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Series Introduction

Oxygen is a dangerous friend. Overwhelming evidence indicates that oxidative
stress can lead to cell and tissue injury. However, the same free radicals that
are generated during oxidative stress are produced during normal metabolism
and thus are involved in both human health and disease.

Free radicals are molecules with an odd number of electrons. The odd, or
unpaired, electron is highly reactive as it seeks to pair with another free
electron.

Free radicals are generated during oxidative metabolism and energy pro-
duction in the body.

Free radicals are involved in:

Enzyme-catalyzed reactions

Electron transport in mitochondria

Signal transduction and gene expression

Activation of nuclear transcription factors

Oxidative damage to molecules, cells, and tissues
Antimicrobial action of neutrophils and macrophages
Aging and disease

Normal metabolism is dependent on oxygen, a free radical. Through evol-
ution, oxygen was chosen as the terminal electron acceptor for respiration. The
two unpaired electrons of oxygen spin in the same direction; thus, oxygen is a
biradical, but is not a very dangerous free radical. Other oxygen-derived free
radical species, such as superoxide or hydroxyl radicals, formed during metab-
olism or by ionizing radiation are stronger oxidants and are therefore more
dangerous.
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iv Series Introduction

In addition to research on the biological effects of these reactive oxygen
species, research on reactive nitrogen species has been gathering momentum.
NO, or nitrogen monoxide (nitric oxide), is a free radical generated by NO
synthase (NOS). This enzyme modulates physiological responses such as
vasodilation or signaling in the brain. However, during inflammation, synthesis
of NOS (iNOS) is induced. This iNOS can result in the overproduction of NO,
causing damage. More worrisome, however, is the fact that excess NO can
react with superoxide to produce the very toxic product peroxynitrite.
Oxidation of lipids, proteins, and DNA can result, thereby increasing the likeli-
hood of tissue injury.

Both reactive oxygen and nitrogen species are involved in normal cell regu-
lation in which oxidants and redox status are important in signal transduction.
Oxidative stress is increasingly seen as a major upstream component in the sig-
naling cascade involved in inflammatory responses, stimulating adhesion mol-
ecule and chemoattractant production. Hydrogen peroxide, which breaks down
to produce hydroxyl radicals, can also activate NF-«B, a transcription factor
involved in stimulating inflammatory responses. Excess production of these reac-
tive species is toxic, exerting cytostatic effects, causing membrane damage, and
activating pathways of cell death (apoptosis and/or necrosis).

Virtually all diseases thus far examined involve free radicals. In most cases,
free radicals are secondary to the disease process, but in some instances free rad-
icals are causal. Thus, there is a delicate balance between oxidants and antioxi-
dants in health and disease. Their proper balance is essential for ensuring
healthy aging.

The term oxidative stress indicates that the antioxidant status of cells and
tissues is altered by exposure to oxidants. The redox status is thus dependent
on the degree to which a cell’s components are in the oxidized state. In general,
the reducing environment inside cells helps to prevent oxidative damage. In this
reducing environment, disulfide bonds (S—S) do not spontaneously form because
sulthydryl groups kept in the reduced state (SH) prevent protein misfolding or
aggregation. This reducing environment is maintained by oxidative metabolism
and by the action of antioxidant enzymes and substances, such as glutathione,
thioredoxin, vitamins E and C, and enzymes such as superoxide dismutase
(SOD), catalase, and the selenium-dependent glutathione and thioredoxin hydro-
peroxidases, which serve to remove reactive oxygen species.

Changes in the redox status and depletion of antioxidants occur during oxi-
dative stress. The thiol redox status is a useful index of oxidative stress mainly
because metabolism and NADPH-dependent enzymes maintain cell glutathione
(GSH) almost completely in its reduced state. Oxidized glutathione (glutathione
disulfide, GSSG) accumulates under conditions of oxidant exposure, and this
changes the ratio of oxidized to reduced glutathione; an increased ratio indicates
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oxidative stress. Many tissues contain large amounts of glutathione, 2—4 mM in
erythrocytes or neural tissues and up to 8 mM in hepatic tissues. Reactive oxygen
and nitrogen species can directly react with glutathione to lower the levels of this
substance, the cell’s primary preventative antioxidant.

Current hypotheses favor the idea that lowering oxidative stress can have a
clinical benefit. Free radicals can be overproduced or the natural antioxidant
system defenses weakened, first resulting in oxidative stress, and then leading
to oxidative injury and disease. Examples of this process include heart disease
and cancer. Oxidation of human low-density lipoproteins is considered the first
step in the progression and eventual development of atherosclerosis, leading to
cardiovascular disease. Oxidative DNA damage initiates carcinogenesis.

Compelling support for the involvement of free radicals in disease devel-
opment comes from epidemiological studies showing that an enhanced antioxi-
dant status is associated with reduced risk of several diseases. Vitamin E and
prevention of cardiovascular disease is a notable example. Elevated antioxidant
status is also associated with decreased incidence of cataracts and cancer, and
some recent reports have suggested an inverse correlation between antioxidant
status and occurrence of rheumatoid arthritis and diabetes mellitus. Indeed, the
number of indications in which antioxidants may be useful in the prevention
and/or the treatment of disease is increasing.

Oxidative stress, rather than being the primary cause of disease, is more
often a secondary complication in many disorders. Oxidative stress diseases
include inflammatory bowel diseases, retinal ischemia, cardiovascular disease
and restenosis, AIDS, ARDS, and neurodegenerative diseases such as stroke,
Parkinson’s disease, and Alzheimer’s disease. Such indications may prove amen-
able to antioxidant treatment because there is a clear involvement of oxidative
injury in these disorders.

In this series of books, the importance of oxidative stress in diseases associ-
ated with organ systems of the body is highlighted by exploring the scientific evi-
dence and the medical applications of this knowledge. The series also highlights
the major natural antioxidant enzymes and antioxidant substances such as vita-
mins E, A, and C, flavonoids, polyphenols, carotenoids, lipoic acid, and other
nutrients present in food and beverages.

Oxidative stress is an underlying factor in health and disease. More and
more evidence indicates that a proper balance between oxidants and antioxidants
is involved in maintaining health and longevity and that altering this balance in
favor of oxidants may result in pathological responses causing functional dis-
orders and disease. This series is intended for researchers in the basic biomedical
sciences and clinicians. The potential for healthy aging and disease prevention
necessitates gaining further knowledge about how oxidants and antioxidants
affect biological systems.
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The vital role of carotenoids in photosynthetic plants has been widely
investigated for many years. Carotenoids synthesized in green plants are essential
for the assembly, function, and stability of photosynthetic pigment—protein com-
plexes. The light-harvesting function of carotenoids allows blue and green sun-
light to be used for energy conversion. This involves energy transfer of
carotenoid singlet excited states to nearby chlorphylls. Carotenoids also quench
free radicals, which are produced in very high amounts by sunlight and are a pro-
duct of metabolism in humans.

In recent decades the presence of carotenoids in our food supply and their
role in human health have been of unprecedented interest. Some carotenoids are
provitamin A precursors, and about a dozen carotenoids are found in human
plasma, depending on diets rich in green fruits and vegetables, and yellow/red
or yellow/orange vegetables. Fifty to sixty carotenoids are typically present in
the human diet and several are found in human plasma, including a-carotene,
B-carotene, lycopene, zeaxanthin, and lutein. Carotenoids are potent antioxidants
and are known to affect many different cellular pathways. Zeaxanthin and lutein
are accumulated in the fovea of the human eye and are thought to play a role in
preventing damage to this region of the eye by blue light, an effect thought to be
linked to age-related macular degeneration, the most common cause of irrevers-
ible blindness. Numerous epidemiological, interventional, and clinical human
studies have been performed or are currently underway to elucidate more pre-
cisely the possible role of carotenoids and their stereoisomers and metabolites
in human health and disease. The editors are to be congratulated on assembling
chapters that address many of these topics in this timely publication.

Lester Packer
Enrique Cadenas
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Preface

This volume is a collection of chapters by leading carotenoid researchers depict-
ing the role or roles of carotenoids in human health and disease. The first multi-
authored book on carotenoids, edited by Otto Isler of Hoffman-La Roche and
published in 1971 (1), consisted of 12 chapters dealing primarily with different
aspects of carotenoid chemistry. Only one chapter addressed the function of caro-
tenoids (2). Since then, interest in carotenoids has shifted from the chemistry of
this interesting class of compounds to their actions in plants, animals, and
humans. We know that carotenoids have an important role in photosynthesis,
and two excellent volumes devoted to this topic have been published (3, 4).
However, there has not been a book devoted to the role of carotenoids in health
and disease until this one. Although individual articles have been published in an
attempt to present this material, sufficient information is now available to warrant
publicaton of a comprehensive text. One of our reasons for compiling a volume
devoted to carotenoids in health and disease was to put into a clear perspective
the results of observational epidemiological studies, clinical studies, and inter-
vention trials involving carotenoids that are continuing to this day. For example,
what was intended to be an evaluation of the role of B-carotene in lung cancer
prevention appears to have resulted in the demonstration of a unique relationship
between high-dose (-carotene supplementation, smoking, and elevated cancer
risk. This observation, which was totally unexpected, has led to new studies
and observations to explain these unusual results.

But there is much more to carotenoids than B-carotene. Of the more than
600 carotenoids identified in nature, as many as 50, all of which may have differ-
ing biological activities, may be included in a typical human diet. This poses a
serious challenge to investigators, particularly as they try to tease out the effects
of individual carotenoids from the mixture that normally occurs in foods. Recent
research has shown that risk of several chronic diseases is inversely related to the

vii
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intake of dietary carotenoids. This deserves a very careful evaluation because
carotenoids are a particularly widespread dietary component, thus if they are
related to disease prevention, it should be relatively easy and inexpensive to
alter the diets of individuals potentially susceptible to such diseases. These issues
are addressed in several chapters in this volume.

Several carotenoids in addition to B-carotene deserve particular attention
with respect to health and disease prevention. One is lycopene, the major pig-
ment present in tomatoes and tomato products, which has been associated with
a decreased risk of several cancers such as prostate cancer. In addition, the
oxygen-containing (xanthophyll) carotenoids lutein and zeaxanthin (the major
pigments in the macular region of primate eyes) have been proposed both as mar-
kers for age-related macular degeneration and as possible therapeutic agents to
prevent this disease. For these carotenoids, clinical studies and intervention trials
are underway to evaluate the validity of these relationships.

One may ask why a book is necessary for a class of compounds that have
never been identified as being essential for humans. We are aware that no study
has indicated that individuals placed on a completely carotenoid-free diet have
experienced deficiency symptoms. But we may be well beyond deficiency symp-
toms when we deal with compounds such as the carotenoids or other families of
plant products. There is compelling evidence that several of our dietary caroten-
oids exert profound effects on cellular processes when added to cell cultures at
human physiological levels. Several chapters in this book describe these actions
and give guidelines for what we may expect to find in humans. There are certainly
strong suggestions that carotenoid intake is associated with ‘good health.” But is
this due to the carotenoids or to other components of the foods in which the caro-
tenoids are present? We may be years away from answering this question, but we
will do our best to present the current state of science in the field.

We are grateful to our authors for their contributions to the evaluation of
carotenoids in human health and disease.

Norman I. Krinsky
Susan T. Mayne
Helmut Sies
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1

Basic Carotenoid Chemistry

Synngve Liaaen-Jensen
Norwegian University of Science and Technology, Trondheim, Norway

. INTRODUCTION

This chapter deals with the chemical foundation for the other chapters in
this book. For more detailed treatments reference is made particularly to
comprehensive recent treatments, including the Carotenoids book series
published by Birkhéuser, namely Vol. 1A, Isolation and Analysis (1); Vol. 1B,
Spectroscopy (2); Vol. 2, Synthesis (3); and Vol. 3, Biosynthesis and Metabolism
(4). Other useful references are the Key to Carotenoids (5) and the Carotenoid
Handbook (6), giving structures and references to all known naturally
occurring carotenoids. Whereas the former Key (5) is exhaustive, the new
Carotenoid Handbook (6) gives a critical evaluation of published data and
selected, recommended references to diagnostic evidence for established
structures.

In this chapter selected carotenoid chemistry is treated that is relevant to the
other topics covered in this book. Examples are chosen from carotenoids present
in sources of importance in nutrition and health. Such sources include fruits,
vegetables, algae, chicken, eggs, and fish. Furthermore, relevant to humans are
the carotenoids in serum and retina.

Il. CAROTENOIDS: GENERAL STRUCTURE
A. Structure and Properties

Carotenoids are usually yellow—red isoprenoid polyene pigments widely
distributed in nature. The majority are tetraterpenes formally composed of eight

1
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2 Liaaen-Jensen

isoprene units, typically S-carotene (1). Also known are so-called higher
carotenoids with C45 and Cso (e.g., bacterioruberin, 2) carbon skeletons.
Carotenoids with fewer than 40 C atoms are classified as Czq carotenoids or
diapocarotenoids (actually triterpenes such as 3), as apocarotenoids that are
formally in-chain oxidized carotenoids, or as norcarotenoids where carbon atoms
are formally removed from the skeleton. Hydrocarbons are referred to as
carotenes and oxygenated derivatives as carotenoids. Elements other than carbon,
hydrogen, and oxygen are not directly attached to the carbon skeleton in naturally
occurring carotenoids.

The most characteristic structural feature of a carotenoid is the conju-
gated polyene chain. The polyene chain represents a chromophore respon-
sible for the characteristic colors, going from colorless (phytoene, 4), to yellow
(4,4'-diaponeurosporene, 3), orange (B-carotene, 1), red (paprika pigment
capsanthin, 5), pink (bacterioruberin, 2) and blue with an increasing number of
conjugated double bonds. When associated with proteins as carotenoproteins
a dark blue color is obtained, as, for example, crustacyanin in lobster shells
(7,8). Unstable reaction intermediates such as carotenoid radical ions,
monocations and dications (6) absorb light in the near-infrared (NIR) region
(800—1000 nm) (9). The polyene chain is also responsible for the general
instability of carotenoids towards air oxidation, strong acids, oxidizing
reagents, heat and light, necessitating particular precautions during isolation
processes. Work with carotenoids must therefore take place under subdued light
in an inert atmos-phere (N,) in the absence of strong acids and peroxides.

NN IR

p-Carotene (1)

OH

HO \E
i i N T S Nl Nl gl V2 Y Pl e e N
: OH
:‘\ Bacterioruberin (2)

OH

X NN IR

4,4'-Diaponeurosporene (3)
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X X X NIRRT X A X

Phytoene (4)

B-Carotene dication (6)

Furthermore the polyene chain is the basis for cis-trans isomerism, a very
characteristic phenomenon in the carotenoid field, discussed in Part V.

Carotenoids may also contain acetylenic bonds and allenic bonds. Other
functional groups in carotenoids are oxygen functions such as hydroxyl,
methoxy, cyclic ethers, keto, aldehyde, carboxylic acids, lactones, acyl esters,
glycosides, glycosyl esters, and sulfates. The reader is referred to the useful Key
to Carotenoids (5) and the updated Carotenoid Handbook (6) for complete
surveys. An example of a more complex structure is pyrrhoxanthin (7 ex
dinoflagellates). It is a Csg norcarotenoid containing an acetylenic bond, an acyl
ester (acetate), a butenolide-type lactone, cyclic ether (epoxide), and a secondary
hydroxyl group.

Pyrrhoxanthin (7)

Carotenoids that are important in health and nutrition have in general
rather simple structures. Discussed in this chapter is particularly B-carotene
(1), zeaxanthin, lutein, astaxanthin, lycopene, prolycopene, and neoxanthin.
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It is the functional groups that are mainly responsible for the degree of
polarity of the various carotenoids, as well as for their solubilities and chemical
behavior.

B. Nomenclature

The approved numbering of the carotenoid skeleton is included for 3-carotene (1)
below. Most carotenoids have been assigned short trivial names useful in oral
communication. In addition, [UPAC/IUB has published a semirational nomen-
clature system (10), defining the chemical structure in an unambiguous way,
including the stereochemistry (three-dimensional structure) as treated below.
In this system, B-carotene (trivial name) is 3,[3-carotene (semirational), thus
denoting the two 3 end groups.

Examples of more complex rational names are fucoxanthin (8) present
in Japanese algal food, and citranaxanthin (9) obtained from citrus fruits.
Fucoxanthin (8) has several functional groups, including sec. and tert. hydroxyl,
epoxy, keto, allene, and is a natural acetate. The R/S designation denotes
the chirality (absolute stereochemistry) (see below). Citranaxanthin is a Czq
apocarotenoid with an abbreviated carbon skeleton.

Fucoxanthin (8)
(35,5R,65,3'S,5'R,6'R)-5,6-Epaxy-3'-sthanayloxy-3,5"-dihydroxy-
6',7'-didehydro-5,6,7,8,5',6'-hexahydro-f,p-caroten-8-one

Citranaxanthin (9)
5',6'-Dihydro-5'-apo-18'-nor-p-carotene-6'-one

It has been recommended that the semirational name should be given at least once
in all carotenoid papers. Unfortunately, this has not been implemented in a
consistent manner.
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C. Occurrence

Carotenoids are synthesized de novo by all photosynthetic organisms, including
phytoplankton, algae, higher plants, and phototrophic bacteria. In addition, they
are produced by some other bacteria, yeasts, and fungi. Carotenoids are
selectively absorbed in the various food chains, where they may undergo
metabolic structural changes. For further information the reader is referred to
chapters on occurrence (5,11,12) and on chemosystematics (4,11,12) elsewhere.
Sources of carotenoids are also treated in Chapter 11 of this book.

lll. ANALYSIS

In short the quantitative analysis of carotenoid mixtures involves suitable
handling of the biological material; solvent extraction; optional saponification for
removal of chlorophylls, fats, and so forth; chromatography on columns (large
samples); thin-layer chromatography (TLC) and high-performance liquid chro-
matography (HPLC), taking the general precautions for work with carotenoids
(1,2). This requires manipulations in an inert atmosphere or at reduced pressure,
in subdued light, at the lowest possible temperature and in the absence of acids
and of peroxides in the solvents. Quantification is based on known or approxi-
mate extinction coefficients for visible light absorption (1). Because exact
extinction coefficients are frequently not known, e.g., for unknown components,
for cis isomers (see Sec. IV), etc., caution should be made in quoting too exact
results. The author discourages stating relative percentage composition with
decimals.

General comprehensive treatments on isolation and analysis are available
(1,2). Analysis of carotenoids in humans (Chapter 4) and HPLC analysis of
human carotenoids (Chapter 5) are treated in detail in this book.

IV. SPECTROSCOPY

For comprehensive treatment of spectroscopic methods employed in studies of
carotenoids, the reader is referred to a recent monograph (2). In the following the
key information on carotenoid structure obtained by each of the most commonly
used spectroscopic methods is considered.

A. Absorption Spectra in Visible Light

Electronic absorption spectra in the visible (VIS) region are indispensible for
work on carotenoids. Carotenoids have strong light absorption (a high extinction
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coefficient) in visible light, and the VIS spectrum is used for quantitative
determination of the carotenoid content in solutions. Exact extinction coefficients
are available for most all-frans carotenoids. Extinction coefficients for cis
isomers are generally lower and not readily available. Consequently, the content
of cis isomers is frequently underestimated by using the extinction coefficient of
the all-trans isomer. For unknown mixtures an approximate A}ng = 2500 in
hexane or acetone may be used.

The exact position of the absorption maxima and the spectral profile of the
VIS spectrum provide most useful information. The absorption profiles are
included for each structurally identified naturally occurring carotenoid in the new
Carotenoid Handbook (6) and in a survey of algal carotenoids (13). The spectral
fine structure may be expressed as %III/II (Fig. 1).

The length and type of chromophore and any conjugated carbonyl
functions are reflected by the VIS spectrum. In entirely aliphatic systems
(polyene chain not extending into terminal rings) the main middle A, increases
in wavelength in hexane solvent from 397 nm (heptaene chromophore), 424 nm
(octaene), 439 nm (nonaene), 454 nm (decaene), 472 nm (undecaene), 481 nm
(dodecaene), to 493 nm (tridecaene) with the highest spectral fine structure for
the nonaene system with nine conjugated double bonds.

nm

Figure 1 Explanation of terms used in expressions for describing the shape of the
absorption spectrum in visible light (14).
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Conjugated double bonds in the terminal rings contribute less to the
bathochromic shift (to longer wavelength), and the spectral fine structure is
reduced due to steric conflict between the ring and the polyene system.
Conjugated carbonyl groups usually result in considerable reduction of spectral
fine structure, particularly in a solvent such as methanol.

The presence of cis double bonds (see Sec. V) generally results in
hypsochromic shifts (to lower wavelength), roughly by about 4 nm for one cis
bond and more for two cis bonds. This change is accompanied by the appearance
of a so-called cis peak at a position about 142 nm hypsochromically displaced
from the longest wavelength maximum of the all-frans isomer in hexane solvent.
For aliphatic systems the cis peak is double. The intensity of the cis peak may be
expressed as %Dg /Dy (Fig. 1). The relative intensity of the cis peak increases
toward the center of the carotenoid molecule in this manner cis-15 > cis-13 >
cis-9.

During isolation work with carotenoids frequent recording of VIS spectra is
recommended to monitor the stability.

B. Mass Spectrometry

Mass spectrometry (MS) is essential for the identification of carotenoids,
requiring only microgram quantities. Of the various methods now available,
electron impact remains the most common ionization method (2). By high-
precision measurements the exact elemental composition is obtained. By
common low-resolution measurements the molecular ion gives the molecular
weight without decimal figures. The identification of the molecular ion should be
supported by reasonable fragment ions such as M-92 and M-106 from the polyene
chain and M-H,O for carotenols. Detailed consideration of the fragmentation
pattern of pure carotenoids provides useful structural information (2).

C. Nuclear Magnetic Resonance

Proton magnetic resonance ("H NMR) may, in the hands of experts, serve as the
single spectroscopic method for complete structural determination of a pure
carotenoid, including relative stereochemistry. This requires the application of
suitable two-dimensional methods now available, such as 'H,"H COSY, 2D
ROESY, and HMBC techniques. In combination with '*C NMR additional
information is obtained. In modern structural studies of carotenoids, complete
"H NMR and '>C NMR assignments serve to prove the structure unequivocally.
The position of cis bonds in carotenoids is readily established by 'H NMR
spectroscopy (2).

The structural result of a modern NMR analysis of a complex carotenoid,
namely, the microalgal carotenoid pyrrhoxanthin (7), referred to in Sec. II as an
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Figure 2 Structural assignment of pyrrhoxanthin (7) based on 'H NMR chemical shifts
(top) and coupling constants, 13C NMR chemical shifts (middle), and 2D ROESY data
(bottom) showing in-space interactions (15).

example of a carotenoid with complex structure, is illustrated in Fig. 2 (15).
Further treatment is beyond the scope of this book.

