienols differs from that of tocopherols only by the three unsaturated
double bonds on the side chain of chromanol ring (Table I). While tocopherols and

tocotrienols in general are present in vegetable oils, animal fats, grains, vegetables and
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fruits (Slover, 1971), the main occurrence of tocotrienols is in palm, wheat germ, coconut
and comn oil (Syvaoja et al., 1986).

Since its discovery in the 1920’s the physiological effects of vitamin E have long
been known and reported. The first notice of clinical use of vitamin E was as an
antisterility agent as rats became fertile when wheat germ was added to the rancid lard in
their diet (Evans, 1962) . Vitamin E deficiency has been associated with specific changes
in neurotransmitters of the central nervous system, with decrements in cortical
alpha-adrenergic binding sites and choline acetyl transferase (Chan et al., 1983). In both
animals and humans, vitamin E deficiency has also been shown to be associated with an
increase in aggregation of and prostaglandin synthesis by platelets in vivo (Stuart and
Oski, 1979). Indeed, several reports have demonstrated a role for vitamin E as inhibitor
of platelet aggregation (reviewed in Machlin, 1991). Perhaps more importantly, vitamin
E, and o-tocopherol (a-T) in particular, possesses high antioxidant activities and is
generally regarded as the most important lipid-soluble antioxidant in human blood plasma
(Burton et al., 1983).

Whereas there are numerous reports on the biological activities of tocopherols there
are only few such studies available for tocotrienols. Recent reports suggested that
tocotrienol may have antitumor activity in mice (Kato et al., 1985), inhibit biosynthesis
of cholesterol in chicken (Qureshi et al., 1986) and increase the concentration of high
density lipoprotein (HDL)-cholesterol in rats (Imaizumi et al., 1990).

The antioxidant activities of a-tocotrienol (a-T-3) and «-T have been compared by
Nakano et al. (1980). They observed that both antioxidants had the same protective effect
on iron-induced formation of cholesterol-Sa-hydroperoxide in liposomal or microsomal
systems.  Similar protective activitiecs were observed by others using dilinoleyl
phosphatidyl choline liposomes exposed to peroxyl radicals generated by the thermolabile
initiator 2,2’-azobis(2-amidino propane)dihydrochloride (AAPH) (Yamaoka and
Komiyama, 1989). Interestingly, these authors noted that «-T-3 had slightly higher
activity than «-T when added after liposome formation. Serbinova et al (1991) made the

remarkable claim that compared to a-T, a-T-3 possesses 40-60 fold higher antioxidant
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Table I. Structure of tocotrienols and tocopherols

R,
Rs 0 R,a= \/\)\/\/k/\/k
R,
HO b= % A 7
R2
R, R, Ry Ry Vitamin E Abbreviation
a CH; CH; CH;, a-tocopherol a-T
a CH; H CH, -tocopherol B-T
a H CH; CH;, ~y-tocopherol y-T
a H H CH; d-tocopherol o-T
b CH; CH; CH; a-tocotrienol a-T-3
b CH; H CH, B-tocotrienol B-T-3
b H CH; CH, y-tocotrienol y-T-3
b H H CH, d-tocotrienol 0-T-3

activity against (Fe>* + ascorbate) and (Fe?* + NADPH)-induced lipid peroxidation in
rat liver microsomes.

In light of these conflicting reports we decided to further investigate the relative
antioxidants reactivities of o-T and a-T-3, and to compare them with those of other
natural lipid-soluble antioxidants. To do this we measured the temporal consumption of
antioxidants within either homogeneous solution or human low density lipoprotein (LDL)
when exposed to a steady flux of aqueous peroxyl radicals. The latter system was used
since LDL is the major vehicle for transport of lipid-soluble antioxidants within the blood
circulation and oxidative damage to LDL lipids and protein has been implicated as an
early and important event in atherogenesis (Steinberg et al., 1989) . We conclude that, in

these systems, the activity of «-T-3 is similar to that of o-T.
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Materials and Method

Materials

Organic solvents of HPLC quality were purchased from Mallinckrodt, Hipersolv
HPLC water from BDH, d-a-tocopherol and d-y-tocopherol from KODAK, (-carotene
(synthetic) from Sigma, and (all-E)-lycopene were gifts from H. Keller (Hoffmann-La
Roche, Basel) . Ubiquinol-10 was prepared from ubiquinone-10 by reduction with sodium
dithionite (Lang et al., 1986). 2,2’-azobis (2,4-dimethylvaleronitrile) (AMVN) and
2,2’-azobis(2-amidinopropane)hydrochloride (AAPH) were obtained from Polyscience.
a-T-3 and o-T-3 were isolated from VITEE capsules supplied by the Palm Oil Research
Institute Malaysia (PORIM) using reversed (C18) and normal phase (silica) HPLC columns
(SUPELCO; 10 x 250 mm; 5 pum particle size) and identified by their infra red,

ultraviolet, mass and proton nuclear magnetic resonance spectra.

Oxidation of a-T-3 and Other Antioxidants in Homogeneous System.

A mixture of two antioxidants (100 uM each final concentration) in ethanol was
incubated at 37°C for 3 min before AMVN was added (10 mM final concentration).
AMVN, like AAPH, thermally decomposes to yield peroxyl radicals at a constant rate.
Aliquots (20 uL) of the reaction mixture were removed at various times and analyzed for
the antioxidants. Tocotrienols and tocopherols were detected simultaneously at 280 nm
following separation on a C18 column equilibrated with 4% 50 mM sodium perchlorate
in methanol (1.0 ml/min). Ubiquinol-10 was analyzed as described previously (Stocker
et al., 1991).

Oxidation of a-T-3 Enriched Human LDL.

Enrichment of LDL with «-T-3 was carried out in principle as described for the
enrichment of LDL with «-T (Esterbauer et al., 1991). LDL was isolated as described
(Stocker et al., 1991). The isolated, o-T-3 enriched LDL (1.0-2.0 mg/ml) was incubated
for 3 min at 37°C before AAPH (25 mM final concentration) was added to
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Figure 1. HPLC of Tocotrienols and Tocopherols Standards. HPLC Conditions LC-18
(25 x 0.46 cm) with guard column; electrochemical detection (+ 0.6 V); mobile phase,
4% 50 mm NaClO, in methanol at a flow rate 1.2 ml/min. Standard injected (10 ul)
contained 100 pmol of each compouad, v-tocotrienol [1], a-tocotrienol [2], 8-tocopherol
[31, y-tocopherol [4], and a-tocopherol [5].

initiate oxidation. At various time points aliquots of the solution were removed, extracted
with aqueous methanol and hexane and the antioxidants present in the hexane phase
analyzed as described (see above and Stocker et al., 1991). To obtain sufficient sensitivity

for the detection of a-T-3, electrochemical (Fig. 1) rather than UV detection was used.

Results and Discussion

Homogenous System,

Since a-T has been reported to be the most important lipid-soluble antioxidant
associated with human LDL (Esterbauer et al., 1991) we decided to use this form of
vitamin E as a "reference” and to compare its reactivity with that of tocotrienols.
Exposure of a mixture of o-T and a-T-3 to a steady flux of peroxyl radicals resulted in
immediate and concomitant virtually linear disappearance of both forms of vitamin E with

similar initial rates (Table II). When either o-T or a-T-3 was present alone at the
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Table II. Reactivity of a-T and «-T-3 towards peroxyl radicals generated by
AMVN in ethanol

Antioxidant Rate of Consumption (uM/min)
a-T 0.41
a-T-3 0.39
a-T-3 alone 0.78

same concentration the rate of disappearance doubled (Table II) The obtained rates of
antioxidant consumption are in good agreement with the expected rates of radical
generation under our experimental conditions (Yamamoto et al., 1984) indicating that the
antioxidants did not affect each other. In contrast to a-T-3, v-T-3 failed to effectively
compete with a-T for peroxyl radicals. Thus, under identical conditions as in Table II,
but in the presence of 4-T-3 instead of «-T-3, initiation of the oxidation resulted in very
rapid disappearance of o-T whereas 4-T-3 was initially "spared” from oxidation
(Table IIT). Following complete consumption of «-T, the rate of 4-T-3 consumption
increased significantly, to 0.18 uM/min. This value is low compared to «-T-3 alone
(Table II), suggesting that compound(s) produced by the radical-mediated oxidation of
v-T-3 can themselves scavenge peroxyl radicals. A comparison of the relative reactivities
of peroxyl radicals with different forms of vitamin E and-lycopene or 8-carotene revealed
that while o-T and o-T-3 were more reactive, a-T and y-T-3 were at least partly spared
from oxidation in the presence of either of the two carotenoids (data not shown).

From these results it may be concluded that in homogeneous systems the double bonds
of the side chain of a-T-3 do not contribute to the antioxidant activity. In agreement,
2,2,5,7,8-pentamethyl-6-chromanol (PMHC), an analogue of o-T that totally lacks the
phytyl side chain, has antioxidant activity similar to «-T against autoxidizing methyl
linoleate at 40°C and safflower oil at 60°C (Suarna and Southwell-Keely, 1991).
Similarly, a study by Niki (1985) with tocopherol analogous showed that the phytyl side

chain of chromanol has little effect on the inhibition of peroxidation of liposomes.
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Table III. Reactivity of a-T and y-T-3 towards peroxyl radicals generated by AMVN

in ethanol

Antioxidant Initial Rate of Consumption (uM/min)
a-T 0.77
¥-T-3 0.065

Trolox, in which the side chain is replaced by carboxylic acid, is more soluble in water
and has higher protective activity than either a-T or several synthetic food antioxidants
(butylated hydroxytoluene, BHT; butylated hydroxyanisole, BHA; Nordihydroguaiaretic
acid, NDGA and tertiary butylhydroquinone, TBHQ) when added to various vegetable
oils, lard or chicken fat (Scott and Cort, 1976) Our observation that a-T-3 was more
reactive than ~-T-3 towards peroxyl radicals is not surprising in light of the above and
earlier reports by Burton and Ingold (1981) that under similar conditions the relative
antioxidant activities of tocopherols decreased in the order of o >8>~y >8. These results
however do not rule out the possibility that different side chains of o-T-3 and a-T
influence the accessibility of the antioxidant active chromanol structure when located
within a membrane bilayer or lipoprotein monolayer.

Work from this laboratory has shown that ubiquinol-10 (CoQH,, the reduced form of
coenzyme Q, CoQ) is associated with human LDL and is the first lipid soluble antioxidant
that disappears following exposure of the lipoprotein to a variety of different oxidizing
conditions (Stocker et al., 1991) . We therefore tested whether a-T-3 could efficiently
compete with CoQH, for peroxyl radicals. As shown in Table IV, when o-T-3 was
exposed to peroxyl radicals in the presence of CoQH, the rate of consumption of the
former was low as long as CoQH, was present but increased following CoQH,
consumption to 0.39 pM/min. This finding is in agreement with a report by Frei et al.
(1990) showing that CoQH, has a sparing effect on -T within liposomes during peroxyl
radical-mediated oxidation. The fact that the rate of CoQH, consumption in the absence
of a-T-3 was higher than the sum of the rates of consumption of CoQH, and a-T-3 when

present together (Table IV) suggests that in the former situation part of the CoQH, was
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lost due to "wasting" as a result of autoxidation (see Frei et al., 1990). Taken together
our results suggest that in homogeneous solution «-T-3 is more reactive towards peroxyl
radicals than y-T-3 and equally reactive as a-T though all forms of vitamin E appear to

be less reactive than CoQH,.

Table IV.  Reactivity of a-T-3 and CoQH, towards peroxyl radicals generated
by AMVN in ethanol

Antioxidant Initial Rate of Consumption (uM/min)
a-T-3 0.22

CoQH, 1.36

Control:

CoQH, alone (-AMVN) 0.39

CoQH, + AMVN 2.19

Oxidation of Human LDL Enriched with a-T-3.

The relative importance of different antioxidants is likely to be influenced by a
number of factors, including their relative reactivity towards the oxidant and their relative
accessibility. To address the latter issue we enriched human LDL with a-T-3. Previous
work by Esterbauer et al. (1991) has shown that enrichment of this lipoprotein with
lipid-soluble antioxidants can be achieved by incubating human plasma with the
antioxidant before isolation of the LDL. We adapted this procedure for o-T-3.
Preliminary experiments revealed that upon incubation with plasma, «-T-3 incorporated
into HDL and LDL to a similar extent. In order to compare the reactivities of o-T and
a-T-3 we chose conditions that resulted in = equimolar ratios of these two antioxidants

within the isolated LDL. When such supplemented LDL was exposed to a steady flux of



25

aqueous peroxyl radicals CoQH, was the first antioxidant to be consumed (Table V).
LDL-associated a-T-3 disappeared together with endogenous a-T, but before lycopene,
B-carotene, and y-T. These results suggest that as in the homogeneous system both
a-isomers of vitamin E possess similar reactivity towards aqueous or lipid-soluble peroxyl
radicals.

Table V. Oxidation of a-T-3-enriched human LDL by peroxyl radicals:
Comparison of the behavior of a-T-3 with endogenous antioxidants

Antioxidant Rate of Antioxidant Consumption®
% /min pM/min

CoQH, 6.08 0.149

a-T 0.36 followed by 1.23 0.065 followed by 0.218
a-T-3 0.31 followed by 1.27 0.049 followed by 0.204
Lycopene 0.13 followed by 0.80 0.006 followed by 0.033
3-Carotene 0.29 followed by 0.64 0.007 followed by 0.015
v-T 0.09 followed by 0.73 0.003 followed by 0.017

*Rates are given as initial rates (i.e., when all antioxidants were present in LDL) followed
by the rate of consumption obtained immediately after complete disappearance of CoQH,.

Recent work by Stocker et al. (1991) showed that in human LDL CoQH, was the
most efficient antioxidant against peroxyl radicals. This was contrary to the report by
Kagan et al. (1990) on the inhibition of lipid peroxidation induced by (Fe* + NADPH)
or by (Fe?* + tert-butyl hydroperoxide) in rat microsomes in which a-T was more
effective than ubiquinols-9 or -10. The reasons for these apparently contradicting reports
are likely related to differences in the two experimental models used, such as the nature

of "lipid models" (i.e., lipoprotein vs. membrane bilayer), the type of the oxidant, and
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the form of antioxidant administration (i.e., endogenous vs. exogenously added in
ethanolic solution). We are presently investigating these possibilities in order to obtain
further insight into the nature of CoQH,’s antioxidant activity within LDL and other

lipoproteins in more detail.
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Summary

Interaction of a-tocopherol and its analogue vitamin E acetate in model membranes has been
studied using 'H, 3'P and '3C NMR. a-tocopherol binds strongly with the lipid molecule through
intermolecular hydrogen bond. The possibility of such a hydrogen bond is excluded in Vitamin E acetate
which binds loosely to the membrane through normal hydrophobic interactions. ESR spin labeling
experiments indicate that whereas a-tocopherol broadens gel to liquid crystalline phase transition, vitamin
E acetate lowers the phase transition temperature. Profile of permeation of small molecules through
liposomes has been found to alter on incorporation of these drugs. However, no alteration in the mode of
packing has been revealed by >!P NMR and Electron Microscopy. The membrane retains normal lamellar
bilayer arrangement. A model for a-tocopherol-lipid interaction has been constructed using computer aided
graphics. Protection offered to intact cells (spermatozoa) by a-tocopherol against peroxidation caused by
UV treatment has been studied using biochemical methods and spin labeling ESR technique.

Introduction

a-tocopherol is a lipid soluble antioxidant which plays a major role in maintenance
of health of nervous and cardiovascular systems (Boland, 1990). Even immune systems
require a-tocopherol for their unimpaired functioning. It is important to understand the
mode of interaction and the process involved in prevention of oxidation of lipids at
molecular levels. Such knowledge is likely to help evolve new, stronger and less toxic

antioxidant compounds.
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We have studied physicochemical aspects of lipid-a-tocopherol interactions using a
variety of techniques. The mode of interaction and extent of penetration of a-tocopherol
in lipid matrix has been investigated using 'H, 13C, 3!p NMR spectroscopy (Srivastava,
et al., 1983, 1986). The alterations induced in the lipid matrix as a result of a-tocopherol
incorporation have been estimated using ESR spin labeling and electron microscopy. More
recently, the potency of a-tocopherol in preventing lipid-peroxidation has been assayed
by monitoring colorimetrically malonaldehyde formed as a result of primary and
secondary lipid peroxidation products (Wills, 1987). We have studied model membranes
(dispersions of Dipalmitoylphosphatidyl choline (DPPC), Dioleoylphosphatidyl choline
(DOPC) and egg phosphocholine (EPC) and goat spermatozoa.

We are trying to develop a new method based on spin labeling ESR to evaluate total

oxidation. The preliminary results are encouraging.

Materials and Method

Materials

a-tocopherol was a gift from Malati Chemicals India. Spin labels
2,2,6,6-tetramethylpiperidine-N oxyl (TEMPO) and 2’,2’-dimethyl-N-oxyloxazolidine
derivative of 5-ketostearic acid (5-SASL) were purchased from SYVA Research
Chemicals, USA. L-a-Dipalmitoylphosphatidyl choline (DPPC) and (DOPC) were
obtained from SIGMA Chemical Company, USA. Egg PC was extracted were following
standard method (Singleton, et al., 1965). Other reagents used were of analytical grade.

Model Membranes Preparations

Liposomes were prepared by following standard method. Aliquots of chloroform
solutions of lipids were subjected to a stream of nitrogen so as to form uniform thin films
of the lipid on the walls of container. Residual solvent was removed by subjecting the

films to vacuum drying for at least 2 hours. Appropriate amount of buffer was added and
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allowed to equilibrate for 30 minutes or more. Multilamellar liposomes were procured by
vortexing. Unilamellar dispersions were obtained by subjecting the aqueous dispersions
to sonication until they obtained optical clarity. Sonication was done with B-30 Branson

sonicator fitted with microtip.

Spermatozoa: Sample Preparation

Goat testes were procured from the slaughter house. The epididymis was segmentally
dissected into caput and cauda regions. Sperm cells were obtained by gentle mincing and
tweezing in buffer. Tissue was removed by settling. The cells were washed by
centrifugation and resuspended in buffer in desired concentrations. Sperms exhibiting

60-70% or more motility were used for experimentation.

Methods

NMR experiments were carried out on a Bruker AM-500 FT-NMR spectrometer.
ESR experiments were done using X-band ESR spectrometer with a Varian 12 inch
magnet and associated accessories. The sample temperature was measured by placing a
copper constantan thermocouple placed in close proximity of the sample. Electron
Microscopic (EM) studies were conducted with the help of Joel JEM 100 S electron
microscope at a high voltage of 60 KV. The sample was prepared by placing a drop of
suspension on a thin film of formvar coated copper grid and allowing it to dry before
placing it on the microscope. The optical measurements were done on SPECTRONIC
1201 UV visible spectrophotometer.

Incorporation of a-tocopherol was achieved by addition of ethanol solution of
a-tocopherol into cell samples or by dissolving lipids and a-tocopherol in chloroform
solution, evaporating to dryness and subsequently dispersing into buffer. The system
was allowed to equilibrate for 15 minutes. Samples were exposed to UV irradiation for
20 minutes for ESR experiment and 1 hour for biochemical assay. Lipid peroxidation was
induced using Fe*2 + Ascorbate as oxidizing agent. Samples were incubated with 0.5

mM ascorbate and 10 uM FeSO, for 1 mg lipid/mlor 1 x 105 cells/ml. for 1 hour
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duration. Lipid peroxidation was assessed by the formation of thiobarbituric acid reactive
substances (TBARS) (Beuge and Aust, 1978). 2 ml of TBA reagent (0.375% W/V
thiobarbituric acid, 15% W/V trichloroacetic acid in 0.25 N-HCL) was added to the
samples, incubated for 10 minutes at 100°C, cooled, centrifuged and absorbance of
supernatant read at 532 nm. The TBARS formation was calculated using an extinction
coefficient of 1.56 x 10° M1 cm™!,

Mode of Interaction

NMR
13C NMR (Chemical shift and relaxation times) provides information about the extent
of immobilization and segmental motion of the interacting molecules (Levine et al., 1972).
We have used for purpose of comparison, vitamin E acetate which is analogous to
a-tocopherol except that the hydroxyl group is replaced by acetate moiety. Proton
decoupled 13C NMR spectra of both the compounds in CDCl; are almost similar. (Fig.
1(d)) Assignments of resonance lines have been reported earlier (Johnson & Jankawski,
1972). The resonances arising from sonicated DPPC vesicles without and with
a-tocopherol or vitamin E acetate are depicted in a,b,c, (Fig. 1) respectively. One
observes that whereas resonances belonging to vitamin E acetate remain sharp even after
incorporation in lipid vesicles, those from a-tocopherol become very broad and are not
detectable. This indicates that a-tocopherol gets strongly immobilized in the lipid matrix
but its analogue vitamin E acetate is mobile. Measurement of spin-lattice relaxation times
indicates that the hydrocarbon chain part of the vitamin E acetate molecule experiences
same degree of motional freedom as that of lipid hydrocarbon chains (Srivastava, et al.,
1983).
It is envisaged that the presence of hydroxyl group in a-tocopherol is responsible
for tight binding to the lipid molecules through the formation of the hydrogen bond. The

formation of hydrogen bond A-H ... B modifies the electron density around the proton of
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the A-H group resulting in its shielding (Govil and Hosur, 1982). The proton chemical
shift of the hydroxyl proton of a-tocopherol has been monitored (Fig. 2a). There is
significant shift in the hydroxyl proton position on increasing the lipid content of the
sample (Fig. 2(b-g)). At the highest lipid concentration (lipid:a-tocopherol = 1:1) the

hydroxyl proton exhibits downfield shift of about 1.2 ppm. Moreover, the line becomes

e //\h_L
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Fig.1 Proton decoupled 3C-NMR spectra of
(a) DPPC unilamellar dispersion at 323K
(b)  a-tocopherol + DPPC unilamellar dispersion (1:2
molar ratio) at 323K
©) Vitamin E acetate + DPPC, unilamellar dispersion
(1:2 molar ratio) at 323K
(d)  Vitamin E acetate in CDCl5.



32

considerably broad. The downfield shift of the hydroxyl proton can be explained only by
assuming formation of a hydrogen bond between hydroxyl proton and one of the oxygen
atoms of the lipid molecule. The electronic structure of tocopherol O-H group is distorted
by the proton acceptor oxygen. The electronic field of this acceptor oxygen tends to draw
the hydrogen away from the bonding electron of O-H bond and thereby reduces the
electron density in the immediate vicinity of hydrogen. The contribution of this effect to
the hydrogen bonding shift is negative since the deshielding of the hydrogen will cause
its resonance signal to occur at lower magnetic fields than in the absence of proton
acceptor oxygen. Thus, the shift in the position of O-H resonance clearly indicates
involvement of this group in lipid- a-tocopherol interaction.

Further support has been provided by 3!P NMR results. The intermolecular
interaction can manifest itself through alterations in the chemical shift positions or through
line-broadening (Govil and Hosur, 1982). Fig. 3(a) shows a characteristic 3!P NMR
spectrum of unilamellar vesicles in liquid crystalline state. Incorporation of a-tocopherol
in the vesicles results into an upfield shift of the resonance line by about 1 ppm (Fig. 3
(b-d)). Moreover one observes a considerable increase in the line width. An increase in
line width corresponds to decrease in the spin-spin relaxation time. Thus, 3!P NMR
experiments indicate involvement of phosphate moiety in binding of a-tocopherol with
lipid matrix.

Quantum chemical calculations based on PCILO method also indicate that the
hydroxyl group of a-tocopherol is involved in binding with the phosphate group of
phospholipid through intermolecular hydrogen bonding (Srivastava, et al., 1986).

Model of Interaction

X-ray diffraction data (Abrahamsson and Pascher, 1966) indicates that two
hydrocarbon chains of the lipid molecule in liquid crystalline phase are separated by a
distance of about 4.7A. Our experiments with magnetic resonance techniques suggest that
the hydrocarbon chain of vitamin E acetate is packed in a manner similar to the loose

packing observed for lipid-chains in liquid crystalline state. A computer model of
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Fig. 2 Proton NMR spectra of (a) a-tocopherol, 100, mM (single hydroxyl peak at 4.18

ppm) in CDCl; (b)-(g) with increasing lipid to a-tocopherol molar ratio (h) DPPC, 100
mM in CDCl;.

interaction has been generated using computer aided graphics. The structure and
conformation of vitamin E acetate and lipid molecules are based on reported X-ray
diffraction data. It is observed that vitamin E acetate can be easily incorporated in lipid
bilayers with a distance of about 4.70A between the hydrocarbon chains of lipid and
vitamin E acetate. The aromatic moiety comes near the lipid water interface such that the
acetate group remains in the water phase. The interaction between vitamin E acetate is

therefore hydrophobic in nature.
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Fig. 3 Proton decoupled 3!P NMR spectra (a) Unilamellar DPPC vesicles (80 mM) in
D,0 at 323K, (b) - (d) same as in (a), incorporated with 10, 20 and 40 mM a-tocopherol,
respectively.

For modelling of binding of a-tocopherol to lipid bilayer, we have additional
inputs from magnetic resonance and quantum chemical calculations. The hydroxyl group
of a-tocopherol forms a hydrogen bond with the lipid molecule (Fig. 4). The exact
location of hydrogen bond is not unequivocally defined on account of want of clear
experimental indications. 3!P NMR results indicate definite involvement of phosphate
group. This is suggestive of possible hydrogen bond formation between phosphate oxygen
of lipid and hydroxyl hydrogen of a-tocopherol. However, some reports indicate towards
formation of hydrogen bond between oxygen of glycerol moiety of lipid and hydroxyl
oxygen of a-tocopherol (Kagan, et al., 1987; Shiro, et al., 1990). It is necessary to
design an appropriate experiment which will decisively determine localization of hydrogen
bond. However, our investigations indicate occurrence of hydrogen bond formation and

its importance in prevention of peroxidation.
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Fig. 4 Model for the interaction of a-tocopherol with DPPC. The hydroxyl group of the
a-tocopherol is capable of forming hydrogen bonds with oxygen atoms of phosphate
moiety and/or with water molecule at the lipid-water interface.

Alterations Induced in Lipid Matrix

Lipid Polymorphism

Biological membranes and model membranes (lipids dispersed in excess water)
display bilayer arrangements. However, departures from normal bilayer structures e.g.
hexagonal or cubic are probable due to local heterogeneities induced by external agents
such as drugs, vitamins, etc (Srivastava, et al., 1989). Structural alterations in lipid
matrix can be identified using a number of techniques including 3'P NMR (Seelig, 1978)
and electron microscopy (Verkleiji, et al., 1978). As each phospholipid molecule contains
only one phosphorous atom, 3IP NMR spectrum is relatively simple. The resonance

pattern is
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governed by the chemical shift anisotropy (CSA) and molecular motions. In a randomly
oriented sample such as lipid dispersions in gel phase, the overall rotational rate is too
slow to average CSA. One therefore observes a broad shoulder around -28 ppm and a

relatively sharp peak around 18 ppm corresponding to Ao of = 46 ppm (Fig. 5(a)). As

[}
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Fig. 5 3!P Chemical shift anisotropy patterns with broad band decoupling for lipid
dispersions in D 2 0 at 323K (a) DPPC, (b) DPPC + a-tocopherol (10:1 M ratio)

the temperature increases, averaging of CSA increases leading to reduction in Ag value.
However, the characteristics of the pattern remain unchanged unless a change in structural
organization occurs. We observed that incorporation of a-tocopherol or its analogue,
vitamin E acetate leaves 3P CSA pattern unaltered (Fig. 5(b)). This indicates that the
bilayer arrangement of lipid matrix is unhampered by the presence of these
molecules. Supporting evidence has been obtained from electron microscopic pictures. It
has been observed that the spherical bilayer arrangement remains intact although the size
of vesicles is larger in the presence of a-tocopherol as compared to normal vesicles.
Incorporation of a-tocopherol is likely to alter gel to liquid crystal transition
characteristics, fluidity and permeability of model membranes. We have used ESR spin

labeling techniques to study these characteristics.
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Phase transition characteristics

The phase transition behavior has been studied using TEMPO partitioning
(Shimshick and McConnell, 1973). TEMPO is known to partition in the lipid and aqueous
phase. The extent of partitioning depends upon the degree of fluidity of lipid phase. The
ESR spectrum consists of three line pattern (Fig. 6(a)) with high field line exhibiting two
phase character, due to spin label dissolved in aqueous and lipid phase (peaks marked P
& H respectively). The relative areas under these peaks correspond to the number of spin
labels dissolved. The partition coefficient can be measured by the parameter

H

t= ey

if the widths of the resonance lines remain constant over the range of temperatures
(288-333K). Use of this dimensionless parameter is advantageous as it is not affected by
factors such as decomposition or reduction of spin labels, settling of sample or any other
factors which are likely to affect spectrometer sensitivity. Parameter ’f* increases
initially gradually with increase in temperature and abruptly when the system undergoes
gel to liquid crystal phase change. In the case of DPPC, the main transition occurs
around 314K corresponding to melting of hydrocarbon chains and pre-transition at 308K
which is associated with tilting of hydrocarbon chains with respect to the plane of the
bilayer (Ruocco and Shipley, 1982) (Fig. 6). One observes that the membranes
incorporated with a-tocopherol exhibit continuous gradual increase in ’f* with increasing
temperature. The sigmoidal nature of phase However, membranes incorporated with
vitamin E acetate show characteristics similar to DPPC vesicles namely, sigmoidal nature
and appearance of main and pre-transitions. The main transition occurs at 301K, a
temperature much lower than that of DPPC. Moreover, the pre-transition is less
prominent (Fig. 6). Noteworthy is the difference in the behavior of the vesicles

incorporated with a-tocopherol and its analogue.
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Fig. 6(a) X-band ESR spectrum of TEMPO in PPC dispersions, H and P correspond to
signal heights due to TEMPO in lipid and water phase, respectively.