D. Infrared Spectra

Infrared (IR) spectra, less commonly used nowadays, serve in structural deter-
minations to identify functional groups, particularly different types of carbonyl
functions, allenes, acetylenic bonds, and so forth, including functionalities such
as sulfate that are not directly evident in NMR spectra.

Copyright © 2004 by Marcel Dekker, Inc.



Basic Carotenoid Chemistry 9

E. Circular Dichroism

NMR spectroscopy serves to define relative configuration only. Absolute
configuration (chirality; see Sec. VI) may in principle only be determined by
direct comparison with a synthetic carotenoid of known stereochemistry or by
X-ray analysis. Only some simple carotenoids have been successfully analyzed
by X-ray spectroscopy due to problems in obtaining suitable crystals. However,
certain key carotenoids have been degraded, and defined degradation products
containing the chiral centers have been successfully studied by X-ray analysis
and chiralities assigned.

Circular dichroism (CD) serves as a useful method for stereochemical
correlation of carotenoids of known chirality with carotenoids under investi-
gation. For a detailed treatment one can refer to a recent overview (2). The
structural requirement for obtaining a CD spectrum is treated in Sec. VI. CD
spectra can be obtained on microgram quantities of chromatographically pure
carotenoids. Unfortunately, CD instruments are less available than the other
spectrometers mentioned here.

It should be noted that for certain carotenoids exhibiting so-called
conservative CD spectra (with several positive and negative maxima of high
intensity, integrating to about zero), the presence of a cis bond results in mirror
image CD. Hence, the presence of contaminating cis isomers causes problems.
The intensity of the CD spectra is temperature dependent. Weak CD at room
temperature is enhanced at a lower temperature (— 180°C).

With reference to Sec. VI, enantiomeric carotenoids (with mirror image
structures) exhibit mirror image CD spectra. Not all chiral centers influence the
CD spectrum to the same extent. For instance, the absolute configuration of
the 3/-hydroxy group of lutein (10) is not reflected in its CD spectrum, which is
determined by the chiralities at C-3 and C-6'.

Lutein (10)

An additivy hypothesis, whereby the Cotton effect (CD contribution) of two
chiral end groups in carotenoids of the same chromophore is additive (2,16), has
been useful.

An example of conservative CD spectra is reproduced in Fig. 3, displaying
(38,3'S)-astaxanthin (11) and its enantiomer (12). The negligible CD of the in
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Figure 3 CD spectra in dichloromethane of (35,3'S)-astaxanthin (11, ————— ), its

enantiomer (3R,3'R)-astaxanthin (12,

), and the (3R,3’S) meso form (13, -+--++---- )(17).

principle optically inactive meso (13) form is also illustrated (17). For a closer
treatment of chirality, see Sec. VL.

V. CIS-TRANS ISOMERISM
A. General Basis

Carbon—carbon double bonds located in cyclic parts of a carotenoid structure are
in a sterically restricted position due to the ring system, e.g., the C-5,6 double
bond in B-carotene (1) below. In principle each carbon—carbon double bond in
the polyene chain of carotenoids may exhibit cis or frans configuration, as
illustrated for lycopene (14) below. Some double bonds are called sterically
hindered because the cis configuration leads to a sterically hindered confi-
guration. While still referring to B-carotene (1), this is the case for the C-7,8, and
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the C-11,12 double bonds. This means that cis bonds are in practice formed under
suitable conditions at C-9,10, C-13,14, the central C-15,15’, and the C-13",14" and
C-9',10' positions. Di-cis and poly-cis configurations are also possible but are
energetically less favorable.

p-Carotene (1)

cis-Carotenoids differ from the parent all-frans isomer in VIS spectra, including
the so-called cis peak (see Sec. IV), in adsorption affinity (HPLC, TLC), melting
points, and solubility properties. Cis double bonds may also influence drastically
the CD spectra of chiral carotenoids as mentioned in Sec. I'V.

Assignment of cis configuration is based on VIS and NMR spectra or
VIS/HPLC comparison with isomers obtained by total synthesis.

B. Nomenclature

According to the TUPAC nomenclature for carotenoids (10), the cis-trans
convention is still used to denote the configuration of the polyene chain. Cis
bonds have the largest substituents at each end of the double bond on the same
side of the double bond. For a frans bond the largest substituents are on the
opposite side. The more recent E/Z designation, based on the priority rules
referred to for R/S absolute configuration in Sec. VI, may also be used and is
unambiguous. In most cases cis-carotenoids have Z-configuration and trans-
carotenoids E configuration. However, for in-chain substituted carotenoids,
including pyrrhoxanthin (7), cis bonds represent the E-configuration.

C. Formation and Stability of cis Isomers

The generalization that all-frans carotenoids are usually the naturally occurring
stereoisomer and the thermodynamically most stable one still holds, but with an
increasing number of exceptions, e.g., the Dunaliella case discussed below.
Bacteria living at extreme conditions frequently produce many cis isomers
besides the all-trans carotenoid (18,19).

The trans-cis isomerization in solution is a facile process promoted by
light, heat, and various catalysts. The common procedure is iodine-catalyzed
stereoisomerization in light. Recently the application of diphenyldiselenide as an
alternative catalyst has been explored for photochemical isomerization (20). This
catalyst will at suitable conditions also isomerize allenic bonds (21), not further
discussed here.
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Detailed procedures for controlled trans-cis isomerization in the presence
of iodine or diphenyldiselenide in appropriate solvents are available (20,21). The
analysis is based on an HPLC instrument equipped with a diode array detector,
allowing simultaneous recording of VIS spectra employing suitable columns.
Irrespective of the starting isomer the same qualitative and quantitative
equilibrium is reached. This is also the basis for reversibility tests, whereby an
isomer is converted to the same equilibrium mixture, thereby confirming the
parent all-trans carotenoid.

Iodine-catalyzed stereoisomerization leads to what was considered as a
quasi-equilibrium defined by the conditions employed. However, since the
application of diphenyldiselenide results in the same equilibrium, this is now
considered to reflect the thermodynamic equilibrium (21).

In most cases, including common dicyclic carotenoids, the all-frans isomer
is the dominating isomer in the thermodynamic equilibrium with lesser amounts
of the cis isomers. This is, however, not the case for aliphatic carotenoids with
very long polyene chains, for acetylenic carotenoids, and for so-called cross-
conjugated carotenoids with in-chain aldehyde functions. Isomers with sterically
hindered cis bonds, including prolycopene (15), are rare in nature, and are not
encountered in this equilibrium mixture. Examples of such natural cis isomers,
given below, include prolycopene (15) from a particular tomato variety, 9,9'-
di-cis-alloxanthin (manixanthin, 16) from old cultures of diatoms, and rhodopinal
(17) from phototrophic purple bacteria.

= IS
AV NS 2
N S

Prolycopene (15, 7,9,7',9'-tetracis-lycopene)

Manixanthin (16, 9,9'-dicis-alloxanthin)
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HO
Rhodopinal (17, 13-cis-rhodopin-20-al)

Since cis isomerization is such a facile process, cis isomerization inevitably
occurs during the isolation and complicates the analysis of carotenoids. The cis
isomers are in fact the most common isolation artifact, as discussed below in
Sec. VIII.

D. pB-Carotene

A detailed example for the analysis of cis-trans mixtures of B-carotene (1) can be
found in (1). Whereas all-trans B-carotene (1) is the single geometrical isomer in
most sources, the Dunaliella bardawil (salina) case deserves particular attention.
In this green alga B-carotene (1) is produced in very large quantities as a so-called
secondary carotenoid under extreme growth conditions (strong light and nitrogen
deficiency). In this case the 9-cis isomer is the major isomer in addition to the
all-trans isomer. The bent 9-cis isomer crystallizes less readily and is more
soluble, which may offer advantages. The provitamin A activity is considered
to be lower for the 9-cis than for the all-E isomer. For further comments,
see Sec. VIII below.

9-cis p-Carotene (1 b)
X
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E. Lycopene

Lycopene (14) is a carotene with much current concern as to health aspects and
prostate cancer (22). It is an entirely aliphatic carotene with a long conjugated
undecaene (eleven) double-bond system, resulting in steric lability. The sterically
unhindered mono-cis isomers (14b—e) are depicted below.

X NN X

all-trans-lycopene (14)

X NIRRT

9-cis-lycopene (14 c)

NIRRT

13-cis-lycopene (14 d)

The 5-cis isomer was overlooked until recently because of a difficult
chromatographic separation from the all-frans isomer. Moreover, the all-trans
and 5-cis isomers have identical VIS spectra and the cis-isomer with its terminal
cis double bond has no characteristic cis peak.

However, the 5-cis isomer may now be successfully separated by HPLC
analysis (23) and it now appears that when isomerized lycopene is present, the
5-cis isomer is always a dominating isomer besides the all-frans, e.g., in human
blood (24).

In elegant synthetic work as many as 14 different cis isomers of
lycopene (14) have been prepared by stereoselective total synthesis or isomeri-
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zation and fully characterized by VIS spectra, HPLC, and NMR (23). This
includes all sterically unhindered mono-cis isomers (14b—e) and the sterically
hindered 7-cis isomer as well as several di-cis and tri-cis isomers and
prolycopene (15). Prolycopene (7-cis, 9-cis, 7'-cis, 9'-cis) is naturally occurring
in a particular tomato variety and has four cis bonds, two of which are
sterically hindered.

An example of the state of the art is shown in an HPLC diagram (Fig. 4) of a
lycopene mixture obtained by isomerizing all-frans lycopene (14) in refluxing
heptane in the absence of catalyst and after filtration (24). The mixture
consequently does not represent the thermodynamic equilibrium. In the particular

< |
t (min) 20

o=

Figure 4 HPLC separation of a cis-trans mixture of lycopene on a Nucleosil 300-5
column developed with hexane containing 0.05% ethyldiisopropylamine (23). For peak
identification, see text.
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system developed for this HPLC separation the dominant mono-cis isomers
[peak 2 = 5-cis (14b), peak 10 = 9-cis (14¢), peak 11 = 13-cis (14d)] were well
separated and exhibit shorter retention times than most of the di-cis isomers (peak
5 = 5,5-di-cis, peak 8 = 9,9'-di-cis, peak 13 = 9,13'-di-cis). Peak 1 represents
the all-trans (14) isomer.

VI. CHIRALITY
A. Definitions

We shall here define the terms chiral, achiral, chiral center, chiral carbon atom,
chiral axis, enantiomer, meso form, diastereomer, epimer, racemization, and the
requirements for optical activity and CD.

A chiral compound has a nonidentical mirror image. Thus, a sphere is not
chiral because it is identical to its mirror image. It is achiral. The most popular
example of a chiral subject is a hand. The right hand is the mirror image of the left
hand. They are clearly not identical, as proved by trying to put a right-hand glove
on the left hand.

The majority of the known carotenoids are chiral. The chirality is due to the
presence of chiral centers, in most cases one or more chiral carbon atoms; for
chiral axis, see below. A chiral carbon has four different substituents, e.g., H, OH,
CH, CH,.

The nonidentical mirror form is called an enantiomer. Enantiomers have
identical physical properties, except for optical properties. Enantiomers can
therefore not be separated by common chromatographic methods. A chiral
chromatographic system (expensive columns) is required. Typical examples of
enantiomers are the two astaxathins 11 and 12, where the two chiral centers are
both reverted (see Sec. IV.E). If only one chiral center is reverted in astaxanthin
we have a special case, called a meso form (13). Since the two chiral centers in
the the meso form are opposite we have a so-called internal compensation. This
results in no optical activity of the meso form 13 in contrast to 11 and 12 which
have opposite optical activities. Lack of optical activity also results for a 1:1
mixture of enantiomers. A process whereby a chiral center is converted to the
opposite configuration (chirality) is called racemization.

Diastereomers contain two or more chiral centers. They differ in configu-
ration at one or more, but not all chiral centers. Diastereomers have different
physical properties and may in principle be separated upon chromatography.

Epimers represent a special case of diastereomers. In epimers only one
chiral center has an opposite configuration. Typical examples of epimers are
lutein (10) and epilutein (18) with opposite configuration at C-3" only.

Allenes (with two adjacent carbon—carbon double bonds connected by the
same carbon), provided they are substituted in an appropriate way (two different
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3R3'S6'R

substituents at the two ends of the system), also represent a chiral center, actually
a chiral axis. An example is neoxanthin (19 and 20) with different chirality for the
allene in these two structures (hydrogen pointing up or down at the allene).
Naturally occurring neoxanthin has structure 19.

OH
N Neoxanthin, natural

3S,5R6R3'S5'R6'S

HO!
Neoxanthin
35,5R,65,3'S,5'R6'S

~OH 20 (6S)
HO

Optical activity can be measured by simple optical rotation, by optical
rotatory dispersion (ORD) or by CD. For application of the CD method
a substrate with a chromophore (unsaturated system) close to a chiral center
is required. Carotenoids, containing a long polyene chain, lend themselves
particularly well for this purpose; for CD, see Sec. IV E. Enantiomers have
opposite CD curves, (Fig. 3), whereas diastereomers have less predictable CD
spectra.

B. Nomenclature

Chirality is denoted by the symbols R and S according to the Cahn—Ingold—
Prelog convention, involving priority rules for the four substituents at a chiral
carbon atom, and looking at the direction you move when keeping the lowest
priority substituent (usually H) in the back and going from the substituent with
the highest to the next lowest priority. If it is clockwise you have R configuration,
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whereas an anticlockwise direction is denoted by S. Rules are defined for
assigning R or S configuration to a chiral allene (25). R/S designation has already
been given on carotenoid structures in Secs. IV and VI.

C. Examples

In the following are selected some particular carotenoid examples where chirality
is important in a biological context.

1. Astaxanthin

Let us consider astaxanthin. Astaxanthin is present in all salmonid fishes, in
various marine animals, as well as in some flowers. Astaxanthin is responsible for
the pink color customers require from a healthy salmon. It was mentioned above
that astaxanthin in principle can exist as three optical isomers, the 3R,3'R form
11; its enantiomer, the 3S,3’S form 12; and the optically inactive meso form, the
3R,3’S isomer 13.

Astaxanthin (11)
3R3'R

Astaxanthin (12)
353'S

Astaxanthin (13)
3R,3'S (meso)

In red flowers (Adonis annua) the optically pure (3S,3’S) isomer 12 is
present. At a time it was expected that carotenoids always were present in the
biological material in pure optical form. When a nature-identical astaxanthin
was desired by chemical synthesis for feed additive purpose upon salmon
farming, it was anticipated that an expensive enantioselective synthesis of a
single isomer was required. However, it turned out that in shrimp the three
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isomers occur naturally as a 1:2 (meso form): 1 mixture. In salmon also the
three isomers are present, but the ratio differs. Reported values are (3S,3'S)
75-85% of total astaxanthin, (3R,3’S, meso) 2—6% and (3R,3’'R) 12—17% (26).
Today the synthetic astaxanthin marketed is a 1:2 (meso): 1 mixture, whereas
that produced by the yeast Pfaffia rhodozyma is the optically pure (3R,3'R)
isomer 11. The third common source, the alga Haematococcus sp., provides
the optically pure (3S,3'S) isomer 12. It has been demonstrated that all
three isomers are equally well resorbed by the fish and that no metabolic
interconversion is observed in the flesh (27). It may also be mentioned that all
three isomers are equally well bound in the blue crustacyanin astaxanthin
complex present in lobster (28). Apparently a racemization process occurs in
certain crustaceans including zooplankton on which the wild fish is feeding
(26). The separation at the three astaxanthin isomers may be effected on a
chiral HPLC column or after derivatization to diastereomeric camphanates on
an achiral HPLC column (1).

2. Zeaxanthin

Our next example is zeaxanthin. The structure differs from astaxanthin only by
lacking the two carbonyl groups in 4,4’ positions. Zeaxanthin has two chiral
centers (C-3,3') where the hydroxyl groups are located and may exist as
the (3R,3'R) isomer 21, the (3S,3’S) enantiomer 22, and the (3R,3’S) meso
form 23.

OH

Zeaxanthin (21)
3R3'R

Zeaxanthin (22)
353'S

HO"

Zeaxanthin (23)
3R,3'S (meso)

HO

In a mixture these three optical isomers are best separated after derivatization to
diastereomeric carbamates on a common, achiral column. In nature the (3R,3'R)
isomer 21 dominates by far, e.g., in maize and egg yolk, the (3S,3’S) isomer 22 is
very rare, and the meso form (23) is occasionally encountered in animal sources,
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e.g., in human retina. The formation of the meso form in retina is tentatively
formulated via lutein (16); see below.

3. Lutein

Let us proceed with a structurally more complex example, lutein. Lutein is a
major carotenoid in all green leaves, in some various marine animals, and in
human serum and retina.

Lutein has two different end groups with a total of three chiral carbons
(C-3, C-3', and C-6). Since each chiral carbon atom in principle can assume the
(R-) or (S-) configuration, lutein can exist as eight different optical isomers,
consisting of four pairs of enantiomers. Of two suggested systems for the
denomination of the lutein isomers the systematic semirational, one is cited
below (29).
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d' ! ent-d
27 (35,3'5,6'S) 10 (3R,3'R,6'R)

Copyright © 2004 by Marcel Dekker, Inc.



Basic Carotenoid Chemistry 21

The common green leaf lutein is lutein ent-d (10) and the so-called epilutein
from flowers of Caltha palustris is ent-a (18). Other alternatives are 24—29. When
mentioning lutein the chirality needs specification by the R/S nomenclature. It is
interesting to note that five of these eight isomers have been claimed to occur in
natural sources and six of them have been prepared by chemical synthesis (25). CD
and "H NMR data are essential for the identification of the individual isomers. By
"H NMR the C-3',6-trans (hydroxy group and polyene chain on opposite side) or
alternative cis relationship is readily established from relevant chemical proton
shifts. It appears that lutein ent-d (10) and, to a much lesser extent, lutein ent-a (18)
are synthesized de novo in nature, whereas the other lutein isomers are metabolic
products in certain animals.

4. Neoxanthin

The structurally most complex carotenoid to be addressed here in conjunction
with our consideration of chirality is neoxanthin. Neoxanthin has five chiral
carbon atoms (C-3,5,3',5',6') and a chiral axis (the allene). All naturally occurring
allenic carotenoids exhibit (R)-configuration for the allene, although the natural
occurrence of (S)-allene at a time was claimed (30).

Of the several theoretically possible optical isomers of neoxanthin only
the (3S,5R,6R,3’S,5'R,6'S) isomer 19 is encountered in nature (6R specifies
the chirality of the allene). However, the allenic (6S) isomer 20 (see Sec. VI) has
been prepared synthetically from the (6R) isomer by allenic isomerization
in light, employing diphenyldiselenide as catalyst (21).

OH
oy
o\ XN Neoxanthin, natural
X W 355R6R3'S5RE'S
\OH 19 (6R)
HO
¢2892, hv
OH
oy
R\ A Y Y Y T 2 o el O Neoxanthin
< W 3S,5R65,3'S5'R6'S
AOH 20 (6S)
HO

The relative configuration between the 3’-hydroxy group and the epoxide is trans
(on opposite sides of the ring) in neoxanthin (19) as in all other naturally
occurring carotenoids with this particular structural element. The epoxide-
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furanoid rearrangement reaction is treated in Sec. VIL

30 3t
Abscisic acid Grasshopper ketone

Epoxide carotenoids are abundant in fruits and flowers. The best source of
neoxanthin (19) is spinach. Neoxanthin (19), as its 9'-cis isomer, serves in green
leaves as the biosynthetic precursor of the growth hormone abscisic acid (30).
The ant-repelling allenic grasshopper ketone (31) is also most likely a metabolic
product of neoxanthin (19) (25).

Vil. CHEMICAL REACTIONS
A. Partial Synthesis

Chemical reactions involving only functional group modifications are gener-
ally considered as partial syntheses of carotenoids. Examples are simple
derivatization reactions such as acylation of carotenols or complex metal hydride
reduction of ketocarotenoids. In such reactions the carotenoid skeleton is intact.
However, some other simple chemical reactions that result in carbon skeletal
changes may also be considered as partial synthesis, e.g., aldol condensation of
carotenals with acetone to provide products of citranaxanthin (9) type with
prolonged carbon skeleton, or oxidative cleavage of carotenoids to products with
shorter carbon skeletons.

Derivatization reactions of carotenoids are still useful in characteri-
zation and identification of carotenoids, particularly in the absence of complete
spectral data. Chemical reactions of carotenoids have been treated in detail
elsewhere (31). This is also the case for microscale reactions useful for
identification (1).

Three examples of partial synthesis are chosen here, which are relevant for
topics treated in this book. The first example demonstrates the possible con-
version of lutein (10) to epilutein (18) via the 3'-keto derivative 32. Selective
allylic oxidation provides the ketone 32 which by complex metal hydride
reduction gives an approximate 1:1 mixture of lutein (10) and epilutein (18).
Since these products are diastereomers they may be separated by chromato-
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graphy. The keto derivative 32 has been encountered as a metabolite in both
chicken and in eggs. Epimerization of lutein (10) in animal tissues to epilutein
(18) is likely to occur by a similar set of enzymatic reactions.

_\\OH

Lutein (10)
OX. red.
Ni-peroxide LiAIH,4

3'-Dehydrolutein (32)

red.
LiAlH,

Epilutein (18)

The second example also deals with lutein (10), namely, its conversion to
meso-zeaxanthin (23) by isomerization of the double bond of the & ring into
conjugation by means of strong base (33). Since this reaction does not influence
the chirality of the C-3' hydroxy group, (3R,3'S, meso)-zeaxanthin (23) is
obtained. The meso compound is in principle optically inactive, as has been
verified in this case by lack of optical activity (no CD) (33). The technical
conversion of lutein (10) ex Tagetes flowers to zeaxanthin is conducted by a
process based on this reaction, and actually leads to meso-zeaxanthin
(23).

The formation of meso-zeaxanthin in animal tissue is likely to proceed by a
similar enzymatic reaction.
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wOH

HO Lutein (10)
KOH
«OH

HO meso-Zeaxanthin (23)

The final example shows the reaction mechanism for epoxide-furanoid
rearrangement of common carotenoid 5,6-epoxides of neoxanthin (19) type by
the influence of weak acid.

O ™

HO'

®
HO 0 H - HO CICAS S HO' o
8R 8S

o /

It has been proved that the chirality at C-5 is unchanged during this reaction (34).
Since the reaction proceeds via a planar cation both C-8 diastereoisomers will
result, in approximately the same amount. Like diastereomers in general, the
two C-8 diastereomeric products may be separated chromatographically and
characterized. Had this reaction occurred in nature via a stereospecific enzyme
only one furanoid product would be obtained. Consequently, when two C-8
diastereomeric furanoid products are isolated upon analysis of a biological
material it is taken as a strong indication that it deals with artifacts obtained by
acid-catalyzed rearrangement of a natural carotenoid 5,6-epoxide during the
isolation procedure (see Sec. VIII. B).