1 1 ! ]
10 20 30 40 50 60

Temp(T)—>

Fig. 6(b) Spectral parameter f = H/(H+P) as a function of temperature.(®) DPPC
dispersion (©) DPPC + a-tocopherol (5:1 M ratio) (x) DPPC + vitamin E acetate (5:1
M ratio).
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Permeability Changes

Lipid vesicles in the liquid crystalline state are able to transport small molecules
and ions (passive transport) from the inner to the outer aqueous phase and vice versa
(Benting and DePont, 1981). The transport is critically dependent upon the local
organization and fluidity (Papahadjopouls, et al., 1972).

We have used 5-SASL for permeability measurements.It dissolves entirely in the lipid
phase. It gets dispersed both on inner and outer monolayers of the lipid vesicles (Fig. 7).
If we introduce a reducing agent such as sodium ascorbate in the aqueous phase, it
permeates through the bilayer and reduces the spin labels (Schreier-Muccillo, et al.,
1972; Aracava, et al., 1981). The spin labels residing in the outer monolayer undergo
reduction at a faster rate than those in the inner monolayer. This can be monitored by
measuring ESR signals (e.g. low field line) with time. The reduction follows an equation

of type (Srivastava, et al., 1983)

S(t) = 5,(0)e ™ + s;(0)e™

where S(t), S,(0), S;(0) correspond to number of total spin labels at time t, and initial
concentrations of spin labels in outer and inner monolayers respectively. k, and k; are the
rate constants for reduction of spin labels residing in outer and inner monolayers,
respectively. We further note that
S(0) = S(0) + $;(0) and S,(0)/S;(0) = r 2/r2

where 1y and r; are radii of the outer and inner monolayers, respectively. The outer
diameter of sonicated vesicles is about 250 A and the thickness of bilayer is 50 A
(Marsh, et al., 1972). The unknowns S, k, and k; can be estimated using least square
fitting (Guest, 1961). The results of such analysis are listed in Table I. One observes that
half lives for reduction of spin labels residing in outer and inner monolayers are
significantly larger for DPPC vesicles than those for vesicles incorporated with
a-tocopherol or its analogue. This clearly indicates that incorporation of a-tocopherol has

resulted into increase in permeability of the lipid vesicles to small molecules.
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Table I

Half life time (Minutes) for the reduction of spin label incorporated in lipid
bilayer in different systems at 318K

DPPC DPPC
DPPC + +
a-Tocopherol Vitamin E acetate
Outer Layer 7.7 4.5 5.7
Inner Layer 22 7.5 5.9

R ﬂ—LIPlD MOLECULE

} -SPIN LABEL

Fig. 7 Diagrammatic representation of permeation of ascorbate through unilamellar lipid
vesicle.

Potency to Prevent Peroxidation

The ability of a-tocopherol to prevent lipid peroxidation has been judged by
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monitoring formation of thiobarbituric acid-reactive substances (TBARS). We have studied
three systems:

@) Vesicles of DOPC - a synthetic lipid

(ii) Vesicles of egg PC - lipids extracted from

biological membranes

(iii)  Spermatozoa (Goat) - intact cells
Both DOPC and egg PC show some natural peroxidation which is nullified on
incorporation of small amounts of a-tocopherol (about one molecule of a-tocopherol per
100 lipid molecules). It is not clear if it is the artifacts of the chemical method of
estimation of peroxidation or otherwise. Noteworthy is the fact that addition of vitamin
E acetate does not prevent peroxidation.

Aliquots of 1 mg/ml lipids in phosphate buffer at pH = 7 have been subjected
to continuous irradiation of UV light for different duration of periods. Estimated
peroxidation in terms of TBARS is plotted against time in figure 8. Untreated sample
aliquots subjected to identical conditions served as controls while estimating peroxidation

products. The peroxidation increases continuously for egg PC (Fig. 8(b)).

=2
TBARS (uMx 109)
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Fig. 8 Time-course of the lipid peroxidation during ultraviolet (UV) treatment, (a)
Dioleoyl phosphatidyl choline (DOPC) without UV irradiation, (c) DOPC after UV
irradiation, (b) egg PC after UV irradiation. TBARS have been estimated as discussed in
the text.
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DOPC vesicles on the other hand undergo peroxidation initially (till 40 min. or so) and
then remains more or less constant. The discrepancy in the two cases is due to the
differences in double bond character of lipid chains which is more complex in egg PC
leading to a continuous increase in peroxidation product for a longer duration.

The behavior of spermatozoa procured from goat epididymis (Fig. 9) subjected
to different periods of UV irradiation is depicted in figure 10. A sudden initial increase
in peroxidation product (TBARS) is observed during first 10 minutes (in curve a) which
goes down later. This decrease is probably due to the ability 6f cells to metabolize
malonaldehyde (major peroxidation product) which is produced as a result of peroxidation.
The two processes take place simultaneously resulting in a steady state concentration
which is maintained at some level for some time. However, on UV exposure, the
metabolic rate of the sperm cells is likely to go down as the cells die but the membrane
continues to undergo peroxidation causing a gradual increase. On the other hand, presence
of 10 uM of a-tocopherol (curve b) prevents the peroxidation due to UV irradiation
almost completely, except when irradiation is continued for prolonged periods.

A detailed study has been undertaken to optimize tocopherol concentration
required to effect total inhibition of peroxidation. Tocopherol concentrations have been
varied from 0.1 to 1000 uM. Cauda and caput region spermatozoa (Fig. 11 (a,b))
display almost identical behavior. Peroxidation inhibition caused by the presence of
a-tocopherol increases more or less linearly and attains total inhibition for about 1 uM
concentration in the case of chemically induced (Fe' *- ascorbate) peroxidation. UV
induced peroxidation is prevented when larger amounts of (c-tocopherol has been
introduced (Fig. 11(c)). In general, peroxidation induction by UV is a complex
phenomenon. It gives rise to cell death. Estimation of peroxidation products is also a
difficult proposition as effects of chemical additives can give rise to alterations in cell
metabolisms. With this view in mind we are trying to evolve a new method of estimation

of peroxidation which is based on spin labeling ESR experiments.
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Fig. 9 (I) Schematic picture of goat testis showing different regions of epididymis,
a-caput, b-corpus, c-cauda, (II) A typical sperm cell.
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Fig. 10 Time-course of lipid peroxidation during UV treatment of goat spermatozoa
(cauda cells). (a) cells without, antioxidant and (b) cells in the presence of 10 uM
a-tocopherol. 1 x 10° cells/ml have been used for each experiment.
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Fig. 11. Inhibition of lipid peroxidation in goat spermatozoa by «-tocopherol.
Peroxidation was induced using Fe* *-Ascorbate and UV treatment. Cells were pre-
incubated with a-tocopherol for 20 minutes before peroxidation. Fe* *-ascorbate
peroxidation in (a) caput cells (b) cauda cells; UV treatment in (c) cauda cells.
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Fig. 12 Rate constant for spin label reduction by (a) goat sperm cells (b) goat sperm cell
after UV treatment (c) goat sperm cells after peroxidation using Fet *-Ascorbate. Results
are expressed for 2 x 10, cells/ml from cauda epididymis.
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ESR Method

Intact spermatozoa are known to cause spin label reduction (Chapman, et al., 1985;
Bahl, et al., 1988; Phadke, et al., 1990). The rate of reduction follows a first order
kinetics and follows the equation of type h(t) = h(o) ¢ where h(t) and h(o) correspond
to unreduced spin label species at time t = t and t = o respectively and k is a parameter
which is dependant on concentration of cells and initial spin label quantities. It has been
observed that normalized k with respect to cell numbers and spin label concentrations is
sensitive to cell type and cell environment. We have seen that k values for UV irradiated,
chemically induced oxidation and normal spermatozoa lie in two distinctly different groups
(Fig. 12). Preliminary results indicate that the presence of a-tocopherol assigns a k value
which is intermediate to these two groups. However, it is too early to make definite
conclusions as live cell is a complex entity. One needs to do extensive experiments with

appropriate controls before arriving at definite conclusions.
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Phospholipid hydroperoxides (PLOOH) can be generated in membranes by different
mechanisms: lipid peroxidation, lipoxygenase reaction and addition of singlet oxygen.
Whilst singlet oxygen addition is a non radical reaction, leading directly to the
hydroperoxide, the lipid peroxidation initiator (usually an iron-oxygen complex) and
lipoxygenases produce first a carbon centered radical, which than reacts with oxygen. The
reduction of lipid hydroperoxyl radicals to lipid hydroperoxides is part of the
lipoxygenase reaction, without a specific requirement for hydrogen donors. On the other
hand, phospholipid hydroperoxyl radicals (PLOO ") produced during lipid peroxidation can
start a chain reaction,getting the hydrogen atom from a polyunsaturated fatty acid, which

eventually contains a new carbon centered radical (1).
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From PLOOH new radicals are generated by electron transfer reactions or molecule
assisted homolysis of the O-O bond. Peroxides, on the other hand, and presumably
PLOOH, activate lipoxygenases. For this reason the control of PLOOH in membranes,
plays a pivotal role among biological systems controlling the oxidative stability of cells.

The antioxidant cellular system protecting biomembranes from oxidative damage
must deal with a control of initiation reactions and with the length of the peroxidative
chain, once initiated.

The most commonly used model of a peroxidative damage of membranes is
microsomal lipid peroxidation, induced by a suitable ferric iron chelate, and a source of
reducing equipments,usually ascorbate or NADPH and cytochrome P450 reductase (2).
Requirements for an iron chelate to induce lipid peroxidation are : i) reducibility of the
ferric iron chelate; ii) interaction of the ferrous iron chelate with oxygen; formation of a
relatively stable oxidizing intermediate (perferryl). It follows that primary protection is
afforded by any agent perturbing one of those requirements. For instance, chelating agents
hampering iron reduction (e.g. Desferrioxamine) or iron-oxygen interaction, (e.g. CN™ or
orthophenantroline), as we chelates releasing superoxide (EDTA), prevent the initiation
of microsomal lipid peroxidation (2). Another interesting mechanism of protection could
be the reduction of the oxidizing initiator by a hydrogen donor in competition with lipids.
Once the iron-oxygen complex succeeded to extract an hydrogen atom from a
polyunsaturated fatty acid, the forthcoming reaction, i.e. the addition of oxygen, is so fast
that the competition with an antioxidants stabilizing the carbon centered radical, would be

just a theoretical claim.

Hydroperoxyl radicals are the peroxidation driving radicals, and against those
radicals Vitamin E is specifically active. Vitamin E in fact, fits the basic requirements for
being an antioxidant, since, following the hydrogen transfer a relatively stable radical is
generated, and the reaction is kinetically favored. The rate constant for the reaction of
PLOO, with Vitamin E is, indeed, several order of magnitude faster than the reaction with

a polyunsaturated lipid (3).
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Accordingly, Vitamin E cannot prevent microsomal lipid peroxidation, unless a
misleading condition is set up in which Vitamin E can interact with initiating species.
Vitamin E, on the other hand, is effective in slowing down peroxidation rate, since
propagation is minimized. This is in agreement with the experimental evidence that,
during iron induced peroxidation, the consumption of Vitamin E parallels the peroxidative
oxygen consumption (3,4).

During microsomal lipid peroxidation PLOOH are generated when PLOO " receive
an hydrogen atom either from a polyunsaturated fatty acid or from Vitamin E. From these
hydroperoxides the ferrous iron chelate produces alkoxyl radicals (PLO "). Those radicals
are very reactive and the possibility of their quenching by an antioxidant suffers the same
kinetic limitation as for HO®. Since those radicals react with the antioxidant and the
target molecule to be spared with approximately the same rate constant, to get a
reasonable antioxidant effect we would load our membranes with a molar concentration
of Vitamin E.

The consequences of the limited capacity of Vitamin E to play a significant
antioxidants role when peroxidation is driven by PLO ", is the observed co-oxidation of
Vitamin E without a significant antioxidant effect (4). These considerations, on the other
hand, highlight the key role of PLOOH reduction, as a fundamental antioxidant
mechanism. When PLOOH are reduced to PLOH, the PLO" driven peroxidation is
prevented, and Vitamin E can fully exert its chain breaking effect by quenching PLOO".

Although the reduction of PLOOH can be obtained by the coordinate reaction of
PLA, and GPX, the specific enzyme for this reaction is Phospholipid Hydroperoxide
Glutathione Peroxidase (PHGPX) (1).

The substrate specificity of PHGPX for the peroxidic substrate is broad, the enzyme
indeed is active on all phospholipid hydroperoxides, as well as on cholesterol and
cholesterol ester hydroperoxides in natural and artificial membranes as well as in oxidized
low density lipoproteins (5,6)

Kinetic data indicate that an identical kinetic mechanisms, shared by GPX and

PHGPX, has been adopted by nature to control hydroperoxide concentrations in different
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environments, being one enzyme specific for soluble hydroperoxides and the other for
membrane hydroperoxides (7)

PHGPX is a monomeric selenoenzyme (MW 18,000 d.). The structure of the
enzyme purified from pig heart was partially elucidated by means of peptide and cDNA
sequencing (8). Homologies between PHGPX and GPX are obvious and reveal a common
molecular ancestor of these enzymes, but the percentage of identical amino acids in
homologous position ranges below 40%. This poor relatedness suggests an early
divergence in the molecular evolution of these proteins. From analogy considerations it
was possible to assume that the use of selenoproteins for the reduction of hydroperoxides
was a rather evolutionary achievement.

Although, at the present level of knowledge, the protection against lipid peroxidation
is the only known function of PHGPX it is tempting to speculate that PHGPX is also
involved in the physiological control of hydroperoxides that would cope with cellular
functions.

Recent data, indeed, indicate that PLOOH can be formed directly by the action of
15 lipoxygenases (15-LO), a family of iron containing dioxygenases originally supposed
to react only with free fatty acids (9). This interesting observation could link 15-LO
catalyzed lipid peroxidation with iron induced lipid peroxidation, described above. In fact
15-LO might initiate lipid peroxidation by producing PLOOH from decomposition of
which peroxidative chain reactions could start. This mechanism could cope with
programmed membrane destruction during cell maturation, and possibly other biologically
relevant processes. A lipoxygenase active on membrane-bound substrates has been
described in reticulocytes, where the enzyme is expressed in the last steps of erythrocyte
differentiation and seems to cope with the destruction of mitochondria and intracellular
membranes (9). Moreover, there is suggestive evidence for this reaction to take place in
other cell systems. A notable example is the generation in the aorta of hydroxy-derivatives
of phospholipids apparently by sequential hydroperoxidation and reduction reactions (10).

Therefore, apart from peroxidative damage of membranes, phospholipid
hydroperoxidation and reduction (as the "off" event) could be involved in other

physiological processes. Lipid peroxides in membranes, indeed, have an ionophoric effect
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on calcium, generate the "peroxide tone" of membrenes and can control the activity of key

enzymes such as phospholipases, cycloxygenase, and possibly protein kinase c(1).
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Summary

Antioxidative activity of a given substance can be inferred from the protective effect under in vivo
oxidative stress conditions. To quantitate such effects, however, the exact scavenging rate constants for the
various oxygen radicals have to be determined.

In the following, two methods to obtain such data will be presented in detail: (1) pulse radiolysis in
combination with kinetic spectroscopy to directly monitor build-up and decay of antioxidant radicals and (2)
competition kinetics for indirect evaluation of scavenging rates. The most versatile substance for such
competition studies, especially for alkoxyl and peroxyl radicals, has turned out to be the water-soluble
carotenoid crocin.

Introduction

Any substance which is capable of inhibiting reactions occurring under oxidative
stress conditions could be termed ’antioxidant’. However, a more limited definition would
be more accurate, i.e. only those substances which are capable of scavenging oxygen

radicals effectively without propagating oxidative chain reactions are true antioxidants.

Therefore, it is a prerequisite that for each substance with antioxidative potential rate
constants for the scavenging of oxygen radicals as well as for the decay of the
intermediate antioxidant radicals are determined. Already at this point we have a problem:
shall we look only at inorganic oxygen radicals, especially hydroxyl radicals ("OH), or

do we mainly consider organic oxygen radicals such as peroxyl or alkoxyl radicals, which
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are more likely the dominant chain carriers during lipid peroxidation? Since freely
diffusible hydroxyl radicals are rather unlikely to be formed under biological conditions
and, furthermore, react quite indiscriminately with almost any organic substrate, studies
of the reactivities of organic oxygen radicals would more closely relate to conditions of
oxidative stress.
To determine kinetic parameters, i. e. rate constants, for prospective antioxidants,
two predominant methods can be recommended:
(1) pulse radiolysis combined with kinetic spectroscopy and
(2) competition kinetics with steady-state radical sources.
Since pulse radiolysis is technically and financially rather extravagant, in most cases

competition studies may be preferred.

Kinetic Spectroscopy

Methodology

Any determination of rate constants hinges on specific radical sources. Of all known
systems, radiolysis of aqueous solutions offers the most versatile source of various types
of radicals (Bors et al., 1984), while organic solvents have a much more limited
applicability. Based on the long established chemistry of the radiolysis of water (Buxton,
1987, Jonah et al., 1989), the rapid radical generation by pulse radiolysis is certainly the
most powerful method. In contrast, enzymatic systems, e.g. xanthine/xanthine oxidase
should be applied with great caution, as they most likely generate a variety of radicals
simultaneously.

Several types of accelerators and monitoring systems are known for pulse radiolysis
experiments, but this is not the place for an extensive review (Sauer, 1982, Patterson,
1987). In our laboratory, we use a Febetron type accelerator and a spectrograph array
(Saran et al., 1987) to monitor time-dependent absorption changes at 15 wavelengths
simultaneously.

Another important feature of our set-up is the solvent delivery system, which is

based on a syringe-driven mixing device. It allows both flexible, computer-controlled
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concentration variations and, most important, the use of low sample volumes as small as
50 ml for concentration-dependent runs (alternatively, 50 ul aliquots of rare and/or
expensive probes can be injected manually into the irradiation cuvette, containing 1.6 ml
of buffer or sample solution).

Most modern pulse radiolysis facilities incorporate signal digitization to allow direct
computer evaluation of kinetic traces. In the simplest case first or second order kinetics
(logarithmic or reciprocal dependencies on substrate concentration) can be evaluated
directly. In case of complex kinetics, e.g. chain reactions, ’kinetic modeling’ must be
applied. Both this term as well as "numerical simulation’ denote computational methods
by which competing or sequential reactions are taken into consideration to arrive at rate
constants for each individual reaction. This approach inherently also allows to test the
veracity of such kinetic schemes, provided that the individual rate constants remain

invariable when changing the substrate concentration(s) (Erben-Russ et al., 1987b).

Transient Spectra

Most hydroxy-aromatic compounds with antioxidative potential show absorption
characteristics which can easily be monitored. Observation of transient spectra is
commonly the first step. If hydroxyl radicals are present, however, the picture may be
complicated, as they first add to dihydroxybenzene structures before water is eliminated
to yield semiquinones (Adams & Michael, 1967). This could lead to different transient
spectra even though the *OH-adduct radicals may be extremely short-lived (Neta &,
Fessenden, 1974). A way to circumvent this problem is the univalent oxidation of
aromatic hydroxy groups by azide radicals (*N;). This yields directly peroxyl radicals by
electron transfer from the dissociated phenolate group to *N; (Alfassi & Schuler, 1985)
and, since quite a number of antioxidants contain aromatic hydroxy groups,, this reaction
of *'N; radicals is of particular relevance to our studies.

Some hindered phenols (6-hydroxy-2.5.7.8-tetramethylchromane-2-carboxylic acid,
Trolox c, or 6-hydroxy-2.2.5.7.8-pentamethylchromane, PMC, as water-soluble analogs

of a-tocopherol), a-keto phenols, and a number of flavonoid aglycones have been
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investigated in our laboratory. One might expect that flavonoids, showing a clear
structural dependency of the transient absorption of their respective aroxyl radicals (Bors
& Saran, 1987), would lend themselves most easily to structure activity relationship (SAR)
studies. Yet, as demonstrated below, this is only partially true for kinetic parameters. The
transient spectra are also more strongly influenced by pH, i.e. the degree of dissociation
of the various hydroxy groups, than by the type of attacking radicals.

There are exceptions to the latter statement, evidenced by the different transient
spectra of kaempferol or quercetin after attack by "OH, *N; or (CH3)2C(OH)OO", the
isopropanol-derived peroxyl radical (Fig. 1).

Whether this suggests different sites of attack at the flavonoid molecule, is still a
matter of debate. Incidentally, the strong absorption of the quercetin or kaempferol aroxyl
radicals in the visible region - indicative of an extensive electron delocalization - has led

to the use of these radicals in competition studies (Erben-Russ et al., 1987a).

Scavenging rate constants

Formation of transient spectra is a time- and concentration-dependent event which
directly yields scavenging rate constants. Azide and *OH radicals may form the
antioxidant radical most efficiently, however, their rate constants may have only a tenuous
relationship to oxidative stress conditions owing to the facts

@) that these radicals are unlikely to be produced under
biological conditions and

(ii)  that these radicals, due to their high reactivities, are
unlikely to show selective attack.

Hydroxyl radicals, in particular, react with almost any organic substance with
diffusion-controlled rate constants. Nevertheless, the electrophilic nature of *OH is
apparent from a correlation of phenolic Hammett substituent coefficients with the
respective rate constants (Bors et al., 1983). In the case of flavonoids reacting with “OH
or °Nj;, there seems to be a not very significant but consistent preference for substances
with a 4’-OH group as opposed to a catechol structure in the B-ring (e.g. kaempferol vs.

quercetin, Bors et al., in press).
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Figure 1: Transient spectra of kaempferol (a) and quercetin (b) after attack by "OH, *Nj
and (CH;),C(OH)OO" radicals in unbuffered aqueous solutions.

(a) kaempferol: () *OH radical concentration 3.4uM, substrate concentration 43uM, pH
8.6; (a) "Nj: 8.8 uM, 62uM, pH 8.0; (v) (CH32C(OH)OO": 16.2uM, 58uM, pH 9.4
(b) quercetin: (®) *OH radical concentration 3.3uM, 56uM, pH 9.2; (a) °Nj: 8.3uM,
56uM, pH 8.0; (v) (CH;),C(OH)OO": 9.0uM, 25uM, pH 8.5

While rate constants with t-BuO® as a model alkoxyl radical will be discussed below
(see competition studies), rate constants with peroxyl radicals as models of the
predominant radicals in lipid peroxidation have recently been compiled in an extensive list
(Neta et al., 1990). Yet the list contains only few examples for phenolic compounds
(mainly Trolox c) and even less for fatty acid-derived peroxyl radicals. Studies with
peroxyl radicals are mostly limited to organic solvents using lipophilic antioxidants with

peroxyl radicals generated either by slow autoxidation (Porter et al., 1981) or by
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thermolysis of azo-initiators (Barclay et al., 1984, Niki et al., 1984, 1985, Burton &
Ingold, 1986).

Alternatively, pulse radiolysis studies of fatty acid peroxyl radicals in aqueous
solution require strongly alkaline conditions to ensure sufficient solubility of the fatty acid
monomers (Erben-Russ et al., 1987b). Micellar or liposomal systems above critical
micellization concentrations (cmc) have typically shown reduced reactivities due to
diffusion constraints (Barclay, 1989). We have recently explored alcohol-derived peroxyl
radicals near neutral pH as possible models for fatty acid peroxyl radicals. Yet the
difference of the kaempferol and quercetin transient spectra (see Fig. 1) as well as the fact
that these a-hydroxyalkyl-peroxyl radicals, aside from decaying bimolecularly, may
release O, or decay unimolecularly in base-catalyzed reactions (Bothe et al.,1978,
Petryaev et al., 1983), could make them inappropriate for antioxidant studies.

Decay rate constants and fate of antioxidant radicals: It is a prerequisite of
antioxidants, that the radical formed after scavenging the more reactive oxygen
intermediates, is sufficiently stable and does not propagate chain reactions on its own.
Unfortunately, rate parameters for decay kinetics can obviously only be obtained from the
observation of the transient spectra and are thus available only from pulse radiolysis
studies. Consequently, these data are more limited to specialized equipment than
scavenging rate constants, which can also be obtained from competition studies (see
below).

The most intensively studied flavonoid aroxyl radicals, with few exceptions, decay
by second order kinetics, i.e. they disproportionate (Bors & Saran, 1987). In strongly
alkaline solution we found a highly significant correlation of the relative stability of aroxyl
radicals with the presence of a catechol structure in the B-ring. Evidently, this moiety
further promotes electron delocalization by participating in the dissociation equilibria (Bors
et al., 1990). That the dissociation state of the parent flavonoid indeed governs this
behavior, is apparent from the absence of such a stabilization effect of B-ring catechols
near neutral pH (Bors et al., in press) and is subject of further studies. We are particularly
interested in the influence of the 7-OH group, which owing to the biosynthetic pathways,
exists in practically all known flavonoids (Heller & Forkmann, 1988) and evidently is the
first hydroxy group which dissociates with increase in pH (Slabbert, 1977).
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We have previously pointed out, that only scavenging of peroxyl radicals closely
approaches biological conditions. Another important aspect of studying these radicals lies
in the fact, that only for peroxyl radicals a 2:1-stoichiometry seems to exist: two peroxyl
radicals are scavenged in sequence by phenolic or aromatic amine antioxidants (Boozer
et al., 1955), ultimately leading to non-radical adducts. While we could not unequivocally
verify this reaction ‘for the flavonoids kaempferol and quercetin due to the high instability
of the adducts preventing their HPLC separation, kinetic modeling clearly showed the
importance of this reaction (Erben-Russ et al., 1987b).

In contrast to di- or polyhydroxylated aromatic compounds, which preferentially
decay by disproportionation reactions, phenoxyl radicals derived from hindered
monophenols (e.g. a-tocopherol and its model compounds), are sufficiently stable to be
eventually reduced by intermolecular electron transfer - hence the synergistic effect of

ascorbate and tocopherols in preventing lipid peroxidation (Niki et al., 1989).
Competition Studies

Methodology

Complementing pulse radiolysis experiments, these studies normally require only
standard laboratory spectrophotometers and, for the generation of radicals, X- or gamma
ray machines, or UV lamps. Basically a steady-state radical source is combined with a
strongly absorbing reference substance and the diminished effect of radicals on this
absorbance by increasing concentrations of a test substance is measured (Bors et al.,
1985). This ’competition plot’ is analog to the so-called Stern-Vollmer plot used in
photochemical studies (Turro, 1967).

Aside from a high molar absorptivity, an optimal reference substance has to meet
some additional criteria:

(@) it should allow to discriminate between different types of

radicals;
) the radical produced from the reference substance should not react by

itself with the test substance;
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© the absolute rate constants of the reference substance with different
types of radicals must be known if the relative rate constants, obtained

from the competition plot, are to be converted into absolute values.

Properties of Reference Substances

The most obvious difference exists between reference substances, whose absorption
is depleted after radical attack and those which form a new radical species. In the latter
case, under optimal conditions, different absorption characteristics (Ap,,&) might be
attributed to selectively attacking radical species. In the first case, where usually the
effective bleaching after a constant time lapse is measured, information on the type of
radical can not be obtained directly. Nevertheless, as has been shown for the bleaching
behavior of para-nitrosodimethylaniline (p-NDA or RNO) with different radical sources
and competitors with known rate constants, one can easily distinguish between
radiolytically produced *OH radicals and **OH analogs’ formed in enzymatic reactions
(Bors et al., 1979).

Competition studies with substances, where formation of radicals is monitored, are
far less frequent. Since the observed radicals in these cases are mostly short-lived, these
substances only lend themselves to pulse radiolysis studies. The two most versatile
compounds are 2.2’-azino-bis-(3-ethylbenzthiazoline-6- sulfonic acid), ABTS (Wolfenden
& Willson, 1982) or quercetin (Erben-Russ et al., 1987a), of which ABTS was originally
developed as a reference substance for peroxidase-catalyzed reactions (Childs & Bardsley,
1975, Gallati, 1979). Thiocyanate, SCN™, where the observable radical, (SCN)," ™, is
exclusively formed by *OH radicals ideally fulfills the first requirement. Yet it is a
negative example for the second criterion, as the (SCN),*™ radical is reactive enough to
form aroxyl radicals from phenols (Bors, 1985, Erben-Russ et al., 1987b). If used as a
competitor for "OH radicals, the secondary formation of aroxyl radicals would thus
diminish the inhibitory effect due to scavenging of the primary °OH radicals and
consequently falsify the competition experiments.

The best-known substances from the third category are ABTS and the water-soluble
carotenoid crocin, for which a number of rate constants with various types of radicals

have been determined (Table I).
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TABLE I

Rate constants of the reference substances ABTS and crocin with different radicals in
aqueous solution.

(all values x1010 M1s1)

Radical ABTS Crocin
€ aq 0.5% 0.5°
*OH 1.22 3.1
*N, n.d. 1.2¢
t-BuO* 0.24 0.3¢
SO;~ n.r.* 0.1°
0y n.d. n.r.

a - Wolfenden & Willson, 1982 n.d. - not determined
b - Bors et al., 1982 n.r. - no reaction

¢ - unpublished value

d - Erben-Russ et al., 1987a

e - Erben-Russ et al., 1987¢

As mentioned before, formation of the ABTS®* radical cation limits this substance
to pulse-radiolytic competition studies. However, rate constants with a number of peroxyl
and thiol radicals are known (Wolfenden & Willson, 1982, Monig et al., 1983, Lal et al.,
1988, Schuchmann & von Sonntag, 1988), and the substance might therefore be
‘particularly useful for competition studies with biologically relevant radicals.

Crocin, on the other hand, is bleached both by reducing and oxidizing radicals, but
not by O,” (as opposed to HO,®) or *CHj; radicals (Bors et al., 1982). As shown in the
Table, absolute rate constants are known for a number of inorganic radicals and t-BuO°®,
others are still to be determined. The extremely high molar absorptivity of 1.35x10° M1

cm’! at 440nm allows for very sensitive measurements especially with alkoxyl and peroxyl
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radicals as these - in contrast to *OH radicals - are not scavenged by the optically
transparent gentiobiose moieties (Bors et al., 1984). Since t-BuO® radicals can easily be
generated by UV photolysis of t-BuOOH (or di-tert-butylperoxide, t-BuOOBu-t) - or
peroxyl radicals after thermolysis of azo-initiators (Ursini, personal communication) - two
readily available radical sources exist. Comparing the competition results for these two
radical sources and a selected few phenolic and flavonoid antioxidants shows the
sensitivity of the method (Fig. 2).

At the present, we have no explanation why Trolox c alone, in contrast even to its
close analog PMC, shows such a strong preference for ROO® radicals. Unfortunately, rate
constants with pulse-radiolytically generated (haloalkane) peroxyl radicals in aqueous
solution are only known for Trolox (Davies et al., 1988; Neta et al., 1989) and are thus
of no help.

Since the original list of relative rate constants was published (Bors et al., 1984) and
especially after the pulse-radiolytic determination of the absolute rate constant of crocin
with t-BuO® (Erben-Russ et al., 1987a), this reference substance has been used in a
number of additional cases (Erben-Russ et al., 1987c, Bors et al., 1989, 1990b).

Crocin, together with its hydrolyzed dicarboxylic acid form, crocetin, and a similar
carotenoid derivative, bixin (Hicks & Draper, 1981), are the only water-soluble
carotenoids and could therefore be flexibly used in combination with all radicals generated
in aqueous solution. However, as shown with canthaxanthin in n-hexane, similar
competition experiments with lipophilic antioxidants and alkoxyl radicals (probably also

with peroxyl radicals) can also be performed (Bors et al., 1984).

Conclusions

Kinetic methods to determine rate constants of prospective antioxidants with various
types of radicals have been described. The technically demanding method of pulse
radiolysis is the most useful one, yielding both scavenging rate constants as well as

transient spectra and decay rate constants of the respective antioxidant radicals.
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Figure. 2: Relative rate constants of phenolic antioxidants with t-BuO®, and ROO"® determined by the ’crocin

]

assay’.

Legend: t-BuO®, generated by UV photolysis of t-BuOOH in aqueous solution, containing 0.1 M t-BuOH;
ROO?*, from the thermolysis of 2.2’-azobis-(2-amidinopropane hydrochloride), ABAP.

1 - kaempferol; 2 - quercetin; 3 - epicatechin; 4 - 2.5-dihydroxyphenyl-acetic acid; 5 - Trolox c; 6 -
pentamethylchromane.

Competition studies, which can be done both during pulse radiolysis experiments or
with steady-state radical sources, yield only scavenging rate constants. However, as the
latter method is more readily accessible and since an increasing number of suitable
reference substances have been established, it is the preferred method to rapidly
accumulate kinetic data of substances with antioxidative potential.

These data can then be used to interpret inhibitory effects of such substances in
biological systems, exposed to oxidative stress conditions. However, a given substance can
only be defined as a genuine antioxidant, when the relative stability of its radical
derivative has been determined and it has been shown that this radical is incapable of

promoting chain reactions due to its low reactivity.
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VITAMIN E IN PROTECTION OF OXIDATIVE
IMPAIRMENT IN ENDOTHELIAL
AND PLATELET FUNCTIONS.
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Summary

Effects of vitamin E-deficiency on endothelial and platelet functions were investigated in rats. The
7 week deficiency from weaning reduced serum a-Toc level to 1/5 and doubled serum thiobarbituric acid
reactive substances. Acetylcholine-induced endothelium dependent relaxation in aortic rings precontracted
with norepinephrine (107 M), was almost abolished at 7th week, but not at 4th week. Hyperaggregability
of washed platelets was observed at 4th week and the magnitude became greater with the increasing period.
Five day administration of d-tocopherol analogues (200 mg/kg/day) to the deficient rats completely recovered
the endothelium-dependent relaxation with a-tocopherol, but partially with (-tocopherol. y- and
8-Tocopherol were ineffective. Platelet aggregation was also inhibited by the supplementation in the order
a>f>y>6. There was a strong inverse correlation between platelet aggregability and serum a-tocopherol
levels of rats each given the analogues. These results suggest that a-tocopherol plays an important role in
prevention of atherogenesis.

Introduction

The vessel wall and platelets interact with each other to regulate their functions and
growth as shown in Scheme 1. Through this cooperative interplay, platelets and

endothelial cells play regulatory functions in the circulation system. We have previously
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reported that vitamin E (VE)-deficiency resulted in an increase of not only lipid peroxides,
but also in various aliphatic aldehydes such as n-hexanal and 4-hydroxy-2-nonenal in rat
plasma (Tomita et al., 1987; Yoshino et al., 1991). In addition, we found that low
density lipoprotein rapidly and reversibly inhibited thrombin-induced endothelium--
dependent relaxation in porcine coronary arteries (Tomita et al., 1990). Oxidatively
modified LDL reportedly has more potent inhibitory effects on endothelium dependent
relaxation (Kugiyama et al., 1990) and also proaggregatory effects than native LDL
(Ardlie et al. 1989).

Some lipid peroxides and other related aldehydes are highly cytotoxic and lead to
deterioration of cell membranes and impairment of their functions. VE as an antioxidant
agent prevents peroxidation of unsaturated fatty acids by scavenging lipophilic radicals
within membranes. Despite the numerous assumptions of its protective role in lipid

peroxidation, few studies have shown functional damages due to VE deficiency in the

Scheme 1. Interaction of the endothelium with platelets
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circulatory system. This study was therefore undertaken to investigate the effects of
VE-deficiency on both endothelial and platelet functions, and their recovery by
supplementation of various d-tocopherol (Toc) analogues.

VE deficiency resulted in a complete loss of acetylcholine-induced endothelium
dependent relaxation in the aorta following an enhancement in platelet aggregation, and

d-a-tocopherol supplementation recovered their impaired functions.

Materials and Methods

Animals

Male SD rats were divided into two groups at weaning, and had been maintained
on either VE-deficient diet (dl-a-Toc. Img/kg diet) or a supplemented diet (dl-a-Toc.
acetate 20 mg/kg) for 4-8 weeks. In recovery experiments, d-Toc analogues («, 8, v, 9),
200 mg/kg in 5 % Tween 80, were given orally for 5 days to 7 week deficient rats. Rats

were killed 24 hrs after the last administration unless otherwise stated.

Meusurement of Blood Pressure
Systolic blood pressure was measured by a tail-pulse pick-up method in unanesthetized rats
using Ueda UR1000 (Ueda Co. Tokyo).

Endothelium-Dependent Relaxation

Ring segments (6 mm long, 3.5-4.0 mg wet weight) of rat thoracic aorta from each
group were precontracted with norepinephrine (107 or U46619 (10 M) , and relaxed
with cumulative additions of acetylcholine (10°-10 M) in normal Tyrode’s solution (pH
7.3, 370). The magnitude of relaxation was expressed as a percentage of norepinephrine-

or U46619-contraction.
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Preparation of Washed Platelets, and Measurement of Platelet Aggregation

Washed platelets from each rat were prepared as préviously described (Tomita et al.
1684). Platelet aggregation was measured by a turbidimetric method using 4-channeled
aggregometer (AGGRETEC TE-500, Elma, Tokyo). Aggregation was induced by

thrombin or collagen.

Materials

SPF male SD rats were obtained from Clea Co. Tokyo. Reagents used here were
purchased from the following sources: d-a, 8, v, 6-Toc (Eisai co. Tokyo) , nor-
epinephrine bitartrate, and acetylcholine (Sigma Chemicals St. Louis, MO), U46619
(Funakoshi Pharmaceuticals, Tokyo), human thrombin (Midori Cross Co. Osaka),

collagen (Collagen reagent Horm, Hormon-Chemie, MUnchen).

Results

Experimental Parameters

Two groups of rats were kept on VE deficient or supplemented diets 7 weeks from
weaning. Body weights and blood pressure remained the same within the two groups
during the entire experimental period. However, hemolysis and serum thiobarbituric acid
reactive substances(TBARS) of the deficient group markedly increased; hemolysis was 98
% and TBARS was doubled at the 7 week deficiency. a-Toc concentration in serum from

the deficient group decreased to 1/5 of that in the supplemented group.

Reduction of Endothelium Dependent Relaxation Due to the Deficiency

Furchgott (Furchgott et al. 1980) found that factors released from the endothelium
relaxed the vascular smooth muscle. Fig. 1 shows the effects of the 7-week VE
deficiency on acetylcholine-induced endothelium dependent relaxation in rat aortas. The
ring segments of rat thoracic aortas were precontracted with either norepinephrine (107’

M) or U46619 (108 M, a thromboxane agonist), and relaxed with cumulative additions
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of acetylcholine. The magnitude of the relaxation response was expressed as a percentage
of norepinephrine contraction. In the case of the aorta from control rats 108 to 104 M
acetylcholine induced dose-dependent relaxation, whereas in a segment of the aorta from
7-week deficient rats the relaxation was almost abolished. Sodium nitroprusside induces
vasodilation through the direct action on smooth muscle cells. An addition of 10° M
sodium nitroprusside relaxed the ring from the deficient group to the basal line.
Relaxation responses to various concentrations(10-10% M) of sodium nitroprusside of
endothelium denuded vessels were similar to each other in the two groups.

These results suggest that endothelial functions were impaired due to the 7 weeks
VE deficiency. This dys-function not observed at the 4 week of the endothelium was

deficiency.

Normal

@
o

60

M)contraction
——
\.‘
>
»
z
h-J
o
o
a

Smin
~ /
940 //é
w [
87054

_Z_ / Def LR
: ' |

20 \
. / R 10.59
° e
K] ' G/ Smin
5 ol o=
2 € 7 6 5 * g
o
o« Ach(-log M) NE(10 'M)

Fig.1 Reduction by VE deficiency of acetylcholine induced endothelium-dependent
relaxation. Thoracic aorta were dissected from male SD rats maintained for 7 weeks on
diets either deprived of vitamin E (dl-a-tocopherol less than 1 mg/kg) or supplemented
(dl-a-tocopherol acetate 20 mg/kg) beginning at weaning. Rings were precontracted with
norepinephrine (NE 10”7 M) and relaxed with cumulative addition of acetylcholine
(108-10* M) . The magnitude of relaxation responses was expressed as a percentage of
NE contraction. - O -: deficient rats, - ® -:control rats. Each point and vertical bar
indicate mean+S.E. for 5 preparations. Left: dose-response curves, Right: typical
tracings. Ach: acetylcholine, NE: norepinephrine, NP: Sodium nitroprusside(10® M)
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Recovery of Endothelium-Dependent Relaxation by Supplementation of d-tocopherol
Analogues

d-o-Toc (200 mg/kg) was given orally for 5 days to the 7 week deficient rats.
Endothelium-dependent relaxation once lost in the deficient group, reappeared after 5 day-
supplementation. The magnitude of relaxation in the deficient rats was not statistically
different from that in the control rats.

However, one-day supplementation resulted in only a partial recovery of the
relaxation. Fig. 2 shows recovery from the impaired endothelium-dependent relaxation
by the supplementation of various d-Toc analogues. Rats maintained on VE deficient diet

for 7 weeks were each given orally either d-«, 8, ¥, 6-Toc or the vehicle for 5 days.
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Fig. 2 Recovery of endothelium-dependent relaxation by supplementation of d-tocopherol
analogues. Male SD rats maintained for 7 weeks on VE-deprived diet, received orally
d-tocopherols(200 mg/kg) for 5 days. Endothelium dependent relaxation responses of
aortic rings were measured as described in the legend to Fig. 1. Rings were precontracted
with U46619 (10" M). - o -: deficient (n=7), - ® -: control (n=7), - 4 -: -, - W -: B-,
- ®- v, - v -2 §-Toc supplemented (n=8). Each point and vertical bar indicate
mean+S.E. for the indicated number. Left: dose-response curves, Right: typical tracings.
Significance : non-significant by ANOVA, control vs a-supplemented.



71

d-a-Toc supplementation brought a complete recovery of endothelium-dependent
relaxation, while d-8-Toc showed only partial recovery at the Fig. 2 shows recovery from
the impaired endothelium-dependent relaxation by the supplementation of various d-Toc
analogues. Rats maintained on VE deficient diet for 7 weeks were each given orally
either d-a, B, v, 6-Toc or the vehicle for 5 days. d-a-Toc supplementation brought a
complete recovery of endothelium-dependent relaxation, while d-B-Toc showed only
partial recovery at the concentrations of 107-10% M acetylcholine and a complete
recovery at 10°-10° M acetylcholine. Relaxation of d-y-Toc groups was slightly higher

than the deficient group. d-8-Toc was ineffective.

Enhancement in Platelet Aggregation Due to VE Deficiency

Within blood cells and plasma, platelets reflect most accurately the amount of
digested Tocs (Ardlie et al. 1989). Thus, it is assumed that platelet functions are greatly
influenced by Toc state. In order to exclude humoral factors, washed platelets were
prepared. Special care was taken to minimize the exposure of platelet membranes to air
during the preparation. Fig. 3 shows thrombin-induced aggregation of washed platelets
from 4-7 week VE-deficient rats and the respective control. In contrast to the
endothelium, higher aggregability of platelets was observed as early as at the 4-week
deficiency. with prolonged periods of deficiency, a more significant difference was

observed between the two groups.

Alleviation of Platelet Hyperaggregability by Supplementation of d-tocopherol Analogues

When d-a-tocopherol 25 mg/kg was given for 5 days to 7 week deficient rats,
hyperaggregability due to the deficiency was partially alleviated. Administration of 50
and 100 mg/kg for S days brought a complete recovery. Aggregation of platelets from
rats given the highest dose (200 mg/kg) was lower than that of the control group. Thus,
higher doses of d-a-Toc inhibit platelet aggregation.
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Fig. 3 Changes in platelet aggregability due to VE deficiency. Male SD rats were
maintained for 4-7 weeks on diets either VE-deprived or supplemented from weaning, and
washed platelets were prepared for each rats.

In another experiment, d-Toc analogues (200 mg/kg) were given for 5 days to the 7
week deficient rats and their effects on platelets were compared (Table I). a-Toc most
greatly reduced thrombin-induced aggregation lower than that of the control group. 8-Toc
was the next most effective. Aggregation of platelets from rats given y-Toc was also
slightly lower than that in the control group. 6-Toc administration just normalized

aggregation to control level.

Correlation Between Platelet Aggregation and d-Toc Contents in Platelets
The contents of tocopherol analogues in plasma from each group were determined
by HPLC. There was a strong inverse correlation between the a-Toc levels in plasma

from each group and the respective platelet aggregability (Fig 4).



73

Table 1

Alleviation of platelet hyperaggregability by supplementation of d- tocopherol analogues.
Male SD rats maintained for 7 weeks on VE deprived diets, were given d-tocopherol
analogues(200 mg/kg orally for 5 days) or vehicle.

Aggregation(%)

Groups Thrombin(U/ml)
0.13 0.17 0.26
Control 38.1+4.1 57.1+£5.4 67.6+2.4
Deficient 50.94+5.9 72.0+2.3 84.443.4

Supplemented

a 30.14+4.1 41.542.3 49.0+2.2
B 33.3+5.4 50.0+5.6 54.242.7
¥ 36.2+4.3 53.1+3.5 58.6+9.9
5 42.843.0 58.4144.6 63.5+5.3

mean+S.E. for 3 rats

Significance by ANOVA: deficient vs «, 8, v (P<0.001),
deficient vs & (P <0.05), control vs deficient a, § (P <0.01),
control vs v (P <0.05)

Discussion

There is now considerable evidence that oxidation of LDL takes place in vivo in

contact with vascular endothelial cells, monocytes and so forth during the circulation, and
oxidative modification of LDL has been implicated as an essential event in the
pathogenesis of atherosclerosis. Various antioxidants such as VE, S-carotene, butyl

hydroxy toluene, probucol etc. are reported to retard LDL oxidation. We have shown in
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this study that VE deficiency abolished endothelium-dependent relaxation following the
enhancement in platelet aggregation and an increase in serum TBARS. Platelet
membranes seems to be more sensitive to oxidative damage than endothelial cell
membranes. The potency of d-Toc analogues to recover their cell functions were in the
order of a>p>+>d-Toc both in the endothelium and platelets.

HPLC analysis of Toc analogues in serum after their administration, disclosed that
a-Toc was detected even in the serum from rats given -, y- or §-Toc, suggesting
biotransformation among these analogues. Furthermore, platelet aggregation of each
group given respective analogue, inversely correlated with a-Toc levels in their serum.
Therefore, the potency of tocopherol analogues might depend on the biotransformation to

a-tocopherol from the other analogues.
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Fig. 4 Inverse correlation between serum a-tocopherol levels and platelet aggregation
from each group. Male SD rats kept on VE-deprived diet for 7 weeks, were given orally
for 5 days either d-tocopherol analogues (200 mg/kg) or vehicle. Def: deficient group,
Cont: control, «, 8, v, 6: a-, 8-, ¥-, 6-groups
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Conclusion

VE deficiency causes the deterioration of membranes in platelets and endothelial
cells, and an impairment of their functions. The supplementation of a-Toc completely
recovered these damages. The results suggest that a-Toc plays a critical role in
maintaining normal functions of the endothelium and platelets, whose abnormalities are

deeply involved in atherogenesis.
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Summary

The antioxidant properties of several tocopherol isomers and of "Palm Vitee" were assessed by
measurement of their ability to inhibit NADPH-induced peroxidation of hepatic microsomes prepared from
vitamin E-deficient rats. The microsomal concentrations of d -, d a- and dl a-tocopherol required to
inhibit peroxidation by 50% were 160, 750 and 1850 ug/mg protein respectively; d y-tocopherol was also
the most effective in prolonging the lag phase prior to the initiation of peroxidation. "Palm Vitee" was 3
times more potent than d vy-tocopherol in preventing TBARS formation; this may be due to the tocotrienol
components of the preparation. Electron spin resonance (ESR) spectroscopy and spin trapping suggested
that the tocopherols were preventing the formation of a carbon-centered radical adduct derived from linoleic
acid. Signal height correlated with TBARS formation suggesting that the TBA assay is an accurate measure
of lipid peroxidation in this study.

Introduction

The pathogenesis of many diseases can involve free radical-mediated lipid
peroxidation of biological membranes. Adequate dietary intake of vitamin E, a major
lipid soluble inhibitor of peroxidation, may therefore be important in inhibiting the

development of conditions such as heart disease, cancer, cataracts, neuropathies and
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myopathies (Packer and Landvik, 1989). Since vitamin E exists as several natural and
synthetic tocopherol and tocotrienol isomers, it is important to establish which of these
forms are the most effective antioxidants under defined conditions. Therefore, the present
study has assessed the antioxidant properties of various tocopherols and tocotrienols by
measurement of their ability to inhibit NADPH-induced lipid peroxidation of hepatic
microsomes from vitamin E-deficient rats. Lipid peroxidation was estimated by the
formation of thiobarbituric acid reactive substances (TBARS). As this index of
peroxidation is relatively non-specific (Duthie, 1991), peroxidation was also monitored by
electron spin resonance (ESR) spectroscopy and by assay of hexanal production; the latter

probably arises from peroxidation of omega-6 fatty acids (Frankel et al.,1989).

Materials and Methods

Weaning male rats of the Rowett Hooded Lister strain were offered, ad libitum,
a semisynthetic diet (Abdel-Rahim et al., 1986) containing 0.1 mg selenium/kg (as
Na,SeO;) and less than 0.5 mg vitamin E/kg. After 6 weeks, the rats were anesthetized
with ether. Following in situ perfusion with 0.15 M KCl1, the livers were removed for
the preparation of microsomes (Lim et al., 1980) which were adjusted to a protein content
of 10 mg/ml in 0. 05 M potassium phosphate buffer (pH 7.4) .

The effects of added dl a-tocopherol, d a-tocopherol, d ~y-tocopherol and "Palm
Vitee" (composition:a-tocopherol 32%; a-tocotrienol 23%; +y-tocotrienol 28%;
d-tocotrienol 13%) were assessed as follows:- 40 ul of an ethanolic solution of isomer or
"Palm Vitee" (final concentrations 0 mM, 0.004 mM, 0.04 mM and 0.4 mM) were
incubated at 37°C with stirring for 30 min in a diluted microsomal suspension (100 ul in
5.6 mi of potassium phosphate buffer, 0.05 M, pH 7.4) . Peroxidation was then initiated
by the addition of NADPH (final concentration 0.05 mM) and 1 ml aliquots were removed
at intervals for the determination of TBARS (Yagi, 1987). Incorporation of the isomers
into the microsomes was assessed by HPLC (Bieri et al., 1979), using a washed pellet
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prepared by centrifugation of aliquots of the incubation mixture at 105,000g. The lag
phase prior to the initiation of peroxidation was calculated as described in Hill & Burk
(1984).

Microsomes were also prepared for ESR spectroscopy as previously described
(Duthie et al., 1990) . At the start of the incubations, the spin trap a-(4-pyridyl-1-oxide)
-N-tert-butylnitrone (4-POBN) was added to a final concentration of 100 mM. ESR
spectra were recérded in a flat quartz cell with a Varian E104 X-band spectrometer,
operating at 9.5 GHZ with 100 KHZ modulation frequency, 10 mW microwave power and
0.2 mT modulation amplitude. In addition to TBARS production, hexanal release from
the incubations was measured by the method of Frankel et al.(1989).

Results

Tocopherol isomers

Preincubation of microsomes from vitamin E deficient rats with increasing
concentrations of dl -, d a- and d +-tocopherol progressively decreased the rate and
extent of lipid peroxidation. The length of the lag phase was significantly correlated with
microsomal tocopherol content (Fig. 1) . The antioxidant effectiveness of the isomers was
d y- > d a- > dl a-tocopherol. For example, the microsomal concentrations of d v-,
d a- and dl a- required to inhibit peroxidation by 50% were 160, 750 and 1850 ug/mg

protein respectively.

"Palm Vitee"

Addition of increasing concentrations of "Palm Vitee" also progressively inhibited
TBARS formation which was completely suppressed when the preparation was present in
the incubation at a final concentration of 0.4 mM. "Palm Vitee" was 3 times more
effective in reducing the extent of peroxidation compared with the equivalent concentration

of ~-tocopherol; the latter was the most potent of the tocopherol isomers (Fig 2).
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Fig. 1. Effects of microsomal dl a-, d - and d y-tocopherol content on (a) the magnitude
and (b) the lag phase of lipid peroxidation

Electron Spin Resonance
The ESR spectra obtained from microsomal incubations containing 4-POBN
consisted of a triplet of doublets representing interactions of the unpaired electron with

14N nucleus further split by interaction with a single hydrogen. The isotropic hyper-fine
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splitting constants A(14N) and A(1H) were 15.8 G and 2.6 G respectively. Signal intensity
was significantly correlated with the production of TBARS (P<0.001, r=0.87) and
hexanal (P<0.05, r=0.55) (Fig. 3).

Discussion

All eight naturally occurring isomers of vitamin E are derivatives of 6-chromanol
and differ in the number and position of the methyl groups on the ring structure. The
four toéopherol isomers ( d a-, d 8-, d ¥-, d §-) have a saturated 16-carbon phytol side
chain whereas the tocotrienols (d a-, d 8-, d -, d 8-) have three double bonds on the side
chain. The widely available synthetic form, dl a-tocopherol, consists of a mixture of
eight stereoisomers in approximately equal amounts; these isomers are differentiated by
rotation around optical (chiral) centers at each methyl branch point of the phytol chain.

In the hepatic microsomal model used in the present study, the d y-tocopherol was the
most effective antioxidant. Compared with dl «- and d a-tocopherol, less was required
to reduce the magnitude of peroxidation and the lag phase was longer. As intercalation
of vitamin E within lipid bilayers may be affected by the position of the methyl groups
on the chromanol ring and by the configuration of the carbons of the phytol side chain
(Kagan et al., 1990), the differences in antioxidant effectiveness between the isomers may
reflect variation in their orientation within the microsomal membranes.

"Palm Vitee" was much more effective than the tocopherol isomers in inhibiting
microsomal TBARS formation. Such antioxidant potency may be ascribed to the
tocotrienol components of the preparation. It is unclear at present which of the
tocotrienol isomers ( « -, ¥ -, or § -) is the most active. However, recently Serbinova et
al. (1991) have hypothesized that a-tocotrienol may have a higher antioxidant potency than
a-tocopherol due to: (a) a higher recycling efficiency from chromanoxyl radicals, (b) a
more uniform distribution in the membrane bilayer (c) a membrane disrupting effect which

increases the efficiency of the interaction of chromanols with lipid radicals.
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The rat foetal-resorption test indicates that the biological activity of y-tocopherol
is only 10% of that of the a-form (Horwitt, 1960) Therefore there is a considerable
discrepancy between their in vitro antioxidant potencies and their biologically-relevant

activity. In vivo, the tocopherol-transporting chylomicron remnants are taken up by the

liver which preferentially secretes the a-form into the plasma in newly formed very low
density lipoproteins (VLDL) but excretes most of the +y-tocopherol into the bile (Traber
and Kaden, 1989) . In addition, plasma and cytosolic transporters and membrane receptors
which are specific for the a- isomer (Behrens & Madere, 1982; Kaplowitz et al., 1989)
may be required to achieve the correct alignment of the molecule in the membrane.
Whether such receptors are needed to position tocotrienols in the membrane so that the
functional hydroxy group of the chromanol ring is in the appropriate position to donate
a hydrogen to the adjacent peroxidizing phospholipid is not known. Dietary repletion
studies and clinical trials need to be undertaken before the nutritional and pharmacological
relevance of the tocotrienols can be established.

The fluorescent determination of TBARS in biological samples can be subject to
interference from iron, sucrose, and biliverdin (Duthie, 1991). However, in the present
study, TBARS production correlated significantly with ESR signal intensity. Lack of
spectral anisotropy in the ESR signal indicated that the radical was of low molecular
weight with little motional restriction. Adduct parameters obtained using
5,5-dimethyl-1-pyrroline-N-oxide (DMPQO) A(N)=15.6 G, A(H)=23.4 G, data not shown)
which may be more sensitive to the trapped radical than 4-POBN were far removed from
those parameters expected for OH®, O,~, thiyl and alkoxyl. This provides further
evidence for the detection of a carbon-centered species, which may be derived from
linoleic acid. Moreover, the significant correlation between ESR signal and hexanal also
suggests that microsomal oxidation involved the decomposition of omega-6 fatty acids.
Consequently, in the hepatic microsomal model used in this study, TBARS provided a

reliable method of determining lipid peroxidation.
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EFFECT OF VITAMIN E ON METABOLISM OF
UREMIC LOW DENSITY LIPOPROTEINS IN
HUMAN MONOCYTE-DERIVED MACROPHAGE

S. Yukawa, A. Hibino, T. Maeda, H. Nomoto and I. Nishide

Third Department of Internal Medicine, Wakayama Medical University, 7-27, Wakayama City, Wakayama
640, Japan

Summary

In vivo malondialdehyde (MDA) rich low density lipoproteins (LDL) obtained from hemodialysis
(HD)-patients may undergo more degradation than native LDL (n-LDL) obtained from healthy controls in
human monocyte-derived macrophage. Vitamin E treatment reduced MDA in LDL and suppressed
degradation in macrophage.