B. Total Synthesis

In contrast to the partial synthesis discussed above, the total synthesis of
carotenoids is considered as a series of chemical reactions serving to build up the
desired carotenoid skeleton with the functional groups in correct positions.
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Formerly total synthesis of optically inactive carotenoids was considered
satisfactory, even if chiral centers were present. However, today enantioselective
synthesis with a single carotenoid product with the correct chirality at all chiral
centers and correct configuration of all double bonds in the polyene chain is
the ultimate goal. The art of total synthesis has been dealt with in extensive
overviews (3,35). Highlights in the total synthesis of carotenoids may be
illustrated by the total synthesis of several individual cis isomers of all-trans
lycopene (14) (23), which is achiral, and total synthesis of (35,5R,6S,3'S,5'R,6'R)-
peridinin (33) with six chiral centers (36).

O
o) HO \[(

0

TN

HO

Peridinin (33)

Vill. SOME USEFUL LESSONS
A. Minimal Identification Criteria

In microscale isolation and analytical work a carotenoid is rarely identified by all
spectroscopic data to the extent that an identification is unequivocal. Supple-
mentary data by diagnostic chemical reactions may strenghten the identification.
However, frequently identifications are based on HPLC data alone, which is not
satisfactory evidence for a safe conclusion. A set of minimal identification criteria
has been defined for a reasonably safe identification (1). These are:

1. VIS spectrum in one, preferably two, defined single solvents (for
identification of the chromophore).

2. Chromatographic evidence in two defined chromatographic systems,
preferably including HPLC (for establishment of relative polarity
determined by functional groups), and direct co-chromatography with
the authentic reference carotenoid.

3. Mass spectra of at least the quality giving the molecular ion and some
supporting fragmentations, e.g., loss of toluene or xylene from the
polyene chain, H,O from carotenols, etc. (2).

These criteria may suffice for an achiral carotenoid. For determination of
the absolute stereochemistry of chiral carotenoids, a combination of '"H NMR and
CD data is usually required.
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If some of the above criteria are not fulfilled a tentative identification may
in some cases be justified. In such a case the ending “-like” should be added.
Thus, zeaxanthin-like would be an appropriate tentative identification of a
carotenoid with B-carotene (1)—type visible spectrum and polarity compatible
with a carotenoid diol in the absence of additional data.

B. Artifacts

The definition of carotenoid artifacts has been discussed (3). Artifacts are here
considered as unwanted products of defined chemical structure arising during an
unintended chemical reaction. Artifacts have conveniently been divided into two
types as discussed in the following sections.

1. Pre-Extraction Artifacts

These may often be ascribed to improper handling of the biological material prior
to extraction and are frequently overlooked. Included are enzyme-catalyzed
reactions, acid-catalyzed reactions, and miscellaneous effects. The observation of
chlorophyll degradation products in fresh extracts of photosynthetic tissues
indicates that pre-extraction artifacts may be present.

2. lIsolation Artifacts

Isolation artifacts are produced upon and after extraction by improper handling of
the extracts. The type of reactions involved are light- and heat-induced reactions,
acid-catalyzed reactions, base-catalyzed reactions, e.g., during saponification
conditions, oxidations by air or peroxides (in ether solvent), reactions on
active surfaces, thermal reactions, and miscellaneous effects. The most common
artifacts are caused by frans-cis isomerization during the isolation procedure
caused by exposure to daylight and slightly elevated temperature. In order
to prove that a cis isomer is naturally occurring, fast extraction at low tempera-
ture followed by fast HPLC analysis in a suitable system is required (37).
During standard isolation conditions some trans-cis isomerization is unavoid-
able.

Other very common artifacts are the so-called furanoxides or carotenoid
5,8-epoxides, formed from natural 5,6-epoxides such as neoxanthin (19) and
peridinin (37) by the influence of weak acids, as shown in Sec. VII. The reaction
leads to furanoid products with shorter chromophore. Since a new chiral center is
created at C-8 both C-8 epimers (8R and 8S) are formed. These may frequently be
separated chromatographically in approximately 4:6 ratio, thus representing
evidence for the artifactual character of the products. Carotenoid epoxides
are common in plant tissues, and precautions should be taken to avoid this
complication during the isolation.

Another artifact is the base-catalyzed aldol condensation taking place with
acetone and carotenals (aldehydes) during saponification conditions. The
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presence of acetone must be strictly avoided during saponification which by
standard conditions are carried out in diethyl ether—ethanol containing about
5% sodium hydroxide. As an example the reaction of the Cs( carotenal 34 with
acetone leading to the methyl ketone citranaxanthin (9) is shown below, the
natural occurrence of which may be questioned.

Cap-carotenal (34)

o}
A kon

Citranaxanthin (9)

Astaxanthin and its esters present in salmonid fishes readily undergo another base
catalysed reaction of the a-ketol functional group with molecular oxygen (traces
of air) at alkaline saponification conditions. This leads to the achiral enolised
a-diketone astacene (35) shown below. Hence astaxanthin extracts should not be
submitted to saponification conditions for removal of lipids.

Astaxanthin (11, 12, 13)

KOH, O,

Astacene (35)

Other reactions leading to particular artifacts have been treated else-
where (3).
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C. Natural Versus Synthetic

The term natural is rather magic in our days, in particular in relation to food and
feed. Natural carotenoids may be considered as (37):

1. Carotenoids belonging to the biosynthetic pathways of living cells, or
2. Metabolic transformation products of such dietary carotenoids in
animals

This definition does not require that a natural carotenoid was obtained by
biosynthesis. Today nature-identical carotenoids may also be prepared by
chemical synthesis, a fact of which people are frequently ignorant. Provided the
chemical structure of a carotenoid obtained by chemical synthesis is identical in
all respects, including stereochemistry, with that of a natural carotenoid, there is
no difference between a natural and synthetic compound. However, in cases
where chemical, including stereochemical, differences exist they are different.
Let us consider two relevant examples as follows.

1. B-Carotene

The majority of natural sources contain the all-frans isomer as the dominant
geometrical isomer as is the case for synthetic 3-carotene (1). However, the green
alga Dunaliella bardawil produces mainly the 9-cis isomer (1b). This means that
there are different natural sources for the two isomers of B-carotene. The all-trans
isomer (1) is also commercially available from chemical synthesis.

2. Astaxanthin

As outlined before astaxanthin can in principle exist as three different optical
isomers (3S,3’S, meso and 3R,3'R). In marine organisms including salmonid
fishes a mixture of these isomers (11-13) occur in varying proportion. This is
mimicked in synthetic astaxanthin where the 1:2:1 ratio is fixed. It therefore
may be argued on structural grounds, that the synthetic product is more similar to
the marine animal case than other microbiological natural sources containing
exclusively one of the three isomers (either 35,3’ S-astaxanthin in Haematococcus
sp. or 3R,3’R-astaxanthin in Phaffia rhodozyma).

The lesson is that there may be no difference between a natural and a
synthetic nature-identical carotenoid and that the term natural is a relative term to
be used in connection with particular sources. For instance, a carotenoid that is
naturally occurring only in a phototrophic bacterium is not natural relative to a
human being.
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Carotenoids and Radicals;
Interactions with Other Nutrients

Ann Cantrell and T. George Truscott
Keele University, Keele, Staffordshire, England

. INTRODUCTION

A nutrient is defined as any substance that has nutritious qualities, i.e., that
nourishes or promotes growth, and one that can be metabolized by an organism to
give energy and build tissue. In this chapter a nutrient is assumed to be an amino
acid, carotenoid, vitamin C, vitamin E, and other antioxidants such as polyphenols
(Fig. 1 shows the structures of some important antioxidants discussed in chapter).
While carotenoids, vitamin E, and vitamin C are often regarded as our most
important dietary antioxidants, little is known of their possible interactions. The
aim of this chapter is to discuss such interactions and to suggest how these may
explain possible synergistic protective effects as well as how deleterious effects
could arise. The carotenoids we consume, from our foods, food colorants, and
possibly as dietary supplements, are thought to be antioxidants both by quenching
singlet oxygen and by scavenging free radicals. This chapter concerns free radical
reactions; readers interested in singlet oxygen may consult recent reviews (1,2) and
the recent study of singlet oxygen quenching by carotenoids in liposomes (3).

Several dietary carotenoids may act as radical scavengers in vivo and hence
their radical chemistry may be linked to disease prevention. However, the ability
to scavenge free radicals is not in itself a sufficient prerequisite for an antioxidant.
Currently, the chemistry of carotenoid/radical reactions is also generating wide
interest. In photosynthesis, there is much debate on the role of 3-carotene in the
reaction centers as an electron carrier (4-8).

Autoxidation processes, such as lipid peroxidation, are associated with free
radical chain reactions that involve peroxyl radicals (ROO"). Chain-breaking
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Figure 1 Structures of some important biological antioxidants and the water-soluble
analog of a-tocopherol.

antioxidants such as carotenoids (CAR) may impede such processes by rapidly
and efficiently scavenging such free radicals (often by H-atom transfer; see
Scheme 1.)

Initiator + RH — R°*

R® + 0, — ROO’

ROO® + RH — ROOH + R’
ROO® + ROO" — PRODUCTS
ROO’ + CAR — ROOH + CAR’

Scheme 1

Copyright © 2004 by Marcel Dekker, Inc.

Initiation

Propagation

Termination
Inhibiton by CAR



Carotenoids and Radicals 33

The resulting antioxidant-derived radical (CAR") must not be capable of
propagating the chain reaction, i.e., it must not undergo H-atom abstraction
reactions or react with oxygen to form another peroxyl radical. Such potentially
deleterious reactions can be written as:

CAR' +RH — CAR + R’ 1)
CAR' + 0, — CAR-OO' 2)

Of course, if another species can efficiently remove the neutral radical, CAR", or
other carotenoid radicals (e.g., the carotenoid radical cation CAR'Y), the
deleterious reactions given above [Egs. (1) and (2)] may be avoided.

Furthermore, carotenoid antioxidant activity depends on numerous other
factors among which are the concentration and cellular distribution of the
substance. Possibly related is that while early epidemiological studies have
suggested a link between diets rich in carotenoids and a lower incidence of
several serious diseases (9—11), subsequent epidemiological findings suggest
little health benefits from dietary supplementation with 3-carotene. There is even
a possible deleterious effect in some subpopulations, such as heavy smokers
(12,13).

Burton and Ingold (14) suggested that [-carotene reacts with peroxyl
radicals via an addition reaction. They presented evidence that [-carotene
functions as an effective chain-breaking antioxidant, but that under high oxygen
pressures and at high pB-carotene concentrations it can exhibit pro-oxidant
behavior, possibly due to autoxidative processes. However, this work concerns
oxygen pressures well above those of biological interest. A possibly related
observation in a real-life situation concerns an interaction between dietary
B-carotene and a-tocopherol (e-TOH) in muscles from chickens fed various
levels of the two antioxidants (15). For a 15 ppm addition of B-carotene to the
chicken feed, a significant antioxidant effect on fresh and cooked meats was
noted, while a 50 ppm addition acted as a pro-oxidant. Most carbon-centered
radicals react rapidly with oxygen to form peroxyl radicals (16). However, where
the carbon-centered radical is resonance stabilized the reaction is reversible:

R® + 0, «— ROO" 3)

The epidemiological evidence suggesting that diets rich in 8-carotene are
associated with a decreased incidence of many important diseases has been
followed by claims that lycopene, the red pigment in tomatoes, is useful against
cancer (particularly prostate cancer), atherosclerosis, age-related macular
degeneration (ARMD), multiple sclerosis, and many other diseases (9—11). It
is suggested that this may occur via prevention of lipid peroxidation. The claim
that lycopene may offer protection against ARMD (11) is surprising because
lycopene does not arise to any significant level in the eye; the carotenoids present
in the macula of the eye are the xanthophylls, zeaxanthin, and lutein. These
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carotenoids may well protect against ARMD and cataract formation. The reasons
for the selectivity of the hydroxy-containing carotenoids in the macular region of
the eye, and a possible role for lycopene in reducing the onset of ARMD, is not
clear but is discussed below. It must be emphasized that the reactions given in
Scheme 1 and reactions associated with any lycopene radicals generated are
likely to be similar to those of other carotenoids. Thus, the antioxidant/pro-
oxidant properties of carotenoids, including lycopene, are not only dependent on
how rapidly they scavenge different types of free radicals but also on the mode of
reaction, and, consequently, the properties of the resulting carotenoid radicals
(17-19).

Three reaction channels may be envisaged; electron transfer (producing the
carotenoid radical cation), hydrogen abstraction (producing the neutral carotenoid
radical), and addition (to produce the neutral radical adduct) (1,20,21) [Egs. (4)
to (6)].

CAR 4+ ROO" — CAR'" + ROO™ Electron transfer 4)
CAR +ROO" — CAR’" + ROOH Hydrogen abstraction 5)
CAR + ROO" — (ROO-CAR") Addition 6)

Hydrocarbon carotenoids such as lycopene and B-carotene are extremely
hydrophobic molecules and hence they are found predominantly in lipophilic
regions (22). The relative importance of the three reaction channels will depend
on a number of factors including the nature of the reacting free radical and the
structural features of the carotenoid (1,18), which will have a bearing on its
location and orientation within the membrane (23). If the carotenoid is embedded
deep within the membrane, then reaction 1 (electron transfer) will not be efficient
because the nonpolar environment will not support charge separation. Electron
transfer scavenging may be feasible for carotenoids such as zeaxanthin, which
have polar substituents and can therefore span the membrane and possibly
intercept radicals in aqueous regions at the cellular membrane surface. It is worth
noting, however, that formation of radical cations of a range of carotenoids from
reactions with free radicals has been observed in micellar media (24), in a
quaternary microemulsion (25) and, very recently, in unilamellar dipalmitoyl
phosphatidylcholine (DPPC) liposomes (26). This final example is interesting
since it may be surprising to observe charge separation to produce radical cations
in such a nonpolar environment.

There is some ambiguity as to the identity of the radicals formed following
the reactions of carotenoids with different radical species. However, the spectral
characteristics of radical cations and addition radicals have been identified.
Carotenoid radical cations absorb in the near-infrared with peaks ranging from
820 nm for 7,7’-dihydo-B-carotene (77DH) to 950 nm for lycopene in methanol
but these can vary depending on the environment studied (1,27). Radical adducts
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(e.g., CAR-ROQ") have peaks in the visible region (400—500 nm) and often may
absorb in the region of the parent ground-state absorption (27,28). An uniden-
tified absorption band (700—800 nm) is observed when carotenoids react with
sulfonyl radicals, which decays to the radical cation (27). Reactivity with oxygen
may be important when considering the consequences of producing carotenoid
radicals. Carotenoid radical cations have been studied extensively and do not
appear to react with molecular oxygen (29). However, the assignment and fate of
the neutral carotenoid radicals, derived respectively from allylic H-atom
abstraction (CAR") and radical addition (R-CAR"), is less clear, and results have
only been reported very recently (28). In this work El Agamey and McGarvey
have given evidence for a lack of reactivity of carotenoid addition radicals toward
oxygen based on a laser flash photolysis study of the reactions of carotenoids with
acylperoxyl radicals in polar and nonpolar solvents. Furthermore, they point out
that it is also unlikely that the neutral radical CAR" reacts with oxygen [see
also (30)]. Overall, therefore, it is important to consider the properties of the
carotenoid radicals produced following reaction with oxidizing species and
possible reactions that remove the carotenoid radicals.

Il. PROPERTIES OF CAROTENOID RADICALS

The reactions of carotenoids with radicals such as the trichloromethylperoxyl
radical (CC1;05) and hydroxyl radical (OH") lead to the formation of carotenoid
radicals as described above [Eqgs. (4) to (6)], and it is the radical cations that
have received the most attention. Other radicals produced have not been as
extensively studied and information on these radicals is somewhat deficient; their
properties are less well understood, although, as noted above, recently the
formation of addition radicals from reaction of carotenoids with acylperoxyl
radicals has been investigated (28). This section therefore mainly deals with
carotenoid radical cations.

The fate of carbon-centered radicals such as carotenoid radical cations
depends on their reactivity, which is governed by properties such as lifetime and
redox potentials. The absolute oxidizing strength of the carotenoids gives a strong
indication of how the carotenoid radical cations will react if “given” the
opportunity.

The study by El Agamey and McGarvey not only characterized the radicals
produced from the reaction of carotenoids with acylperoxyl radicals but also
determined some of the radical properties. The addition radical (assumed to be an
addition radical) produced from the reaction of 77DH with the phenylacetylper-
oxyl radical in hexane (with a peak at 455 nm) was observed to decay by first-
order kinetics (the authors suggest that such a unimolecular decay could only
result from a radical adduct, and that more complex kinetics would be observed
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for the decay of other radicals such as that produced via a hydrogen abstraction
reaction or electron transfer) with a rate constant of 4 x 10 s~ . This corresponds
to a lifetime of 250 s in hexane and its decay is proposed to occur through an
intramolecular cyclization process (28). An addition radical (also assumed to be a
radical adduct) produced from reaction of B-carotene and the trichloromethylper-
oxyl radical decays to the carotenoid radical cation with a rate constant of
1.8 x 10* s~ ! (lifetime 55 ps) (31). Such radical adducts appear to be less stable
than the radical cations and therefore less likely to interact with other species.

Carotenoid radical cations have been studied in many environments by
pulse radiolysis and have been shown to have relatively long lifetimes. They
decay by second-order processes in pure organic solvents, but lifetimes can be
estimated by using low doses to obtain their rates of decay. For example, in
methanol they decay over hundreds of microseconds (32) whereas they have
lifetimes of up to tens of milliseconds and their decay kinetics are more complex
displaying many exponentials (this is ample time to undergo deleterious reactions
with biological molecules) in heterogeneous environments such as micelles. In
micellar environments, consisting of negatively charged, positively charged, or
neutral micelles [sodium dodecyl sulfate (SDS), cetyl trimethyl ammonium
bromide (CTAB), and Triton-X, 100 (TX-100) micelles, respectively] and
calculations using two exponential decays, Edge et al. observed lifetimes of 7—
16 ms and 40-100 ms in TX-100 and CTAB for B-carotene, canthaxanthin,
zeaxanthin, astaxanthin, and lycopene; whereas in SDS micelles lifetimes of
600 ms were observed for canthaxanthin (33,34). In DPPC liposomes, the radical
cations are also observed to have lifetimes of ms duration (26). This indicates that
the environment has a large influence on the longevity of the carotenoid radical
cations that may affect their reactivity. Such lifetimes in a lipid environment
imply the opportunity for the radical cation to reorient itself within the membrane
to facilitate reactions with biological substrates, which may lead to either damage
or repair by aqueous species such as ascorbic acid (see below).

One other very important property is the one-electron reduction potentials
of the carotenoids which is key to explaining the reactivity of carotenoid radical
cations. Edge et al. (21) studied the relative redox potentials of a number of
carotenoids. They determined the rate constants for electron transfer between
various pairs of carotenoids in benzene using pulse radiolysis to generate the
radical cation of one of the carotenoids in the pair [Eq. (7)] (Table 1).

CAR;* + CAR, — CAR|; + CAR;}* 7

Monitoring such carotenoid pairs gave the order of relative ease of electron
transfer between the carotenoids studied so that the order from this study
is astaxanthin > B-apo-8'-carotenal > canthaxanthin > lutein > zeaxanthin >
B-carotene > lycopene, such that lycopene is the strongest reducing agent (the
most easily oxidized) and astaxanthin is the weakest. They also showed that
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Table 1 Rate Constants for Electron Transfer Between Pairs of
Carotenoids (CAR1 and CAR2)

Carotenoid
radical cation Rate constant (+ 10%)/ 10° dm® mol ! 57!
(CARI") for reaction with CAR2

LYC B-CAR ZEA
ASTA'* 9.2 8.0 4.6
APO" 11.2 6.3 7.7
CAN"* 7.9 6.8 <1.0
LUT™* 5.2 <1.0 <1.0
MZEA"+ 7.8 <1.0 —
ZEA'T 6.9 <1.0 —

lycopene quenches (i.e., reduces) the radical cations of all the xanthophylls
(Eq. (®)]:

XAN'T +LYC — XAN 4+ LYC'F 8)

This may explain the link between lycopene levels and the onset of ARMD,
although lycopene is not present in the eye.

The B-carotene one-electron reduction potential has been measured in
dichloromethane (35), and several other workers have also determined the redox
potentials of various carotenoids via cyclic voltametry and shown that lycopene
is the most easily oxidized (36,37). More recently, Edge and coworkers (38)
measured the absolute one-electron reduction potential (E ° value) of B-carotene
in TX-100 micelles and extended this work to other carotenoids (34), i.e., they
determined E ° for CAR"* /CAR. In both of these studies, the workers monitored
the reaction of the carotenoids with the tryptophan radical at various pH values
[this either involved generation of the tryptophan radical cation, TrpH"*, or its
neutral radical, Trp®, depending on the pH used, via pulse radiolysis; Equations
(9) to (10)]. The one-electron reduction potentials for tryptophan are well
established (Fig. 2 shows the reduction potential for tryptophan as a function of
pH) and therefore those of the carotenoids can be determined. The studies
followed equilibria of the type:

TrpH'* + CAR = CAR'" + TrpH (pH 4) )

TrpH'* +H" + CAR = CAR'" + TrpH (pH 13) (10)

In this study the authors showed that the redox potentials of [-carotene,
lycopene, zeaxanthin, lutein, and astaxanthin are all approximately the same

(Ep ~ 1000 mV) within experimental error. Although there is a trend with the
oxycarotenoids, canthaxanthin and astaxanthin, exhibiting higher oxidizing
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Figure 2 Known reduction potentials of amino acids, tryptophan, tyrosine, and cysteine
as a function of pH. The position of the cartenoid reduction potentials obtained in Triton
X-100 micelles (for xanthophylls and B-carotene) and Triton X-405/100 micelles
(for lycopene) are also marked.

potentials than lycopene, with values of 1041, 1030, and 980 mV respectively
(Table 2 gives the redox potentials obtained for the five carotenoids studied).
The redox potentials were confirmed by using a dipeptide, TrpH-TyrOH. The
initial product is TrpH'" (formed via pulse radiolysis) and in the presence of
carotenoid, the carotenoid radical cation is efficiently formed at pH 2 where
TrpH'* has a reduction potential of 1185 mV (Fig. 2). However, at higher pH
values (where only TyrOH phenoxyl radicals arise), carotenoid oxidation is not
observed.