Introduction

It is well known that LDL modified in vitro are mainly metabolized in scavenger
cells such as macrophage without being mediated by LDL receptors. The macrophage
could develop into form cells, which have a close relation to the early stage of
atherosclerosis (1). MDA is known to be a factor which could form modified LDL (2).
However, all the studies on MDA-rich LDL (MDA-LDL) previously reported used
artificially produced MDL-LDL and there have been no reports concerning the metabolism
of MDA-LDL formed in vivo.
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The present study was undertaken to investigate the metabolic profile of LDL in
human macrophage, using MDA-LDL obtained from HD-patients who have usually higher
MDA concentrations (3). Furthermore, alpha-tocopherol (TOC) was administered to the
patients in order to examine possible metabolic changes of the LDL in macrophage due

to reduction of MDA.
Materials and Methods

Subjects

Five age- and sex-matched healthy controls (controls) and HD-patients were enrolled
in this study.
Methods

1) Preparation of LDL and 1251 LDL. Fasﬁng sera from control and from
HD-patients at two weeks before and after administration of TOC of 600 mg a day were
ultracentrifuged to obtain LDL at a density of 1.019 to 1.063 g/ml. The LDL obtained
was dialyzed with 0.15 M NaCl, ImM EDTA, pH 7.4, and most part was pooled and then
labelled with 1251 using the method of Mac Farlane et al. 2) Preparation of macrophage.
A 20 ml sample of early morning fasting peripheral venous blood was obtained from
healthy males, and macrophage were separated from monocytes using conventional
method, cultured , supplemented with 10% LPDS, and used for experiments 48 hours
later. 3) Metabolic profiles of !2’I-LDL in macrophage. After macrophages and 1251.1LpL
were co-incubated for three hours, the binding, uptake and degradation of LDL was
examined by the method of Goldstein et al (4). 4) Plasma lipids and composition of LDL.
Proteins in LDL were determined by the Lowry method, lipids in plasma and LDL by
enzyme method, and MDA in plasma and LDL by Yagi’s thiobarbituric acid method,

respectively (5).
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Results

In plasma lipids, triacylglycerols (TG) and MDA levels were significantly higher in
HD-patients than in controls, while high-density lipoprotein (HDL) cholesterol (HDL-C)
showed lower values in HD-patients than in controls. MDA in HD-patients treated with
TOC tended to be lower (Table 1).

Cholesterol level of LDL in HD-patients untreated with TOC was significantly lower
than in controls and somewhat recovered after TOC treatment; TG level of LDL before
and after TOC treatment in HD-patients were significantly higher than in controls and was
slightly lowered after TOC treatment (Fig.1).

Apolipoproteins in LDL by 10% SDS-PAGE showed no noticeable differences
between controls and HD-patients (data not shown). MDA concentration in LDL were
significantly higher in HD-patients untreated with TOC than in controls and tended to
decrease after TOC treatment (Fig. 2). Degradation of 12511 DL in cultured macrophage
was significantly increased in HD-patients compared to controls, as shown in the left panel
of Fig. 3. On the other hand, the right panel shows a comparison between HD-patients

with and without TOC treatment.

TABLE 1.

Plasma lipid composition in control and HD-patients with (VE (+)) and without (VE (-)).
TOC treatment

n TG TC HDL-C MDA
mg/dl nmol/ml
Controls 5 88%25 195+34 51+10 2.5+0.5
HD-patients VE (+) 5 143+26" 191+52 34+11™ 4.0+0.6"
VE() 5 136%46" 188+51 34+10™" 3.340.6

Mean+SD. Significance vs controls; *: p < 0.01, **: p < 0.05.
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Fig. 1. Chemical composition of LDL.

Fig. 2. Malondialdehyde concentration in LDL.
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Fig. 3. Degradation of 12I-LDL in cultured macrophage.

HD-patients treated with TOC showed a suppression of 125].LDL degradation compared
to TOC-untreated HD-patients towards value obtained in control. There were no
significant differences in binding and uptake of !2I-LDL between HD-patients and

controls (data not shown).

Discussion

It is well known that LDL artificially modified by acetylation or MDA is
metabolized mostly in scavenger cells without mediation by LDL receptors (1, 2). There
have been numerous reports on modified LDL which was metabolized in vitro, but there
have been few (6) reports on modified LDL which was formed in vivo. In the present
study, we investigated the metabolic profile of a modified LDL, MDA-LDL, which seems
to be actually present in vivo, in human monocyte-derived macrophage. Samples of

modified LDL were obtained from HD-patients who have higher MDA concentrations (3).
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To reduce MDA in blood, TOC was administered to the patients, and the metabolism of
MDA-LDL was examined before and after TOC treatment. MDA levels in total LDL
were significantly higher in HD-patients than in controls. TOC treatment tended to reduce
LDL-MDA levels in HD-patients. In parallel with this finding, degradation of !2I-LDL
in human macrophage was accelerated in HD-patients compared to controls, and such
acceleration of degradation was suppressed after TOC treatment. This indicates that LDL
from HD-patients is oxidized by MDA at higher concentrations and is developed to
MDA-LDL, whose degradation is accelerated via scavenger pathway of macrophage (2);
TOC treatment reduces MDA in blood, resulting in suppression of degradation of LDL
in macrophage. The results of this study suggest a possibility that MDA-LDL from
HD-patients may undergo degradation similar to artificial MDA-LDL in vitro (1, 2). This
seems to be in agreement with the fact that HD-patients on long-term dialysis develop

atherosclerosis at an earlier stage than controls with the same age (7).

Conclusion

In the present study, we investigated the metabolism of in vivo modified LDL
obtained from HD-patients by macrophage and the effect of TOC treatment. The results
were as follows: 1) It was found that in vivo MDA-LDL may undergo more degradation
than N-LDL in macrophage. 2) TOC treatment reduced MDA in LDL and suppressed

degradation in macrophage.
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Summary

To study antioxidative effects of vitamin E and selenium, two experiments were conducted.
Experiment I: To study effects of vitamin E and/or selenium deficiency on malondialdehyde (MDA) levels
in tissues and on oxidation of erythrocyte of rat fed with natural deficient diet. Experiment II: To study
effects of vitamin E and/or selenium deficiency on MDA levels and free radicals levels in tissues, and on
fluidity of erythrocyte membrane of rat fed with semisynthetic diet. It was found that MDA levels in tissues
of vitamin E deficient groups were higher than that of selenium deficient groups in both experiments. In
contrast to MDA level, free radicals levels detected by ESR in tissues of vitamin E deficient groups were
lower than that of selenium deficient groups. Results of oxidation of erythrocyte with oxidants in_vitro
showed that vitamin E protected against hemolysis of erythrocyte induced by ascorbic acid, whilst selenium
protected against oxidation of haemoglobin by superoxide anion. Effects of vitamin E and selenium
deficiency on fluidity of erythrocyte membrane estimated by ESR and expressed as rotational correlation
time (r.) were also different: vitamin E deficiency increased r,, when fluidity was estimated by labelling with
5-doxy stearic acid or 16-doxy stearic acid. Selenium deficiency increased r_, when fluidity was estimated
by labelling with 3-maleimido proxy and 3-(3-maleimidopropyl-carbamyl) proxy. It means that vitamin E
deficiency caused decrease of fluidity of erythrocyte membrane due to damage to lipid of membrane and
selenium deficiency caused decrease of fluidity of erythrocyte membrane due to damage to -SH group in
membrane protein. These results demonstrated that antioxidant action of vitamin E and selenium are
different: (1) vitamin E acts on the biomembrane, and selenium acts in the form of Se-dependent glutathione
peroxidase (GPX) in cytoplasm; (2) vitamin E prevents lipid peroxidation more effectively than selenium,
whereas selenium prevents free radicals production more effectively than vitamin E; (3) vitamin E protects
lipid of membrane and selenium protects -SH group in membrane protein against oxidation.
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Introduction

It is well known that both vitamin E and selenium are important bioantioxidants
that prevent peroxidation in cells. It is generally considered that these two micronutrients
perform antioxidation synergistically, or they may substitute for each other in
antioxidation. However, our previous work (Zhu et al. 1981) showed that effects of
vitamin E deficiency and selenium deficiency on swelling of pig liver mitochondria were
different: vitamin E deficiency caused increasing swelling rate and selenium deficiency
caused decreasing swelling rate (Fig. 1). And it was found that effects of these two
micronutrients deficiency on fluidity of mitochondria membrane were different too:
Vitamin E deficiency decreased fluidity, whereas selenium deficiency increased fluidity
(Fig. 2). So we conducted two experiments to study the antioxidation effects of vitamin
E and selenium.

Experiment I: To study effects of vitamin E and/or selenium deficiency on MDA level in
tissues and on oxidation of erythrocyte of rat fed with natural deficient diet.

Experiment II: To study effects of vitamin E and/or selenium deficiency on MDA level
and free radicals level in tissues and on fluidity of erythrocyte membrane of rat fed with

semisynthetic deficient diet.

Materials and Methods

Experiment I:

Animal experiment and analytical methods have been described in detail by He and
Zhu (1987) and are only briefly noted below:
Animal and diet: 48 male weaning Wistar rats were divided into four groups with 12 each,
and were raised with vitamin E and/or selenium deficient diet composed with natural
selenium deficient crops (corn meal, soybean meal and wheat flour) removing vitamin E
by extracting with ethanol. Vitamin E and selenium contents of diets of these four groups

were shown in Table 1.
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Table 1 Vitamin E and Selenium Contents of Diets
Group Vitamin E(mg/kg) Selenium(mg/kg)
-VE-Se 0.96 0.0067
-VE+Se 0.96 .0.175
+VE-Se 25 0.0067
+VE+Se 25 0.175

Methods

(1) Vitamin E contents of diets was estimated by flourometric method (Hou and Zhu,
1982).

(2) Selenium content of diets was determined by flourometric method (Liu et al., 1985)
(3) MDA level in tissues was determined with TBA method (Wang, et al., 1980).

(4) Oxidation of erythrocyte in_vitro:

a. According to Rotruck’s (1972) method, erythrocytes was oxidized with ascorbic acid,
but the concentration of ascorbic acid was adjusted to causing hemolysis of deficient
erythrocyte only, and percentage of hemolysis was calculated.

b. According to Goldberg’s (1977) method, erythrocyte was oxidized by superoxide anion
generated with dihydroxy fumaric acid (DHF), concentration of which was adjusted to that
only haemoglobin in deficient erythrocyte was oxidized, and percentage of haemoglobin
oxidized was calculated. At this concentration of DHF, superoxide anion did not cause

hemolysis.

Experiment 11

Animal experiment
Design of animal experiment has been described in detail by Cai et

al. (1992). 40 non-Se-deficient weaning rats were divided into two for -VE+Se groups
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with 10 male and 10 female each. 40 Se-deficient weaning rats were divided into two for
+VE-Se and -VE-Se groups with 10 male and 10 female each. Principal food of basal
diets were torula yeast and corn meal in which vitamin E was removed by extracting with
ethanol. a-Tocopherol and selenium were supplemented to the basal diet for non-deficient
groups. a-Tocopherol and selenium contents of diets of these four groups were listed in
Table 2.

Table 2 a-tocopherol and selenium contents of diets
Group Selenium(ppm) a-tocopherol(ppm)
-VE-Se 0.009 non

-VE+Se 0.274 non

+VE-Se 0.009 25.2
+VE+Se 0.274 25.2

Analytical methods
(1) vitamin E content of diets was detected HPLC.

(2) Selenium content of diets was determined with fluorometric method (Liu et al., 1985).
(3) MDA levels in liver and lens were determined with TBA by calorimetric (Buege and
Aust, 1978) and fluorometric methods (Wang et al., 1980) respectively.

(4) Free radicals levels and fluidity of membrane were detected by electronic spin

resonance (ESR).

RESULTS AND DISCUSSION

Experiment I:
MDA levels in tissues: MDA levels both in heart and in liver of -VE+Se group was
higher than +VE-Se group. However, it was significant in liver (Fig.3 and Fig.4). It
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means that both vitamin E and selenium can prevent lipid peroxidation, but vitamin E is

more effective than selenium.

Oxidation of erythrocyte

When erythrocyte was oxidized with proper concentration of ascorbic acid in vitro,
hemolysis were serious in two vitamin E deficient groups. Supplementation of vitamin E
prevented hemolysis no matter selenium deficient or no (Fig. 5). It showed that vitamin
E can protect membrane broken caused by oxidation due to that vitamin E locates in
membrane (Diplock and Lucy 1973).

When erythrocyte was oxidized by proper concentration of superoxide anion
generate from DHF, hemolysis did not occur, but hemoglobin was oxidized. Percentages
of oxidized haemoglobin in two Se-deficient groups were higher than that of two Se-
supplement groups no matter vitamin E deficient or not (Fig.6). Protection of vitamin E
against oxidation of haemoglobin by superoxide anion was not observed. Selenium
prevented oxidation of hemoglobin by Se-dependent GPX in cytoplasm. This is the

difference of antioxidation effect between vitamin E and selenium in acting sites.

Experiment I1:

MDA levels in liver and lens
Results of this experiment was similar to that of experiment I. MDA levels both

in liver and lens of -VE+Se group were higher than that of +VE-Se group (Fig. 7 and
Fig. 8).

Free radicals levels in liver and lens
In contrast to MDA, free radicals levels both in liver and in lens of -VE + Se were

lower than that of +VE-Se group, that of +VE+Se group were lowest (Fig. 9 and Fig.
10). This indicated that supplementation of vitamin E or selenium both could reduce
production of free radicals, but selenium was more effective than vitamin E. It means that
protect subject of these two nutrients were different too, vitamin E is more effective to

prevent lipid peroxidation, whereas selenium is more effective to scavenge free radicals.
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Effect of fluidity of erythrocyte membrane
Fluidity of erythrocyte membrane detected by labelling with 5-doxy stearic acid

and 16-doxy stearic acid decreased in vitamin E deficient group (expressed by increasing
rotational correlation time (r.) (Fig.11). Fluidity detected by labelling with 3-maleimido
proxy and 3-(3- maleimidopropylcarbomyl proxy decreased in Se-deficient group
(increasing r.) (Fig.12). These results furthermore prove that vitamin E protects lipid and

selenium protects -SH group of protein against oxidation.

CONCLUSION

Antioxidative effects of vitamin E and selenium are notably different.
1. They act on different sites

Vitamin E acts on the biomembrane, whereas selenium acts in the form Se-
dependent GPx in cytoplasm.
2. They protect different targets

a) Vitamin E seems more effective in protecting against lipid peroxidation than
selenium, whilst selenium seems more effective in preventing the production of free
radicals than vitamin E.

b) Vitamin E protects fatty acid and selenium protects thiol group in erythrocyte
membrane mainly.

It is suggested that antioxidant action of these two micronutrients is compensative,

not substitutive for each other.
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TOCOPHEROL AND TOCOTRIENOL PLASMA
TRANSPORT AND TISSUE CONCENTRATIONS:
IMPLICATIONS FOR THEIR RELATIVE
BIOLOGICAL FUNCTIONS

K.C. Hayes, A. Pronczuk, J.S. Liang, and S. Lindsey

Foster Biomedical Research Laboratory, Brandeis University, Waltham, MA 02254, USA

Summary

The plasma transport and certain aspects of tocopherol and tocotrienol physiology were examined in
humans and hamsters. First, their transport differed in that tocopherol was found primarily in LDL and HDL
whereas tocotrienols disappeared from plasma with chylomicrons removal. Second, tocopherol concentration
in LDL was inversely proportional to the "atherogenic potential” of LDL in an in vitro monocyte adhesion
assay. Although vegetarian had more polyunsaturates and less total tocopherol in their plasma lipids, they
maintained a higher tocopherol : cholesterol molar ratio. In essence, we find support for the concept that high
intake of polyunsaturated fat is deleterious to the oxidation state of circulating LDL. Third, a high intake of
tocotrienol did not appear to modulate plasma cholesterol levels in normolipidemic hamsters. We conclude that
the transport, tissue concentration, and relative biological functions of tocopherol and tocotrienol are distinct
and relatively unrelated.

Introduction

Tocopherol has long been recognized as the most important lipid antioxidant in
mammalian systems. Recent attention has turned to the possible biological importance of
tocotrienols and whether they might also function in an antioxidant capacity to modulate the
pathway for cholesterol biosynthesis (Parker et al., 1991) and actually lower plasma
cholesterol in certain hypercholesterolemic individuals (Tan et al., 1991; Qureshi et al.,
1991).
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It appears that tocotrienols may be involved in specialized microsomal systems (Komiyama
et al., 1989; Serbinova et al., 1991), as opposed to the general membrane antioxidant
function of tocopherol (Traber & Kayden, 1989). For example, in the original anti-fetal
resorption assay in rats, a-tocotrienol revealed only 10-30% of the activity expressed by
a-tocopherol, indicating its relative ineffectiveness in that system (Bunyan et al., 1961; Keth
& Sondergaard, 1977). On the other hand, in subcellular hepatic microsomal redox systems
tocotrienols may be 40x as effective as a-tocopherol (Serbinova eta], 1991).

It is in this context that we have re-examined certain aspects of lipoprotein transport
and tissue storage of tocopherols and tocotrienols with a focus on their comparative biological
function. For these experiments we utilized a variety of systems including humans, monkeys,

hamsters and tissue culture.

Results and Discussion
Absorption and Lipoprotein Transport

Tocopherols:1t is now well appreciated that the 4 isomers of tocopherol («,(,%,6)
(Figure 1) are not equally absorbed by the intestine or transported by lipoproteins. Nor are
they equally sequestered by certain tissues (Biomeboe et al., 1950). By virtue of a specific
a-tocopherol binding protein in hepatocytes (and possibly other cell types as well), the alpha
isomer is preferentially retained and subsequently secreted in VLDL (Traber & Kayden,
1989). The a-tocopherol binding protein would appear to be present in the intestine, too,
since even though all isomers of tocopherol are absorbed by the intestinal mucosa cell,
a-tocopherol was preferentially secreted in hamster chylomicrons (Table 1). Once returned
to the liver in chylomicron remnants, a-tocopherol is selectively bound to the cellular binding
protein for resecretion in nascent hepatic lipoproteins while 8, & and vy-tocopherol rapidly
disappear, except for a minor component of ~y-tocopherol representing about 10-15% of the
a-tocopherol mass (Traber & Kayden, 1989). The rapid disappearance of 8- and -tocopherol
may reflect the methylation of these two dimethyl isomers to the tri-methyl a-tocopherol by
tissues (Baker et al., 1986). High a-tocopheryl acetate supplementation results in further
displacement of plasma a-tocopherol (Pronczuk et al., 1991). The selective sequestration

and transport of tocopherols is depicted in Figure 2.
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Figure 1. Tocopherols and tocotrienols structure.

The preferential absorption and transport of tocopherols (T) over tocotrienols (T5)
suggests different lipid affiliations in plasma (see below). This was examined closely in the
case of tocopherol by assessing its distribution among lipoproteins as well as its relation to
the specific lipoprotein lipid constituents in humans (Pronczuk et al., 1991). The VLDL
(d<1.006 g/ml), IDL (1.006<d<1.019 g/ml), LDL (1.019<d<1.063 g/ml) and HDL
(1.063<d<1.21 g/ml) fractions were isolated from plasma of adult humans by means of
sequential ultracentrifugation. For some adults and infants, HDL was also obtained by means
of sodium phosphotungstate - Mg** precipitation. Each lipoprotein was analyzed for its lipid
composition and a-tocopherol concentration. Although generally agreed that lipoproteins
transport tocopherol, reports vary in their assertion that most tocopherol is carried either by
LDL (Davies et al., 1969) or by HDL (Takahashi et al., 1977). In terms of the mass
distribution of tocopherol among lipoproteins in our population of adults, VLDL transported
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Figure 2. Transport of tocopherols(T) and tocotrienols(T;) from intestine to other tissue.
Both T and T, are absorbed from diet in chylomicrons and then T is transported mainly to
the liver and with lipoproteins to other tissues, whereas T, is mainly transported and stored
in adipose tissues.
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TABLE 2.

Correlation coefficients between concentration of human plasma or lipoprotein lipid
components and tocopherols.

r Significance
Plasma components
cholesterol vs. y-tocopherol 0.36 NS
cholesterol vs. a-tocopherol 0.73 p<0.005
cholesterol vs o +y-tocopherol 0.72 p<0.005
triglyceride vs +y-tocopherol 0.58 p<0.05
triglyceride vs a-tocopherol 0.34 NS
triglyceride vs a++-tocopherol 0.49 NS
phospholipids vs y-tocopherol 0.51 NS
phospholipids vs a-tocopherol 0.74 p<0.005
phospholipids vs o ++-tocopherol 0.79 p<0.001

Lipoproteins (VLDL, IDL, LDL, HDL) components

cholesterol vs. +y-tocopherol 0.83 p<0.001
cholesterol vs. a-tocopherol 0.85 p<0.001
cholesterol vs. a++y-tocopherol 0.86 P<0.001
triglyceride vs +-tocopherol 0.01 NS
triglyceride vs a-tocopherol 0.02 NS
triglyceride vs a++-tocopherol 0.02 NS
phospholipids vs y-tocopherol 0.90 p<0.001
phospholipids vs a-tocopherol 0.93 P<0.001

phospholipids vs a++-tocopherol 0.94 P<0.001
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19%, IDL 3%, LDL 42%, and HDL 36%. Alpha -tocopherol represented 87-89% of the
total tocopherol pool in each lipoprotein with the balance as ~y-tocopherol (Table 1). In
infants a-tocopherol represented 91% with y-tocopherol the remaining 9% (Hayes et al.,
1991).

Across all lipoprotein classes, a-tocopherol was highly correlated (r=0.93) with
phospholipids (PLs) but not with core lipids such as triglycerides (Table 2). This suggests
that tocopherol is associated with PLs on the surface of lipoproteins, presumably with
polyunsaturated fatty acids in the PL molecule (Diplock et al., 1973). Also because HDL is
relatively PL-rich, this lipoprotein has a higher concentration of tocopherol per mg of lipid
than LDL or VLDL (Table 3) and transports the greatest mass of plasma tocopherol in
infants where HDL is higher (infants HDL-C=28+7% of total plasma cholesterol,
adults=23+7%). It is also apparent that for any given concentration of HDL cholesterol,
infant HDL transports 10-20% more tocopherol than adult HDL for reasons that are unclear,
but presumably related to greater concentration of HDL-PL in infant HDL (Figure 3).
Because adults have a relatively expanded mass of LDL (adults LDL-C=124+7,
infants=65+19), this lipoprotein fraction usually transports the largest mass of tocopherol
in adults. This distinction between tocopherol concentration (depending on PLs) and bulk
transport (depending on lipoprotein pool size) would appear to explain much of the
discrepancy concerning which lipoprotein fraction carries the most tocopherol.

Tocotrienols: Since little is known about the transport and tissue concentration of the
tocotrienols (vitamin E isomers of tocopherol with a triene-conjugated side chain, Figure 1),
we explored these relationships in hamsters and humans (Davies et al., 1969; Liang et al.,
1991). In neither species were tocotrienols readily detected in fasted plasma (Table 1). To
increase the level in plasma we fed the tocotrienol-rich fraction isolated from palm oil to
adult male Syrian hamsters in a purified diet enriched with 220 ppm tocotrienols and
followed absorption and transport of the various tocotrienols into the postprandial mucosa (3
hour), mesenteric lymph (3 hour) and plasma lipoproteins at various time intervals. Plasma
chylomicrons were also collected in the postprandial hamster following injection of Triton
WR 1339. In addition a large number of tissues were examined for their relative tocopherol:

tocotrienol ratio relative to the concentration of these two vitamin E molecules present in the
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supplemented diet. In humans we compared the plasma level of tocotrienols and tocopherols

in both supplemented and unsupplemented subjects. Supplementation was achieved with two
®
capsules of Palm Vitee providing 80 mg tocotrienol and 64 mg tocopherol per day for 10

days.

The results of these comparisons revealed that the tocotrienols behaved some what
differently than the tocopherols, showing minimal preference among the isomers for
absorption from the lumen into the mucosa and lymph (Table 4). Only in the adipose tissue
of supplemented hamsters did the tocotrienols maintain their dietary concentration advantage

over the tocopherols. This is corroborated by the fact that the T;:T ratio was greater

TABLE 3.

Distribution of tocopherols (T) in lipoproteins from adult humans.

Lipoprotein N a-T a-T:total lipids vy-T a+y-T a+y-T

fraction pg/dl ug/mg pg/dl pg/dl % distribution

VLDL 7 167463  1.58+0.172 22+12 189+70 1947
88+4)t

IDL 7 3117 2.09+0.48 242 3348 3+1
(89+5)

LDL 7 369+47  1.50+0.16° 57+11 426156 4245
@7x1)

HDL 7 323+62  1.91+0.18%® 46+18 369168 3615
(8714)

Total 7 891+88  1.7410.15 127434  1004+89 100
(8713)

Values are expressed as means +SD.

‘+Alpha-tocopherol as percent of total (a++y-tocopherol) in each lipoprotein.

3bMeans with common superscript are significantly different by one factorial ANOVA and
Fisher’s protected LSD analysis (p <0.05).
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Figure 3. Relationship between cholesterol and tocopherol transported by HDL indicates that
HDL carries an disproportionate amount of a-tocopherol when above 25-30% of the total
cholesterol.

than 1.0 in adipose, which was the only tissue to accumulate more T than T in supplemented
hamsters. In contrast to tocopherols, the fasting hamster plasma contained almost no
detectable tocotrienols. This was also true for the normal, fasting human. Even after
supplementation with 80 mg T; per day, the fasting plasma level in humans averaged only
13 pg/dl of tocotrienols compared to 1655 ug/dl for tocopherols (Table 4). Tissue
concentrations of Tj in T;-supplemented hamsters were typically much lower than tocopherol
(1: 180 on average) and were undetectable (with exception of adipose tissue) in normal
hamsters.

We interpret these observations to mean that the tocotrienols are initially transported
like any lipid-soluble compound, most likely being incorporated along with triglyceride in
the core of the triglyceride-rich chylomicron. Once transported to the adipose tissue, a
modest level of tocotrienols appears to be deposited and stored with the triglyceride,
presumably to be released during lipolysis. Unlike a-tocopherol, none of the tocotrienols

appeared to be sequestered by a cytosolic binding protein in the liver to enhance their
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conservation and resecretion into lipoproteins. The essential lack of tocotrienols in LDL or
HDL, in contrast to a-tocopherol, point to the striking difference in their transport and
underscores the likelihood that T; and T associate with different lipid moieties during

transport in plasma (Figure 2).

Antioxidants and atherosclerosis

a-Tocopherol: The concept that oxidized LDL (OX-LDL) contributes to atherogenesis
arose with the observation that ProbucolO, a lipid antioxidant drug, resulted on less
experimentally induced atherosclerosis in rabbits (Carew et al., 1987; Kuzuya et al., 1991).
One question is whether a-tocopherol, the natural biological antioxidant in LDL, functions
similarly. Another is whether it behooves us to displace the polyunsaturated fatty acids
(PUFA) in our LDL phospholipids and cholesteryl esters with less oxidizable fatty acids,
namely monounsaturated or fully saturated fatty acids, to reduce the potential for developing
oxidized LDL.

We addressed this issue in two ways. First, the natural experiment concerning the
susceptibility of LDL to oxidation in humans was examined by comparing vegetarians with
omnivores in terms of their plasma tocopherol carrying capacity relative to the cholesterol
load and fatty acid profile of plasma lipoproteins (Pronczuk et al., 1991; Harding et al.,
1962). In the first instance we found that even though vegetarians consume more
polyunsaturated fat than non-vegetarians (Harding et al., 1962) and have more PUFA in their
plasma fatty acids (Table S5), they actually maintain a lower plasma cholesterol concentration
and relatively more plasma a-tocopherol per molecule of cholesterol (Table 6). This suggests
that natural protection against oxidation is normally assured by an increase in the
a-tocopherol concentration in plasma lipoproteins as they become more unsaturated. This is
in keeping with the idea that tocopherol normally accompanies PUFA into the phospholipids
of membranes (Diplock et al., 1973), including the modified PL-rich semi membrane
surrounding lipoproteins. Thus, the vegetarian would appear to be at lower risk for
atherogenesis on two counts. First, they have lower LDL and total plasma cholesterol
concentrations due to their higher intake of polyunsaturated fat and minimal cholesterol
consumption (Pronczuk et al., 1991). Second, even though LDL particles from vegetarians
contain more PUFA among their phospholipids and cholesteryl esters than particles from

non-vegetarians, more a-tocopherol is also present to protect against peroxidation.
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As a second approach to the antioxidant issue we fed monkeys three fats that differed

widely in their degree of saturation in an attempt to modify the LDL fatty acid saturation and

tocopherol status in vivo as well as to test the atherogenicity of the LDL in vitro (Lindsey

et al., 1990). Accordingly, in order to examine LDL unsaturation 10 cebus monkeys were
rotated through cholesterol-free purified diets with 40% calories as palm oil (16:0 and 18:1
each at 16% kcals), hi-oleic safflower oil (18:1 at 30% kcals), or hi-linoleic safflower oil
(18:2 at 30% kcals) for 6 weeks (Lindsey et al., 1991). LDL was isolated after each diet and
split into two aliquots, one of which was oxidized with 5 uM copper for 24 hours (Quinn et
al., 1987). Both native LDL and OX-LDL were then incubated in a monocyte adhesion assay
(Alderson et al., 1986) to assess the atherogenicity of LDL as affected by dietary fat, their
oxidative state measured as TBARS (thiobarbituric reactive substances) as well as their

a-tocopherol status. TBARS increased in OX-LDL while a-tocopherol decreased (Table 7).

TABLE 5.
Plasma fatty acid profile of vegetarians and non-vegetarians.
Fatty acid Non-vegetarian Vegetarian
(n=10)2 (n=10)?
% of total
14:0 1.0+ 0.4 1.0 £ 0.5
16:0 203 + 1.8 21.3+£22
16:1n9 2.8 +£0.7 22+ 1.1
18:0 7.6 + 0.7 79 + 1.1
18:1n9 21.1 £ 2.2 18.3 + 2.4
18:2n6 315+ 1.9 35.4 + 4.6
20:3n9 18+0.4 1.8 + 0.9
20:4n6 7.1+ 1.2 6.1 +1.8
22:6n3 1.0 £ 0.5 0.8 +£0.7
Others 59+23 45 + 35

Values are mean+SD.

#Each group represented 5 males and 5 females covering approximately the same age span
(vegetarians 33+8 and non-vegetarians 3148 years of age +SD). *Significant difference in
fatty acid of non-vegetarians vs. vegetarians (p <0.05).
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TABLE 6.

a-tocopherol and total cholesterol in plasma of vegetarians and non-vegetarians.

Subjects n a-tocopherol cholesterol Molar ratio
ug/dl mg/dl a-tocoph : chol

non-vegetarian 792 8994178 194431 1:246+45

vegetarian 792 7254200 132+25" 1:210+45"

Values are mean + SD

3Group of 79 vegetarians represented 28 males and 51 females of 20-50 years of age. The
control group included 79 age- and sex-matched non-vegetarians.

*Significant difference between values of non-vegetarians vs vegetarians (p<0.001).

TABLE 7

Indices of lipid peroxidation and monocyte adhesion induced by native LDL and oxidized
LDL from cebus monkeys

TRARS a-Tocopherol Monocyte
Adhesion (nmol/mg protein) (ug/mg protein) (% of PBS Control)
Diet fat Native  Oxidized Native  Oxidized Native  Oxidized
16:0 0.7540.2 2.22+1™ 395+65 97+125°  124+4  158+11°
18:1n9 1.65+1 2.89+" 5474176 268+247" 128+4  139+3"
18:2n6 1.3941 4.83+3™ 5184123 174+203° 114+4  167+12°

Values are +SD, n=6-8

*Significantly different from native IDL by paired t-test (p <0.05)

3Significantly different from each other by ANOVA and Fischer’s protected LSD test
(p<0.05).
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Although the more saturated LDL (16:0) maintained the lowest values for TBARS and
a-tocopherol, monocyte adhesion did not differ between the native LDL isolated after the
three dietary treatments, and although adhesion was increased 2-fold by OX-LDL, again no
difference was noted between dietary fats. In fact, monocyte adhesion induced by native LDL
tended to be lowest with the most unsaturated particles. However, these particles revealed
the greatest increase in adhesion after oxidation, reflecting the negative, strong correlation
(r=-0.71) between adhesion and LDL a-tocopherol content (Figure 4). These results suggest
that the unsaturation of the dietary fat and LDL lipids is less important than the a-tocopherol
status of the host (and the circulating LDL) in terms of dictating the atherogenic potential of
the LDL particle. Furthermore, the LDL particle, though capable of being modified by
altering the unsaturation of the dietary fat, is automatically compensated by the host’s
inclusion of extra tocopherol into PUFA-enriched particles. On the other hand, it seems

likely that an individual with an elevated plasma cholesterol and highly unsaturated LDL fatty

2.5

r=0.75, p<0.001

MONOCCYTE ADHESION (Relative to PBS)

0.0 o T T T T T T T -

-50 150 350 550 750 950
LDL a -TOCOPHEROL (ug/mg protein)

Figure 4. Stimulation of monocyte adhesion to endothelial cells by LDL in culture was
measured using both native and oxidized LDL from cebus monkeys fed diets rich in 16:0 (
), 18:1 (), or 18:2 ().(see text). After incubating cells with lipoprotein-enriched media for
4 hr, 31Cr labeled U937 monocytes were added for adherence. Background adhesion was
determined with PBS-treated controls and subtracted from each LDL preparation. Adhesion
was then correlated with the LDL a-tocopherol content from both native and oxidized LDL.
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acids without adequate tocopherol would be at increased risk for atherogenesis based on the
potent promoting effect of OX-LDL on atherogenesis (Esterbauer et al., 1990; Weis et al.,
1991; Dieber-Rotheneder et al 1991). However such a scenario seems unlikely since high
PUFA intake is typically associated with decreased plasma and LDL cholesterol.
Furthermore, dietary vegetable oils, the major source of PUFA, also contain the highest
concentration of tocopherols and tocotrienols.

Thus, a-tocopherol as the principal antioxidant barrier to peroxidation of lipids at the
cell boundary (plasma membrane) appears to be transported to cells by lipoprotein
phospholipids, i.e. LDL and HDL, conferring antioxidant protection on these circulating
particles in the process. Although the tocopherol-rich HDL would appear to be a particularly
good donor of tocopherol and phospholipids to cells, this delivery system has not been
reported. On the other hand, uptake of tocopherol by cells can occur via LDL and LDL
particles (Thellman & Shireman, 1985). By contrast, tocotrienols do not appear to be
transported quantitatively by LDL or HDL. The fact that only adipose tissue of nominal
animals contains detectable tocotrienols suggests a more specific, limited role for these

isomers in most cells.

Tocotrienols: Aside from the antioxidant potential of tocopherol, it has been reported
(Tan et al.,, 1991; Qureshi et al.,, 1991) that tocotrienol supplementation of
hypercholesterolemic humans can lower the plasma cholesterol 5 to 36 %, especially the LDL
fraction. A reduction in LDL cholesterol would be an obvious benefit to reducing the risk
to atherosclerosis. Accordingly, the potential of tocotrienols to lower the plasma cholesterol
was explored in normolipemic hamsters. The results (Table 8) indicate that tocotrienols
supplementation was without effect on total lipids or distribution of the plasma cholesterol

within lipoprotein fractions.
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TABLE 8.

Effect of tocotrienols supplementation on hamster growth and plasma lipids?*

Dietary tocotrienols (ppm)

3 36 220
N=7 N=8 N=8
Body weight (g)
Initial 58+4 59+2 60+3
Final 11849 121+13 116+10
Liver weight (g) 3.940.5 4.01+0.5 3.740.3
Plasma cholesterol (mg/dl)
Total 120+28 125+18 124433
HDL 63+13 65+15 66+17
Plasma triglyceride (mg/dl) 168197 106+46 125+ 68

Values are mean+SD

8Male Syrian hamsters (Charles River), 4 weeks of age were fed for 4 weeks semi-purified
diets containing 18% of dietary fat as either tocotrienols (T5) stripped palm oil (diet with
3ppm of T;), regular RBD palm oil (diet with

36ppm of T,) or crude palm oil (diet with 220ppm of Tj).
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Summary

a-tocopherol inhibits serum-induced proliferation of smooth muscle cells in culture. The
antiproliferative effect of a-tocopherol is not correlated with its radical scavenging properties and is directly
related to the inhibition of protein kinase C. Other derivatives of tocopherol are not effective in decreasing
cell proliferation (trolox, a-tocopherol acetate) while others (tocotrienols, tocopherols with short phytol
chains) inhibit cell growth by different mechanisms.

Introduction

Extracellular signals such as polypeptides, growth factors and hormones, can trigger
in cells a transition from a quiescent (Go) to a proliferative state [1,2]. Positive signals
(growth factors) and negative factors (growth inhibitors) [3] which cooperate in
determining the rate of cell proliferation are subject to disorders leading to pathological
conditions. Proliferation of smooth muscle cells, for example, plays a central role in

arteriosclerosis [6-9]. Vitamin E has multiple cellular roles [8] such as antioxidant [9],
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membrane stabilizer [10,11], cell growth inhibitor [12,13] and regulator of prostaglandin
synthesis [14]. At physiological concentrations, (a-tocopherol, the most active form of
vitamin E [15],is an inhibitor of smooth muscle cell growth [16,17]. In the following
study tocopherol analogs!, differing in their hydrocarbon chain or chromane ring
substitutes and provided with different antioxidant activity [10,18,19], have been tested
on the proliferation of synchronized smooth muscle cells and on their PKC activity. No
correlation was found between the antioxidant potency of the different tocopherol isomers

and homologues tested and their effect on cell proliferation and PKC activity.
Materials and Methods

Materials

Tissue culture plastics were purchased from Falcon Labware (Becton Dickinson &
Co.) and growth media and serum for cell culturing were obtained from Gibco
Laboratories (Grand Island, NY). [Me-3H]Thymidine (25 Ci/mmol) and [y-32P]ATP (10
Ci/mmol) were from Amersham International. d-a-, d-8-, d-y-, and d-8-tocopherol were
generous gifts from Hoffmann La Roche & Co (Basel, Switzerland) and Henkel Co (La
Grange, IL, USA). d-a- and d-y-tocotrienol were kindly provided by PORIM (Palm Oil
Research Institute of Malaysia). (x-C6, a-C9 and «-C1 were generous gifts from Eisai
Co, Tokyo, Japan. The structural formulae of the compounds are shown in Table 1. A
specific peptide (Bachem) Pro-Leu-Ser-Arg-Thr-Leu-Ser-Val-Ala-Ala-Lys-Lys, was used
as substrate for the assay of PKC activity. Streptolysin-O (25,000 units) and PMA were
from Calbiochem. A7r5 cells (rat aortic smooth muscle cell line, VSMC, clone DBLX
from American Type Culture Collection) were grown in Dulbecco’s modified Eagle
medium (DMEM) containing 25 mM bicarbonate, 60 U/ml penicillin, 60 pg/ml
streptomycin, and 10% fetal calf serum (FCS). Cells were seeded into 100-mm dishes
and grown to confluence at 37°C in a humidified atmosphere of 5% CO,-Culture media

were changed every 3 days.

! Abbreviations used: PKC, protein kinase C; VSMC, vascular smooth muscle cells: FCS, fetal calf serum;
PBS, phosphate-buffered saline;a-C1, a-C6 and a-C9 are the abbreviations for the (L-tocopherol analogues
having side chain length of 1, 6 and 9 carbon atoms, respectively; a-C16 is equivalent to a-tocopherol.



Table I. Structural Formulas of tocopherols and analog compounds.

R 1
HO
CH
3
Ry 0 'R
CH
Ry | Ry R3
a-tocopherol | -CH3 | -CH3 | -(CH-CH»-CH»-CH)3 -CH3
CHj3
B-tocopherol | -CH3 {-H -(CHy-CH»-CHy-CH)3 -CH3
CHj
y-tocopherol | -H -CH3z | -(CH2-CH;,-CH;-CH)3 -CH3
CHj3
d-tocopherol | -H -H -(CHp-CHj»-CHjy-CH)3 -CH3
CHj
PMC -CH3 | -CH3 | -CHj3
Chromanol -CH3 | -CH3 | -(CHp)3-CH- CH3
C-6 CHj3
Chromanol -CH3 | -CH3 | -(CHp)3-CH-CH,-CH»-CH>-CH3
C9 CHj
a-tocotrienol | -CH3 | -CH3 | -(CHp-CH,-CH=C)3 -CH3
CHj3
y-tocotrienol | -H -CH3 | -(CH-CH»-CH=C)3 -CHj3
CHj
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Synchronization at the G;/S boundary was obtained by serum deprivation and

hydroxyurea treatment [20]. Exponentially growing cells (in 6-well containing 1.5 ml of

DMEM with 2% FCS), were made quiescent (Go) by treatment with 0.2% FCS for 48h.

After re-stimulation by 2% FCS during 8h, 1.5 mM hydroxyurea was added to each plate.

After 14h of treatment cells were washed with PBS and transferred to the fresh
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complete medium (DMEM, 2% FCS). Onset and duration of the S-phase was determined
by pulse labelling with [*H]thymidine. A7r5 VSMC cell number remained unchanged
during 22h from the stimulation and then cell divided, thus making a cycle in around 24h.

Effect of Tocopherol Homologues on Cell Growth

a-Tocopherol and tocopherol homologues were dissolved in absolute ethanol. The
final ethanol concentration during cell growth never exceeded 0.5% and the same amount
of ethanol was added to control cells. Compounds were added when restimulating the
cells with serum following 48h deprivation. Cells were trypsinized and counted in a
hemocytometer in triplicate after the completion of the cell cycle (approximately 24h).

Viability was assessed by the trypan blue dye exclusion method.

Measurement of [3H]thymidine Incorporation

Cells were pulsed with [PH]thymidine (0.5-1 pCi/well) for 6h during S-phase
following removal of hydroxyurea. Then, cells were washed twice with PBS
supplemented with 10 mg/ml glucose and 1 mg/ml bovine serum albumin, fixed for 30
min with ice-cold 5% trichloroacetic acid, and solubilized in 0.IM NaOH/2% Na,CO,
(w/v). The radioactivity incorporated into acid insoluble material was determined in a

liquid scintillation analyzer.

PKC Assay in Permeabilised Cells

Measurements of PKC activity in permeabilised smooth muscle cells were performed
according to the procedure of Alexander et al. [21] with minor modifications. A7rS cells
in the late G, phase of the cycle, preincubated for 8 h in the presence of the indicated
tocopherol homologue, were washed twice in PBS, resuspended in intracellular buffer
(5.16 mM-MgCl,, 94 MM-KCl1, 12.5 mM-Hepes, 12.5 mM-EGTA, 8.17 mM-CaCl,, pH
7.4) and aliquoted in 220 ul portions (1.5x10° cells/ml). Assays were started by adding
[y-32PJATP (40 cpm/pmol, final concentration 240 M), peptide substrate (final
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concentration 250 uM) and Streptolysin-O (0.6 1.U.). The reaction mixtures were
incubated at 37°C for 5 min and the reaction was stopped by adding 100 ml of 25% (w/v)
trichloroacetic acid in 2 M-acetic acid. After 10 min on ice, samples were centrifuged
for 5 min and spotted on P81 ion-exchange chromatography paper (Whatman
International) which were then washed several times with 30% (v/v) acetic acid containing
1% (v/v) H3PO, and once with ethanol. The P81 papers were dried, and the bound
radioactivity was counted in a liquid scintillation analyzer. To estimate the background
phosphorylation of the peptide due to a kinase activity other than PKC, assays were
performed in cells treated for 24 h with 1 uM PMA. Down-regulation of PKC was
established to occur under these conditions by radioactive PDBu binding. The value of
32p incorporated obtained in the latter conditions has been subtracted from the

experimental data.

Determination of Uptake of Tocopherol Isomers in VSMC

Cells were incubated 24h in complete medium with 100 uM of the different
tocopherol isomers (a-, 8-, y-, and d-tocopherols). After washing, measurements of
tocopherol content were performed by reverse phase HPLC using a C-18 column (Waters,
Inc. with an in-line electrochemical detector essentially as described earlier [25]. The
eluent was 20 mM-lithium perchlorate in methanol-ethanol (1:9) (v.v). Uptake is
expressed as nmol of incorporated tocopherol isomer per 1x10° cells. Control cells were

incubated in the absence of any compound.

Results and Discussion

Effects of Tocopherol Analogs on VSMC Proliferation
Cell proliferation was studied by measuring [*H]thymidine incorporation into DNA
[191 or by the number of cells at the end of the cycle. The effect of (a-, 8-, ¥- and

8-tocopherols on the proliferation induced by fetal calf serum is shown in Table II.
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Table II. Comparison of the effect of several tocopherols on smooth muscle cell growth
an kinase C activity with their radical scavenging potency.

Compound Inhibition Uptake Protein kinase C Radical

of cell (nmoles/105  (pmol/min/10% Scavenging

growth(%) cells) cells) activity, %
Control - - 111 -
a-tocopherol 51 1.12 5 100
B-tocopherol <1 0.95 125 60.6
y-tocopherol 42 1.00 112 45.5
d-tocopherol 41 1.81 110 27.3

The experiments were carried out using techniques described in the Methods. The
correlation coefficient "Scavenging/Antiproliferative activities" was calculated to be 0.15

At a concentration of 100 uM, a-tocopherol, y-tocopherol and §-tocopherol, all
inhibit VSMC FCS-induced proliferation; surprisingly, no effect of B-tocopherol was
observed. a-Tocopherol was found to be slightly more potent than - or é- tocopherols,
the inhibition being 51%, 42% and 41% (compared to control), respectively. Moreover,
a-, ¥-, and 8-tocopherols have never been found to be toxic for smooth muscle cells even
at high concentrations and cell viability was always greater than 95%. The content of
added tocopherol isomers (a-, 3-, -, and §-tocopherols) was similar in A7r5 smooth
muscle cells excluding that a different uptake was responsible for the diverse inhibition.
To study the effect of tocopherol homologues on protein kinase C activity, streptolysin-O
permeabilised VSMC and a PKC peptide substrate [21] were employed. As can be seen
in Table II, a-tocopherol had a very strong effect on PKC activity (about 95% inhibition)
whereas its analogs (8-, y-, and d-tocopherols) were ineffective.

The experiments summarized in Table II indicate that the antiproliferative activity
of tocopherols cannot be correlated with their antioxidant potency. It is in particular
striking that B-tocopherol, which possesses more than 60% of the radical scavenging

capability of a-tocopherol inhibits cell proliferation less then 1%. a-tocopherol inhibition
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is moreover associated to inhibition of protein kinase C. The inhibition of cell
proliferation by +- and é-tocopherol is not linked to protein kinase C and it is presently

under investigation.

Table III  Effect of a-Cl, a-C6, a-C9 a-tocotrienol and y-tocotrienol on cell growth and
on PKC activity.

Compound Concentration Growth PKC activity Uptake
inhibition % (pol/min/108 (nmol/108
cells) cells)
control 0 111 0.01
a-T 50 uM 55 5 1.12
Cl 50 uM 82 106 0.014
Cé6 12 uM 99 89 0.29
C9 12 uM 29 84 0.25
a-T3 100 uM 51 85 5.49
y-T3 25 uM 44 102 2.58

The maximal non-toxic concentration, inhibiting cell growth, was employed. a-T =
a-tocopherol; C;, Cq and Cy = a-tocopherol analogs with a 1,6 and 9 C phytol chain;
T,, tocotrienol

Synchronized smooth muscle cells were treated with different concentrations of a-Cl,
a-C6, a-C9 atocotrienol or +y-tocotrienol and cell number was determined after the
completion of the cell cycle (24 h) . Results are expressed as percentage of control,
(untreated cells) . 100% represents 93+.6 x 10* cells /ml. PKC activity in permeabilised
cells was measured as described in Materials and Methods. Cells were preincubated 8h
with the tocopherol analogs as indicated. Results are the mean of three different
experiments
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Effects of the Tocotrienols and of Short Chain o-Tocopherol Homologues on VSMC
Proliferation

In order to establish if the inhibitory action of a-tocopherol was related with the
structure of the phytyl side chain, tocopherols with unsaturated phyty! chain (tocotrienols)
and tocopherol homologues with different hydrocarbon chain lengths (a-Cl, a-C6 and
a-C9) were tested. As shown in Table III, - and y-tocotrienols were both effective in
inhibiting VSMC proliferation but at different concentration ranges; a-tocotrienol showed
approximately 50% inhibition around 100 uM and y-tocotrienol at a concentration of 25
uM. With the latter, toxicity was observed at concentrations above 45 uM .

The antiproliferative action of «-C6 and a-C9 occurred at very low concentrations.
a-C6 was much more potent (IC5q = 1 uM) than o-C9 which never showed more than
30% inhibition in cell number compared to control. In contrast, a-Cl, a tocopherol
homologue devoid of the phytyl chain, inhibited VSMC proliferation with an ICs, of 20
uM. In addition, a-C6 and a-C9 appeared to be toxic at concentrations greater than 10
uM whereas a-Cl showed toxicity around 100 uM. a-Cl was poorly incorporated into
A7r5 smooth muscle cells (less than 10 pmoles/10° cells) possibly due to both its low
hydrophobicity and to its ability to form fine micelles in the aqueous phase. It has been
demonstrated earlier that the efficiency of membrane lipid peroxidation inhibition by
a-tocopherol homologues with short side chain decreased monotonously in the order: a-Cl
> a-C3 > a-C6 > a-C9 > a-Cll > a-Cl6 (a-tocopherol) [33]. Consistent with the
afore mentioned, no correlation was found between the antioxidant properties of these
a-tocopherol homologues and their antiproliferative activity which decreased in the order:
a-C6 > a-Cl > a-Cl6. The results obtained by measuring PKC activity in permeabilised
cells support our previous observations showing inhibition of the isolated rat brain protein
kinase C and VSMC proliferation by a-tocopherol [17] . Inhibition of protein kinase C
in permeabilised VSMC is specific to ( -tocopherol, while the other tocopherol analogs
and homologues have no effect. The inhibitory effect could be observed regardless of
whether the cells were preincubated with a-tocopherol or the compound was added just

before the kinase assay in the incubation mixture. This result is in favor of a direct



Fig. 1: A model of protein kinase C activation with the site of a-tocopherol action.
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protein-ligand interaction of PKC with a-tocopherol which could be in part responsible
for the inhibitory effects on VSMC proliferation by a-tocopherol. However, the other
tocopherol derivatives (y- and é-tocopherols, a- and v-tocotrienol, short chain
homologues) which were active in smooth muscle cell proliferation inhibition did not show
significant PKC inhibition. This points out that the antiproliferative action of these
tocopherol homologues might have more than one molecular target, besides PKC. The
point of action of a-tocopherol based on the above and previously published results may
be localized at the level of protein kinase C, since several reactions associated with the
presence of an active protein kinase C (membrane translocation, 80 kD protein
phosphorylation, transmodulation of the EGF receptor, and down regulation) have been

all found to be sensitive to a-tocopherol (Figure 1)

A Unifying Pathogenetic Hypothesis of Arteriosclerosis

Proliferation of smooth muscle cells, has a central role in the arteriosclerosis
process. We have described above and previously that proliferation of smooth muscle
cells in vitro is under the control of a-tocopherol. This event will be verified in primary
smooth muscle cell cultures and in vivo, to establish the degree of significance of our in
vitro findings. It is however established that the extent of arteriosclerosis lesions
responsible for a clinical manifestation (ischemic heart disease) inversely correlates with
the blood a-tocopherol concentration (24). a-Tocopherol may be thus placed in a central
position in the onset of this degenerative disease (Fig. 2). As a major regulator of smooth
muscle cell proliferation all events leading to a decrease of this compound may result in
smooth muscle cell growth. The possible causes of a low blood a-tocopherol may be
dietetic in nature or may be caused by the destructive effect of radicals on the compound
itself. Thus radicals may have a damaging role at a cellular level both in activating
protein kinase C and diminishing a-tocopherol level, both events resulting in a stimulation

of smooth muscle cell proliferation and occlusive arterial phenomena.
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Summary

In association with various types of saturated and polyunsaturated fatty acid dietary supplements, the
possible role of increased vitamin E intake on the health of adult marmoset monkeys (Callithrix Jacchus)
was studied during several long-term feeding trials. Positive effects were observed on their growth rate, their
reproductive capacity and possibly the mechanical performance of their heart muscles when under
catecholamine induced stress. Further studies are urgently required to better define the extent of the effect
of vitamin E upon the cardiac function of this small primate as positive findings could be of much benefit
in reducing the incidence of cardiac arrhythmia under stress. Such findings would be of great relevance to
a reduction in the occurrence of Sudden Cardiac Death in man.

Introduction

The relationship between vitamin E requirements and the absorption, transport and
metabolism of dietary fat has recently been reviewed by Budowski and Sklan (1989).
While common edible oils such as corn or safflower are good sources of this antioxidant
vitamin, it is also known that the consumption of unsaturated fatty acids increases the need
for protection against free-radical mediated damage to cell membrane structure and

function (Packer 1991). However clinical symptoms of vitamin E deficiency are rare in
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economically developed nations, and are usually confined to individuals with fat
absorption problems. Nevertheless, when the dietary fat intake is greatly increased it is
advisable to adjust the intake of vitamin E as suboptimal levels are frequently observed
(Desai, 1968).

A major research interest in our laboratory has been the possible role of dietary
lipids in modifying the age-dependent increase in the susceptibility of the heart to develop
malignant arrhythmia when under ischemic stress. (Charnock 1985, 1991). As this
condition is a precursor to Sudden Cardiac Death it is extremely difficult to study in free
living populations. Consequently we have developed several animal models of ischemic
arrhythmia, including that in the marmoset monkey (Callithrix Jacchus), a small
non-human primate whose cardiac physiology and lipid metabolism are very similar to that
of man. (McMurchie et al., 1987; Abbey et al., 1990; Charnock et al., 1991).

A series of relatively long-term feeding studies with a variety of different dietary
lipid supplements, in conjunction with several different levels of additional a-tocopherol,
have provided an opportunity for a retrospective examination of the role of vitamin E in
the health of the marmoset. The results of this survey may also provide some information

on the role of vitamin E in other primates including man.

Materials and Methods

The Experimental Design

In each of two consecutive experiments carried out during 1985/87 and 1987/90,
breeding pairs of young adult marmosets about 1 year old, were housed together with any
resulting progeny for periods of 24-36 months. During this time, both male and female
marmosets shared the same diets, as did their progeny after weaning. Thus several
generations of marmosets were fed and raised on lipid modified diets having
predetermined levels of additional vitamin E along with the different lipid supplements.
There were no restrictions on breeding, and all live progeny remained with their parents

for at least six months after birth. At the completion of the experimental feeding
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programs, the mature male marmosets were utilized for studies of their cardiac function,
while all the females and their progeny were returned to the colony.

Over this 5 year period two separate experiments were carried out in which two
similarly modified lipid supplemented diets were provided, but the second of these
experiments contained considerably more additional vitamin E (a-tocopherol) than did the
first. The major ingredients of these diets are summarized in Table 1.

In addition to the vitamin E present in the basic primate meal (REF) which assayed
at 27 or 42 mg/Kg in the first or second experiment respectively, the sheep fat (SF),
sunflower seed oil (SSO) and fish oil (FO) lipid supplemented diets contained 50 mg/Kg
additional a-tocopherol in "Diet 1" and 100 mg/Kg in the REF, SF and SSO, but 250
mg/Kg in the FO supplemented group of "Diet 2". Full details of the preparation and

storage of these diets as well as details of the feeding regimes that were employed in these

experiments have been published recently (Charnock et al., 1989; 1991).

Results and Discussion

The different vitamin E additions to the diet are reflected in the levels of vitamin
E determined in food samples taken from the cold-stored fabricated diets on the day of
presentation to the animals (Table II), as well as the plasma levels of vitamin E
determined in the blood of the male marmosets at the end of the experiments (Table III).
It is apparent that while the REF and SSO groups fed "Diet 1" had ’satisfactory’ plasma
levels of vitamin E, both the SF and the FO group possibly did not. However, the levels
in these latter two dietary groups are far greater than those regarded as 'normal’ in man
(Desai 1968; Horwitt 1974), and are greater than those previously reported in apparently
healthy marmosets (McIntosh et al., 1988). The increased levels of vitamin E added to
"Diet 2", corrected these differences and all dietary groups now had similar plasma levels
of this vitamin. In addition, determination of blood platelet levels of a-tocopherol (which
were not carried out in the animals fed "Diet 1") revealed levels of vitamin E either equal
to or greater than those previously reported by Mclntosh et al (1987a) as being 'normal’
for this species.
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Table I Major Components of Marmoset Diets
Experiment Components per Experiment
1985-87 Kg diet 1987-90
*Diet 1 *Diet 2

Primate Meal
915g 20% Protein 25%  935g
65% Carbohydrate 60%
4% Fat 4%
Sg Vitamin Mixture Sg
(A,B,C,D,E)
80g 8% Lipid Supplement 6% 60g

(SF, SSO, FO)

Additional Vitamin E

50 I.U. (REF, SF, SSO) 100 1.U.
50 I.U. (FO) 250 L.U.
isoamyl Flavoring black
acetate currant
concentrate

* Al animals received 30g fresh sliced banana per day, Monday-Friday inclusive.
Lipid supplements (SF, SSO & FQ) are defined in the text. REF refers to basic diet
without lipid supplement.

Effect of Diet on Growth Rate

Both of our experiments were conducted under continuous veterinary care and all
animals were weighed monthly. Mclntosh and Looker (1982) have previously reported
very little weight gain in healthy adult male marmosets after about 12 months of age. A
similar result was obtained here, but comparison of the average live body weights of age
matched marmosets fed either "Diet 1" or "Diet 2" consistently reveals greater weight
gains for the animals fed on "Diet 2" irrespective of the absence (REF) or presence of the
dietary lipid supplements (SF, SSO, FO). Although "Diet 1" and "Diet 2" were not

identical in all respects other than their content of vitamin E (c.f. Table I), it is clear that
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Table II Vitamin E Content of Fabricated Marmoset Diets

Lipid Vitamin E (mg/Kg)
Supplement * Diet 1 * Diet 2
None (REF) 14 17
Sheep Fat (SF) 37 31
Sunflower Seed Oil (SSO) 53 45
Fish Oil (FO) 64 83

* Diet 1 assayed by GLC (1985/87) : Diet 2 assayed by HPLC (1987/90). Note
additional vitamin E added with lipid supplements as shown in Table 1.

the greater vitamin E enrichment of "Diet 2" was associated with a uniformly greater body
weight in all dietary sub-groups (Table IV.) It is also clear that no matter what the type,
lipid supplementation generally leads to greater body weight than does feeding the much
lower fat REF diet which only contains about 4% by weight total fat. A similar study by
MclIntosh et al (1987a) also demonstrated an increased body weight of marmosets fed
"adequate” levels of vitamin E, compared to those fed a lower level of this vitamin,
irrespective of whether the diet contained additional sunflower seed oil or not. The
differences in body weight reported in that study were reflected in altered skeletal muscle
mass, but were not found in the wet weight of the hearts, livers or kidneys of the

marmosets.