Furthermore, recent work in our laboratory with shorter chain caro-
tenoids (septapreno-B-carotene and 7,7’-dihydro-B-carotene with nine and eight
conjugated double bonds, respectively) have shown an inverse trend toward
higher redox potential with decreasing number of double bonds. The values
obtained were 1075 and 1100 mV, respectively, for septapreno-f-carotene
(SEPTA) and 77DH (unpublished results). Such trends correlate with studies of
the reactivities of carotenoids according to their structure (39), e.g., reactivity in
which the oxycarotenoids such as astaxanthin are more stable in the presence of
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Table 2 One-Electron Reduction
Potentials for the Carotenoid Radical
Cations, Calculated from the
Equilibrium with TrpH"" in TX-100

Micelles
Reduction

Radical cation potential (V)
B-Carotene 1.06
Canthaxanthin 1.04
Zeaxanthin 1.03
Astaxanthin 1.03
B-Carotene® 1.03
Lycopene® 0.98

*Values in TX-405/TX-100 mixed micelles
(34).

azo-initiated peroxyl radicals (AMVN and AIBN) and less reactive toward
radicals such as the phenoxyl radical compared to lycopene and S-carotene (40).
However, the carotenes may not necessarily be better antioxidants since they may
be destroyed more quickly. In another study by Woodall, lycopene was destroyed
the fastest but afforded the least protection against lipid peroxidation in egg yolk
phosphatidylcholine (41). One further comment should be made on the reactivity
of carotenoid radicals. It is well known that carotenoid radical cations do not
react with oxygen but that at high pressures of oxygen and high carotenoid
concentrations, B-carotene exhibits pro-oxidant behavior, as was discussed in the
introduction (14). One explanation given for this phenomenon suggested that
neutral radicals of B-carotene may react with oxygen to form carotenoid peroxyl
radicals, which may propagate the chain reaction (14,42,43). However, recent
work by El Agamey and McGarvey suggests that this is not efficient (28) and the
neutral radicals CAR" and ROO-CAR" do not react with oxygen either (within
the oxygen concentration range of 10~*~10~2 M). Furthermore, they show no
reaction with hydrogen donors such as linoleic acid (up to concentrations of
0.08 M) and therefore are unlikely to be involved in propagating chain reactions.

lll. REACTION OF CAROTENOIDS WITH OTHER
AMINO ACIDS

The reaction of carotenoids with tryptophan has already been discussed above,
and carotenoids can repair the tryptophan radical cation. The phenoxyl radical
CgHsO" is a model of tyrosine. Its reaction with carotenoids has also been
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investigated (44). It has been suggested to react with B-carotene to give adduct
formation and direct generation of the B-carotene radical cation. It was suggested
(as is the case for the reaction with tryptophan) that the carotenoids may behave
as antioxidants via repair of oxidized amino acids (1). On the other hand, the
reaction of the carotenoid radical cation with the amino acids cysteine and
tyrosine takes place at pH 7 (these amino acids are unable to oxidize the
carotenoids B-carotene, zeaxanthin, astaxanthin, canthaxanthin, or lutein), with
rate constants in the order of 10*M ™ 's™ ! and 10°M's™! for tyrosine and
cysteine, respectively, in TX-100 micelles (34). The higher rate constant with
cysteine suggests that other factors than redox potentials are important in the
reactivity of carotenoid radical cations. In other words, carotenoids are capable of
oxidizing cysteine and tyrosine at physiological pH:

TyrOH + CAR't — CAR 4+ TyrO® + H™ (11)
CySH + CAR't — CAR +CYS" +H™ (12)

Such reactions are potentially harmful since, for example, there is the possibility
of forming amino acid dimers and protein cross-links:

2TyrO"—> tyrosine dimers = protein cross-links 13

= protein damage (13

Such reactivity of the carotenoids with tyrosine and cysteine may be predictive

of their reactivity with other biomolecules whose reduction potentials are less
than 1 V (Fig. 2), i.e., biomolecules that can be oxidized by CAR'™.

Much of the discussion so far has followed the properties of the carotenoid
radicals (some of which can lead to deleterious effects), but little comment has
been made about the possible repair mechanisms that may regenerate the parent
carotenoids, other than the interactions of the various carotenoids. We now turn
to the interaction of carotenoids with other nutrients, such as the water-soluble
biomolecules vitamin C, ferulic acid, and uric acid, and the lipid-soluble
molecule vitamin E.

IV. CAROTENOID RADICAL INTERACTIONS WITH
VITAMIN C

Vitamin C (Fig. 1) is a water-soluble antioxidant that is claimed to reduce
oxidative stress, although studies show either an inverse association (45) or no
effect on cancer (46). Nevertheless, ascorbic acid can scavenge radicals and is
thought to transfer radicals from the lipid phase to the aqueous phase via
regeneration of lipid-soluble antioxidants. It has been shown to repair the radical
cations of carotenoids, for example. Truscott and coworkers have shown that
carotenoid radical cations are efficiently reconverted to the parent carotenoid
by species such as vitamin C. The reaction has been observed in methanol, in

Copyright © 2004 by Marcel Dekker, Inc.



Carotenoids and Radicals 41

Table 3 Second-Order Rate Constants (/ 10’ M~ ! s~ 1) for Repair of Carotenoid
Radical Cations by Water-Soluble Biomolecules in Triton X Detergent Micelles

Carotenoid radical Ascorbic Ferulic Uric
cation Trolox® acid® acid® acid®
B-Carotene 19 1.0 0.1 1.1
Lycopene 19 1.8 0.1 1.0
Astaxanthin 52 5.5 0.6 12.1
Canthaxanthin 47 43 0.5 1.0
Lutein 31 1.8 0.2 1.5
Zeaxanthin 26 1.5 0.2 1.0

Source: Ref. 50.

TX-100 (Table 3 gives the bimolecular rate constants) (47), and, more recently,
in unilamellar liposomes of DPPC) (26), as shown in Figure 3.

CAR't 4+ AscH, — CAR + AscH' + H™ (14)
CAR'" 4+ AscH™ — CAR + AscH'™ + H* (15)

Figure 3 shows the decay of the radical cation of monomer [-carotene in
unilamellar liposomes (monitored at 920 nm, in the absence and presence of
vitamin C). Quenching is clear even though the decay kinetics are somewhat
complex. Analysis of the decay curves shows a good fit with two or more
exponential decays in the presence of vitamin C and a single exponential decay in
its absence. We interpret this as quenching of the 3-carotene radical cation in the
“outer” bilayer by vitamin C in the aqueous phase. However, the vitamin C
cannot reach the “inner” bilayer(s) and hence the biphasic nature of the overall
decay is due to these two or more environments of the B-carotene. In particular,
these results suggest that -carotene radical cation is able to interact with a water-
soluble species even though the parent hydrocarbon carotenoid is probably
entirely in the nonpolar region of the liposome. However, it must be remembered
that the properties of the radical cations will be quite different from the parent
carotenoid and may cause the molecule to move/reorientate to be nearer the
aqueous phase of such cell membrane models. The repair of carotenoid radical
cations by ascorbic acid is an efficient reaction and rate constants were obtained
in unilamellar vesicles for B-carotene, zeaxanthin, and lutein of 11, 9.7, and
52 x 10°M~'s™! respectively (26). These observations have led to the
suggestion that the deleterious effects of 3-carotene in heavy smokers are related
to the generation of the B-carotene radical cation by, for example, NO5. The low
levels of vitamin C found in the serum of heavy smokers would not quench the
B-carotene radical cation and therefore promote the damage due to the relatively
long-lived radical cation.
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Figure 3 Quenching of B-carotene radical cation by ascorbic acid in DPPC unilamellar
liposomes (monitored at 925 nm) (26).

The repair of carotenoid radical cations is at the expense of ascorbic
acid and an ascorbate radical is produced. For example, the ascorbate radical
will itself be repaired by glutathione or NADH, although at extremely
high concentrations it may undergo deleterious reactions via Fenton chemistry
(48).

V. CAROTENOID INTERACTIONS WITH VITAMIN E

Vitamin E encompasses a-TOH and its other isomers (Fig. 1). They function
effectively as antioxidants as a result of the presence of the phenol group, which
can undergo hydrogen abstraction reactions with peroxyl or carbon-centered
radicals to produce a phenoxyl radical. Regeneration of vitamin E may occur
through redox reactions with carotenoids, but ascorbic acid has also been shown
to repair vitamin E radicals (49). These reactions have been studied by several
workers (21,47,50) and are somewhat complex.
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Truscott et al. showed that several carotenoids, excluding astaxanthin, are
capable of repairing the radical cation of a-TOH in hexane (21) with subsequent
generation of the radical cation of the carotenoid:

a-TOH'" + CAR — a-TOH + CAR"* (16)

For astaxanthin (ASTA), the reverse reaction takes place and electron transfer
occurs from the ASTA radical cation to a-TOH:

ASTA'" 4+ @-TOH — ASTA + a-TO" + HT (17)

The «-TOH"" has an absorption peak at 460 nm, decays to the neutral radical in
nonpolar environments (with an absorption maximum at 420 nm), and is much
longer lived. This rapid deprotonation of a-TOH"" to the neutral radical TO"
means that the reaction given above with the radical cation of a-TOH is not likely
to be important in an in vivo situation. To investigate the interaction of carotenoid
radical cations with vitamin E, however, a water-soluble analog known as Trolox
(6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid; see Figure 1) was
used. Pulse radiolysis was used to generate the carotenoid radical cations in TX
micelles and their decay monitored in the presence and absence of Trolox. Table 3
gives the rate constants for the reaction, which is a very efficient reaction for all
the carotenoids. Thus, @-TOH may also reduce carotenoid radical cations in a
polar environment (50).

It has been shown (51,52) that there is no reaction between a-TO" and
[B-carotene, and it has also been clearly demonstrated (53) that for most
carotenoids, including -carotene, the reaction that occurs is:

B-Carotene't + a-TOH — B-carotene + a-TO" + H™ (18)

A similar reaction has been reported for lycopene (LYC) (54) but, in
contrast, LYC can reduce the é-tocopheroxyl radical and slow formation of the
LYC radical cation is observed

LYC 4+ 6TO" — LYC'" + 8-TO" (19)

In the same paper, an equilibrium was shown to exist between the LYC radical
cation and the 3- or y-tocopheroxyl radicals:

LYC'* + B-/y-TOH «— LYC + B-/v-TO" + H* (20)

and an antioxidant hierarchy among the carotenoids and the homolog tocopherols
was established (53,54).

In biological systems the interaction may be more complex and dose
dependent as supported by the findings in poultry meat and frozen trout
mentioned in the introduction (15). Differences in the protection of lipid
membranes against oxidation for zeaxanthin and lutein have thus been attributed
to differences in the organization of carotenoids in lipid membranes (55).
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VI. INTERACTIONS WITH OTHER BIOMOLECULES

Other molecules present in our diet are also thought to act as antioxidants. These
include phenolic compounds (other than vitamin E) such as hydroxycinnamic
acids, including ferulic acid, which are widely distributed in plant tissue (56).
They are found in many fruits and vegetables, and are formed from tyrosine or
phenylalanine via the shikimate pathway. Ferulic acid has been shown to be a
potent singlet oxygen quencher and possess a reduction potential of 595 mV (57).
Again, it is the presence of the phenol moiety that bestows their radical-
scavenging properties.

Uric acid is also a potent antioxidant that is a product of purine metabolism
found in much higher concentrations than ascorbic acid. It has also been shown to
have better protection against peroxynitrite anion in the presence of iron(III)
ions (58). Uric acid was also shown to have a higher antioxidant activity than
ascorbic acid (59).

We have studied the interaction of both the water-soluble antioxidants,
ferulic and uric acid (uric acid is only slightly water soluble) with carotenoids in a
micellar medium and found that ferulic acid is not as effective as ascorbic acid in
the repair of carotenoid radical cations, whereas uric acid appears to be as
effective if not more so. Table 3 gives the second-order rate constants for the
repair of a number of carotenoid radical cations by ferulic, uric, and ascorbic
acid. There may be many other compounds (60) that function as independent
antioxidants, including other phytochemicals such as allium compounds (sulfur
compounds derived from garlic and onions) and polyphenols (e.g., quercetin,
catechin, etc., from alcoholic beverages) that may also function cooperatively via
interactions with and repair of carotenoid radicals.

VIl. STUDIES OF ANTIOXIDANT COMBINATIONS

It has been known for some time that combinations of antioxidants function better
than lone antioxidants and that, for example, combinations have a cooperative
effect on lipid peroxidation. Palozza and Krinsky observed a delayed AIBN-
induced loss of microsomal tocopherols in the presence of B-carotene (61) and
reported that carotenoids and vitamin E synergistically act as radical scavengers
in rat liver microsomes (62). In the latter study there was an increase in a-TOH
consumption in the presence of [B-carotene, suggesting that o-TOH protects
B-carotene. Terao et al. showed that §-TOH enhanced the protective effects
of [B-carotene on photo-oxidation of methyl linoleate initiated by singlet
oxygen (63). Other workers have demonstrated that combinations of carotenoids
with y-TOH are more effective in preventing hydroperoxide formation (64,65).
These studies show that the pro-oxidant potential of carotenoids may be
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overcome by the presence of tocopherols. Combinations of B-carotene, vitamin
E, and vitamin C have been shown to offer synergistic cell protection against
species such as the peroxynitrite anion and nitrogen dioxide radical when
compared with individual antioxidants (66).

An increase in risk of lung cancer among smokers who took [B-carotene
supplements was reported in the Alpha-Tocopherol, Beta-Carotene Cancer
Prevention (ATBC) Trial (12) and among smokers and asbestos-exposed workers
in the Beta-Carotene and Retinol Efficacy Trial (CARET) (67), but not among
male physicians in the United States in the Physicians Health Study (only 11% of
whom were current smokers), leading to confusion over the anti/pro-oxidant
properties of carotenoids. Readers are referred to the chapter by Palozza in this
book for a review of the in vitro and in vivo studies of the pro-oxidant effects of
carotenoids. We mention a study by Russell (68) only. He has attempted to study
whether there is a true hazard associated with B-carotene in control studies
using the ferret that mimics the human tissue metabolism of S-carotene and
has been used for studies of tobacco smoking and inhalation toxicology. In
this study, ferrets were supplemented with physiological or pharmacological
doses B-carotene, which were equivalent to 6 mg/day versus 30 mg/day in
humans, respectively. The animals were exposed to cigarette smoke for 6 months.
The data showed that in contrast with the pharmacological dose of -carotene,
a physiological dose of [B-carotene in smoke-exposed ferrets had no detri-
mental effect and, in fact, may have afforded weak protection against lung
damage induced by cigarette smoke. Further studies revealed an instability of
the B-carotene molecule in the lungs of cigarette smoke—exposed ferrets. The
authors proposed that oxidized S-carotene metabolites may play a role in lung
carcinogenesis by a variety of mechanisms including acting as pro-oxidants and
possibly causing damage to DNA. Furthermore, the ferret studies with high- and
low-dose B-carotene in the presence of a-TOH and ascorbic acid (thereby
stabilizing the B-carotene molecule) showed protective effects against smoke-
induced squamous metaplasia in ferret lungs.

The photoprotective potential of the dietary antioxidants vitamin C, vitamin
E, lycopene, -carotene, and the rosemary polyphenol, carnosic acid, was tested
in human dermal fibroblasts exposed to UV-A light (69). The authors concluded
that vitamin C, vitamin E, and carnosic acid showed photoprotective potential,
whereas lycopene and B-carotene did not protect on their own, although in the
presence of vitamin E their stability in culture was improved, suggesting a
requirement for antioxidant protection of the carotenoids against formation of
oxidative derivatives that can influence the cellular and molecular responses.

Another study on skin (70) involved protection against erythema. Skin was
exposed to UV light, and erythema observed as an initial reaction. When
B-carotene was applied alone or in combination with a-TOH for 12 weeks,
erythema formation induced with a solar light simulator was diminished from
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week 8. Similar effects were also achieved with a diet rich in lycopene. Ingestion
of tomato paste corresponding to a dose of 16 mg lycopene per day over 10 weeks
led to increases in serum levels of lycopene and total carotenoids in skin. At week
10, erythema formation was significantly lower in the group that ingested the
tomato paste as compared to the control group. Thus, protection against UV
light—induced erythema can be achieved by ingestion of a commonly consumed
dietary source of lycopene. Such protective effects of carotenoids were also
demonstrated in cell culture. The in vitro data indicated that there is an optimal
level of protection for each carotenoid.

Combinations of antioxidants (3-carotene, vitamins C and E) also protect
human cells against phototoxicity induced by porphyrins (UV irradiation leads to
the formation of singlet oxygen and oxy radicals from porphyrins, which cause
cell damage). Individual carotenoids were less effective than mixtures and the
triple combination of B-carotene, vitamins C and E had an increased protection,
suggesting that synergistic interactions occur (71). Thus, such antioxidant
combinations may be protective against erythropoietic porphyria.

Stahl et al. (72) showed that combinations of carotenoids synergistically
inhibited lipid peroxidation in multilamellar vesicles (as measured by formation
of thiobarbituric acid reactive substances) and that the presence of lycopene or
lutein is paramount to this observed synergism. An additive effect was observed
for other combinations not including lycopene or lutein. Synergism was also
observed on addition of @-TOH to the antioxidant mixture. The authors suggested
the synergism may be a result of specific positioning of different carotenoids
within the membrane.

The study of other antioxidant interactions may also be important. Pedrielli
et al. (73) studied the interaction between flavonoids and a-TOH by oximetry in
tert-butyl alcohol. In this solvent flavonoids are weak retarders of peroxidation of
methyl linoleate initiated by AIBN. Quercetin and epicatechin were found to act
synergistically with the chain-breaking antioxidant a-TOH. In chlorobenzene, a
solvent in which flavonoids are chain-breaking antioxidants, quercetin and catechin
each regenerated a-TOH, resulting in a co-antioxidant effect. The stoichiometric
factor of the flavonoids as chain-breaking antioxidants in 1 : 1 mixtures with a-TOH
was measured to be close to 1 for quercetin and slightly smaller for the catechins.

VIll. CONCLUSIONS

The radical cations of dietary carotenoids are rather easy to detect and study.
Much is now understood concerning such radicals; they have been shown to be
strong oxidants themselves (e.g., they are able to oxidise amino acids) and hence
potentially detrimental. Regeneration of the carotenoid radical cation CAR* to
the parent carotenoid CAR by water-soluble antioxidants such as vitamin C has
also been observed and is speculated to be linked to detrimental effects of
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Figure 4 Interaction of carotenoid radicals with other nutrients, water-soluble vitamin

C, and lipid-soluble vitamin E.

carotenoids when vitamin C is low. The interaction between tocopherol isomers
and carotenoids is more complex and appears to depend on the precise tocopherol
isomer; more work on this subject is needed. Figures 4 and 5 summarize the

reactions of carotenoid radicals with other nutrients.

NO REACTION
WITH O,
REPAIR OF
OXIDISED AMINO
ACID RADICAL
TrpH™ + CAR — CAR™ CAR’ CAR-ROO’
TyrOH/CySH
l REACT WITH
OXIDATION OF AMINO ACIDS?

PROTEINS

Figure 5 Potential antioxidant and pro-oxidant reactions of carotenoid radicals.
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The other radicals of carotenoids (the neutral radical CAR" and addition
radicals, such as [CAR-ROQY]") are difficult to study due to spectral overlap with
the strong absorption bands of the parent carotenoid. As with carotenoid radical
cations, they have been shown not to react efficiently with oxygen; hence, pro-
oxidant chain reactions involving such a role for oxygen seem unlikely. Much is
still to be learned about the properties of carotenoid neutral and addition radicals
and of the interactions of these species with other nutrients.
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. INTRODUCTION

There is growing awareness that carotenoids may have an important role in the
maintenance and promotion of good health and in the prevention of chronic
disease (1). Much of this evidence derives from physiology studies that
investigate carotenoid function in the tissues of interest or from epidemiological
studies that relate various measures of carotenoid levels with disease status. The
physiology studies normally employ quantitative analytical methods such as
organic solvent extraction followed by high-performance liquid chromatography
(HPLC) analysis to determine levels with high sensitivity and specificity, but
they are invasive assessments requiring tissue biopsies or autopsy materials.
Epidemiological studies generally rely on three means of assessment—dietary
histories, serum carotenoid levels, and adipose carotenoid measurements—but
these methodologies have many inherent weaknesses. Dietary assessment is an
inexact science because it either relies on long-term subject recall via food
frequency questionnaires or it employs short-term instruments such as food
intake diaries that may not reflect long-term intake patterns. Recall bias can
severely confound such assessments, and there may be large individual variations
in carotenoid bioavailability. Serum and/or adipose levels of carotenoids are also
commonly employed in these studies, but these are by definition invasive
techniques since blood must be drawn or fat biopsies performed. The half-lives
of carotenoids in the serum are measured in days, and in adipose tissues the
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half-lives are even longer, so that these levels are probably reasonable measures
of medium- and long-term dietary intake, but they do not necessarily correlate
well with levels in tissues, especially if saturable and specific uptake mechanisms
are utilized. Thus, there has been considerable interest in the development of
noninvasive means of assessment of carotenoid levels in accessible tissues. If
reliable and repeatable, these noninvasive techniques can provide a convenient
means to facilitate epidemiological inquiries on large populations. Likewise,
these methods can prove invaluable in physiological and clinical studies since
they can be used as repeated measures to monitor response to dietary or
supplement interventions. This chapter will review the advantages and weak-
nesses of various noninvasive carotenoid assessment techniques used on the two
most accessible human organs: the eye and the skin.

Il. NONINVASIVE ASSESSMENT OF CAROTENOIDS IN
THE HUMAN EYE

A. Overview of Carotenoid Function in the Eye

It has long been recognized that carotenoids may have an important role in ocular
physiology. As far back as the 18th century anatomists noted that the primate
fovea, the region of the retina responsible for high-resolution visual acuity,
displayed a deep yellow coloration that they termed the “macula lutea” or
“yellow spot” (2). In 1945, George Wald studied organic extracts of primate
macular tissue and determined that the macular yellow pigment had spectro-
scopic and chemical features characteristic of xanthophyll carotenoids,
ubiquitous plant derived carotenoids containing at least one oxygen atom along
the core C4oHse isoprenoid carotene structure (3). Several decades later, Bone
and Landrum preliminarily identified the macular carotenoids as lutein and
zeaxanthin (4), and in a follow-up investigation, they were able to demonstrate
the stereochemical nature of the macular pigment as a mixture of dietary
(3R,3'R,6'R)-lutein, dietary (3R,3'R)-zeaxanthin, and nondietary (3R,3'S-meso)-
zeaxanthin (5). They suggested that meso-zeaxanthin may be derived from a
metabolic conversion in the eye from dietary lutein, and subsequent studies seem
to confirm this hypothesis (6).