Effect of Diet on Reproduction

A complete record of the reproductive performance of all females in these
experiments was maintained as a routine component of their health records. Consequently
it is possible to compare the live birth rates, numbers of still births and spontaneous

abortions which occurred for several years on "Diet 1" and at least one year on "Diet 2"
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Table III  Blood Level of Vitamin E in Marmosets

Plasma Platelet
Lipid (mg/dl) (;;g/lO9 cells)
Supplement
Diet 1 Diet 2 Diet 2

REF 5.840.2 6.2+0.2 0.344+.05
SF *3.0+0.4 6.340.5 0.28+.03
SSO 6.2+0.3 5.0+0.4 0.43+.02
FO 2.440.2 6.6+0.7 0.61+.10

Value calculated from Mclntosh et al., (1988). Lipid supplements described in text and
Table 1. All values given as total a-tocopherol.

(after which the males were progressively utilized for other studies). A summary of these
results is shown in Table V. When the overall birth rate during Diet 1 is calculated it is
apparent that animals fed the fish oil (FO) dietary lipid supplement had considerably
impaired performance (0.5 live births per female per year) compared to all the other
dietary subgroups. The highest birth rate was seen in the group fed a saturated fat (SF)
supplement where the average rate over two years was 2.1 live births per female per year
compared to 1.4 in both the REF and the SSO groups.

However, in the second experiment, the addition of 250 mg/Kg of vitamin E to the
FO diet ("Diet 2") compared to only 50 mg/Kg in "Diet 1" was associated with an
increase in live births in this group to a level which was indistinguishable from that of any
other dietary group in this experiment, or indeed from those rates seen in animals fed Diet
1 (other than the FO group).

As the birth rates in the low fat REF groups for "Diet 1" and "Diet 2" were

virtually identical, it is quite reasonable to suppose that the differences seen in the FO
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Table IV Effect of Diet on Body Weight of Male Marmosets
* Months REF SF SSO FO
on Diet Diet Diet Diet Diet

1 2 1 2 1 2 1 2

0 316 315 304 346 308 348 304 345
13 7 9 5 +11 +22 15 8

6 321 342 333 347 333 344 326 316
+11 +14 +7 +3 +7 +15  +10 47

12 337 362 349 360 349 357 318 331
7 16 19 14 19 +16 +10 6

18 349 357 360 375 363 366 336 362
+10 +24 +9 8 +9 +17 11 £7

24 334 355 336 358 334 362 337 363
+28 2+4 +14 +12  +18 +17 13 +7

30 321 351 356 369 349 361 339 365
+12 +21 +8 +9 +13 +13 +14 18

* All lipid supplements introduced in 3 equal steps of one month each during first 6 month
period. Values are mean weights +SEM per animal for each dietary group: REF, SF,

SSO, & FO are explained in the text and in Table I.

group of animals fed "Diet 1" and which were corrected in animals fed "Diet 2", were

due to the considerably increased levels (x5) of vitamin E in the latter diet. Whether such

increased levels of vitamin E should be regarded as necessary for optimal reproductive

performance of New World monkeys in captivity is difficult to determine, as considerable

biochemical and pathophysiological differences between species has been observed (Hayes,

1974; Hayes et al 1991), but certainly with our lipid supplemented marmosets it would

seem to be desirable, although the lower level of vitamin E in "Diet 1" appeared to be

’adequate’ in the absence of additional dietary polyunsaturated fat.
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Table V Effect of Diet on Reproductive Performance of Female Marmosets

Lipid Births *Annual
Diet  Year Birth
Supplement Live Still Aborted Rate
REF 1 1 12 3 0 1.7
1 2 7 11 0 1.0
2 1 10 4 0 1.4
SF 1 1 11 4 0 1.8
1 2 14 4 5 23
2 1 10 5 3 1.7
SSO 1 1 10 3 2 1.7
1 2 7 10 3 1.0
2 1 10 3 0 1.7
FO 1 1 5 6 1 0.5
1 2 5 4 0.5
2 1 15 8 2 1.5

* Birth rate is calculated only from live births per female per year. The number of pairs
were REF, n=7; SF, n=6; SSO, n=6 and FO, n=10.

The Effect of Diet Upon Blood Coagulation Indices

Several previous studies which were carried out in our laboratory (McIntosh et al.,
1987a; 1987b) have suggested that the increase in clotting time that was seen when
sunflower seed oil was added to the diet of marmosets, might at least in part be a result
of a concurrent increase in vitamin E which normally occurs with the consumption of this
edible oil (Budowski and Sklan, 1989). In this particular experiment ("Diet 2") there was
an increase in bleeding (but not clotting) time when either PUFA enriched diets (i.e. SSO
or FO) were consumed, with that found in the FO fed group being the most marked. A
similar trend in plasma fibrinogen levels was also observed (Table VI). However as we
had already established that the plasma levels of vitamin E were essentially identical in
all dietary groups in this experiment (cf Table III) it is not obvious that vitamin E has a




142

role in these hemostatic effects. Nevertheless the increased level of platelet vitamin E in
the FO fed group cannot be entirely excluded as the increased bleeding time in this group
was markedly greater than that found in the SSO fed group. Of course, such changes in
bleeding time are compatible with the numerous observations of change in thrombogenic
tendency in human populations consuming an enhanced fish diet (Goodnight et al., 1982).
However, in many of these human epidemiological surveys there is no compelling
evidence for a direct involvement of vitamin E, and the effect is usually attributed to the
role of the omega-3 PUFA’s of fish oil on platelet aggregation (Leaf and Weber, 1988).
Nevertheless an interaction between vitamin E and the balanced production of the
prostanoids which so strongly influence thrombogenesis in the marmoset as well as man

cannot be excluded (McIntosh 1987a; 1987b).

Effect of Diet on Blood Lipids

It is well known that the consumption of dietary lipids of different fatty acid
composition has significant effects upon the levels of triglycerides and cholesterol in the
blood of primates (Goodnight et al., 1982). Recent emphasis upon the inclusion of the
omega-3 PUFA’s of fatty fish to the human diet is dependent upon such observations
(Leaf and Weber, 1988; Nordoy and Goodnight, 1990). However even in non-human
primates studies under controlled conditions, the literature is not always consistent in this
area, as for example, although there is general agreement that increased omega-3 PUFA
consumption leads to reduction in plasma triglycerides, conflicting reports of their effect
upon the levels of cholesterol are common (Ward and Clarkson, 1985; Abbey et al., 1990;
Pronczuk et al., 1991).

This has not been the experience of our laboratory with marmosets, where
significant reductions in both plasma triglycerides and cholesterol have consistently been
observed after long-term feeding of a fish oil supplemented diet (Abeywardena et al.,
1989). The results given here in Table VII were obtained from animals fed "Diet 2", and
suggest that different effects of omega-3 and omega-6 PUFA’s in the FO and SSO diets

respectively is the most likely explanation for the decrease in cholesterol which was
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Table VI  Effects of Diet on Blood Coagulation Indices in Adult Male Marmosets

Dietary n Bleeding Clotting Fibrinogen
Group Time Time

REF 5 24 +0.8 6.3+ 1.1 199 + 38
SF 6 2.6 +£0.8 73+ 1.6 207 £+ 9
SSO 6 3.0+ 0.8 6.8 + 0.7 217 £ 21
FO 8 3.7+ 0.8 79 + 1.3 249 + 49

* Diet was "Diet 2" with additional Vitamin E fed between 1987-90 c.f. Table I. Bleeding
and clotting time are given in minutes. Fibrinogen is mg/dl. All values are means +
SEM.

observed in the FO fed group. It will be recalled that the plasma levels of vitamin E under
these conditions were similar between the two dietary groups, and both levels were
probably above the "normal” level for this species (cf Table III). No explanation can be
offered for our observation that added saturated fat (SF) was as effective in lowering the
total plasma cholesterol level of these marmosets as was the inclusion of additional
omega-6 PUFA as sunflower seed oil (SSO) into their diet for a period of more than two
years. Similar findings have sometimes been reported in studies in man where dietary
conditions cannot be so well controlled, but it is possible that "fat loading” itself may

effect the level of plasma cholesterol (Grundy, 1986; Bonanonme & Grundy, 1988).

Effect of Diet on Myocardial Lipidosis and Fibrosis

Considerable histopathological changes are known to occur in both Old and New
World monkeys when they are exposed to reduced dietary levels of vitamin E (Hayes,
1974; 1979). However neither myocardial degeneration nor excessive "lipochrome
pigments" were found in the cardiac muscle of the vitamin E deficient monkeys in these
studies.

Because the ultimate objective of our experiments was to determine the extent of
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Table VII  Effect of Diet on Plasma Triglyceride and Cholesterol Levels in Adult Male

Marmosets
Lipid Supplement n Triglyceride Cholesterol
REF 6 74.8 + 6.0 148.1 + 12.8
SF 6 84.8 +5.9 117.9 + 8.2
SSO 6 83.4 +9.1 1185 + 5.4
FO 6 41.7 + 4.1 70.2 + 6.4

* Diet was "Diet 2" fed between 1987-90 as in Table VI. All values are mg/dl (mean +
SEM). Values for FO group are significantly different (ANOVA; p<.05) from all other
dietary groups. Source : Abeywardena et al (1989).

dietary induced change in the cardiac function of our marmosets (McLennan et al., 1987a;
Charnock et al., 1987a), it was of interest to determine the extent to which our lipid
supplemented experimental diets might influence the onset of either cardiac lipidosis or
myocardial fibrosis, both of which have been implicated in severe cardiac myopathy.
(Schiefer et al., 1978; Opstved et al., 1979; Svaar, 1982).

It can be seen from the summary of result given in Table VIII that there was an
increase in the average number of cardiac muscle cells which contained extensive lipid
after prolonged feeding of a fish oil enriched diet. Such an observation has also previously
been reported in experimental rats exposed to prolonged fish oil dietary supplementation
(Charnock et al., 1987b). This increase in lipidosis was accompanied by a slightly
increased number of fibrotic lesions but it must be emphasized that these effects are very
small indeed and almost certainly are of no biological significance particularly when
compared to the lesions found after feeding erucic acid containing oils (Kramer et al.,
1988; Rocquelin et al., 1989). This conclusion must also apply to our finding that the
lowest levels of lipidosis and fibrosis were observed after the long term feeding of a
saturated fat (SF) enriched diet. Furthermore, there is no evidence that these findings are
associated with any long-term change in the plasma levels of vitamin E in these animals
(c.f. Table III).
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Table VIII  Effect of Diet on Cardiac Lipidosis and Fibrosis in Adult Male

Marmosets
Lipid Lipidosis Fibrosis/Lesions
Supplement Average % of Grade
cells with 1 2 3
lipid droplets
REF 2.4 13 3 0
SF 1.3 5 1 1
SSO 1.8 33 2 0
FO 6.2 29 3 0

*  Diet 2, (1987-90) : All values for lipidosis were from 3,000 fibers per ventricular
section; 3 sections per animal (c.f Kramer et al., 1988). There were at least 6 marmosets
per dietary supplemented group. Fibrosis : the grade of lesions is defined as the area of
a lesion relative to that of a high power field (Opstvedt et al., 1979).

However very recent work by Chautan et al., (1990) has shown that in rats,
decreased plasma vitamin E levels can be associated with markedly increased myocardial
levels of this vitamin. This inverse relationship was particularly evident when dietary
omega-3 PUFA’s were increased. Consequently it will be necessary to make direct
measurement of marmoset myocardial vitamin E levels after FO and other lipid
supplemented diets before the possible role of vitamin E in cardiac lipidosis and fibrosis,
or indeed many other aspects of cardiac muscle function, can be fully evaluated. This is
particularly important as Janero & Burghart (1989) have recently reported greatly reduced
levels of a-tocopherol in the heart muscles of spontaneously hypertensive rats compared
to that found in normotensive animals.

No evidence of abnormal or dietary induced lipofuscin pigmentation was observed
in the myocardial fibers of any of our marmosets, even after 36 months of feeding the
experimental diets (Turner & Charnock, unpublished observations). This is in marked
contrast to the pigmentation of the vascular endothelium and smooth muscles of vitamin

E deficient monkeys reported by Hayes (1974).
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Table IX  Effect of Diet on Heart Rate of Marmosets

Lipid

Supplement Diet 1 Diet 2
REF 242 + 6 280 + 25
SF 364 + 13 268 + 12
SSO 278 + 9 247 + 20
FO n.m 226 + 24

Values for heart rate are in beats/min (Means + SEM) . There were at least 6 male

marmosets per group. Dietary groups (REF, SF, SSO & FO) are as in text and previous
tables. Diets 1 & 2 are as in Table 1. n.m is not measured in the experiment.

Effect of Diet on Heart Rate and Blood Pressure

The effect of diet on the heart rate of marmosets is shown in Table IX. Although
there is insufficient information from these experiments to draw an unequivocal
conclusion, it is possible that the additional vitamin E added to the lipid supplements of
"Diet 2" may be associated with a decrease in heart rate. However, the inherent variability
in collecting data of this type, even in lightly anaesthetized marmosets, certainly does not
warrant too firm interpretation of the results. Perhaps the most interesting observation is
the apparent decrease in heart rate of FO fed marmosets in the "Diet 2" experiment,
where the vitamin E levels had been adjusted upward and the diets fed for more than two
years. Certainly it would seem that in this particular experiment, the increased vitamin E
content of the fish oil supplement did not limit the effect of omega-3 PUFA’s in reducing
the heart rate of marmosets by at least 15%. In addition it should be noted that the
elevated heart rate seen in the SF fed group in the first experiment with "Diet 1" was not
observed after feeding "Diet 2". It is possible that the increased level of Vitamin E in
"Diet 2" may have contributed to this effect. However much further experimentation, with
many more animals per dietary group will be required to resolve this question beyond

doubt.
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Table X Effect of Diet on Blood Pressure of Marmosets

Lipid Diet 1 Diet 2
Supplement Systolic Diastolic Systolic Diastolic
REF % + 4 66 + 2 90 + 5.5 66.9 + 5.7
SF 98 + 3 71 +2 95 + 4.1 66.5 + 3.5
SSO 100 + 5 69 +3 90 + 5.0 59.1 + 3.2
FO n.m n.m. 87 + 3.7 60.3 + 2.5

Diets and dietary groups are as in text and previous tables. All values are from adult male
marmosets and are in mm Hg (means + SEM). n.m. is not measured in experiment.

A similar equivocal conclusion must be drawn from our accumulated data on the
blood pressure of these dietary manipulated marmosets (Table X) There is no evidence to
suggest any difference between the blood pressures of animals fed either "Diet 1" or "Diet
2", nor is there any reason to believe that any form of lipid supplementation resulted in
change in either systolic or diastolic pressures even after two or more years of dietary
intervention. In fact, perhaps the most striking observation in either experiment is the
complete lack of effect of any form of fat loading upon the blood pressure of these small
non-human primates! It is interesting to speculate that this lack of effect may be influenced
by the marmosets extremely active life-style which is markedly different from that of

laboratory rodents or sedentary man.

Effect of Diet on Cardiac Muscle Dysrhythmia
One measurement of the cardiac function of animals which has been shown to be
influenced by both age and dietary lipids, is the ability of their isolated papillary muscles

to respond to a catecholamine induced stress in vitro (Charnock et al., 1985). Usually a

high proportion of these isolated cardiac muscles develop marked dysrhythmia with
increasing doses of isoprenaline. Those muscles from saturated fat fed animals are most
severely effected (Charnock, 1985; Charnock et al., 1985; McLennan et al., 1987b).
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The results given in Table XI were taken from two similar experiments with marmoset
monkeys which were carried out after feeding either "Diet 1" or "Diet 2" for about 24
months (McLennan et al 1987;1988). Addition of isoprenaline to the incubation vessel
containing the marmoset papillary muscles was again used to induce catecholamine
mediated dysrhythmia, and the results which are expressed here (Table XI) in their
simplest form are given only as the % of papillary muscles within a dietary group which
developed pronounced dysrhythmia over a set period of time.

The most consistent observation is similar to that previously reported for laboratory
rats fed a variety of lipid supplemented diets for about one year (McLennan et al., 1989).
That is, inclusion of polyunsaturated fatty acids from either plant (omega-6 PUFA’S) or
marine (omega-3 PUFA’s) sources, significantly reduce the vulnerability of the heart to
develop dysrhythmic contractions when subjected to isoprenaline induced stress
(Charnock, 1985; Charnock et al., 1985).

Examination of the data from within and across these two experiments with
marmosets cannot exclude a role for vitamin E, because like the effect on heart rate (c.f.
Table IX) the proarrhythmic effect of the saturated fat (SF) found following the feeding
of "Diet 1", may have been attenuated by the increased vitamin E content of "Diet 2". In
this regard it is important to note some preliminary experiments in rats which we reported
at the 1989 Palm Oil Conference in Kuala Lumpur, which suggested that an increased
level of protection against "Reperfusion Arrhythmia” in ischaemically damaged hearts
could be observed in the rats fed RBD palm oil compared to those which had received
NBD palm oil dietary supplements (Charnock et al., 1991). Because the fatty acid
composition of these two palm oil products is essentially identical, it is a definite
possibility that their different levels of tocopherol and tocotrienols (that is their total levels
of "vitamin E activity") may be responsible for this effect (Abeywardena et al., 1991).

Hence the experiments with marmoset papillary muscle reported here raise the
interesting possibility that in primates as well as rodents, the stability of their papillary

muscles to withstand catecholamine induced stress in vitro might be favorably influenced

by the level of the animals cardiac membrane vitamin E. Certainly the level of membrane

role for vitamin E in the protection of the heart from cardiac arrhythmia and hence
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Table XI Effect of Diets on Cardiac Arrhythmia

Lipid % Papillary Muscles Dysrhythmic
Supplement * Diet 1 # Diet 2
REF 44 50
SF 64 40
SSO 16 20
FO n.d. 10

* Experiments with Diet 1 were with isoprenaline 10° pmols L1; # Diet 2 had
isoprenaline 3.2 x 10" umols L1 : n.d. is not done. Source; adapted from McLennan et
al., 1987a and McLennan et al., 1988.

vitamin E will be influenced by the type of dietary fat habitually consumed (Chauntan et
al., 1991). If this suggestion should prove to be correct in marmosets, then an important
Sudden Cardiac Death in primates would be established. Experiments to examine this

possibility are currently in progress in our laboratory.

Conclusion

There is evidence that additional vitamin E added to several different types of lipid
supplemented diets, is associated with increased growth and reproductive performance in
adult marmoset monkeys (Callithrix Jacchus) . This was particularly evident when a fish
oil lipid supplement rich in omega-3 PUFA’s was added to the diet. While a dietary
induced effect upon either the hemostatic parameters or the plasma lipids of the marmoset
could not be directly attributed to different levels of vitamin E, neither could it be

completely excluded. Similarly an effect of dietary vitamin E on the animals heart rate
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was not unequivocally apparent. However when considered in conjunction with some
recent evidence reported by ourselves and others from experiments in rodents, it is
possible that an effect of vitamin E upon the mechanical stability of the marmosets heart
muscle was observed when they were placed under catecholamine stress in vitro. Further
experiments are urgently required to study this possibility in primates, as if vitamin E
could be shown to have a direct effect upon the ability of the heart muscle to withstand
catecholamine induced stress in vivo as well as in vitro, then a most important dietary
link between vitamin E, fat consumption, cardiac arrhythmia and Sudden Cardiac Death
would be established. As the incidence of this disease remains high in many economically
well developed countries (Hetzel et al., 1989), and is currently increasing rapidly in such
nations as Singapore and Mauritius (Beaglehole et al., 1988; Gareeboo et al., 1989)
establishing such a link between vitamin E and this form of heart disease would be of

immense clinical and economic importance.
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Summary

Antitumor activities of tocotrienols were tested on transplantable murine tumors. Intratumor injection
of a- and y-tocotrienols showed growth inhibition on sarcoma 180 inoculated subcutaneously into ICR mice.
These agents also inhibited the pulmonary metastasis of Lewis lung carcinoma cells inoculated into footpads
of BDF; mice. In in vitro studies, a-, y- and é-tocotrienols were found to possess direct cytotoxicity on
various mammalian cells, and the IC, values were 4-135 pg/ml when the cells were exposed to these agents
for 72 hours. Tocotrienols suppressed the uptake of thymidine and uridine into the macromolecules of P388
leukemic cells. Malondialdehyde generation induced by K,Cr,0; in the, liver was suppressed when treated
with y-tocotrienol, but this suppression was lower than that of a-tocopherol.

Introduction

As part of our search for new physiological activities of tocotrienols from palm
oil, we have already reported antitumor and antioxidant activities (Komiyama et al., 1989,
Yamaoka Komiyama, 1989). In the present report, we demonstrate that tocotrienols
exhibit antimetastatic activity and have direct cytotoxicity on various mammalian cells as

well as inhibition of macromolecular synthesis and antioxidant activity.
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Materials and Methods

Evaluation of cytotoxic activity

In vitro cytotoxic activity was measured by Giemsa staining assay as described by
Mirabelli et al. (1985). Briefly, cells were cultured with tocotrienols in 0.2 ml of cultured
medium at 37°C for 3 days. After cultivation, the cells were then fixed with methanol
and stained with Giemsa solution for 30 min. Stained cells were solubilized with 0.2 ml
of 0.1 N HCI, and absorbances were read by a microtiter plate reader at a wave length

of 600 nm (reference wavelength at 405 nm).

Evaluation of Antitumor Activity

Sarcoma 180 tumor cells were maintained by sequential i.p. transplantation into
ICR mice. For local tumor treatment, sarcoma 180 cells were transplanted into ICR mice
on day 0. From day 5 to day 14, received intratumor injections (i.t.) of 0.5 mg/mouse/50
pl tocotrienols. The tumor size was measured by calipers every 5 days and calculated as
follows;

length (mm) x width(mm) =mm?

To determine antimetastatic activity of tocotrienols, Lewis lung tumor cells were
inoculated into the footpads of BDF; mice on day 0. Mice received tocotrienols i.p. from
day 1 to day 18. On day 17, footpads bearing tumors were amputated, and on day 23

mice were sacrificed to count pulmonary metastases.

Effect of Macromolecular Synthesis

P388 cells ( 2 x 10%/ml) were plated on a 96-well microculture plate, and 24 hours
later 3H-labelled thymidine(TdR), uridine(UR) or leucine, was added to the culture.
Tocotrienols were also added at the same time. After 2 or 4 hours of exposure, cells were
collected on glass filters and washed three times with ice-cold water. The filters were

dried and the radioactivity was counted by means of liquid scintillation.
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Antioxidant activity

ICR mice were administered i.p. 20 mg/kg of K,Cr,0; and 40 mg/kg of tocopherol
or tocotrienols. Twenty four hours later, the mice were sacrificed and their livers were
removed. Then, the livers were homogenized in 9 volumes of ice-cold 1.15 % KCl
solution. The amount of malondialdehyde in the homogenate was determined according

to the method of Uchiyama and Mihara(1978).
Results and Discussion

Cytotoxic and antimicrobial activity

Direct cytotoxicity of tocotrienols was examined using P388 leukemic cells. The
IC5, values covered a wide range among the agents and the kind of cells. As shown in
Table I, all tocotrienols showed direct cytotoxicity against various mammalian cells
including tumor and normal cells, but the values were weaker than those of known
antitumor agents. Tocotrienols did not show any antimicrobial activity on many micro-
organism including Gram positive and negative bacteria, fungi and yeast, even at a
concentration of 1,000 ug/ml (data not shown). Therefore, it is considered that the mode

of action of tocotrienols differs from that of conventional nucleic acid synthesis inhibitors.

Antitumor Activity

The antitumor activity of a local injection of tocotrienol was examined using
sarcoma 180 inoculated into ICR mice. Tocotrienol inhibited the tumor growth of the solid
form of sarcoma 180 as shown in Table II, but tumor regrowth was observed after
withdrawal of the agent. Antimetastatic activity of tocotrienols was examined using Lewis
lung carcinoma cells which are well known as a highly metastatic experimental cell lines.
As shown in Table III, the mean weight of amputated footpad bearing tumors was 677
mg, whereas with a dose of 40 mg/kg of tocotrienols, it was approximately 480 mg.

Therefore, it appeared that growth of original lung tumor was suppressed by
tocotrienols. It was also clear that number of lung metastases in the control group was 13,

but at a dose of 20 or 40 mg/kg of tocotrienols, the lung metastasis was suppressed.



Table I. Cytotoxicity of a-, y- and é-tocotrienols (ICs, value ug/ml)

155

Cell line a- v- &
HelLa Human cervix ca. 116.2 13.1 77.4
B16 Mouse melanoma 11.2 3.8 20.0
P388 Mouse leukemia 16.2 11.2 4.7
1929 Mouse fibroblast 32.6 21.0 12.2
Chang Human liver 25.6 19.8 12.2
MDBK Bovine kidney 20.6 10.8 8.9
CHL Hamster lung 46.9 23.1 135.4
Vero Monkey kidney 64.7 34.7 35.4

Cells were exposed to a-, -, or é-tocotrienols for 72 hours.

Table II. Antitumor activity of intratumor of tocotrienols on sarcoma 180

Tumor size (mm?)

Agent Day 7 Day 12 Day 17

Control(saline) 63 + 16 165 + 34 185 + 50
a-Tocopherol 45 + 22 121 + 66 165 + 84
a-Tocotrienol 43 + 16 85 + 23 141 + 61
v-Tocotrienol 49 + 14 8 + 15 129 + 26

Mice were subcutaneously inoculated with sarcoma 180 on day 0, and received intratumor
injections of 0.5 mg/mouse of tocotrienol on days 5-14. Tumor size were measured by

calipers.
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Table III. Effect of tocotrienols on Lewis lung carcinoma

Agent Dose Wt (mg) of footpad bearing tumor  No. of Metastases
(mg/kg) Mean Range Mean Range
Saline(control) - 677 635-1151 13.0 10-19
a-Tocotrienol 20 608 474-850 6.0 2-10
40 479 228-622 5.1 2-8
y-Tocotrienol 20 536 435-831 5.7 0-11
40 482 195-847 6.0 0-18
Mitomycin C 0.5 418 388-504 2.0 0-6

Lewis lung cells were inoculated i.p. into the footpads of mice on day 0. Mice were
administered tocotrienols i.p. from day through day 18. On day 17, footpad bearing
tumors were amputated, and on day 23 mice were sacrificed to count pulmonary
metastases.

Effect on Macromolecular Synthesis

Since a-, -, 8-tocotrienols inhibited cell growth in vitro, macromolecular synthesis
of P388 leukemia cells was examined using tritium labeled precursors of DNA, RNA and
protein. As shown in Table IV, remarkable inhibition of the incorporation of thymidine
was observed at a dose of 50 ug/ml of é-tocotrienol. No remarkable difference was
observed between the incorporation of TdR and UR. TdR incorporation was also inhibited

in the group treated with a- or y-tocotrienols. This inhibition did not increase with time.

Antioxidant activiy
We have previously reported that a- and y-tocotrienols and a-tocopherol inhibited
lipid peroxidation in mouse cardiac tissue due to the injection of doxorubicin (Komiyama

and Yamaoka. 1991). Since we found that hexavalent chromium induces lipid peroxidation



157

Table IV. Effect of macromolecular synthesis by P388 leukemia cells

Inhibition(%)
Agent Conc 2 hr 4 hr
(ug/ml)
TdR UR Leu TdR UR Leu
a-Tocopherol 50 13 3 0 0 0 1
a-Tocotrienol 6.3 27 22 0 12 30
12.5 30 7 0 19 25
50 42 7 0 61 36 19
y-Tocotrienol 6.3 21 24 0 6 10 3
12.5 30 19 0 26 11 8
50 70 52 10 81 37 42
8-Tocotrienol 6.3 21 35 0 9 22 0
12.5 41 57 34 84 65 46
50 96 83 62 95 85 72

Cells were exposed to the agents 4 or 2 or 4 hours.

in the mouse liver, the effect of tocotrienols on malondialdehyde generation in mouse liver
was examined. As shown in Table V, a-tocopherol inhibited malondialdehyde generation
by over 90 % but the same dose of y-tocotrienol inhibited it by only 50 %. a-tocotrienol

did not show any inhibition.
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Table V Inhibitory effect on malondialdehyde generation in mouse liver

Agent K,Cr,07 MDA (nM) Inhibition (%)
- - 11.9 -
Saline + 47.9 -
a-Tocopherol + 15.0 91
a-Tocotrienol + 48.5 0
v-Tocotrienol + 30.3 49

ICR mice were injected i.p. with 20 mg/kg of K,Cr,0; and tocotrienols. Twenty four
hours later, mice were sacrificed and the amount of malondialdehyde in the liter was
determined by the method of Uchiyama and Mihara.

Conclusion

Tocotrienols showed antitumor activity in the i.p. - i.p. system (i.p. inoculation of
tumor cells and i.p. injection of the agents) in our previous experiment, but activity was
weaker than that of known antitumor agents. One of the main reasons for this was the

weak cytotoxic activity of tocotrienols in vitro compared with that of other antitumor

agents. On the other hand tocotrienols showed antitumor activity against solid tumors
grown in mouse footpads and inhibition of pulmonary metastasis. These findings suggested
that the antitumor activity of tocotrienol is due not only to direct cytotoxicity but also to
Asome other mechanisms. We previously reported that a- and ~-tocotrienol suppressed the
generation of malondialdehyde (Komiyama Yamaoka, submitted) induced by doxorubicin
in the heart tissue of mice. In the present experiment, only +y-tocotrienol inhibited
malondialdehyde generation by hexavalent chromium. The antioxidant activity of
tocotrienol seems to differ in accordance with the kind of radicals and/or the organs in

mice.
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Summary

Reactive oxygen species occur in tissues and can damage DNA, proteins, carbohydrates, and lipids.
These potentially deleterious reactions are controlled by a system of enzymatic and nonenzymatic
antioxidants which eliminate pro-oxidants and scavenge free radicals. Tocopherols are the most abundant
and efficient scavengers of hydroxyl radicals in biological membranes. Water-soluble antioxidants include
ascorbate and cellular thiols. The ability of lipid-soluble carotenoids to quench singlet molecular oxygen
may explain anticancer properties of the carotenoids, independent of their provitamin A activity. Glutathione
is an important substrate for enzymatic antioxidant functions and is capable of nonenzymatic radical
scavenging. Thiols associated with membrane proteins may also be important to the antioxidant system.
Interactions between the thiols, tocopherols, and other compounds enhance the effectiveness of cellular
antioxidative defense.

Introduction

Oxidative stress is associated with a disturbance in the prooxidant/antioxidant balance
in favor of the prooxidants (Sies, 1985). The occurrence of reactive oxygen species,
known as pro-oxidants, is an attribute of normal aerobic life. The existence and
development of cells in an oxygen-containing environment would not be possible without
the presence of defense systems including powerful enzymes and nonenzymatic antioxidant

components (Sies, 1986). Many of the pro-oxidants are free radicals, and the study of
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these provides a new field of interest in biology and medicine (Halliwell & Gutteridge,
1990), including a number of physiological and pathophysiological phenomena and
processes such as inflammation, ageing, carcinogenesis, drug action, drug toxicity, and
defense against protozoa.

Many of the reactive oxygen species (Pryor et al., 1986; Kelm & Schrader, 1990) are
oxygen-centered free radicals. Some, however, such as singlet molecular oxygen or

hydrogen peroxide, are not radicals but are also involved in oxidative damage.

Antioxidant Defense

Detoxication of reactive oxygen species is one of the prerequisites of aerobic life, and
many defenses have evolved, providing an important antioxidant defense system of
prevention, interception, and repair of nonenzymatic scavengers and quenchers, known
as antioxidants, as well as enzymatic systems.

The nonenzymatic systems include lipophilic and hydrophilic antioxidants. There are
important interrelationships between these two systems, indicating the need for coupling
to nonradical regenerative processes. The initial radical damage in a membrane needs to

be repaired to allow for sustained free radical scavenging activity.

Tocopherols

Tocopherols (vitamin E) act as biological antioxidants (Tappel, 1962; Sies & Murphy,
1991). Vitamin E accounts for much of the lipid-soluble chain-breaking antioxidant
capacity in the human blood plasma and erythrocyte membranes (Burton et al., 1983).
Hence, a major biological function of tocopherol as an antioxidant lies in its reactivity as
a free radical quencher. The rate constants with peroxyl radicals are in the range 105-108
M-1s71) depending on the experimental conditions (Simic, 1981). The reaction involves
a peroxyl radical and the phenolic hydroxyl group of tocopherol to generate the organic
hydroperoxide and the tocopherol radical (Niki, 1987):

ROO* + vit E-OH ----- > ROOH + vit E-O°,
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transposing the radical function from the reactive organic radical (e.g., of a
polyunsaturated fatty acid) into the less reactive chromanoxyl radical. Tocopherol breaks
the chain reaction of peroxidation in that peroxyl radicals react with other lipids with rate
constants of about 50 M!s™! | but react with tocopherol 10* or 10° times faster. There
is a consensus hypothesis regarding the reversibility of tocopheryl radical formation in
which the hydrogen donor in the reaction
vit E-O* + AH -—------- > vit E-OH + A®

is water-soluble, i.e., the radical challenge is transferred from the membrane to the
aqueous compartment of the cell. A possibility is that vitamin C (ascorbate) interacts with
vitamin E, as suggested by Tappel (1962), and consistent with this hypothesis is the
observation (Reddy et al., 1982; Franco & Jenkinson, 1986; Wefers & Sies 1988) that
tocopherol must be present in biological membranes for ascorbate to protect it from
peroxidation. However, there remains some doubt as to whether this reaction occurs in
vivo or even in the model systems (McCay, 1985). As evidence against a direct

ascorbate-tocopheryl reaction in_vivo, it has been reported that ascorbate deficiency has

no effect on the rate of tocopherol turnover or loss in the guinea pig (Burton et al., 1990).

Carotenoids

Epidemiological investigations revealed an inverse relationship between serum
carotenoid levels and the incidence of several types of cancer (Peto et al., 1981; Krinsky,
1988; Ziegler, 1989). Animal and cell culture studies demonstrated anticarcinogenic and
antimutagenic properties of these compounds (Black & Mathews-Roth, 1991; Krinsky,
1989a). The underlying biochemical mechanisms are yet unknown, but there is evidence
for a role of the antioxidative capacity of carotenoids, namely the quenching of singlet
oxygen and reaction with oxygen-centered radicals (Foote & Denny, 1968; Burton &
Ingold, 1984; Krinsky, 1989b). Research has focused on 3-carotene, but other carotenoids
may also be of importance.

We investigated the relative quenching ability of various naturally occurring
carotenoids and compared them with a-tocopherol and bile pigments, using the

thermodissociable endoperoxide of 3,3’-(1,4-naphthylidene) dipropionate (NDPO,) to



163

generate singlet oxygen (Di Mascio et al., 1989; Di Mascio & Sies, 1989). Lycopene,
a biologically occurring carotenoid, exhibits the highest physical quenching rate constant
with singlet oxygen, which is slightly higher than that of B-carotene.

This finding is of considerable general interest, since nutritional carotenoids,
particularly B-carotene, and other antioxidants such as a-tocopherol have been implicated
in the defense against pro-oxidant states. Also, albumin-bound bilirubin is a known
singlet oxygen quencher. Interestingly, those compounds with low quenching values occur
at higher plasma levels. When these differences are taken into account, the singlet oxygen
quenching capacities of lycopene (0.7 uM in plasma), $-carotene (0.5 uM in plasma),
albumin-bound bilirubin (15 M in plasma), and a-tocopherol (22 uM in plasma) are of
comparable magnitude.

Carotenoids may undergo trans- and cis- isomer interconversion by quenching singlet
oxygen, and several cis-isomers have been detected in human serum and various fruits and
vegetables. Little is known, however, on formation, distribution and biological relevance
of the cis-isomers in human tissues (Zechmeister, 1962; Jensen et al., 1982; Chandler &
Schwarz, 1987; Sowell et al., 1988; Kachik et al., 1989; Krinsky et al., 1990).

Since cis- or trans-isomers of carotenoids may have different biological reactivities,
we recently measured the isomeric composition of lycopene and B-carotene in serum and
seven human tissues (Stahl et al., 1991). In addition to all-trans lycopene, at least three
cis-isomers (9-, 13-, and 15-cis) were present in serum, accounting for more than 50%
of total lycopene. 15-cis §-Carotene, however, was present at only 5% of the all-trans
isomer. In addition, 9-cis B-carotene was present in tissue samples but not in serum.
There were inter-individual differences in carotenoid levels of the different tissue types,
but liver, adrenal gland, and testes always contained significantly higher amounts of the
carotenoids than kidney, ovary and fat; carotenoids in brain stem tissue were below
detection limit. (3-Carotene was the major carotenoid in liver, adrenal gland, kidney,
ovary, and fat, whereas lycopene was the predominant carotenoid in testes (Kaplan et al.,

1990; Stahl et al., 1991).
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Glutathione

Thiols may also react with tocopheryl radicals to regenerate tocopherol and,
conversely, tocopherols can repair thiyl radicals. In the cell, glutathione (GSH) is the
major low molecular weight thiol present. An enzymatic mechanism, "glutathione free
radical reductase"’, has been proposed, evidence for which is indirect, however. Burk
and coworkers (Burk, 1983; Hill & Burk, 1984) observed that lipid peroxidation in
purified rat liver microsomes was inhibited by glutathione but protection was eliminated
by heating the microsomes. The GSH-dependent "factor" has resisted further attempts at
purification. Although there is no doubt that GSH has no overall sparing effect on
tocopherol in rat liver microsomes, this mechanism in other tissues and other species is
still uncertain (Murphy & Kehrer, 1989). Other thiols, such as dihydrolipoate, a
lipid-soluble dithiol and powerful reductant, inhibit microsomal peroxidation (Haenen &
Bast, 1983; Scholich et al., 1989) and spare tocopherol in a manner similar to glutathione,
but this activity is not lost after heating or trypsinization.

It is possible that GSH enzymatically inhibits peroxidation in a way that requires but
does not regenerate tocopherol, and GSH may act via the membrane-bound GSH
peroxidase, which reduces phospholipid hydroperoxides (Ursini & Bindoli, 1987). In the
absence of GSH, the hydroperoxides quickly accumulate by rapid and irreversible chain
reactions. Tocopherol generates hydroperoxides without the initiation of further chain
reactions and prevents the peroxidase from being depleted. - Alternatively, the protection
against autocatalytic peroxidation of lipids by tocopherol may be curtailed if tocopherol
is used in reactions with cysteinyl or other radicals associated with proteins, which GSH
may be able to intercept. Supporting this idea is the observation (Scheschonka et al.,
1990) that the oxidation of protein thiols parallels the loss of tocopherol in microsomes

subjected to a wide range of pro-oxidants.

Concluding Remarks

These brief comments make clear that there is a network of interlinked antioxidant
systems to protect cells from oxidative damage. Interestingly, some vitamins and other
micro-nutrients are important in this respect, linking nutrition physiology with

biochemistry and toxicology.
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Summa

Lanhatic absorption of a-tocotrienols (x-Toc3) given as a mixture of Toc 3 and a-tocopherol (a-Toc)
was significantly higher than in y-Toc3, 8-Toc3 and a-Toc in rats. This was confirmed when the rate of
absorption of individual Toc3 was measured. Approximately 50 to 60% of the absorbed Toc3 and a-Toc
was transported as chylomicrons in lymph. More a-Toc was excreted into feces than a-Toc3 when these
were given to rats, but the content in the liver markedly higher in the former than in the latter. Either a-Toc
or Toc3 concentrate contain a-, -, and 6-Toc3 and a-Toc (dietary level; 0.13% a-Toc or 0.07% Toc3 and
0.06 % a-Toc) did not reduce systolic blood pressure of SHR when 0.5 % salt solution was given as drinking
water, whereas they suppressed an increase in blood pressure with age when the dietary was increased to
0.2 % and no saline was given. The effect of Toc3 concentrate and a-Toc, in particular the former, on aortic
production of PGI,was diverse depending on their dietary level whereas no effect was observed on the
degree of maximum platelet aggregation induced by ADP. Although the activity of liver microsomal AS- and
AS- desaturates was not influenced by Toc3 concentrate and a-Toc, they repressed conversion of the linoleic
acid to arachidonic acid. These results suggest that Toc3 have diverse nutritional and physiological impacts
on various parameters, and their effects are not necessary the same as those of a-Toc.
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Introduction

Tocotrienol (Toc3) have been known to exert a hypocholesterolemic effect (1,2)
presumably through the reduction of hepatic cholesterol synthesis (3). A mixture of Toc3
improved the reduction of plasma HDL-cholesterol in rats due to cholesterol ingestion in
a dose-dependent manner (4,5). These observations suggest that Toc3 are the potent
regulator of cholesterol metabolism. Since a-tocopherol (a-toc) regulates the production
of prostaglandins (6-9), it is noteworthy to know the function of Toc3 in those parameters
under regulation of eicosanoids. In addition, since the absorbability defers among the Toc
isomers (10), it is also important to know the rate of absorption of Toc3.

In the present study we compare the intestinal absorption of Toc3 with a-Toc in rats.

The effects of Toc3 on blood pressure and other lipid indices were also examined.

Materials and Method
Animals and Diets

Male Sprague-Dawley rats were obtained from Seiwa Experimental Animals,
Fukuoka, Japan, (Exps 1 and 2) or from Japan SLC Inc, Shizuoka, Japan (Exp. 3), and
acclimated for 3-5 days in a room with controlled temperature (22-24°C) and lighting
(alternating 12-hr periods of light and dark). In Exps. 1 and 2, rats weighing
approximately 300g were given a commercial non-purified diet (Type NMF, Oriental
Yeast Co., Tokyo, Japan) and subjected to cannulation of the left thoracic lymphatic
channel, and an indwelling catheter was placed in the stomach (11). Each animal was
administered 3ml of a test emulsion through the gastric tube and lymph was collected for
24 hrs. The composition was in exp.l: 200mg Na-taurocholate. 50mg bovine serum
albumin (fatty acid free), 200mg high-oleic safflower oil and 100mg Toc concentrate
prepared from palm oil («-Toc 35%, a-Toc3 20%, y-Toc3 30% and 8-Toc3 12%, Nissin
Oil Mills Co., Tokyo, Japan); and in Exp. 2: 200mg Na-truocholate, 50mg bovine serum
albumin, 200mg triolein (Sigma Chemical Co., St. Louis, MO) and 10mg individual Toc3
or a-Toc (Nissin Oil Mills Co., Tokyo, Japan). In Exp. 3, rats weighing approximately
77g were fed an AIN type purified diet (12) containing 20% partially hydrogenated
sardine oil, and 0.2% of either a-Toc or a-Toc3 (purity 80%) (Eisai, Tokyo, Japan). In
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Exps. 4 and 5, 6 or 8 week old male spontaneously hypertensive rats (SHR/NCrj, Japan
Charles River Co., Kanagawa, Japan) were fed an AIN type purified diet (12) containing
either a-Toc or Toc3 concentrate (a-Toc 36%, a-Toc3 24%, y-Toc3 27 % and 6-Toc3
11%, Palm Oil Research Institute of Malaysia, Kuala Lumpur, Malaysia) at the 0.13%
or 0.2 % for 6 or 5 weeks, respectively. The systolic blood pressure on the tail every
week with a sphygmomanometer (MK100 Moromachi Kikai Co., Tokyo, Japan) in a
chamber maintained at 33°C.

Analytical Procedures

Toc and Toc3 were extracted from the lymph by ethanol and hexane containing an
internal standard, 2,2,5,7,8-pentamethyl-6-hydroxychromane (Eisai Co., Tokyo, Japan)
(13) and applied for HPLC (Zorbax SIL column elution with hexane-diethylether, 9:1 v/v,
detection at UV 282 nm). The activity of liver microsomal AS- and AS- desaturates (14)
and fatty acid composition of tissue lipids (15) were analyzed as described elsewhere. The
aortic production of PGI, was measured as 6-keto PGF,, by a radioimmunoassay using
a commercial kit (15), and the platelet aggregation by 5 uM ADP was measured with a
platelet aggregation analyzer (AGGRECORDER II, Kyoto Daiichi Kagaku Co., Kyoto,
Japan). Urinary L-ascorbic acid was by the dinitrophenylhydrazine method (16).

Statistical Analysis
One-way analysis of variance was followed by Duncan’s new multiple range test to

establish the exact nature of the difference among the group (17).

Results
Intestinal Absorption of Tocotrienols

When the mixture of a-Toc and Toc3 were introduced to the stomach by gavage
(Exp. 1), lymphatic absorption of a-Toc3 was considerably greater than that of the - and
6-Toc3, and it was lowest in a-Toc (Fig. 1.). This was confirmed even when individual

Toc3 were given separately (Exp. 2), and intestinal absorption of a-Toc3 was significantly
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higher than other Toc3 or a-Toc throughout the lymph collection for 24 hr (Fig. 2.).
There were no differences in the rate of absorption among y-Toc3, 8-Toc3 and «-Toc.
In addition, there was a slight but significant difference in the form by which Toc3 and
a-Toc are transported in the lymph; the proportions as chylomicrons of a-Toc3, y-Toc3,
8-Toc3 and a-Toc were 60.5+1.6%,55.7+2.6%, 50.2+1.7° and 55.9+3.0?, respectively
(values not sharing a common letter are significantly different at p <0.05).

The results of Exp. 3 in which either a-Toc or a-Toc3 were fed thr amount of
Toc3 excreted into feces was approximately one-half that of a-Toc (Table 1). In contrast,

the hepatic content was markedly higher in a-Toc than in a-Toc3.
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FIG 1. Lymphatic absorption of tocotrienols and a-tocopherols (Exp. 1.). Tocotrienol
concentrate containing a-tocopherol (a-Toc) and a-, - and é-tocotrienols (Toc3) were
administered to lymph cannulated rats and lymph was collected periodically. Mean+SE
of 6 rats. Values not sharing a common letter are significantly different at p <0.05.
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Fatty Acid Compositions of Tissue Lipids and Desaturase Activity

In all feeding experiments (Exps. 3 to 5), there were no differences in food intake,
body weight gain and liver weight among the control, Toc and Toc3 groups except for one
occasion in which rats were fed diets containing hydrogenated sardine oil (Exp. 3), and
liver weight was significantly lower in the a-Toc and a-Toc3 groups than in the control
group.

Fatty acid compositions of liver and serum lipids were not significantly influenced
by the a-Toc or Toc3 concentrate in all experiments in spite of the difference in the
dietary fat source. However when the ratio of arachidonic acid to linoleic acid + dihomo-
-linolenic acid, an index of 6-desaturation, was compared, it was lowered by feeding a-
Toc or Toc3 concentrate. An example of the polyunsaturated fatty acid composition of

liver phosphatidylcholine is shown in Table 2.
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FIG 2. Lymphatic absorption of tocotrienols and a-tocopherol (Exp. 2). A mixture of a-,
v- and &-tocotrienols (Toc3) or a-tocopherol (a-Toc) was administered to lymph
cannulated rats and lymph was collected periodically. Mean+ SE of 6 rats. Asterisk shows
significant difference from other groups at p <0.05.
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TABLE 1
Contents of a-tocopherol and a-tocotrienol in liver and feces of rats (Exp. 3)"

Liver (ug/g) Feces(ug/g/day)
Group
a-Toc a-T3 a-Toc a-T3
Control 2345.2 nd 198 +44 nd
a-Toc 3214196 nd 95004330 nd
a-T3 11.6+2.1 51.6+7.0 315424 4050+160

*Mean +SE of 5 rats. nd:not detected. Feeding period, for 28 days.

FIG 3. The activity of liver microsomal A% and AS-desaturases in spontaneously
hypertensive rats (SHR) given a-tocopherol (a-Toc) or tocotrienol (Toc3) concentrate
(Exp. 5). Mean+SE of 4 to 6 rats.
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The activity of liver microsomal 5- and 6-desaturases was measured in Exp. 5,
and the results are shown in Fig 3. The activity of both 5- and 6-desaturases was not

influenced by o-Toc or Toc3 concentrate.

230

210
=)
T
E 190}
E
(0]
5 170
a
(0]
2 150} A Control
3 ® Toc3
o i 0 a-Toc
= 130
L
2 110
1)) ]
>
()

9
700 1 2 3 4 5 6

Feeding Period (week)

FIG 4. Systolic blood pressure of spontaneously hypertensive rats (SHR) given o-
tocopherol (a-Toc) or tocotrienol (Toc3) concentrate together with a 0.5% salt solution
as drinking water (Exp. 3). Mean+SE of 6 rats.

Blood Pressure

Fig 4 illustrates systolic blood pressure of SHR given a-Toc or Toc3 concentrate
at a dietary level of 0.13% together with 0.5% salt solution as drinking water. There was
no difference in the blood pressure among the three groups. In contrast, when the dietary
level of a-Toc and Toc3 concentrate was increased to 0.2% and no salt solution was
given, the rise of blood pressure with age was significantly suppressed by these

compounds to a similar extent (Fig 5).
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TABLE 2
Effect of a-tocopherol and tocotrienol concentrate on polyunsaturated fatty acid
composition of liver phosphatidylcholine of SHR(Exp. 5)*

Fatty acids (weight %)
Group (20:3+20.4)
18:2n-6 20:3n-6 20:4n-6 22:5n-6 22:6n-3 /18:2

Control 9.1 0.4 352 1.3 3.3 4.12
a-Toc 11.5 05 323 09 23° 2.92b
Toc3 11.2 1.0 33.2 0.8 3.0° 3.0

* Mean+SE of 4 to 6 rats. a-Toc:a-tocopherol, Toc3:tocotrienol concentrate.
abyalues not sharing a common letter are significantly different at p<0.05.

Systolic blood pressure (mmHg)

1700 1 2 3 4 5

Feeding period (week)

FIG 5. Systolic blood pressure of spontaneously hypertensive rats (SHR) given o-
tocopherol (a-Toc) or tocotrienol (Toc3) concentrate (Exp. 4). No salt solution was given.
Mean+SE of 4 to 6 rats.

Values not sharing a common letter are significantly different at p<0.05.
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Eicosanoid Production and Platelet Aggregation

As shown in Fig 6, the aortic production of PGI, production was significantly low
in the treated groups, in particular those given Toc3. In contrast, the production rather
tended to increase in Exp. § and the difference between the control and Toc3 groups was
significant. The platelet aggregation by ADP was not largely influenced by a-Toc or Toc3

concentrate in both experiments.

Urinary Ascorbic Acid Excretion

A temporal increase in urinary ascorbic acid excretion due to feeding partially
hydrogenated fish oil at a relatively high level (18) was clearly ameliorated by the addition
of a-Toc or a-Toc3 in the diet (Fig 7).
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FIG 6. Aortic production of PGI, and platelet aggregation in spontaneously hypertensive
rats (SHR) given a-tocopherol (a-Toc) or tocotrienol (Toc3) concentrate. A: Exp. 4, B:
Exp. 5. Mean+SE of 6 and 4 to 6 rats for Exps. 4 and 5, respectively. Values in each
experiment not sharing a common letter are significantly different at p <0.05.
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FIG 7. Urinary excretion of L-ascorbic acid in rats given a-tocopherol (a-Toc) or a-
tocotrienol (a-Toc3) (Exp. 3). Mean+SE of 5 rats. Values not sharing a common letter
are significantly different at p<0.05.

Discussion

A number of investigators reported intestinal absorption of a-Toc to be from 15
to 65% depending on the methods of administering a-Toc and the length of time the
animals had to recover from surgery (10). No data is available regarding absorption of
Toc3. The present study showed that lymphatic absorption of a-Toc is around 10 to 20%.
Since absorption of fatty acids simultaneously dosed was quantitative in the present
condition and since a-Toc absorption was reaching plateau at 24-hr, it seems reasonable

that absorption of a-Toc is in the range of the lower borderline of the available data. In
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addition, the proportion of a-Toc as lymph chylomicrons was considerably lower than
previously reported (10).

In contrast, absorption of a-Toc3 was significantly higher than a-Toc, whereas that
of v- and §-Toc3 was comparable with a-Toc. This was indirectly confirmed in the
different approach in which fecal excretion of these compounds was measured. Although
these observations suggest specific regulatory functions of «-Toc3 in vivo, the
concentration of a-Toc3 in the liver was markedly lower than «-Toc.

Although a-Toc has been shown to influence prostaglandin production (6-8), this
effect appears to be modified by the experimental condition as indicated in two sets of
studies (Exps. 4 and 5). In rats fed a cholesterol-enriched diet, Toc3 concentrate tended
to reduce aortic production of PGI, and plasma concentration TXA, (4,5). The reduction
of PGI, production by a-Toc and Toc3 concentrate was confirmed in SHR given these
compounds at a 0.13% level together with a salt solution as drinking water, but not in
those receiving a 0.2% level of a-Toc or Toc3 (0.2%) and no salt solution. Under the
latter situation, aortic production of PGI, increased significantly by Toc3 concentrate. It
is thus likely that the effect of Toc3 on eicosanoid production is readily modified by the
experimental conditions employed, and in this context, Toc3 appear to be more effective
than of a-Toc.

The effect of a-Toc and Toc3 concentrate on blood pressure and urinary excretion
of ascorbic acid was apparently indistinguishable, and they were at least effective to
prevent these parameters.

A series of present studies showed a slight but significant difference in the
metabolic effect between o-Toc and Toc3, and it seems likely that a-Toc3 may have

peculiar functions since it was absorbed more efficiently than a-Toc.
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Summary

Carotenoids are primarily symmetrical, C-40, polyisoprenoidstructures with an extensive conjugated
double bond system. Although widely distributed in nature, they are synthesized in photosynthetic
microorganisms and plants, but not in animals. Hydrocarbon carotenoids are metabolized to a host of
products, including retinal, B-apocarotenals, hydroxylated derivatives (the xanthophylls), and keto and epoxy
compounds. Some of these derivatives, such as retinal, abscisin and trisporic acid, show pronounced
biological activity. Carotenoids function as accessory pigments in photosynthesis, as protective agents
against light-induced cell death in microorganisms, and, in the absence of the dietary intake of preformed
vitamin A, as an essential dietary source of the vitamin in mammalian growth and development.
Carotenoids also have a variety of interesting actions, which may be of therapeutic value but not necessarily
of basic physiological significance. Among such actions are their stimulation of the immune response, their
inhibition of mutagenesis and cell transformation, and their prevention of leukoplakia and micronuclei
formation in the buccal mucosa. Finally, carotenoid intake has been associated with a lower risk of some
types of cancer and of cardiovascular incidents. Because of the many effects of carotenoids on biological
systems, distinguishing among functions, actions and associations is important.

{Vitamin A is a major product of approximately 50 of the roughly 600 characterized natural
carotenoids. Dietary vitamin A is derived from both animal and plant sources. Whereas carotenoids are
absorbed intact only by a few species, e.g. humans, cows, and birds, vitamin A is efficiently absorbed by
all. Vitamin A is not synthesized de novo from small molecules, but is formed only by cleavage of
carotenoids. j It exists in various biologically active forms, such as retinol, retinyl esters, retinal, retinoic
acid, and the (-glucuronides of retinol and of retinoic acid. Vitamin A and its various active forms are
inactivated by hydroxylation, epoxidation and chain cleavage. In vivo the most active forms of vitamin A
are bound to a set of specific retinoid-binding proteins, some of which serve as nuclear transcription factors
(the retinoic acid receptors). Forms of vitamin A function in vision, cellular differentiation and
embryological development. Of various retinoids, retinoic acid and several of its chemically synthesized
analogs show the most profound effects on cellular differentiation and on embryological development.
Vitamin A is required for growth and development, but large amounts cause toxicity. Thus the separation
of efficacy from toxicity is a major pharmacological concern. The only naturally occurring compounds with
a high efficacy/toxicity ratio are retinoyl 8-glucuronide and retinyl 8-glucuronide.

Thus, the carotenoids and retinoids are a diverse set of compounds with a fascinating spectrum of
biological effects. Thus far, their precise modes of action in various physiological processes and therapeutic
applications have only partially been elucidated.
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Introduction

Carotenoids are widespread in nature, but particularly among organisms that are
exposed to light. Because of their extensive conjugated double bond system, carotenoids
absorb light in the 400-500 nm region, i.e. show a yellow to orange coloration. They
have attracted the attention of biologists and chemists for two centuries. In early attempts
to separate and to purify them, adsorption chromatography was developed. Thus, a major
powerful method of analytical biochemistry, now available in manifold and sophisticated
forms, was stimulated by the carotenoids. More than 600 carotenoids have thus far been
characterized, and each of them has a variety of cis isomers. Some commonly occurring
carotenoids are depicted in figure 1. Many treatises have been devoted to carotenoids, of
which the most comprehensive is that edited by Isler (1971).

Approximately 50 carotenoids serve as precursors of vitamin A in mammals. Indeed,
the conversion of carotenoids into vitamin A is of crucial significance in human nutrition,
in as much as most of the vitamin A obtained from the diet in less industrialized countries
is derived from carotenoids. The so-called "parent" compound of the vitamin A class is
all-trans retinol (Fig. 2) . Retinol is converted to a limited number of biologically active
compounds in vivo. In addition to naturally occurring compounds, more than 2000
analogs of vitamin A, and particularly of retinoic acid (Fig. 2), have been synthesized.
Some of these synthetic analogs are much more active than vitamin A in physiological
systems. This whole group of chemically related compounds is termed the "retinoids".
A valuable 2-volume treatise on the retinoids is that of Sporn, Roberts, and Goodman
(1984).

Carotenoids
Structure

All-trans 8-carotene (fig. 1) is generally considered as the reference compound of
its class. Many variations of this structure occur in nature, including those shown in fig.

1, longer (e.g. C-50) and shorter (e.g. the $-apocarotenals, abscisin and trisporic acid)
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compounds, and conjugated derivatives (e.g. acylated xanthophylls). The biological
activity of these compounds resides in its long conjugated double bond system, which
confers the properties of light absorption, singlet oxygen quenching, and antioxidant
action. But these same properties make carotenoids unstable in an oxidative environment.
Hence, they can protect other molecules from oxidation, but in turn, must also be
protected. Being nonpolar, carotenoids are usually associated with lipid components of
cells. The chemistry of carotenoids and polyterpenoids has recently been reviewed
(Britton, 1989).