Several groups have studied the distribution of lutein, zeaxanthin, and other
carotenoids in the human and nonhuman primate eye using HPLC analysis or
spectroscopic methods. In the foveal region of the retina, the concentration of
lutein and zeaxanthin is enormously high, estimated to be in the range of 1 mM,
by far the highest concentration of carotenoids anywhere in the human body (7).
They are localized to the cone axons of the Henle fiber layer (8) or to the Miiller
cells of the fovea (9). The concentration per unit area declines rapidly with
increasing eccentricity from the fovea, such that even a few millimeters away the
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retinal concentrations of lutein and zeaxanthin are approximately 100-fold lower
than in the foveal center (10). At least a portion of these peripheral retinal
carotenoids are associated with the photoreceptor outer segments (11,12). In the
foveal area, the ratio of lutein to zeaxanthin and meso-zeaxanthin is in the range
of 1:1: 1, whereas in the periphery, lutein predominates over zeaxanthin by 3: 1
and very little meso-zeaxanthin is present (13). In a comprehensive survey of all
human ocular tissues, it is clear that uptake of lutein and zeaxanthin into the retina
and the lens is highly specific since no other carotenoids except for a few closely
related metabolites such as 3’-oxolutein and 3’-epilutein are detectable, whereas
other ocular tissues contain a much more diverse carotenoid content similar to
that of the serum (14). It is likely that the uptake of lutein and zeaxanthin into the
retina (and possibly the lens) is mediated by saturable and specific xanthophyll-
binding proteins (15). With the exception of the ciliary body, the total
concentration of carotenoids per wet weight of tissue is generally lower than that
of the peripheral retina.

The physiological role of the macular carotenoids has been the subject of
considerable research interest. They are efficient antioxidants in a tissue
composed of polyunsaturated lipids subject to significant oxidative stress from
intense light and high oxygen levels (16,17). They absorb light with high
efficiency in the 400-to 500-nm range, the region of the visible spectrum
considered to be most phototoxic to the retina. Recent animal studies have
indicated that lutein and/or zeaxanthin supplementation may provide
protection in experimental models of retinal light damage (18). It is also
possible that the macular carotenoids may help improve visual function by
ameliorating chromatic aberration and haze caused by short-wavelength visible
light (19).

The Eye Disease Case-Control (EDCC) study was the first large-scale study
to provide epidemiological evidence that lutein and zeaxanthin may protect
against age-related macular degeneration (ARMD), the leading cause of
blindness among the elderly in the developed world. This study assessed
participants’ carotenoid levels through serum assays and food frequency
questionnaires, and they reported that individuals who have high intakes of lutein
and zeaxanthin have 43% lower rates of the wet form of ARMD (20,21).
Subsequent studies by others have not confirmed such a large protective effect
(22), but the EDCC data was compelling enough to launch a large-scale industry
in the United States promoting supplements containing lutein and/or zeaxanthin
to individuals at risk for visual loss from ARMD. The recent Age-Related Eye
Disease Study (AREDS) has demonstrated that an antioxidant supplement
combination containing high levels of zinc, vitamin E, vitamin C, and -carotene
can slow the progression of moderate ARMD (23), but no similar large-scale
prospective interventional studies of lutein and/or zeaxanthin have been
performed.
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While the EDCC provided intriguing information, their carotenoid
assessment methods, food frequency questionnaires, and serum analyses are
indirect measures of the carotenoid status of the eye. It is of paramount
importance to have data on the levels of carotenoids in the relevant tissue, the
macula of the human eye. Supportive evidence was supplied by Bone and
Landrum in a study in which macular and peripheral retinal carotenoid levels
were measured by HPLC in postmortem specimens of donors with and without a
known history of ARMD. They found that lutein and zeaxanthin levels were 38%
lower in the macula of ARMD eyes relative to controls with no known history of
ARMD (24). However, postmortem studies have significant limitations because
historical information on clinical history and risk factors of the donors is
generally unavailable. Thus, it is clear that noninvasive methods of assessment
of macular carotenoid levels in living humans could be powerful tools in
epidemiological research on AMD, and these methods would be expected to be
very useful for monitoring studies of dietary and/or nutritional interventions
designed to raise macular carotenoid levels.

B. Heterochromatic Flicker Photometry

The most commonly used method to measure macular pigment levels
noninvasively in the human eye is the psychophysical technique known as
heterochromatic flicker photometry (HFP). This technique was initially described
by several investigators in the 1970s, and at that time it usually required rather
extensive apparatus utilizing Maxwellian view optics, xenon arc lamps, and
fixed optical tables (25,26). In recent years, newer versions using free-view
(Newtonian) optics and simpler light sources such as light-emitting diodes or
projector lamps have been described that allow for construction of portable flicker
devices suitable for clinical studies at multiple sites (27,28). Since the details of
the construction of modern HFP devices have been covered in these articles and in
arecent review (29), the focus of this section will be on more general principles of
the technique. Schematic diagrams of two types of HFP devices are given in Fig. 1.

HFP yields the concentration of carotenoids in the macula by determining
the perceived optical density of the filtering effects of these yellow pigments at
different wavelengths. The subject initially fixates on a spot of light rapidly
alternating between a blue color near the absorption maximum of the macular
pigment (~460 nm) and a green color in a region of the visible spectrum in
which the macular carotenoid pigments do not absorb significantly (~540 nm).
The subject adjusts the relative intensities of the blue and green lights until
the sensation of flickering is minimized or eliminated. The subject then repeats
the task using eccentric fixation on a region of the macula where the
concentration of the macular pigment is assumed to be so low that its absorption
of blue light is negligible. Typical eccentric fixation points are 4—9° from fixation
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Figure 1 (A) A schematic of the optical system used to measure macular pigment
optical density in Maxwellian view. A1—-A3, Apertures 1-3; BF, blocking filters remove
extraneous spectra from prism used within M; BS1 and BS2, beam splitters 1 and 2; C,
flicker vanes with a first surface mirror used for alternating the standard and measuring
stimulus; H1—H3, hot mirrors used to reduce heat transmission; IF1 and IF2, interference
filters (used in conjunction with neutral density filters, ND1-ND3) render the standard and
background stimulus monochromatic; L1-L17, planoconvex achromatic lenses; M,
monochromator renders the measuring light monochromatic; M1-M4; right angle, first
surface mirrors; R, reticle; S, xenon arc light source; W, wedge. (B) A schematic of the
optical system used to measure macular pigment optical density in free view. Al and A2,
Apertures 1 and 2; BS, beam splitter; L1 and L2, planoconvex achromatic lenses; PC,
photocell; H, hot mirror used to reduce heat transmission; S1 and S2, light sources; D1 and
D2, optical diffusers. (From Ref. 27).
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Figure 1 Continued.

(1.2-2.6 mm at the retinal surface). After repeated measurements using central
and eccentric fixation, the perceived optical density of the macular carotenoids at
the edge of the central flickering spot is calculated according to the following
formula where macular pigment optical density (MPOD) is equal to the logarithm
of the energy of blue light needed to minimize flicker at the test locus (Bgoy)
relative to the energy needed at the extrafoveal reference point (B.f) (29):

MPOD = log (Bfov/Bref)

Some investigators utilize flickering spots of varying diameters to map out
the macular pigment distribution at multiple points, typically along the horizontal
meridian (30). Multiple wavelengths may be used in an attempt to recreate the
macular pigment absorption curve to confirm that the subject is performing the
task properly (31).
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As with any psychophysical test, HFP relies on a number of assumptions.
The subject must understand the assigned task and perform it with a high degree
of attention to fixation, especially when working with an eccentric target. Thus, it
is usually wise to provide adequate training to subjects and to confirm reliability
by repetitive measurements at separate sessions. Despite extensive training, some
subjects (~5%) never learn to perform HFP reliably, particularly when viewing
the eccentric target, which is subject to perceptual (Troxler) fading (29). In our
experience, elderly subjects tend to have more trouble performing HFP than
younger subjects, especially if they have significant macular pathology.

Psychophysical macular pigment measurement requires that color
perception be similar at the central and peripheral fixation sites. This is not a
trivial problem because the distribution of the various types of photoreceptors
varies considerably with increasing eccentricity (32). At the foveal center, there
are no rod photoreceptors and no short-wavelength cones (S cones), but there is
an abundance of medium-wavelength cones (M cones) and long-wavelength
cones (L cones). Just outside of the foveal center, the density of rods and S cone
rises, while the density of L cones and M cones drops precipitously. The S-cone
peak density is within a 1 mm of the foveal center, whereas rod cell density peaks
just outside of the macula at 5—7 mm of eccentricity. Thus, it is clear that color
perception would not be expected to be the same at central and peripheral sites. HFP
minimizes the contribution of S cones and rods by providing a blue background
light to bleach these shorter wavelength pigments, and the flicker rate of the testing
spot is higher than their critical flicker frequencies (29). This allows for the HFP
task to be mediated primarily by the M-cone and L-cone systems. As long as the
L /M ratio is invariant spatially, HFP should be valid. It appears this assumption is
correct in young healthy individuals (33), but there is some evidence that with aging
or macular pathology this assumption may not be correct (34).

HFP assumes that the carotenoid optical density at the eccentric fixation
reference point is zero, and all other carotenoid optical density measurements are
calculated relative to the zero point in order to correct for media opacities and
interindividual differences in L/M cone ratios. If the reference point is not
actually zero, then all other readings will be systematically underestimated.
Therefore, it is important to make certain that the eccentric fixation point is far
enough away from the foveal center in a region that no longer has substantial
levels of carotenoids. It is known by HPLC studies that a low level of carotenoids
is present throughout the peripheral retina (7,11,12), but the levels are generally
low enough to be considered negligible when performing HFP unless the central
concentration of carotenoids is also extremely low.

Numerous epidemiological HFP studies of macular pigment density have
been published in recent years. Many of these investigations have focused on
young healthy populations in order to ascertain correlations between macular
pigment versus various putative risk factors for ARMD such as age, smoking,
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gender, iris color, body mass index, blood carotenoid levels, dietary carotenoid
intake, etc. (35—38). Correlations have generally been of modest significance and
sometimes even contradictory, due in part to the wide range of macular pigment
levels in the population and the complex nature of carotenoid homeostasis, as
well as differences in HFP methodologies between research groups. Relatively
few HFP studies have been performed on patients with significant macular
pathology, and these must all be interpreted with caution since some of the
critical assumptions of HFP are undoubtedly violated in these subjects. The most
notable of these studies demonstrated lower macular pigment levels in the
clinically normal fellow eye of patients with unilateral exudative ARMD (38),
whereas another group found that retinitis pigmentosa patients appear to have
normal macular pigment levels (39).

HFP has also been employed in some small-scale dietary supplementation
trials (40—42). In one of these studies, a steady rise in macular pigment optical
density was seen in response to lutein supplementation after an initial lag period
(40), whereas in other studies, responses to interventions with lutein supple-
ments or dietary modification were quite variable, with some subjects showing
no change at all despite several months of intervention (41,42). Possible
explanations include poor subject compliance or the presence of saturated
carotenoid binding sites in the macula. Also, since HFP measures macular
carotenoid levels relative to a peripheral zero point, it is possible that a significant
rise in carotenoids in the peripheral retina in response to supplementation could
mask a response centrally.

As a subjective psychophysical test, HFP measurements can never be
directly correlated with the “gold standard” of HPLC analysis of carotenoids in
the macula. Thus, there has been considerable interest by some carotenoid
researchers to develop objective optical methods to measure macular pigment
noninvasively. These methods might require less reliance on subject training and
attentiveness, and there is the potential to perform direct correlations with HPLC
in human cadaver eyes or in animal model systems. These optical methods would
be likely to have wider applications in subjects with significant macular
pathology relative to HFP.

C. Reflectance Methods to Measure Macular Pigment

The first efforts to measure macular pigment objectively were photographically
based reflectance techniques. Delori and colleagues took a series of fundus
photographs using a variety of narrow-wavelength illumination filters (43). They
found that photographs taken at 470nm, near the absorption maximum of the
macular pigment, exhibited a dark central spot corresponding to the peak of the
distribution of the macular carotenoids. Other photographs taken at wavelengths
longer than 500 nm showed a much less dense central spot that appeared to
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originate from increased foveal melanin density rather than macular carotenoids.
Comparison of the on-peak versus the off-peak photographs allowed for a
qualitative estimation of the macular carotenoids since it was assumed that other
chromophores provide insignificant contributions to foveal absorbance.
Quantitative assessments of macular pigment were not feasible due to limitations
of the photographic technology at that time since subtle variations in subject
alignment and flash intensity could lead to large picture-to-picture variations
in exposure. Also, the filters used were probably not sufficiently monochro-
matic, and image digitization technology and registration algorithms were not
adequately advanced.

More recently, with the advent of high-resolution digital fundus cameras
and scanning laser ophthalmoscope (SLO) systems, there has been a resurgence
of interest in this technology. Modern computing methods greatly simplify image
registration and digital subtraction. Argon laser lines at 488 nm and 514 nm can
be used for monochromatic on-peak and off-peak images, and confocal optics can
be incorporated (44-46) (Fig. 2). The MPOD is then calculated according to
the following equation where C, is a constant depending on the absorption
coefficients of the macular pigment, and Ref values are the measured reflectances
at the fovea and parafovea (14° outside the fovea) at 488 and 514 nm (46):

MPOD = C,*[log (Refs14, foveal /Refass, foveal)

— (Refs4, parafoveal/ Refygs, parafoveal)]

There are some limitations of this technology, however. The apparatus may
be quite expensive, especially when they are custom modified SLO systems. As
with HFP, it must be assumed that no other pigments anywhere in the optical path
contribute significantly to relative absorbances on and off peak, and they are both
subtractive technologies that require the carotenoid content of the periphery to be
set to zero. More recently, it has been reported that relative changes of macular
pigment distribution in response to lutein supplementation can be monitored
using single-reflection SLO images with only 488 nm illumination (47).

A closely related technique called quantitative fundus reflectometry has
been employed by several groups. In its typical form, the foveal region is
illuminated successively with a series of narrow-bandpass filters on a rotating
wheel, and reflected light is collected by a photomultiplier (48), video camera
(49), or CCD camera (50) (Fig. 3). Then, using a sophisticated optical model, the
average spectral contribution of the absorbance by macular carotenoids (Dy,c) 1S
calculated for the region illuminated according to the following equation, which
determines the reflectance of the whole eye (R.,.) at various wavelengths (A),
taking into account the fixed spectral density of the nonaging lens (Dieps-na)s
the age-dependent spectral density of the aging lens (Diens.a), the spectrally
neutral scatter losses (Dpeqscar), the fixed spectral density of 24 mm of water
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Figure 2 (A) Top view of a confocal SLO, drawn approximately to scale except laser
and photomultiplier. AM, acousto-optic modulator; S, shutter allowing the Ar or He-Ne
laser light; BS, beam splitter; M1, 2, 3, surface mirrors; L1 lens f= 200 mm, L2 lens
/=40 mm; PS, polygon scanner for horizontal deflection; GM, galvanometer mirror for
vertical deflection; CM1 concave mirror f= 218 mm; CM2 f= 356 mm; Al, 2
apertures; PM, photomultiplier. (b) Side view of the SLO. (c) Dimensions of entrance
and exit pupils in the plane of the subject’s pupil. (From Ref. 44). B. Fundus reflectance
maps at 488 nm (A) and 514 nm (B) made with a custom-built SLO. (C) Map of the sum
of lens density and MP density, obtained by digital subtraction of log reflectance maps
shown in (A) and (B). The bar at the left shows the coding of the density units from zero
to 1.0. (From Ref. 45).
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(B) A, 488 nm

Figure 2 Continued.

representing the vitreous (Dyaer), the spectrally neutral reflectance of the inner
limiting membrane (R;,,,), and the spectral reflectance of the photoreceptor layer

(Rrecep) (S1):

Reye(A) — {1O[_Z(Dlens—m()\)+Dlens—a(/\)+Dmedsca(+Dwaler()‘))]}
* {Rilm + (1 - Rilm)2 * 10[_2Dmm(/\)] * Rrecep()‘)}

Since the sclera and the cone photoreceptor disks are the primary reflectors
in this technique, the incident and reflected light must pass through multiple
absorptive and reflective structures, making the optical model quite complex
(Fig. 3), and it is unclear how much the model will have to be altered in the face
of significant macular pathology. In its current form, image acquisition time
is long enough that precise head alignment and fixation may be required.
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Berendschot and colleagues have compared this technique to a digital subtraction
SLO method in a lutein supplementation study (44). They found that SLO
provided the most reliable data, and they estimated that macular pigment optical
density rises in the range of 5% per month in response to 10 mg of daily lutein
supplementation. More recently, this same group used reflectometry on an
elderly cohort with normal maculae and compared them to a cohort with early
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Figure 3 (A) Schematic of an imaging fundus reflectometer. TL, Tungsten halogen
lamp; XL, xenon arc flash lamp; M, mirrors 1-6; L, lenses 1-7; D1, a slit-like field stop
inserted into the illuminating beam of the camera for the duration of the measurement
only. (From Ref. 50.) (B) Model of the optical reflectance of the fovea, with pathways
through the receptor layer and reflections from the inner limiting membrane (ILM), the
receptor disks, and the sclera. Reflectors (R) are indicated by horizontal lines. Absorbing
pigments (D) are drawn as horizontal boxes. Cones are depicted as funnel-shaped objects.
In the dark-adapted condition, the cones are filled with visual pigment. Light enters the eye
from the top, as indicated by the downward-pointing arrow. Upward-pointing arrows
represent light detected by the instrument, emerging from the eye after reflection from the
different layers. Secondary reflections are assumed to be lost elsewhere. Only the
reflection from the cone receptor disks is directional. (From Ref. 51.)
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Figure 3 Continued.

age-related maculopathy (52). They could detect no difference in macular
pigment levels between the two cohorts.

D. Lipofuscin Fluorescence Attenuation

Delori has developed a technique to measure macular pigment density based on
attenuation of lipofuscin fluorescence originating from the retinal pigment
epithelium (RPE) (53,54). The major fluorophore of lipofuscin is A2E, a
compound formed by the condensation of two retinaldehyde molecules with
phosphatidylethanolamine (55). A2E builds up with age in RPE cells in a more or
less even distribution across the posterior pole of the eye (56). A2E has a
fluorescence excitation spectrum that partially overlaps with the absorption
spectrum of the macular carotenoids, and its emission spectrum is broad and at
wavelengths well beyond the absorption of carotenoids (55). In Delori’s
technique, the foveal region is illuminated with two different wavelengths of
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near-monochromatic light, one within the absorption range of both the macular
pigment and lipofuscin, and one within the absorption range of lipofusin alone
(Fig. 4). The relative fluorescence under these two conditions is then compared
incorporating appropriate correction factors for the quantum fluorescence
efficiency at the two different excitation wavelengths at foveal and extrafoveal
sites, and the mean peak macular pigment optical density preventing the
excitation of lipofuscin fluorescence at the fovea Dar (460) is calculated using
the extrafoveal site as a zero point according to the following equation (54):

Dr(460) = [1/Kup(A1) = Kunp(A)]*{ og[Fp(A1, A)/Fr(Ay, V)]
—log[Fp(Az, A)/Fr(Az, M}
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Figure 4 Optical diagram of a fundus spectrofluorophotometer. EA, confocal
excitation; DA, detection apertures; S, shutters; IR, infrared. (From Ref. 53.)
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In this model, the two excitation wavelengths A (470 nm) and A, (550 nm) are
in the high- and low-absorption ranges of the macular pigment, and the lipofuscin
fluorescence is measured at the same emission wavelength A (710 nm). Fr and Fp
represent the autofluorescence of all layers located posteriorly to the macuular
pigment at the fovea and perifovea (7° temporal to the fovea), respectively, and
Kup is the extinction coefficient relative to that at 460 nm. A critical but as yet
unproven assumption of this technique is a requirement that no other fluorophores
contribute significant fluorescence unless their spatial distributions precisely
match that of A2E (54).

The lipofuscin fluorescence attenuation technique is not yet widely used.
One report of a comparison versus HFP and reflectometry has been published that
demonstrated reasonable correlations, although with some systematic differences
(54). Studies on normal and ARMD subjects are reportedly in progress.

E. Resonance Raman Spectroscopy

All of the objective methods for assessment of carotenoids in the living human
macula, as well as HFP, are based on the measurement of the characteristic
absorption common to most carotenoids—a very high extinction coefficient of
absorbance at around 460 nm and minimal absorbance beyond 500 nm. In 1998,
Bernstein, Gellermann, and colleagues proposed a radically different method for
objective measurement of carotenoids in the eye using resonance Raman
spectroscopy (RRS) (57). This form of vibrational spectroscopy has now been
developed for use in living human eyes. It has proven to be sensitive and very
specific, and is well suited to large-scale screening of clinic populations (58—60).

When monochromatic light illuminates chemical compounds, the light
scattered in all directions contains spectral information about quantized internal
molecular vibrations. This process is known as Raman scattering, and it can be used
to obtain a highly specific optical fingerprint of the molecules of interest. When
analyzing the wavelengths of the scattered light with a spectrometer, one finds that
most of the incident light is scattered at the same wavelength as the incident light.
This light component, termed Rayleigh light, is due to elastic scattering in which
no energy is exchanged between the light and the molecular vibrations, and it
contains very little information about the scatterers; however, a small proportion
of the incident light is shifted, in an inelastic Raman scattering process, to
longer wavelengths by discrete light frequency shifts, termed Stokes shifts, which
correspond exactly to the vibrational energies of the light-scattering molecules. Most
carotenoids exhibit well-defined Raman spectra originating from vibrations of the
common conjugated polyene backbone. For lutein and zeaxanthin dissolved in
tetrahydrofuran (THF), these Stokes lines appear at 1525 cm™ ' (C=C stretch),
1159 cm ™! (C—=C stretch), and 1008 cm ! (C—CHs; rocking motions) (57,61).
Ordinarily, the Raman scattering process is weak in intensity, requiring intense
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illumination, long acquisition times, and high sensitivity detectors, and in biological
systems the spectra tend to be very complex due to the diversity of compounds
present. This scenario changes drastically if the compounds exhibit absorption bands
due to electronic dipole transitions of the molecules, particularly if these are located
in the visible wavelength range. When illuminated with monochromatic light
overlapping one of these absorption bands, the Raman-scattered light will exhibit a
substantial resonance enhancement. In the case of the macular carotenoids, 488-nm
argon laser light provides an extraordinarily high resonant enhancement of the
Raman signals on the order of 10° (61). No other biological molecules found in
significant concentrations in human ocular tissues exhibit similar resonant
enhancement at this excitation wavelength, so in vivo carotenoid resonance
Raman spectra are remarkably free of confounding Raman responses. Raman
scattering is a linear spectroscopy, meaning that the Raman scattering intensity (Is)
scales linearly with the intensity of the incident light (I;). Furthermore, at fixed
incident light intensity, the Raman response scales with the population density of the
scatterers N(E;) in a linear fashion determined by the Raman scattering cross section
or (i — f) (afixed constant determined by the excitation and collection geometries)
as long as the scatterers can be considered as optically thin (59).

Is = N(E)*or(i — f)*IL

In vivo resonance Raman spectroscopy in the eye takes advantage of several
favorable anatomical properties of the tissue structures encountered in the light
scattering pathways. First, the major site of macular carotenoid deposition in the
Henle fiber layer is on the order of only 100 wm thickness (8). This provides a
chromophore distribution very closely resembling an optically thin film having no
significant self-absorption of the illuminated or scattered light. Second, the ocular
media (cornea, lens, vitreous) are generally of sufficient clarity not to attenuate
the signal, and they should require appropriate correction factors only in cases of
substantial pathology such as visually significant cataracts. Third, since the macular
carotenoids are situated anteriorly in the optical pathway through the retina, the
illuminating light and the back-scattered light never encounter any highly
absorptive pigments such as photoreceptor rhodopsin and RPE melanin, while the
light unabsorbed by the macular carotenoids and the forward- and side-scattered
light will be efficiently absorbed by these pigments (59).

Initial ocular resonance Raman studies were performed on flat-mounted
human cadaver retinas, human eyecups, and whole frog eyes using a laboratory
grade Raman spectrometer and an argon laser. HPLC analysis was performed to
confirm linearity of response, and the ability to achieve spatial resolution on the
order of 100 pwm was shown (57). An instrument suitable for clinical use in living
humans and nonhuman primates was then developed (58,59) (Fig. 5). It consisted
of a low-power argon laser that projected a 1-mm, 0.5-mW, 488-nm spot onto the
foveal region through a pharmacologically dilated pupil for 0.5s. One hundred
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eighty degree back-scattered light was then collected, and Rayleigh-scattered
light was rejected through the use of high-efficiency bandpass filters before being
routed via fiber optics to a Raman spectrometer and Peltier-cooled CCD camera
interfaced to a personal computer equipped with custom-designed analysis
software. Laser illumination levels on the retina were well within established
safety standards. Living humans fixate on a suitable target to ensure alignment,
while monkey experiments employed a video camera and red laser aiming beam
to confirm foveal targeting. Using living monkey eyes, linearity of response at
“eye-safe” laser illumination levels could again be established on this system
relative to HPLC analysis of macular carotenoid levels after enucleation, and it
was possible to rapidly measure a relatively large population of human volunteers
(59,60). External calibration against lutein and zeaxanthin standard solutions in
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Figure 5 (A) Schematics of a fiber-based, portable Raman instrument for clinical
applications. The instrument consists of an argon laser (lower right) for excitation, a light-
delivery and collection module, a spectrograph (upper right), and electronics. The subject
looks into the light module through an eyepiece and aligns his/her head position before a
measurement. (From Ref. 59.) (B) and (C) Resonance Raman spectrum from a living human
macula before (A) and after (B) subtraction of background fluorescence. (From Ref. 60.)
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Figure 5 Continued.

1-mm-thick cuvettes showed that in vivo resonance Raman spectra of macular
pigment were indistinguishable from in vitro standard spectra after fluorescence
background correction had been performed (60). Detector response remained
linear until optical densities of ~0.8, well past the amount expected to be
encountered in the macula in the vast majority of subjects (60).

Initial experience with the resonance Raman scanner in a clinical setting
revealed that it was sensitive, specific, and well accepted by the subjects.
Intersession and intrasession repeatability was in the range of + 10% (59,60),
matching or exceeding other in vivo macular pigment measurement techniques,
objective or subjective. Since the clinical version relies on foveal alignment
on a fixation target, 20/80 or better acuity is ordinarily required. Subjects
with dense media opacities such as visually significant cataracts or with poor
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pharmacological pupillary dilation (<6 mm) were generally excluded from
studies since their readings may be artifactually low.

Surveying a large population of clinically examined normal individuals
ranging from 21 to 84 years old, we found that there was an approximately
10-fold range of macular pigment in each decade and that there is a steady decline
of average macular pigment readings with increasing age until the readings level
off at a steady low level past age 60 (59). This decline cannot be explained by
yellowing of the lens with age because nearly half of the elderly subjects had had
prior cataract surgery and therefore had optically clear prosthetic intraocular
lenses, but their macular pigment levels were consistently much lower than those
of the young subjects with natural lenses. Macular carotenoids are 32% lower in
ARMD patients who do not consume high doses of lutein supplements (>4 mg/
day) regularly relative to age-matched controls who do not consume supple-
ments (60,62). ARMD patients who had begun to consume high-dose lutein
supplements regularly after their initial diagnosis of ARMD have levels in the
normal range for their age. These findings are very supportive of the hypothesis
that low macular carotenoid levels are a risk factor for ARMD and that macular
pigment levels can be modified through supplements even in an elderly
population with significant macular pathology.

Measurements made with RRS are not directly comparable to HFP since
RRS in its current form measures absolute amounts of carotenoids in the entire
area illuminated with the laser (57—-59) whereas HFP measures perceived optical
density at the edge of the illumination spot relative to a peripheral site (63).
Nevertheless, an initial comparison study has been performed using HFP with
1.5° macular illumination versus RRS with a 1 mm laser spot (64). Baseline
studies on 40 healthy individuals younger than 61 years revealed a highly
significant correlation between the two methods, but intrasession and inter-
session variability was much lower for RRS. Both methods displayed an
inverse correlation with increasing age, but only RRS’s decline was statistically
significant, due in part to HFP’s higher variability.

The next generation of ocular resonance Raman scanners will incorporate
spatial mapping of macular carotenoid distributions. Using parallel CCD arrays
and narrow-bandpass gratings, one tuned to the 1525 cm™' C=C peak, and
one off-peak just a few wavenumbers away, we recently developed a Raman
instrument that is capable of producing a subtractive topographic pseudocolor
map of macular carotenoid distributions at less than 50 pm resolution on human
cadaver eyes (65) (Fig. 6). Efforts are underway to modify the instrument for use
in living human eyes. The integral of the area illuminated in this imaging
technique can be correlated with the previous single-spot resonance Raman
method or with extraction and HPLC analysis. Initial employment of this
mapping technique on human donor eyes reveals a remarkable variety of macular
carotenoid distributions ranging from circularly symmetrical peaks to ridges to
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Figure 6 (A) Schematic diagram of resonance Raman apparatus for imaging an eyecup
(EC). Lenses (L), filters (F), and a beam splitter (BS) are shown. F2 is an angle-tunable
narrow-bandwidth filter. (B) Resonance Raman image of human eyecup showing a
volcano-like distribution of the macular carotenoid pigment centered on the fovea. (From
Ref. 65.)
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volcano-like peaks with central depressions. There is also a wide range of peak
widths at half-maximum, but it is clear that a 1-mm-diameter spot is sufficient to
encompass the entire foveal peak of macular pigment in all eyes examined so far.
It is anticipated that a similar instrument suitable for use in living human eyes
will continue to provide new insights on the correlations of macular carotenoid
levels and distributions with various macular pathological states.

lll. NONINVASIVE ASSESSMENT OF CAROTENOIDS IN
THE HUMAN SKIN

A. Overview of Carotenoid Function in the Skin

While only two carotenoids (lutein and zeaxanthin) are found in the human
macula, all carotenoid nutrients found in human blood are also found in human
skin. These are B-carotene, a-carotene, lycopene, lutein, and zeaxanthin, with the
nonpolar lycopene and carotenes having much higher concentrations in this tissue
relative to the xanthophylls lutein and zeaxanthin (66,67). Unlike the eye, at least
a portion of lutein and zeaxanthin in the skin appears to be esterified to long-chain
fatty acids (68). There is no evidence as yet that specific binding proteins are
involved in carotenoid uptake and stabilization in this tissue.
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Epidemiological and experimental studies show that a high dietary intake
of foods rich in carotenoids could protect against many diseases besides macular
degeneration, including cancer (69—-71), cardiovascular diseases, and numerous
pathological conditions linked to damage by oxygen-based free radicals (72,73).
In the skin, carotenoids function as antioxidants scavenging free radicals (74),
singlet oxygen (75,76), and other harmful reactive oxygen species (77) that are all
formed as a by-product of normal metabolism and by excessive exposure of skin
to ultraviolet (UV) light or sunlight.

When increasing the amount of carotenoids in the diet or consuming
carotenoid-enriched supplements, these nutrients are initially accumulated in the
lipoproteins in blood (78). The concentrations can be easily increased by 100%
and higher. This increase in blood carotenoids then leads to an increase of
carotenoid concentrations in all organs taking up lipoproteins, including skin. It
has been shown that skin carotenoid levels are strongly and significantly
correlated with carotenoid levels in plasma (66). As is found in plasma, dermal
carotenoid levels are lower in smokers than in nonsmokers. B-Carotene levels
in skin are known to increase with supplementation (79), and supplemental
[B-carotene is used to treat patients with erythropoietic protoporphyria, a
photosensitive disorder (80). Supplemental carotenoids have also been shown to
delay erythema in normal healthy subjects exposed to UV light (81-83). There is
limited evidence that they may be protective against skin malignancies (67), but
more research is needed to confirm these findings.

As with the eye, it would be useful to know skin carotenoid levels rather
than just serum levels or dietary intakes. Skin biopsies are invasive, and HPLC
analysis poses special challenges since distributions can vary from body region to
body region. Skin also has much lower concentrations of carotenoids, and it has
considerable amounts of fibrous tissue that must be broken down prior to
analysis. Peng and colleagues reported a method using enzymatic predigestion
with collagenase and pronase E that yielded reliable and reproducible results on
skin biopsies as small as 28 mm? (66,84). Skin is an ideal target for noninvasive
optical detection of carotenoids because it is readily accessible, is able to
concentrate carotenoids, and shows a good correlation with plasma carotenoid
status.

B. Reflectance Measurement of Carotenoids in Skin

Objective noninvasive optical methods to measure carotenoids are challenging
since skin is a semiopaque tissue that is prone to considerable light scattering.
Jungmann and colleagues developed a reflectometry-based system (85) that has
been useful for monitoring relative changes in skin carotenoid content in small
groups of volunteer subjects after supplementation (86). In this method, a
region of the skin is illuminated with a 5-W halogen lamp via a fiberoptic
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reflection bundle, and the reflected light is analyzed between 350 and 850 nm
using a spectrophotometer. This generates an uncorrected reflectance spectrum
of the skin that is dominated by the spectrum of oxygenated hemoglobin with
absorption maxima at 450, 540, and 570 nm. Estimation of the carotenoid
levels in the skin is then performed using a nonlinear mapping procedure that
links the initially recorded inhomogeneous reflection spectrum of the skin at
discrete wavelengths (A) to the absorption spectrum of a [B-carotene solution
in a cuvette. The basis for this estimation is the following equation in which
s(A) is the unknown scattering coefficient of the tissue, k3 (A) is the
background absorption, c;(A) are the molar concentrations of the various tissue
absorbers, €;,(\) are their absorption coefficients, and R.(A) is the skin
reflectance (85):

(ko +3ci + &)/ = (1 — Reo)*/(2*Reo)

The degree of inhomogeneity can be calculated in this way, and a
corrected spectrum can be obtained that is compensated for the heterogeneous
distribution of carotenoids in the tissue and the unknown pathlength of the
reflected light in the tissue. The spectrum is further corrected for the influence
of other light absorption and scattering components on the skin reflectance
spectrum using a partial component regression and a partial least-square
multivariate algorithm to determine the deviation due to skin carotenoids.
From this derived spectrum, an estimate of skin carotenoid concentration can
be determined that is in the same range as reports using skin biopsies and
HPLC analyses (86). They also found a significant correlation between
baseline skin and serum carotenoid levels in a 12-week [-carotene supple-
mentation study, and they were able to document an apparent rise in response
to supplementation (86).

More recently, some of these same investigators have compared their
reflectance method with measurements from a more commonly used Minolta
Tristimulus Chroma Meter (87) (Fig. 7). In this technique, the colors of the
measured skin surfaces are assigned numerical values (L*, a*, b*) in color space,
where L* is the luminance quantifying the relative brightness ranging from total
black (L* = 0) to total white (L* = 100), a* is a value representing the balance
between the reds (positive values) and the greens (negative values), and b* is a
value representing the balance between the yellows (positive values) and the
blues (negative values). In agreement with the expected behavior for a substance
that absorbs in the blue wavelength range, they found that the b* values correlated
with the carotenoid reflectance readings whereas the L* and a* values did not.
Furthermore, skin carotenoid levels measured by either method correlated
positively with minimal erythemal dose levels, an indication of resistance to
UV-induced skin damage (87).
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Figure 7 Schematic of the optical head of a Minolta CR-300 Chroma Meter. A pulsed
xenon arc lamp inside a mixing chamber provides diffuse, uniform lighting over the
specimen area (8 mm diameter). Only the light reflected perpendicular to the specimen
surface is collected by the optical fiber cable for color analysis. (Redrawn from http://
www.minoltausa.com/).

C. Raman Measurement of Carotenoids in Skin

Recently, we applied resonance Raman spectroscopy to carotenoid measure-
ments in skin and oral mucosal tissue (67,88) (Fig. 8). This method is an
appealing alternative to reflectance due to its high sensitivity and specificity that
obviates the need for complex correction models. Also, this method allows one
to measure absolute carotenoid levels in these tissues, so the method does not
have to rely on induced concentration changes. Although absolute levels of
carotenoids are much lower in the skin relative to the macula of the human eye,
laser power can be much higher, and acquisition times can be much longer to
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Figure 8 (A) Schematic of basic Raman scattering instrumentation used for detection of
carotenoid pigments in human tissue. Excitation light from an argon laser is routed via
optical fiber, beam expanding lens L3, laser bandpass filter F2, dichroic mirror BS, and lens
L2 to the tissue. The Raman shifted back-scattered light is collimated by lens L2, directed
through BS, filtered by holographic rejection filter F1, focused by lens L1 onto a fiber, and
sent to a spectrograph. The wavelength-dispersed signals are detected by a charge-coupled
detector CCD and displayed on a computer monitor PC. (B) Typical Raman spectra for
human ventral forearm skin, measured in vivo. Illumination conditions: 488 nm laser
wavelength, 10 mW laser power, 20 s exposure time, 2 mm spot size. Spectrum shown at
top is spectrum obtained directly after exposure and reveals broad, featureless, and strong
fluorescence background of skin with superimposed sharp Raman peaks characteristic for
carotenoid molecules. Spectrum at bottom is difference spectrum obtained after fitting
fluorescence background with a fifth-order polynomial and subtracting it from the top
spectrum. The main characteristic carotenoid peaks are clearly resolved with good signal-
to-noise ratio at 1159 and 1524 cm™ . (From Ref. 67.)
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Figure 8 Continued.

compensate. Since the bulk of the skin carotenoids are in the superficial layers of
the dermis (67), the thin-film Raman equation given in Sec. ILE is still valid.
Background fluorescence of the tissue can be quite high, but baseline correction
algorithms are still adequate to yield carotenoid resonance Raman spectra with
excellent signal-to-noise ratios. The Raman method exhibits excellent precision
and reproducibility (67,88). Deep melanin pigmentation likely interferes with
penetration of the laser beam, so measurements are standardly performed on
the palm of the hand where pigmentation is usually quite light even in darkly
pigmented individuals. As with reflectometry, relatively high levels of skin
carotenoids are measured by the Raman method on the forehead and on the palm
of the hand, while other body areas are significantly lower (67,87). Quantitative
validation studies to correlate skin Raman readings with HPLC analysis of biopsy
specimens are in progress.

Measurements of large populations with the Raman device have
demonstrated a bell-shaped distribution of carotenoid levels in the palm of the
hand (89). Field studies have recently been carried out where a population of
1375 healthy subjects could be screened within a period of several weeks (90).
Preliminary analysis of the data confirmed that smokers had dramatically lower
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levels of skin carotenoids as compared to nonsmokers. Furthermore, the study
showed that people with habitual high sunlight exposure have significantly lower
skin carotenoid levels than people with little sunlight exposure, independent of
their carotenoid intake or dietary habits. When analyzed by a chemical assay
based on urinary malondialdehyde excretion, an indicator of oxidative lipid
damage, people with high oxidative stress had significantly lower skin carotenoid
levels than people with low oxidative stress. Again, this relationship was not
confounded by dietary carotenoid intakes that were similar in both groups. These
observations provide evidence that skin carotenoid resonance Raman readings
might be useful as a surrogate marker for general antioxidant status (89). Studies
are also underway to determine whether low skin Raman measurements may be
associated with increased risk of various skin cancers. Initial studies have
demonstrated that lesional and perilesional Raman carotenoid intensities of
cancerous and precancerous skin lesions are significantly lower than in region-
matched skin of healthy subjects (67).

The larger number of conjugated carbon bonds in lycopene compared to the
other carotenoids in skin produces an absorption band shift that can be used to
measure lycopene independently of the other carotenoids (88). It is possible in
this way to assess this carotenoid independently from the other dietary
carotenoids. There is considerable interest in a specific role for lycopene in
prevention of prostate cancer and other diseases (83,91), and a noninvasive
biomarker for lycopene consumption would be of tremendous utility.

IV. CONCLUSIONS

Noninvasive assessment of carotenoids in the eye and skin has provided a wealth
of data for the carotenoid research community, and additional epidemiological
evidence in support of the role of carotenoids in preventing chronic disease is
eagerly awaited. As these devices are further validated and as they enter common
clinical usage, they are likely to have an important role in early diagnosis of
individuals at risk for many debilitating disorders such as age-related macular
degeneration and skin malignancies. Preliminary data suggest that these
techniques will also be very promising for use in population studies, and
employment of these technologies can be envisioned in case-control studies,
large cohort studies, randomized diet intervention trials, and trials testing
behavioral interventions at the population level. If this approach can be validated
as a reproducible and valid biomarker of fruit and vegetable intake that is
predictive of risk of chronic disease, then it is conceivable that these techniques
could someday be used in routine nutritional surveillance and public health
practice.
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. INTRODUCTION

Associations between consumption of carotenoid-rich fruits and vegetables and
health benefits have stimulated interest in measurement of carotenoids in
biological matrices to best assess patterns of carotenoid consumption, bio-
availability, and utilization in humans (1-5). As a result, methodologies have
been developed and applied successfully to determination of carotenoid levels in
a variety of human tissues including major organs such as liver and lung (6—8),
prostate (9), lens and retina (10,11), buccal mucosal cells (12,13), cervical tissue
(14,15), and blood plasma (6,14—23) and plasma fractions (24,25).

While a wealth of information may be gained by tissue analysis, it is
circulating carotenoid levels that have been increasingly utilized in human
studies as an indicator of carotenoid status. The diversity of circulating
carotenoids was illustrated best by Khachik et al. (26) where 34 different
carotenoids, including geometrical isomers, were resolved in extracts of human
plasma. This diversity, combined with flexibility in sampling and opportunity for
multiple sampling, makes blood plasma and corresponding plasma fractions a
renewable and conveniently assessable tissue suitable for large clinical dietary
interventions. Analysis of whole-blood plasma and plasma fractions offer a
plethora of information to the researcher, including overall carotenoid status,
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carotenoid species and isomeric distribution, and plasma fraction distribution
providing information on newly absorbed carotenoids.

As analytical methodology has evolved, so has its application to carotenoid
analysis. No technique has had greater impact on the study of carotenoids
than high-performance liquid chromatography (HPLC). Its versatility and
reliability have allowed for wide application to every aspect of carotenoid
research from horticultural to clinical studies. Early HPLC procedures for
extracts of blood plasma allowed for separation and quantification of only a few
carotenoids such as a-carotene, [3-carotene, and lycopene (14,18). Total caro-
tenoid levels were determined to be approximately 120 pg/dL, with lycopene
and lutein/zeaxanthin being the most prominent (14). While these early methods
were limited in comparison with today’s technology, results have been consistent
with more recent measurements where lycopene is the major circulating
carotenoid, with lutein/zeaxanthin and B-carotene also representing significant
portions of the overall circulating carotenoid pool (5,8,9,15,19). Yeum et al. (20)
separated what may be considered a typical normal living human serum
carotenoid profile including 13 carotenoid and carotenoid isomers in both men
and women (Fig. 1 and Table 1).

Constant development and refinement of instrumentation and methodology
has allowed for efficient, sensitive, and selective measurement of carotenoids

Abs
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Figure 1 Reverse-phase Csq separation of 13 major carotenoid in human blood plasma as
quantified by Yeum et al. (20). Stationary phase: 3 pm Cjy carotenoid column
(150 x 4.6 mm). Mobile phase: gradient elution using methanol/ methyl-zers-butyl ether/
water (83:15:2) and methanol/methyl-fert-butyl ether: water (8:90:2). One percent
ammonium acetate was included in the mobile phases to enhance carotenoid recovery
and separation. Peak identifications: 1 = lutein isomer; 2 = lutein; 3 = zeaxanthin;
4 = cryptoxanthin; 5 = 13-cis--carotene; 6 = a-carotene; 7 = all trans [-carotene;
8 = 15-cis-lycopene; 9 = 13-cis-lycopene; 10 = 9-cis-lycopene; 11 = all-trans lycopene.
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Table 1 Concentration of 11 Carotenold Species in Human Plasma®

Young Young Older Older
Carotenoid men women men women
Lutein 0.06 + 0.01 0.08 + 0.01 0.11 +£ 0.02  0.07 + 0.01
isomers
Lutein 0.22 + 0.02 0.28 £+ 0.03 0.38 £ 0.05 0.25 £+ 0.03
Zeazanthin 0.03 + 0.00 0.04 £+ 0.01 0.05 + 0.01 0.03 + 0.00
Cryptoxanthin 0.34 + 0.03 0.54 4+ 0.09 1.04 4+ 0.24 0.54 4+ 0.11
13-cis- 0.03 £+ 0.01 0.05 + 0.01 0.09 + 0.02 0.04 £+ 0.01
B-Carotene
a-Carotene 0.09 + 0.01 0.18 + 0.04 0.27 + 0.07 0.20 + 0.04
All-trans 0.44 + 0.07 0.80 + 0.17 1.51 + 0.41 0.78 + 0.10
B-carotene
15-cis-Lycopene 0.01 + 0.001 0.01 + 0.001 0.01 + 0.003 0.01 + 0.00
13-cis-Lycopene 0.12 + 0.02 0.10 £+ 0.02 0.14 + 0.02  0.09 + 0.01
9-cis-Lycopene 0.07 + 0.01 0.07 £+ 0.01 0.08 + 0.01 0.06 + 0.00
trans-Lycopene 0.38 + 0.05 0.37 + 0.06 0.41 4+ 0.06 0.28 + 0.02

Concentrations given in pmol/L.
*Adapted from Ref. 20.

present in various matrices, including blood plasma and plasma fractions. This
chapter describes some unique and useful chromatographic techniques and
specific methods of detection widely utilized in analysis of circulating carotenoid
levels and other biological samples. While the focus will be on analysis of plasma
carotenoids, a brief review of traditional liquid chromatography (LC) techniques
will be provided. Finally, characteristic separations of extracts of blood plasma
and plasma fractions will be used to illustrate the chromatographic resolution and
sensitivity of these methods.

Il. NORMAL-PHASE CHROMATOGRAPHIC METHODS

Initial HPLC methodology for carotenoid analysis focused on applications of
normal-phase techniques combining a polar stationary phase such as silica,
calcium hydroxide, and/or alumina with a nonpolar mobile phase such as
hexane, petroleum ether, or acetone. Stewart and Wheaton (16) accomplished the
first modern-type HPLC carotenoid separation by utilizing a stationary phase of
magnesium oxide and zinc carbonate to separate carotenes and xanthophylls,
respectively, with n-hexane and tertiary pentyl alcohol as the elution solvents.
While this method demonstrated only a simple separation, normal-phase HPLC
has been applied for a number of extremely complex carotenoid separations.
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More recently, cyano-amino columns in combination with a mobile phase of
n-hexane (95%) and ethyl acetate (5%) has been applied successfully to the
separation of lycopene (21).