Biosynthesis

Carotenoids, which are polyisoprenoids, are synthesized in nature from
acetyl-coenzyme A via ($-hydroxy 8-methyl glutaryl-coenzyme A, mevalonic acid, and
geranyl pyrophosphate.  Harrison (1990) has recently reviewed these pathways.
Carotenoid formation is induced By light and inhibited by a variety of natural and
synthetic compounds. Much attention is now being given to the cloning of carotenoid
gene clusters and to elucidating the mechanisms of their control (Armstrong et al., 1990;
Misawa et al., 1990).

Metabolism

Because of its nutritional importance, the cleavage of $-carotene into vitamin A
has been extensively studied (Olson, 1988, 1989). B-Carotene is oxidatively cleaved at
the 15,15’ central double bond to yield two molecules of retinal by a cytosolic enzyme
found in the intestinal mucosa, the liver, and other tissues. In plants and in some
microorganisms, carotenoids are excentrically cleaved to give §-apocarotenals, S-ionone,
and other products. In mammals, excentric cleavage has only recently been shown (Wang
et al., 1991). The relative importance of central and excentric cleavage in the conversion
of carotenoids into vitamin A in humans is not yet clear. The metabolism of other
carotenoids in mammals is not well defined. Xanthophylls may be biologically acylated
or may form sugar conjugates, however, and a variety of epoxides and other oxidation

products may result from interactions with various oxidants in vivo and in vitro.
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In a more physiological context, the intestinal absorption of dietary carotenoids
depends on several factors; namely, its bioavailability from foods, its structure, the
concomitant presence of fats and oils in the diet, and the total amount ingested. For
example, - and (-carotene from raw, sliced carrots are very poorly absorbed (5-10%).
Upon pureeing and then cooking, however, its absorption increases to 40-50% in the
presence of dietary fat. Carotenoids in oil are much better absorbed than those bound in
other foods. As the intake of carotenoids increases, the absorption efficiency declines.
Thus, at a dose of 0.1 mmole (54 mg) of B-carotene in humans, only 10-20% is absorbed.

After absorption, carotenoids are transported in chylomicra into the general
circulation, and then, in the steady state, in lipoproteins of the plasma. The pattern of
carotenoids in human plasma generally reflects that in the diet. Major plasma carotenoids
are lutein, lycopene, cryptoxanthin, B-carotene and a-carotene (Parker, 1989). The
patterns of carotenoids in plasma and in adipose tissue are closely related (Parker, 1989).
Of various human organs, adipose tissue contains by far the most carotenoid, followed by
liver. The highest concentration of carotenoids, however, is found in the corpus luteum.
Thus, specificity exists in the way that carotenoids are distributed among tissues, although
little is currently known of the mechanisms involved.

The absorption, metabolism, and plasma clearance of carotenoids in humans is very
dependent on their structure. Thus ethyl B-apo-8’-carotenoate is absorbed very well, is
not detectably metabolized, and shows slow plasma clearance, whereas 3-apo-8’carotenal
is absorbed less well, is rapidly metabolized, and its products are quickly removed from
the circulation (Zeng et al., 1991). Thus, generalizations about carotenoid metabolism
are constrained by our increasing knowledge about the specificity of many of these

processes.

Functions

In plants and photosynthetic organisms, carotenoids serve as accessory pigments
to absorb light of wavelengths not absorbed by the chlorophylls. Mutant photosynthetic
organisms that lack carotenoids, when exposed to light, are killed, presumably by

light-induced oxidative stress on chlorophylls and other essential molecules in cells
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Figure 1. Polyenes and carotenoids in foods that may also be found in animal tissues. 1,
phytoene; 2, phytofluene; 3, lycopene; 4, a-carotene; 5, B-carotene; 6, B-cryptoxanthin;
7, zeaxanthin; 8, lutein; 9, canthaxanthin; 10, violaxanthin; 11, neoxanthin; 12,
astaxanthin. Reprinted with permission of the FASEB Journal (Bendich and Olson, 1989).
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Figure 2. Formulas for retinol and its derivatives. a,b) all-trans retinol; c) all-trans retinal,
d) all-trans retinoic acid; e) 3,4 didehydroretinol, f) 11-cis retinal; g) 5,6 epoxyretinol,
h) anhydroretinol; i) 4 oxoretinol; j) retinoyl 8-glucuronide; k) retinyl phosphate; 1) retinyl
palmitate; m) all-trans B-carotene. Reprinted with permission of Marcel Dekker, Inc.
(Olson, 1990).
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(Krinsky, 1989). Thus, light harvesting and photoprotection are two clear functions in
plants and microorganisms. Phototropism, which may involve carotenoids as well as
other light-absorbing molecules, such as flavins, also has survival value. Similarly, the
plumage of birds and coloration of insects protect them in part from predators.

In mammals, carotenoids are only known to function as precursors of vitamin A. In
the absence of dietary vitamin A, therefore, they are essential nutrients. Other effects of
carotenoids might well be considered actions until more is known of their molecular

mechanisms (Bendich and Olson, 1989).

Actions

Carotenoids serve as antioxidants at low Po,, quench singlet oxygen, enhance the
immune response, reduce photo-induced neoplasm, inhibit mutagenesis, reduce tumor
development in vivo, cause tumor regression in vivo, lower cell transformation in vitro,
prevent sister chromatid exchange, and reduce so-called "precancerous” changes, such as
leukoplakia and micronuclei prevalence, in buccal epithelia (Bendich and Olson, 1989).
Carotenoids also reduce lipid peroxidation in low density lipoproteins (Esterbauer et al.,
1989), an observation of possible significance in the genesis of atheromas. Other effects
might be added to this list. In most cases, carotenoids, both with and without provitamin
A activity, are effective, whereas vitamin A itself usually is not. Thus, the cited actions
seem due to the intact carotenoids and not to their conversion into vitamin A.

In some cases, the implications of these observations are clear. If individuals, who
suffer from leukoplakia or cervical dysplasia, are benefitted by receiving large oral daily
doses of B-carotene, such treatment is certainly a viable option. The chronic
administration of $-carotene in large doses, although possibly causing the benign condition
carotenosis, is not known to cause toxic manifestations. Similarly, the treatment of
erythropoietic protoporphyria with 3-carotene is known to reduce light-induced adverse
reactions (Mathews-Roth, 1990). In other cases, however, the physiological implications
of an observation are more difficult to interpret. For example, carotenoids clearly
enhance the immune response in vitamin-A sufficient experimental animals under specified

conditions (Bendich, 1989). That process may be important in protecting against
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infection. On the other hand, the enhancement may be very small, or indeed not
detectable, under normal dietary conditions. An enhanced immune response might be
beneficial in reducing the severity of infection, or might be harmful in increasing
autoimmune reactions. Thus, many actions of carotenoids are difficult to interpret

physiologically.

Associations

In epidemiological studies relating dietary patterns with chronic diseases, and
particularly with cancer, vitamin A and its precursor carotenoids were early identified as
showing a protective effect, i.e. the higher the intake, the lower the risk of cancer
(Ziegler, 1989, 1991). Thereafter, it became clear that carotenoid intake, rather than that
of preformed vitamin A, was primarily, if not solely, responsible for the relationship. of
various cancers investigated, the risk of lung cancer showed the best inverse relationship
with carotenoid intake (Ziegler, 1989, 1991). Carotenoids other than 8-carotene were
often better correlated with reduced risk than B-carotene itself (Colditz et al., 1985).
Most, but not all, studies showed a significant relationship between carotenoid intake and
reduced risk of lung cancer (Ziegler, 1989, 1991).

Epidemiological studies can be confounded by uncontrolled variables, of which the
most important for lung cancer is smoking. Most, but not all, such studies have been
corrected for smoking habits. other nutrients and food components, such as fiber, vitamin
C, and vitamin E, are also associated with foods rich in carotenoids. The possibility
exists, therefore, that these other components, or a mixture of them with carotenoids, are
serving as protective agents. Diets rich in vegetables and fruits also tend to be lower in
animal meats, meat products, and saturated fat. Finally, fresh vegetables and fruits,
which are more costly than many kinds of carotenoid free foods, are more commonly
ingested by persons with a knowledgeable appreciation of the relationship of diet, exercise
and life-style to health. Thoughtful epidemiologists are well aware of these factors
(Bendich and Olson, 1989; Ziegler, 1989, 1991). Thus, caution must be exercised in

interpreting such associations in a causal manner.
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Intervention trials, i.e. providing supplements of given carotenoids to one group
of subjects and a placebo to another matched group, provide more direct evidence of
efficacy. In some cases, but not in all, carotenoids have shown chemopreventive actions
against cancer (Santamaria and Bianchi, 1989).

In a mechanistic sense, carotenoids probably act as antioxidants and/or as singlet
oxygen quenching agents, in all likelihood in consort with other cellular antioxidants. The
relative contribution of carotenoids to the physiological protection system against adverse

oxidative and free radical reactions within cells, however, has not yet been clarified.

Vitamin A

Structure

The carbon atoms in all-trans retinol (Fig. 2a,b) are conventionally numbered as
shown in Fig la, although chemists often use the numbering shown in Fig. Ib. Retinal
(Fig. Ic), retinoic acid (Fig. 1d) and 3,4 didehydroretinol (fig. le) are naturally occurring
analogs. The biologically active form in vision is 11-cis retinal (fig. If). Physiologically
inactive forms are 5,6-epoxy retinol (fig. 1g) , anhydroretinol (fig. lh) , and 4-oxoretinol
(fig. 1li) , although the 4-oxo derivative can be teratogenic in high doses. The
B-glucuronides of retinoic acid (fig. ij) and of retinol are biologically active but show
relatively little toxicity. Retinyl phosphate (fig. ik) may be formed in small amounts in
cells, whereas retinyl palmitate (fig. 11) and other long chain fatty acyl esters are major
storage forms. Because of its conjugated double bond system, retinol and its derivatives
absorb maximally at 325 nm (in hexane), whereas retinoic acid and 3,4 didehydroretinol
absorb at 350 nm (in ethanol). Uncharged vitamin A derivatives are all highly lipophilic,
retinoic acid and retinyl phosphate are somewhat more polar, and the retinoid glucuronides
are water-soluble. All are rapidly oxidized in the presence of oxygen, transition metals,
and light. Thus, they require protection by antioxidants, of which BHT is one of the
more effective. In vivo retinoids are primarily protected by specific associations with

binding proteins.



187

Biosynthesis

Vitamin A is a required nutrient for vertebrates. It can be provided in the diet in
the form of preformed vitamin A or of precursor carotenoids. As already mentioned,
carotenoids can be cleaved both centrally and excentrically ultimately yielding Vitamin A.
Thus, the only known pathway for the biosynthesis of vitamin A is via the carotenoids.
Needless to say, however, elegant chemical procedures have been devised for the

synthesis of vitamin A and its analogs.

Metabolism

Preformed vitamin A in foods is largely present as retinyl esters. These are
hydrolyzed in the intestine to retinol, which is absorbed as a part of the mixed micelles
derived from lipid digestion. Carotenoids are also absorbed in micellar form, albeit less
efficiently than vitamin A. Retinal ultimately derived from carotenoid cleavage can either
be oxidized to retinoic acid or reduced to retinol. Carotenoids that are excentrically
cleaved may yield retinoic acid without passing through retinal.

Retinol of whatever origin is largely esterified in the intestinal mucosa and
incorporated into chylomicra, which are transferred via the lymph to the blood.
Chylomicron remnants are taken up by liver parenchymal cells, whereupon retinyl esters
are hydrolyzed to retinol, transferred in large part to stellate cells, re-esterified, and stored
in lipid globules. Upon demand, retinyl esters of stellate cells are hydrolyzed to retinol
and released from the liver as a 1:1 complex with retinol binding protein. The dynamics
of these events have been summarized (Olson, 1990; Blomhoff and Wake, 1991).

Retinol is reversibly oxidized to retinal, which in turn is irreversibly oxidized to
retinoic acid. Retinoic acid, as well as retinol, can form water-soluble conjugates with
glucuronic acid, can be oxidized via the 4-hydroxy derivative to the 4-oxometabolite, can
be epoxidized at the 5:6 position, and can be oxidatively cleaved to chain shortened
products. Most oxidized products of retinoic acid are biologically inactive (Olson, 1990).

Most retinoids bind to specific binding proteins in tissues; retinol to plasma (RBP) and

cellular retinal-binding proteins (CRBP) , retinal to retinaldehyde binding protein
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(CRALBP) and to opsin of the eye, and retinoic acid to cellular retinoic acid binding
proteins (CRABP) of the cytosol and the nuclei. The latter, termed retinoic acid receptors

(RAR), play roles in gene expression (Sporn et al., 1984; Darmon, 1990).

Functions

The best defined function of vitamin A is in vision. The visual pigment,
rhodopsin, is formed in the rod cell by the binding of 11-cis retinal to opsin. Light
induces the isomerization of the 11-cis to the all trans form, which destabilizes the
conformation of the protein. Through a sequence of steps involving transducin, a specific
G protein, and the ultimate hydrolysis of cGMP, the sodium pore in the membrane is
closed. Thus a light impulse is transduced via amplifying chemical reactions into a
membrane potential (Stryer, 1988; Olson, 1990).

Vitamin A is also involved in cellular differentiation (Sporn et al., 1984; Sherman,
1986; Sporn and Roberts, 1991). In vitamin A deficiency, mucus secreting cells of
epithelia tend to diSappear, and keratin producing cells take their place. A large variety
of cells are stimulated to differentiate in vitro by retinoids, of which retinoic acid is one
of the most active. Retinoic acid, having been transported into the nucleus by CRABP,
interacts with RAR, which exists in three distinct forms: «, 8 and vy (Darmon, 1990).
The complex, possibly as a dimer, interacts with the upstream response elements of genes
to turn their expression on or off. For example, retinoic acid directly induces the
formation of one of its nuclear receptors, RARg. During the process of differentiation of
various cell types, of course, a large number of new proteins are produced. Thus, a
major current challenge is to define the sequence of these changes. Furthermore, some
retinoids, like retinoyl 8-glucuronide, stimulate differentiation without binding to cytosolic
or nuclear receptors (B. P. Sani, R. G. Mehta, A. B. Barua, and J. A. Olson, unpublished
observations). The relationship of various retinoids to differentiation has been reviewed
(Sporn et al., 1984; Sherman, 1986). Vitamin A-dependent processes, such as the
immune response, in all likelihood are expressions of the role of vitamin A in cellular

differentiation (West et al., 1991).
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Vitamin A functions as well in embryological development. Both vitamin A
deficiency and vitamin A excess are characterized by abortions, resorptions, and
malformed fetuses. Vitamin A may well serve as a morphogen in development, either by
stimulating the differentiation of clusters of special cells, such as the zone of polarizing
activity (ZPA), or by serving as a gradient across one or more axes of the developing
embryo (Summerbell, 1991). Of various retinoids tested, retinoic acid and some of its
synthetic aromatic analogs are the most active. 3,4 Didehydroretinoic acid, which is
formed from retinoic acid in the chick limb bud, may play a similar role (Thaller and
Eichele, 1990). The mechanism by which retinoids play such roles in development is not
well defined, although homeobox genes may be involved (Summerbell, 1991).

The growth-promoting function of vitamin A is probably a complex set of
interactions among vitamin A and various hormones as well as an expression of

programmed cellular differentiation.

Actions

Vitamin A and most retinoids are highly toxic when administered in large doses
(Olson, 1990; Hathcock et al., 1990). Three types of toxicity exist: acute, caused by
single huge oral doses; chronic, caused by repeated ingestion of large oral doses over
time; and teratogenic, caused by large oral doses ingested early in pregnancy. Retinoic
acid is more toxic than retinol, and the all-trans form is more toxic than the cis isomers.
Interesting exceptions are retinoyl $-glucuronide and hydroxyphenylretinamide, which
show biological activity with much less, if any, toxicity.

Retinoids have been used effectively in treating certain skin disorders, such as acne
and psoriasis, as well as some types of recurrent cancer, such as that of the skin and
breast (Meyskens and Prasad, 1986; Orfanos et al., 1987). Specific retinoids are
preferentially used for a given clinical condition. Because large oral doses are most
effective, a balance must be achieved in dosing between efficacy and adverse side effects.
Interestingly, in the topical treatment of moderate acne, retinoyl $-glucuronide showed

efficacy similar to that of all-trans retinoic acid without causing toxic manifestations (D.
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B. Gunning, A. B. Barua, R. A. Lloyd, and J.A. Olson, unpublished observations).
Retinoic acid has also been used to prevent and to repair photoaging of the skin (Kligman,
1989). Vitamin A also influences wound healing and bone remodelling. Thus, a variety

of actions, which may be either beneficial or noxious, are caused by retinoids.

Associations

Supplementation of preschool children in Indonesia with semi-annual large doses
of vitamin A reduces mortality by approximately 30% (Sommer, 1989). Such children,
although not showing clinical signs of vitamin A deficiency, grew faster, were less
anemic, and died less frequently when supplemented with vitamin A than did their
nonsupplemented peers (Sommer, 1989). When the vitamin A status of preschool children
from the same region was determined by a new sensitive method, the modified relative
dose response (MRDR), 60% of them were shown to be in a marginal status
(Tanumihardjo et al., 1990). Similar effects of vitamin A supplementation on mortality
were observed in some other third world countries but not in others. The most logical
explanation of this effect is that a marginal vitamin A status adversely affects the immune
system, thereby leading to a higher incidence of morbidity and ultimately of death. In
several of these studies, however, morbidity was unaffected by vitamin A
supplementation. Quantifying the nature and severity of morbidity, which are crucial
considerations when assessing life-threatening situations, is difficult in field surveys. In
various societies, where nutritional and environmental stresses differ, careful analysis of
the overall situation may be an essential. step in predicting whether or not vitamin A
supplementation will have a significant public health effect.

In initial epidemiological studies on the relation of nutrition to cancer, a dietary
vitamin A index was calculated for each subject (Ziegler 1989, 1991). Only later, as
already indicated, did it become clear that carotenoids , but not preformed vitamin A, in
the diet were significantly associated with a lower risk of some forms of cancer. Thus
far, supplementation with vitamin A does not seem to have a protective effect against

cancer in well nourished subjects exposed to high risk environments. Similarly, plasma
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retinol concentrations, although often reduced in cancer patients subjects to various forms
of therapy, do not serve as useful predictors of cancer risk in carefully conducted

prospective studies (Ziegler, 1989, 1991).

Conclusion

In an historical and nutritional sense, carotenoids have been inherently linked to
vitamin A as its dietary precursors. They are now viewed, and correctly so, quite
separately. This development has largely been due to the following considerations: 1) the
close association of dietary carotenoids, but not of dietary preformed vitamin A, with a
reduced risk of some types of cancer and possibly of atherosclerosis, 2) the realization by
physicians and many biologists that the physicochemical properties of carotenoids are very
different from those of vitamin A, facts well known to chemists working with these
molecules, and 3) the demonstration that the nutritional benefits of vitamin A are only a
small part of the biological spectrum of vitamin A activities, a realization enhanced by the
synthesis and testing of a large number of retinoids. In contrast, carotenoids do not share,
insofar as we are aware, in these other biological activities of retinoids. Thus, the two
fields of carotenoids and vitamin A are diverging rather than converging, albeit linked

by the important nutritional tie between them.
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Summary

Carotenoids are metabolized by lipoxygenases and other oxygenases in bacteria, plants and animals;
however, the mechanisms of these reactions are poorly understood. We have studied the oxidation of
B-carotene by soybean lipoxygenase as a model system for understanding these reactions in vivo. f-carotene
inhibits the rate of peroxidation of linoleic acid and the production of linoleic hydroperoxide product in a
concentration-dependent fashion. In the presence of soybean lipoxygenase, carotenoid absorbance at 452
nm is rapidly diminished (bleached), however, we have not yet been able to identify the carotenoid
metabolites. Although autoxidation products were identified, no enzyme-dependent carotenoid metabolite
absorbing over the range of 300 to 600 nm was eluted from reverse phase HPLC columns. Experiments
are in progress to identify the enzymatic metabolites. Hydroperoxide products of lipoxygenases are
precursors to leukotrienes and other cytokines, the production of which are associated with a number of
inflammatory and allergic states. As (-carotene is associated with enhancement of the immune response,
the inhibition of lipoxygenase products in vivo may represent an important mechanism by which carotenoids
serve in immunoregulation.

Introduction

Carotenoids are associated with protection against coronary heart disease, cataract
and cancer (1-4,5-8). In a preliminary report, dietary carotenoids were inversely related

to heart disease and stroke (9) and plasma $-carotene concentrations are inversely related
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to risk of angina (10). It has been proposed that 8-carotene, in combination with other
antioxidants protects against lipoprotein oxidation (10-13) and thus potentially plays an
important role in retarding the progression of atherosclerosis. It is of interest that
smoking, which is correlated with lowered concentrations of plasma carotene (1) may
result in LDL modification (14). The evidence implicating carotenoids in cancer
prevention and enhancement of immune function has recently been reviewed (15).

The mechanisms by which carotenoids might exert these effects are not understood
and likely involve a number of reactions. Possible mechanisms by which carotenoids may
function include antioxidant action, singly or in combination with other antioxidants,
metabolism to retinoids and/or carotenoids, and modulation of enzyme activity. By any
one or a combination of these mechanisms, carotenoids may function in the regulation of
biological pathways. The relationship of carotene function to its metabolism by enzymes
of oxygen metabolism is discussed below.

Carotenoids are widely distributed in nature. Over 600 have now been identified and
characterized. A few of the more biologically important carotenoids are shown in Fig 1.
Due to their highly conjugated bond system, carotenoids are among the most efficient
quenchers of singlet oxygen and have been extensively studied in bacteria and plants
(16,17). By quenching UV reactions of singlet oxygen induced by UV light, carotenoids
also protect against erythropoietic protoporphyria and other diseases of light sensitivity
(18). However, except for these reactions, although singlet oxygen is produced in high

yield by the reaction of ozone with biological molecules in vitro (195, a significant role

for singlet oxygen in vivo has not yet been demonstrated.

Possibly of great importance in biological reactions are reactions of carotenoids with
peroxyl radicals (20,21). A number of epoxide products of these reactions have now been
characterized, including the 5,6 epoxy 3,8 carotene and the 15,15° epoxy (8,8 carotene
(22) (Fig 2). These products appear to be formed by radical addition to the carotenoid
molecule in contrast with the electron or hydrogen transfer reactions of other cellular
antioxidants such as vitamin E. A possible mechanism has been presented (Fig 3). In
addition, a variety of apocarotenals have been identified as the product of radical-initiated

autoxidation (21).
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A number of carotenoid metabolites have been identified in fish, including astaxanthin,
canthaxanthin and echinenone (23). In addition, in some species, the reactions from
B-carotene to canthaxanthin are fully reversible.  Possible pathways for these
interconversions are shown in Fig 4. Mechanisms for these reactions have not been
proposed.

In 1954, Glover and Redfern proposed a mechanism for carotene metabolism based
on the well-known pathways of oxidative metabolism of fatty acids (Fig 5) and the
observed products in plants and murine species (24). It now appears that carotenoids are
metabolized by dioxygenases which are ubiquitous in animals, plants and bacteria.
However, enzymatic reactions of carotenoids have been studied in detail in only two

enzymes; carotene dioxygenase and soybean lipoxygenase.

Carotene Dioxygenase (EC 1.13.11.21)

Metabolism to Retinal

Goodman and Olson first reported the metabolism of B-carotene to retinal in
intestinal mucosa of a variety of species (25,26). As retinal was the only product
detected, it was proposed that $-carotene was specifically cleaved at the central bond and
the enzyme was therefore named 15,15° carotene dioxygenase (Fig S5). The partially
purified enzyme from rat intestinal mucosa requires molecular oxygen and is stimulated
by thiols and chelators indicating a sulfhydryl binding site and a role for metals (25-27).
In early experiments, ratios of retinal formed to S-carotene consumed of 1 to 2 were
reported (28-30). Studies of the substrate specificity of carotene dioxygenase have
produced conflicting results. 8-Apo-10’ carotenal has been reported to be either 10x more
effective a substrate for the dioxygenase than B-carotene (28) or only about 1/2 as
effective (29). It has generally been agreed that canthaxanthin is inert to the dioxygense;
it is typically used to assay non-retinoid effects of carotenoids. However, recent data
obtained in chick intestine with a sensitive HPLC assay indicate that canthanxanthin may

in fact be a substrate for the enzyme (31). Alternatively, it is possible that canthaxanthin
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is metabolized to B-carotene in birds similar to findings in murine species for the
interconversion of canthaxanthin and 8-carotene (23). Carotene cleavage activity is widely
distributed throughout the vertebrates, with the highest activities in ferret, guinea pig and
rabbit. The major site of action of carotene metabolism is intestinal mucosa (28,29)
although activity has been reported in rat liver, lung and kidney (32-34). Carotene
metabolism is apparently sensitive to dietary manipulation. Increasing dietary protein
increases conversion of B-carotene to retinol in rats and humans (35,36) apparently by
increasing enzyme synthesis. In addition, retinol status may influence carotene
metabolism. Increasing dietary retinol (~ 10X) produces a corresponding 3-fold inhibition
in rat intestinal dioxygenase activities (37), and addition of B-carotene (100 mg/kg) to the
diet of rabbits drastically increased (150 fold) the amount of vitamin A in liver (38). As
retinol does not accumulate in serum in response to carotene administration in normal
individuals, when retinol is sufficient, carotene is apparently transported intact to the liver,
metabolized, and stored as retinol. Conversely, in vitamin A low-to-deficient children,
administration of 1.2 mg/day of §-carotene resulted in 1.5 to 2 fold increases in serum
retinol levels (39). Additionally, as prolonged administration of excess carotene does not
result in retinol toxicity (18), apparently there is hepatic control of metabolism of carotene
to retinol.

Recently, production of apocarotenoids and retinoic acid (34) as well as retinal from
carotenoids in rat and ferret intestine has been reported (33). Most workers have assumed
that only one enzyme exists for carotene cleavage, the putative 15,15 dioxygenase,
although workers are not in agreement as to whether the enzyme is cleaved at single or
multiple sites. However, the enzyme has not been purified, thus the possibility that more
than one enzyme exists cannot be ruled out at present. The observation that §-carotene
is less effective biologically than retinol has been taken to imply an asymmetric
mechanism; however, differences in effectiveness of absorption cannot be ruled out. In
all discussion of this enzyme activity, the astonishingly small conversion of substrate to
product must be considered; i.e., 10E-4 % for retinoic acid (34) to 3%. for apocarotenals
(including retinal, 33).



197

Lipoxygenases

Lipoxygenases catalyze the formation of allylic hydroperoxides of polyunsaturated
fatty acids and require a catalytic amount of peroxide for initiation of the reaction. They
are ubiquitous in plants and animals. The soybean enzyme has been extensively studied
and has been successfully employed as a model enzyme for in vivo lipoxygenases (40).
In addition, cooxidation reactions of carotene and linoleic acid by soybean lipoxygenases
have been known for over 50 years (40-43), although neither the products nor the
mechanism has been systemically studied previous to this report. Thus we investigated

the reaction of carotenoids with lipoxygenases using soybean lipoxygenase as a model.

Results and Discussion

As shown in Fig 6, B-carotene inhibits the rate of peroxide formation (A234) and this
inhibition is proportional to the loss of peroxide product (Fig 7), presumably 13
hydroperoxy, 9, 11-octadecadienoic acid (64). At 35 uM B-carotene and linoleic acid the
absorbance of B-carotene at 452 nm is significantly diminished (bleached) by 5 minutes,
as has previously been noted by others (40-43, Fig 8) Although some diminution in the
452 signal is observed in the presence of linoleic acid, the diminution is greatly enhanced
by the enzyme.

We detect two major autoxidation products of f-carotene in aqueous buffer; an
unidentified polar fraction, possibly aldehydes or apocarotenals (20) and a more
hydrophobic fraction which migrates in the region containing the epoxide products
identified by reaction of carotene with peroxyl radical (20,21). However, at no
concentration of §-carotene over the range 20 to 300 uM have we been able to detect
enzyme-dependent carotenoid product formation over the range 300 to 600 Nm (Fig 5).
These same products have recently been reported by others (20,21). The enzymatic
oxidation products could be polar products which are not retained on our HPLC column,

compounds which have absorption maxima below 300 Nm or adducts that do not enter the
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column. It has been proposed previously that enzymatically produced peroxyl radicals
oxidize carotene directly, resulting in carotene bleaching. others have proposed (40) that
cooxidation occurs concurrently with peroxide formation but by a separate, as yet
unidentified, mechanism. Indeed, a carotenoid bleaching reaction in photosensitized
liposomes has been observed which was not explained by reaction with peroxyl radical.
At present, insufficient data exist to differentiate between the two mechanisms.

Our data suggest that carotenoids may function by any one or combination of three
mechanisms: (a) by competing for fatty acid substrate, (b) by inhibition of enzyme activity
by oxidation products, or (c) by scavenging catalytic peroxide needed to activate the
enzyme (Fig 6). Experiments are in progress in our laboratory to differentiate among

these possibilities.
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