The real promise of normal-phase HPLC may be in its applicability as a
separation mode for carotenoid geometrical isomers. Fiksdahl et al. (17)
demonstrated the advantage of using normal-phase HPLC coupled with an
ultraviolet and visible (UV-Vis) scanning spectrophotometer in the analysis of
cis—trans carotenoid mixtures. Calcium hydroxide has specifically demonstrated
excellent selective separation of acyclic and cyclic geometric carotenes and their
isomers from a variety of matrices (22,23).

Major application of normal-phase methodology to analysis of circulating
carotenoid levels has been limited by a lack of commercial availability, and
inconsistency in column packing that results in variable retention times, peak
areas, peak shape, as well as isomer resolution (23). However, excellent examples
exist in the literature, including that of Van het Hoff et al. (24). In this method
carotenoid concentrations in plasma and triglyceride-rich lipoprotein (TRL)
fraction were determined using a Nucleosil 100 5CN column with n-heptane as
mobile phase. UV-Vis detection was used to monitor concentrations of lycopene
at 470 nm, B-carotene at 450 nm, and retinyl palmitate at 325 nm.

lll. REVERSE-PHASE CHROMATOGRAPHIC METHODS

Reverse-phase HPLC methods have become much more prominent in carotenoid
analysis due to the variety of commercially available stationary phases and
packed columns. The most common of all stationary phases, octadecylsilane
packing (C;g), was first described by Schmit et al. (25). C;3 phases may be
broadly divided into two categories important to consider in carotenoid analysis:
monomeric and polymeric. When prepared from monochlorosilanes, Cig
columns are said to be monomeric. Polymeric C;g columns are characterized
by trichlorosilane cross-linkages between hydrocarbon chains. Furthermore,
packing material may be endcapped to prevent adsorption of nonpolar
compounds (23). Mobile phases for such reverse-phase systems typically are
composed of polar solvent systems such as water, methanol, ethanol, and
acetonitrile with organic modifiers such as chloroform, methylene chloride,
tetrahydrofuran, and hexane determining the rate of elution. Presence of certain
organic salts, such as ammonium acetate, further aid in resolution and recovery of
carotenoids from the phase. It is often recommended that low concentrations of
these salts (ammonium acetate and tetraethylamine, for example) be utilized
when analyzing biological samples, such as plasma, which provides complex
sample matrices limited in size and of low concentration.
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Numerous carotenoid separation methods have been described using
reverse-phase Cg columns. Vydac 218TP C;g columns (polymeric endcapped)
have been extensively applied in carotenoid separation from plant material
(27-29). Polymeric non-endcapped columns such as the Vydac 201 TP have been
extensively utilized and provide better separation of prominent carotenoids and
geometrical isomers (28—-31).

Wide availability, variety of columns, and ease of use have made C,g phases
the most common phase in analysis of carotenoids in biological samples such as
blood serum/plasma and plasma fractions. Numerous methods have been reported
highlighting speed and reproducibility of these separations. A classic method was
provided by Bieri et al. (14) to separate and quantify major plasma carotenoids.
Methods developed by Craft et al. (32,33) have enjoyed wide application in plasma
carotenoid analysis as they provide efficient and reproducible isocratic methodology
measuring and quantifying approximately 90% of the plasma carotenoids present.
More recent application of C;g technology to analysis of plasma carotenoids can be
seen in the work of Lyan et al. (34) and El-Sohemy et al. (35). The latter method is
particularly useful for resolving major serum/plasma carotenoids with a short
150 mm x 4.6 mm 3 pm Restek Ultra C,g column (Fig. 2). An interesting point to
illustrate from Figure 2 is the inability of traditional C;g separations to baseline-
resolve lutein and zeaxanthin species, resulting in reporting of total lutein +
zeaxanthin. This lack of resolution often hampered the ability of early
epidemiological studies to differentiate the importance of these two species. More
recent methods were able to fully resolve these xanthophylls (36,37).

Numerous methods have been developed utilizing polymeric C;g column
technology that provides excellent resolution between different carotenoid species.
However, C;g methodology has been limited in the separation of carotenoid
geometrical isomers. The importance of good isomer resolution is amplified when
one considers that lycopene cis isomer species may represent up to 60% of total
plasma lycopene (9,38). Lesellier et al. (30) described the superior resolution of
carotenoid isomers provided by polymeric versus monomeric C;g columns for
these analyses. B-Carotene and lycopene cis isomer levels have been reported
based on C;g methods (33,34). While some success has been achieved in the
separation of f-carotene isomers, resolution of lycopene isomers by C;g
methodology is still an analytical challenge. Only basic resolution into isomeric
fractions can be achieved by even the most advanced C,g technological methods.
Lyan et al. (34) applied a Nucleosil C column and a Vydac C column in series to
separate 22 carotenoid species, including improved resolution of major lycopene
and B-carotene cis isomer species (Fig. 3). Resolution of lycopene isomers in
plasma extracts by C;g was more recently improved by Bohm et al. (39) utilizing a
Vydac 201TP54 column under subambient (9°C) temperatures resolving five major
lycopene isomers in human plasma. While providing more satisfactory separations,
these methods do not follow standard approaches and may be difficult to replicate
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Figure 2 Rapid reverse-phase C;g separation of major plasma carotenoids. Stationary
phase: 3 pm Resteck Ultra Cig column (150 mm x 4.6 mm) equipped with a trident guard
column system. Mobile phase: (flow rate 1.1 mL/min) acetonitrile, tetrahydrofuran, methanol,
and 1% ammonium acetate solution (68:22:7:3). Major peaks are identified on the
chromatogram. Isomeric species were not identified. (Adapted with permission from Ref. 35.)

across research laboratories. More universal methodology was needed to further
the understanding of carotenoid geometrical isomers’ role in human health.

Development of a triacontyl (Czp) polymeric phase with high absolute
retention and shape recognition of carotenoid molecules has enhanced carotenoid
isomer separation (40). C;o columns are designed to have increased alkyl phase
length, which has been directly linked to better isomer resolution. Effectiveness
of this new stationary phase on mixtures of structurally similar carotenoids and
their isomers has also been demonstrated (13,38,40,41). C5y column technology
was found to be significantly more effective at carotenoid isomer separation than
either Vydac 201TP54 or Suplex pkb-100 stationary phases (42).

Because of its unique resolving abilities, C;o technology has had wide
application in analysis of biological extracts. Johnson et al. (43) applied Cjsq
column technology for resolution of 9-cis-B-carotene isomers in extracts of
human plasma and breast milk. Both Emenbhiser et al. (9,41) and Yeum et al. (20)
coupled the resolving ability of C;y technology with UV-Vis detection in
separation and identification of major plasma carotenoids including predominant
geometrical isomers (Figs. 1 and 4).
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Figure 3 Reverse-phase C;g separation of human plasma. Stationary phase: 3 pm
Nucleosil in series with 5 wm Vydac TP254C and Hypersil guard column; detection at
450 nm; Mobile phase: (flow rate = 2 mL/min.) acetonitrile-methanol containing 50 mM
acetate ammonium—dichloromethane—water (70: 15:10: 5, v/v/v/v). Peak identifications:
2 =unknown 1; 3 =unknown 2; 4 =unknown 3; 5 =lutein; 6 = zeaxanthin;
7 = unknown 4; 9 = unknown 5; 10 = unknown 6; 11 = unknown 7; 12 = unknown 8;
13 = B-cryptoxanthin; 14 = echinenone; 15 = unknown 9; 16 = trans-lycopene; 17 = cis-
lycopene; 18 = cis-lycopene; 19 = a-carotene; 20 = [3-carotene;; 22 = 13-cis--carotene.
(Adapted with permission from Ref. 34.)

Further developments in alkyl-bonded stationary phases have resulted in
the extended chain Cs4. Bell et al. (44) synthesized such a phase by use of
traditional polymeric synthesis as well as surface polymerization synthesis.
Resulting columns were applied to mixtures of carotenoids and their isomers
demonstrating increased selectivity toward certain cis isomers of both «- and -
carotene compared to both conventional C,g and C3 stationary phases. However,
extended run times and lack of commercial availability have limited the ability to
fully apply Cs4 technology to the evaluation of biological samples including
blood plasma and plasma fractions.

IV. HIGH-SENSITIVITY ANALYSIS
Carotenoid analyses are commonly performed by LC with UV and visible

absorbance (UV-Vis) detectors operating at wavelengths of maximal absorption.
Application of diode array detectors (DADs) provides additional spectral

Copyright © 2004 by Marcel Dekker, Inc.



92 Ferruzzi and Schwartz

Serum
all-trans
E cis isomers :
........................ Y
o >
©
<
g
o
c
@
o
o
o
®
a
<<
lllIllllll|IIII|II‘IYIII‘IIII|IIT|]11T
] 10 20 30 40 50 60 70

Retention time, min

Figure 4 Representative chromatograms showing cis and trans isomers of lycopene
from human serum. Separation was achieved on a C; stationary phase with methanol and
methyl-tert-butyl ether as elution solvents. Peaks eluting after 12 min were identified as
isomers of lycopene. (Taken with permission from Ref. 9.)

information to facilitate component identification. However, these UV-Vis
methods have limitations in detection and quantification of limited amounts of
carotenoids often encountered in samples of limited size or plasma fractions with
dilute carotenoid levels. Development of improved methodology to increase
sensitivity and selectivity above that offered by traditional systems is critical
to the extension of research and understanding of carotenoid absorption,
distribution, and metabolism in humans.

HPLC methodology with postcolumn electrochemical detection (ECD)
offers an alternative system based on oxidation and reduction properties of the
electrochemically active carotenoids. Past studies have demonstrated that this
type of detection provides a significant improvement in detection limits over
UV-Vis methods for other electrochemically active compounds such as phen-
olics, tocopherols, and retinoids. These methods have typically focused on conven-
tional single- or dual-channel electrochemical detectors (45-50). Using
electrochemical methods, detection limits for carotenoids have been estab-lished
at the femtomolar range representing a 10- to 1000-fold improvement
in sensitivity relative to conventional UV-Vis absorbance detection methods
(13,38,49).

Combination of ECD with the resolution capacity of C;y columns has
perhaps provided some of the most useful separations of human serum with
regard to our ability to expand the nature of traditional studies that rely on large
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Figure 5 LC ECD Cj, chromatogram of a 20-pL blood serum sample (20 nA full
scale). Twenty-microliter aliquots of blood serum were deproteinized with incorporation
of 100 pL of ethanol. Carotenoids were extracted as described by Ferruzzi et al. (13).
Separations were achieved on a 3-pm Cjy column prepared by National Institute of
Standards and Technology (Gaithersburg, MD), using gradient elution with different
concentrations of methanol-MTBE-ammonium acetate in reservoirs A (95:3:2) and
B (25:73:2). Peak identification: 1 = lutein, 2 = zeaxanthin, 3 = B-cryptoxanthin,
4 = 13-cis PB-carotene, 5 = a-carotene, 6 = B-carotene, 7 = 9-cis-B-carotene. (Taken
with permission from Ref. 13.)

sample sizes. Figure 5 shows the resolution of major carotenoids from a 20-pL
sample of blood plasma (13). Typically, much larger (about 200 L) samples are
common with LC methods utilizing conventional UV-Vis detection. Numerous
carotenoids were identified in the serum sample including trans forms of lutein,
zeaxanthin, B-cryptoxanthin, and a- and S-carotene and minor quantities of 15-
cis-, 13-cis-, and 9-cis- 3-carotene. Lycopene was not eluted in this separation but
can be detected using LC-ECD. Figure 6 depicts isocratic LC-ECD separation of
lycopene geometrical isomers from extracts of human blood plasma (38). An
extended isocratic C;9 method was applied in this study to maximize the
resolution of lycopene isomers. This methodology clearly resolves 12 individual
geometrical lycopene isomers present in human plasma and illustrates the
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Figure 6 Tsocratic Cs( separation of a 50-pL sample of human blood serum. Depicted is
channel 2 (320 mV), 20 nA full scale. Separations were achieved using an analytical scale,
250 mm x 4.6 mm i.d., 3-pm polymeric Czo column prepared at the National Institute of
Standards and Technology (Gaithersburg, MD). Separations were achieved using an
isocratic elution with a binary mobile phase of different concentrations of methanol-
MTBE-ammonium acetate. Isocratic conditions were set at volume fractions 45% of
reservoir A (95:3:2 volume fraction methanol-MTBE-1 mol/L ammonium acetate
solution) and 55% of reservoir B (25:73:2 volume fraction methanol-MTBE-1 mol/L
ammonium acetate solution) with a chromatographic run time of 50 min for all analyses.
Peak identifications: T = trans-lycopene; 1-11 = cis-lycopene isomers. (Taken with
permission from Ref. 36.)

abundance of cis-lycopene isomers in human plasma, approximately 60% of the
total lycopene found in extracts (9).

Further enhancing the usefulness of the C3;y ECD combination is
incorporation of gradient separations. Separation of cis-lycopene isomers by
gradient LC-ECD from blood plasma of patients consuming red Roma tomato
and Tangerine tomato are shown in Figure 7a and b, respectively (38). Tangerine
tomatoes (Golden jubilee and Tangela) have the capacity to biosynthesize several
cis isomers of lycopene not commonly found in other varieties. The predominant
carotenoid in Tangerine varieties is prolycopene, a tetra-cis isomer (7,9,7,9) of
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lycopene. The ability to both biosynthesize and accumulate a unique tetra-cis-
lycopene isomer make the Tangerine tomatoes a potentially important tool for the
study of cis-lycopene isomer absorption and metabolism in humans.

Similar lycopene isomer profiles were noted between samples separated
by the isocratic method. The enhanced capability of gradient elution allowed
for resolution of prolycopene from the blood plasma of patients consuming
prolycopene from sauce produced from Tangerine tomato. Furthermore, two

(a)

Figure 7 Representative lycopene isomer separation by gradient C3y LC-ECD from
100 wL. human plasma of patients consuming sauce produced from (a) Roma and (b)
Tangerine variety tomatoes. Separations were achieved using an analytical scale
250 mm x 4.6 mm i.d., 3-pm polymeric Cjzo column prepared at the National Institute of
Standards and Technology (Gaithersburg, MD). Detection was performed on an eight-
channel coulometric array detector. Channel 5 (440 mV) is depicted for both samples
(20 nA full scale). Peak identifications: « = a-carotene; 3= f-carotene; T = trans-
lycopene; PL = prolycopene. Inset highlights cis-lycopene separation labeled 1-12.
(Taken with permission from Ref. 38.)
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Figure 7 Continued.

unidentified peaks were noted in the plasma of patients consuming Tangerine
tomato. In-line photodiode array detection revealed the UV-Vis absorbance
spectra of these peaks to be similar to that of trans-lycopene and were absent in
the native Tangerine tomato tissue. This may be evidence pointing to the
possibility that these may also be minor lycopene isomers formed during food
preparation, digestion, and /or absorption and distribution through the body. This
gradient methodology offers a selective and sensitive method for the continued
study of the relationship between cis/frans isomer ratio both in the diet, formed
metabolically and present in human biological samples.

The sensitivity and resolution offered by the combination of Cjg
technology with ECD is perhaps best illustrated in the capacity of the method
to accurately quantify low levels of dietary carotenoids and their isomers in the
chylomicron fraction of plasma (51-52). Samples of plasma chylomicron
fractions were drawn and isolated from subjects who consumed a representative

Copyright © 2004 by Marcel Dekker, Inc.



Carotenoid Levels in Plasma 97

salad containing approximately 44 g spinach, 44 g lettuce, 66 g shaved carrot,
and 85 g tomatoes, along with a commercial soybean oil—based salad dressing
(60 g). Blood samples (10 mL) were drawn at 0,3,6 and 9 hours following the
consumption of the test meals. Following extraction, carotenoids were separated
via a C; gradient HPLC method and quantified by an eight-channel coulometric
electrochemical array detector. Under the potential setting of 200—680 mV, all-
trans carotenoids and several corresponding cis isomers were detected in all
chylomicron samples at above the 1-fmol detection limit (Fig. 8). The enhanced
sensitivity of this method allows for the direct comparison of bioavailable
carotenoids in plasma chylomicron fraction as a function of subtle dietary
manipulation and postconsumption time while facilitating a reduction in sample
volume necessary for each blood collection. Application of this method has
proven useful in the study of key factors influencing bioavailability of major
carotenoids (52).

V. IDENTIFICATION

Separation and detection of carotenoid species must be followed by confident
identification of the respective peaks. Analysis of carotenoids in biological
matrices such as blood plasma offers an added level of complexity due to the
complex nature of these extracts. Major techniques for identification include UV
and visible absorption, mass spectrometry, and NMR.

A. UV-Visible

Generally, fat-soluble carotenoids are ideal for detection by UV-Vis absorbance
due to their highly conjugated double-bond system that interacts with both UV
and visible light (53). These strong interactions give rise to their strong yellow,
orange, and red colors. Most carotenoids show a characteristic three peak or two
peaks with a shoulder absorbance spectrum between 400 and 500 nm (54).

UV-visible detection is routinely accomplished with variable-wavelength
detection at a wavelength of maximal absorption. A major advance was made
with the introduction of the photodiode array detector (DAD). Multichannel
photodiode array detection allows for simultaneous detection on multiple
wavelengths giving rise to on-line UV-Vis spectra as a compound elutes from the
LC column. Comparison of on-line spectra with that of known standards allows
for rapid tentative identification of carotenoid species in complex biological
matrices. DAD technology also allows for monitoring of multiple micronutrients,
such as carotenes and retinoids, simultaneously.

Prior to development of DAD methods, creative techniques were applied
for simultaneous detection. Aaran and Nikkari (55) used two single-wavelength
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Figure 8 Time course of C3y ECD separation and detection of plasma chylomicron
carotenoids for a single subject. Data depict plasma chylomicron carotenoid levels
between 1 h and 12 h postconsumption of a standard test salad. Separations were achieved
using an analytical scale 250 mm x 4.6 mm i.d., 3-pm polymeric C3, column prepared at
the National Institute of Standards and Technology (Gaithersburg, MD). Detection was
performed on an eight-channel coulometric array detector. Channel 5 (440 mV) is depicted
for all samples (5 nA full scale). Peak identifications: a = a-carotene; 3 = [3-carotene;
T = trans-lycopene. *Inset depicts chylomicron carotenoid concentration versus time for

the same time course.
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detectors in series to monitor [3-carotene, retinol, and a-tocopherol. A similar
study by Comstock et al. (56) used a combination of UV-Vis and fluorescence
detection. Sowell et al. (57) identified and quantified retinol, xanthophyll,
carotenes, and retinyl esters in serum simultaneously using a multiwavelength
detector. In recent years, numerous HPLC-DAD methods have profiled the
same micronutrients using a simplified method with a single DAD detector
(5,41,42,54,58-60).

B. Mass Spectrometry

Mass spectrometry (MS) offers a highly sensitive and selective detection
system for carotenoid analysis by LC. While identification based on DAD
detection remains tentative, data obtained from LC-MS add significant
information aiding in confident identification of carotenoids (61). There have
been numerous modes of LC-MS in recent years. Many of these modes differed
in their interface and ionization methods. Some of the earliest methods of
interfacing the LC system to the mass spectrometer include moving belt
and particle beam combinations. While demonstrating early benefits, these
methods had numerous shortcomings, including loss of chromatographic resolu-
tion, incomplete volatilization, pyrolysis, and inability to cover a complete
carotenoid spectrum (61).

Development of an electrospray LC-MS method by van Breemen (62)
demonstrated nonthermal ionization of carotenoid molecules as well as a high-
sensitivity analysis (1 -2 pmol limit of detection for lutein and B-carotene). Other
modes of LC-MS include fast atom bombardment (FAB). FAB methods were a
standard method used to work with thermally labile compounds. High-sensitivity
analysis was also achieved in this mode (5 ng for lutein and 15 ng for a-carotene)
(63), but this method remains less sensitive than newer ES techniques (61,64).
More recently, tandem LC/MS-MS has been applied in highly sensitive analysis
of lycopene isomers in blood plasma (65). With an on-column limit of detection
of 11.2 fmol, this method offers a clear improvement and new opportunities in
clinical investigations.

C. Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy has been the classic technique
for structural elucidation of newly discovered carotenoids (66). Low sensitivity
and the need to obtain very pure samples in reasonable quantities (50—100 wg)
has limited use of this technique for measurement and identification of
carotenoids in blood and biological tissues. Laborious isolation procedures using
semipreparative HPLC have been used to isolate purified carotenoid pigments for
NMR experiments (60,67). NMR spectroscopy can be particularly useful to
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elucidate the geometrical configuration of E and Z isomers of carotenoids.
Extensive studies reporting on the characterization and geometrical configuration
of eight Z isomers of lycopene have been conducted (68). The advent of coupled
HPLC-NMR has proven quite useful for the elucidation of carotenoid cis-trans
isomeric structures, and this technique has been recently applied to the
determination of lutein and zeaxanthin stereoisomers in spinach and in the retina
(69). This method eliminates the need to isolate and purify large quantities of
carotenoids that are sensitive to degradative reactions and provides a powerful
tool for the unequivocal characteriztion of carotenoids in biological tissues.

VI. CONCLUSIONS

Development of new and more versatile analytical techniques continues to
expand our ability to conduct basic research and understand the role of
carotenoids in human health and disease prevention. Liquid chromatography has
clearly become the method of choice for carotenoid analysis over the last 20
years. Application of traditional separation methods with UV-Vis detection has
become commonplace in a carotenoid researcher’s laboratory. The advent of
more sensitive and selective analytical techniques (LC-ECD and LC-MS) allows
for simplification of basic intervention studies and will further our understanding
of the growing epidemiological evidence. With a continued focus on minimally
to noninvasive but highly sensitive and selective methods, our abilities will
further expand elevating carotenoid research to new levels.
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Carotenoid Antioxidant Activity
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. INTRODUCTION

An antioxidant may be broadly defined as “any substance that when present at low
concentrations compared to those of an oxidizable substrate, significantly delays
or prevents oxidation” (1). Carotenoids are often regarded as dietary antioxidants,
but how effective are they? Although more than 600 naturally occurring
carotenoids have been identified (2), only 40 of these are ingested in the human
diet, but fewer than 20, including both polar xanthophylls and apolar cyclic and
acyclic carotenes from dietary sources, have been found in plasma and tissues
(3,4). Trace levels of a number of carotenoid metabolites and potential oxidation
products of dietary carotenoids (4), including, for example, 2,6-cyclolyopene-1,5-
diols (5), anhydrolutein (6), and acycloretinol (7), have also been detected.
Although a number of these oxidation products may be produced by interaction of
carotenoids with reactive oxygen species (ROS) under controlled conditions (8,9;
see below), their functional significance (if any) in biological tissues is not yet
understood (see Ref. 10).

The potential roles played by dietary carotenoids in human disease
prevention have only begun to be elucidated for a select few compounds in recent
years. In general, carotenoids behave as effective antioxidants (e.g., as quenchers
of singlet oxygen) in vitro and clear evidence exists from a majority of
epidemiological studies that increased consumption of foods rich in -carotene
(and thereby increased plasma levels of B-carotene; 11,12) is associated with a
reduced risk of lung and some other cancers (11; see Chapter 19). However,
results from recent intervention studies [the Beta-Carotene and Retinol Efficacy
Trial (13) and the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study
(14)], have failed to demonstrate that carotenoids are protective in vivo. Indeed,
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the studies found that exposure of individuals taking supplemental S3-carotene
to “high-intensity” (15) cigarette smoke (or those individuals suffering from
asbestosis, 16) increased lung cancer incidence. But why should S-carotene
exhibit such procarcinogenic activity? Mayne and colleagues (16,17) and, more
recently, Wang and Russell (18) highlighted a number of factors that may explain
the apparent pro-oxidant behavior of B-carotene in these studies. These include
the generation of relatively high amounts of deleterious oxidation products (see
below) of B-carotene brought about by exposure to the ROS found in tobacco
smoke or by metabolic processes via increased retinoic acid catabolism or
interference with retinoid signal transduction (18).

This chapter reviews the current information concerning the ability of
carotenoids to act as antioxidants in vitro and the mechanisms whereby these
molecules function. The influence of the local environment on carotenoid
function is discussed. We also review the evidence supporting a possible in vivo
antioxidant role in humans.

Il. REACTIONS AND REACTIVITY OF CAROTENOIDS
A. General Properties

Oxidative stress and free radical attack on biological structures are believed to be
major factors in the initiation and propagation of the development of many
degenerative diseases. Biomembranes rich in polyunsaturated fatty acids are
particularly susceptible to the degradative process of lipid peroxidation
(mediated by free radicals in particular). Carotenoids may function as chain-
breaking antioxidants reducing lipid peroxidation of such vulnerable membranes.
The ability of molecules such as carotenoids to act as antioxidants depends on a
number of factors, including its structure and resulting chemical properties but
also in relation to its location and form in biological tissues (see below). The
antioxidant properties of carotenoids are primarily associated with their ability to
quench singlet oxygen (19,20) and scavenge free radicals (21-24). In carote-
noids the conjugated carbon double-bond system is considered to be the single
most important factor in energy transfer reactions, such as those found in
photosynthesis (25). It is this feature of the molecule that also permits
the quenching of singlet oxygen ('O,). Interactions with other ROS produced
in the body, including radicals such as superoxide (O3) and nonradicals such as
hydrogen peroxide (H,O,), are dependent on other mechanisms (see below).
While the electron-rich polyene chain of carotenoids is responsible for many of
the properties of these molecules, it is also a prime target for attack by electro-
philic compounds, contributing to the overall instability of these molecules. The
antioxidant behavior of a carotenoid molecule (whether mediated by direct or
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indirect means) is dependent on its structure but also the nature of the oxidizing
species itself.

B. Quenching of Singlet Oxygen by Carotenoids

The main mechanisms responsible for the quenching of 'O, by carotenoids
involves direct energy transfer between these molecules. The lowest triplet
energy level of B-carotene has been measured at 88 + 3 kI mol ' (26). This
compares to a value of 94 kJ mol ™' for '0,. In all solvents studied (27), 'O, is
effectively quenched by carotenoids so long as the triplet state is low enough
[reaction (1)], resulting in the formation of the carotenoid triplet state (3CAR*)
which readily returns to the stable ground state dissipating excess energy as heat.
Quenching constants for 'O, have been determined for a range of carotenoids in
solution and reveal a close dependence between structure of the carotenoid and
the ability to quench 'O, by energy transfer (19,20,27—30). Such quenching
occurs near the diffusion-controlled limit. This is primarily governed by the
length of the conjugated polyene chain and directly related to the energy of the
low-lying triplet-excited states of these molecules. Other structural features, e.g.,
cyclization, may also affect rates of quenching as demonstrated by comparing
rates for (B-carotene and lycopene (both of which have 11 conjugated double
bonds; see Table 1).

'0% + CAR — 0, +* CAR* (1)

In addition to the physical quenching of 'O,, chemical quenching of 'O, by
carotenoids can also occur, in which the quencher combines with oxygen or is
oxidized and which leads to the destruction (bleaching) of the carotenoid
molecule (29). Both chemical and physical quenching require a very close
interaction between the carotenoid and 'O, molecules. In biological systems, a
number of sensitizers can result in 102 production, and the clinical use of
[B-carotene as an effective treatment for erythropoietic protoporphyria, in which
'0, is produced via sensitization of free porphyrins accumulated in the skin, is
well established (31,32). Carotenoids such as 3-carotene also serve to quench the
triplet-excited state of many sensitizers, thereby preventing the formation of 'O,
in the first place. The resulting carotenoid triplet dissipates its energy harmlessly
as heat.

C. Free Radical Scavenging by Carotenoids

In the human body, a range of ROS are produced, including 102, OH’, 057, and
H,0, (1). The mechanisms and rate of scavenging of free radicals by carotenoids
in solution is strongly dependent on the nature of the ROS itself (33). Carotenoids
such as B-carotene are very reactive to peroxyl radicals but much less so to OH"
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Table 1 Singlet Oxygen Quenching Rate Constants for Various Carotenoids
(in Benzene)?

Number of conjugated

carbon—carbon Kq
Carotenoid double bonds (x10°M ts7h
7,7 -Dihydro-B-carotene 8 0.3
Septapreno- 3-carotene 9 1.38
8'-Apo- B-carotenal 9 5.27
Violaxanthin 9 16.0
Lutein 10 6.64
a-Carotene 10 12.0
9-cis-[B-carotene 11 11.0
15-cis-B-carotene 11 11.0
Zeaxanthin 11 12.0
B-Carotene 11 13.0
Astaxanthin 11 14.0
Lycopene 11 17.0
3,4,3.4- 15 10.7

Tetradehydrolycopene

Decapreno-S-carotene 15 20.0
Dodecapreno- 3-carotene 19 23.0

#All compounds are all-trans unless otherwise stated.
Source: Ref. 27.

and O3~ (21). The structure of the carotenoid molecule is also important, and the
nature and position of substituent groups on the carotenoid molecule may directly
affect its antioxidant ability. The reactivity of a number of carotenoids with ROS
has been examined (34,35) and differences in reactivity between molecules
shown to be related to differences in their electron density profiles. For example,
the effect of keto groups at C-4 and C-4’ in astaxanthin and canthaxanthin (which
significantly alters their electron density profiles), or hydroxy groups at C-4 and
C-4' in isozeaxanthin is to reduce the reactivity of these molecules by preventing
hydrogen abstraction from these positions (34—36). The preferred sites for
epoxidation of astaxanthin and canthaxanthin are different from that seen with
B-carotene or zeaxanthin (35).

Carotenoids interact with free radicals in three main ways: electron transfer
[reaction (2)], hydrogen abstraction [reaction (3)], and addition of a radical
species [reaction (4)] (27,37). The mechanism and rate of scavenging is primarily
dependent on the nature of the oxidizing species but less important is the structure
of the carotenoid molecule (32). The nature of carotenoid—free radical
interactions is discussed in detail in Chapter 3 and only an outline is provided
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here. Burton and Ingold (21) first proposed that B-carotene reacts with peroxyl
radicals via an addition reaction [reaction (4)] and provided evidence that
[B-carotene can function as a effective chain-breaking antioxidant, at least at low
partial pressures of oxygen (see below).

CAR + ROO’ — CAR't +ROO™ electron transfer 2)
CAR + ROO" — CAR" + ROOH hydrogen abstraction 3)
CAR + ROO®" — ROOCAR’ addition “)

The antioxidant properties of carotenoids are thought to be dependent on
the rate at which they scavenge different types of free radicals, the type of
reaction involved, and the properties of any carotenoid radicals that may result
(23,38,39). Potential (and likely) influential factors affecting the rates and
mechanisms of these free radical reactions include the nature of the free radical
and its environment (aqueous or lipid regions) as well as structural features of the
carotenoid (23,35; cyclic or acyclic termini, polar or apolar end groups, redox
properties), which not only alters their chemistry and hence reactivity but also
governs their location and orientation within lipid bilayer structures (40) and
even their tendency to self-aggregate in polar conditions (41). Lycopene, due to
its open structure, is much more readily able to form a carbon-centered radical
cation than B-carotene (34,38).

By comparison, interactions of carotenoids with reactive nitrogen species
(RNS) are poorly understood. The capacity of a range of carotenoids to scavenge
peroxynitrite both in solution and in isolated low-density-lipoprotein (LDL)
in vitro has been studied (42). Xanthophylls (e.g., lutein and zeaxanthin) were
less efficient scavengers of peroxynitrite than carotenes (e.g., 3-carotene) in both
systems. However, the activity of the xanthophylls was still comparable to that of
well-known scavengers of peroxynitrite such as glutathione.

D. Partial Pressure of Oxygen

The antioxidant behavior of B-carotene is, in part, dependent on the partial
pressure of oxygen (pO,). Burton and Ingold (21) showed that at low po,,
[B-carotene acted as a chain-breaking antioxidant [consuming peroxyl radicals;
Eq. (2)], while at higher po, the carotenoid lost its antioxidant ability and actually
exhibited prooxidant behavior due to autoxidation. This was demonstrated in
solution using the trichloromethylperoxyl radical and B-carotene. At low po,, the
B-carotene radical cation was readily formed, whereas in air and oxygen-
saturated solutions a carotene radical adduct was also formed (22,43). This
second species decayed to the relatively unreactive carotene radical cation. At
low po, this process consumes peroxyl radicals and the carotenoid acts as a
chain-breaking antioxidant. At high po, the carotenoid radical reacts with oxygen
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to produce a carotenoid peroxyl radical [autoxidation; reaction (5)], which is
capable of acting as a prooxidant. Peroxidation is promoted in the presence
of unsaturated lipid [reactions (6)—(7)]. The autoxidation of carotenoids is most
pronounced at high concentrations of carotenoid (33). Indeed, whether
carotenoids such as B-carotene, lutein, and lycopene act as an antioxidant or as
a proxidant in human fibroblasts has recently been shown to be highly dependent
on their cellular concentration (44). Optimal doses of each of these carotenoids
required to protect the cells from UVB irradiation were very different.

CAR’ 4+ 0, — CAR—OO" 5)
CAR—OO’ +LH — CAR—OOH +L° (©6)
L' +0, — L—00" 7

While such reactions have not yet been observed in vivo, it is appropriate to
consider the possible physiological consequences of this as the different tissues
and organs within the human body are very different in terms of distribution of
pO»; e.g., lung alveoli 100 mm Hg; venous blood 40 mm Hg, and blood in tissues
5-15 mm Hg (1). Concentration gradients for O, may exist within cells (1) and in
tumors (45). A number of in vitro and in vivo studies have been performed at very
high po, (760 mm Hg), but while this might promote effective pro-oxidation of
carotenoids it is essentially nonphysiological. It might therefore be expected that
carotenoids may function differently in different parts of the body, so that they
may, for example, be less effective antioxidants in the lung than in other tissues. It
does not necessarily mean that the carotenoids will act as pro-oxidants. The
relative effectiveness of carotenoids compared to that of other antioxidants,
especially a-tocopherol, also depends on po, (46). a-Tocopherol is much more
effective as an antioxidant at high po, but 3-carotene is more effective at low po,.
It can therefore be seen how these coantioxidants may act together to provide an
effective defence against oxidation in different tissues.

E. Oxidation Products of Carotenoids

The different mechanisms by which carotenoids scavenge ROS may lead to a
variety of carotenoid free radicals and adducts. These in turn determine the nature
of the final reaction products. The potential harmful or beneficial effects of
carotenoid oxidation products are an important consideration in assessing their
biological effects. The structure of carotenoids, with its extensive conjugated
double-bond system, means that the number and type of autoxidation products of
molecules such as S-carotene may be very complex, especially as the sites
for attack include the polyene chain as well as the B-ionone end groups.
Identification of the reaction products resulting from the oxidation of molecules
such as B-carotene and lycopene can, in theory, provide useful information on the
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type of oxidation reactions that have taken place; however, only a relatively small
number of studies (primarily with B-carotene) have attempted to identify such
products. These are summarized in Table 2. Inevitably the structure of the
carotenoid molecule leads to a complex set of reaction products, although a

pattern does emerge.

Table 2 Recent Studies that Have Identified the Oxidation Products of Carotenoids

Main reaction
Carotenoid Oxidizing species products identified

Ref.

Lycopene Peroxynitrite Apocarotenals: 10’-apolycopenal,
8’-apolycopenal,
6'-apolycopenal

Isomers: 13-cis-lycopene,
9-cis-lycopene

B-Carotene AIBN Apocarotenals:
B-apo-15'-carotenal,
B-apo-14’-carotenal,
B-apo-14’-carotenal,
B-apo-12'-carotenal,
B-apo-10'-carotenal

Apocarotenones:
B-apo-13-carotenone
Epoxides:
B-carotene-5,6-epoxide,
B-carotene-15,15"-epoxide®
B-Carotene Dioxygen (ruthenium Apocarotenals and
tetramesitylporphyrin apocarotenones: complete
catalyst/air) series observed
Epoxides: B-carotene-5,6-epoxide
(plus epoxides of
apocarotenals)
Isomers: 15-cis-[-carotene
Others: Cy,8'-diapocarotene-dial,
C,3,8'-diapocarotene-dial

B-Carotene AMVN Epoxides:
B-carotene-5,6-epoxide,
B-carotene-5,6,5',6'-diepoxide,
B-carotene-15,15"-epoxide

Isomers:
cis-f3-carotene-15,15"-epoxide

50

49

9,48

“Tentatine identification.
AIBN, azobisisobutylnitrile; AMVN, 2,2-azobis(2,4-dimethylvateronitrile).
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The preferred sites of reaction in a carotenoid molecule are dependent on
electron distribution and localization (35). El-Tinay and Chichester (47) first
proposed that the 8-ionone ring of B-carotene was especially prone to attack and
that the initial product formed via oxidation would be B-carotene 5,6-epoxide.
This product (and related epoxides including the furanoid 5,8-epoxide) is indeed
commonly found (e.g., 9,48). More recent evidence (e.g., 8,49) suggests that
epoxidation is not the only reaction and that multiple reactions can occur instead,
perhaps simultaneously. In addition to the epoxides (mono- and di-5,6-epoxides
and 5,8-epoxides, as well as in-chain epoxides), the principal oxidation products
of B-carotene include a full range of in-chain cleavage products (B-apocaro-
tenals and B-apocarotenones) and their epoxides. A number of studies have
also observed the formation of a range of cis isomers formed from all-trans
B-carotene and lycopene, particularly in the initial stages of oxidation or under
mild oxidative conditions (49,50; G. Lowe and A. J. Young, unpublished data).
Such isomerization is a feature of the quenching of excited triplet states of
sensitizers and of 'O, (see Ref. (51)).

A procarcinogenic effect of the oxidative products mentioned above has been
proposed (see Refs. (17) and (18)). For example, the binding of benzo[a]pyrene
metabolites to DNA is promoted in the presence of oxidative products of 3-carotene
but inhibited in the presence of B-carotene itself (52). At high concentrations of
carotenoid, high levels of oxidative products may be expected to form in the
presence of ROS. Elevated levels of such oxidative products have been observed in
vitro in the lung tissues from smoke-exposed compared to control ferrets (18,53).
High levels of these products may also result in an acceleration of malignant
transformation in lung tissues due to down-regulation of the RARS gene (53).

The nature of the oxidizing species itself may have a marked influence on
the reaction products found. For example, while Handelman et al. (8) observed a
similar set of reaction products under both spontaneous and peroxyl radical—
initiated autooxidation, use of hypochlorite or 2,2’-azobisisobutyronitrile
(AIBN)-mediated oxidation produced a very different set of reaction products
of B-carotene. It has been proposed that the pro-oxidant effects of carotenoids (or
rather the lack of an antioxidant effect) may be due to their autoxidation
(especially at high po,; see above). The interaction of B-carotene with cigarette
smoke (in a model system) yields 1-nitro-B-carotene and 4-nitro--carotene (as
both cis and all-trans forms) with the former as the major product (54). The
products of reactions (2) and (3) may react with molecular oxygen to yield
peroxyl radicals (21). These species can partake in lipid peroxidation reactions,
and therefore any alteration in concentration of the carotenoid or po, would
influence the formation of carotenoid peroxyl radicals or carotenoid autoxidation.
Increased peroxide values in the plasma and the liver of rats fed B-carotene have
been recorded (55). However there is still a lack of direct evidence that the
harmful effects of carotenoids in human diseases is related to their pro-oxidant
effects.
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lll. REACTIONS OF CAROTENOIDS IN BIOLOGICAL
SYSTEMS: INTERACTIONS WITH THEIR
ENVIRONMENT

In biological systems carotenoids rarely, if ever, occur as free (monomeric)
molecules “in solution.” Rather they are predominantly found associated (often
very tightly) with protein or lipoprotein structures, which may have a profound
effect on the properties of the carotenoid molecule, affecting the way that these
molecules function and may govern, at least in part, their interaction with ROS,
for example. It should be remembered that carotenoids also directly influence
their environment so that carotenoids generally bring about a degree of
stabilization and are at the same time stabilized. Britton (35) and more recently,
Young and Lowe (56) have discussed the role of a number of factors that may
influence the antioxidant (or even promote pro-oxidant) activities of carotenoids
in biological systems. These are (a) its structure (i.e., size, shape, and the nature,
position, and number of substituent groups) and physical form (aggregated or
monomeric, cis or trans configuration, etc.); (b) its location or site of action
within the cell; (c) its potential for interaction with other carotenoids or
antioxidants (especially vitamins C and E); (d) its concentration; and (e) the
partial pressure of oxygen.

It is clear that the structure of a carotenoid molecule effectively dictates
how these molecules are incorporated into, and may therefore subsequently affect
or control, their local environment. For example, the solubility of carotenoids in
aqueous solutions is generally extremely poor, effectively restricting them to the
hydrophobic regions of biological systems. However, this behavior is greatly
influenced by carotenoid structure so that different compounds (e.g., carotenes
and xanthophylls) will be incorporated quite differently into membranes (40,56).
Solubility is also affected by cis/trans isomerization (35).

The location of carotenoids within a cell will, of course, influence its free
radical scavenging ability. Carotenoid reactions with different ROS may follow a
completely different course in polar and/or apolar solvents (23,24,59-64), and
differences in their behavior in different regions of a cell may therefore to be
predicted. The nonpolar environment encountered by carotenes sitting deep
within a membrane is unlikely to support electron transfer [reaction (2)] because
charge separation will not be supported (D. McGarvey, personal communication).
Thus, electron transfer scavenging may only be feasible for some xanthophylls
that have polar substituents on each end group (e.g., diols such as zeaxanthin) and
can therefore span or are held at the surface of a membrane, allowing them to
intercept radicals in the aqueous phase at the membrane surface. 3-Carotene is
indeed less effective at preventing lipid peroxidation when exposed to a water-
soluble peroxyl radical initiator in a liposomal environment, whereas zeaxanthin
and B-cryptoxanthin effectively protected against both water- and lipid-soluble
peroxyl radicals (34,36). Both B-carotene and zeaxanthin have the same number
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of conjugated carbon—carbon double bonds (n = 11) and behave essentially the
same in solution (36), and differences in their antioxidant behavior could be
attributed in this case to differences in their location and orientation within the
lipid bilayer.

The orientation of a carotenoid molecule in a membrane is dependent on its
structure and on the composition of the membrane itself (40). B-Carotene (and
other carotenes such as lycopene) lie parallel with the membrane surface, deep
within the hydrophobic core (63,64). In contrast, the diol zeaxanthin entirely
spans the membrane and therefore reactions with its conjugated carbon double-
bond system are possible throughout the depth of the membrane. [Note that polar
carotenoids such as zeaxanthin also act as rivets, strengthening the membrane
(40) and they also limit the penetration of oxygen into membranes (65)]. It should
also be noted that not all xanthophylls behave the same and small differences in
structure alter their behavior, so that, for example, the diols zeaxanthin and
lutein orient themselves quite differently in membranes (40). Such factors would,
in turn, be expected to affect their antioxidant ability against carotenoids in the
lipid and aqueous phases.

[B-Carotene has been shown to be effective against ters-butyl hydroperoxide—
induced lipid peroxidation (66) and DNA damage (67). The mode of action is
thought to be via degradation to alkoxyl and peroxyl radicals (1). However, in
the presence of H,O, or xanthine/xanthine oxidase [an exogenous source of
H,0, and O5 —both components of cigarette smoke (68) and produced in
inflammatory cells in asbestosis (69)] in HT29 adenocarcinoma cells, the ability
of B-carotene and lycopene to protect the cells against DNA damage were only
seen at low doses (~1-2 uM; 70) and this protective effect was lost as the dose
of carotenoid was increased (<4 wM), so that at the highest doses tested (10 uM)
the carotenoid afforded no protection against DNA damage. Relatively high
doses of B-carotene also failed to protect against H,O,-induced DNA damage in
HepG2 cells (67). At high doses of B-carotene, the membranes of HT29 cells
became increasingly permeabilized (68), and this was closely correlated with
DNA damage, indicating perhaps that the presence of carotenes may increase
permeability to aqueous ROS. Interestingly, neither B-carotene nor lycopene
exhibits in vitro antioxidant behavior against H,O, and O5~ at high doses (66). In
contrast, zeaxanthin exhibited dose-dependent protection against xanthine/
xanthine oxidase—mediated DNA damage (56). True pro-oxidative effects were
not seen in these studies, rather a significant decrease in antioxidant effectiveness.
These observations cannot readily be explained unless factors other than the
inherent antioxidant properties of these molecules are considered. While
carotenoids may have an identical chromophore and very similar electron density
profiles (34,35), so that their inherent antioxidant ability is effectively the same,
they can behave quite differently once incorporated in a membrane system. It is
known not only that these carotenoids influence the properties of membranes into
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which they are incorporated in a different manner (40) but that their effectiveness
against ROS in the aqueous and lipid phases is quite different (34,36; see above).
The optimal concentrations of lycopene, lutein, and S-carotene required to
protect human fibroblasts against UVB irradiation is very different (44).

At high concentrations or in polar environments, carotenoids exhibit a
tendency to aggregate or crystallize out of solution, with different compounds
behaving differently depending on their structure, so that some compounds have a
greater tendency to aggregate than others (40,41). Cis isomers also have a lower
tendency for aggregation compared with their all-trans counterparts (35). Such
carotenoid aggregates have been directly observed in membranes, and their
presence is thought to have a profound effect on the properties of the membrane
itself by leading to an increase in membrane fluidity and permeability, ultimately
perhaps, resulting in pro-oxidant-type effects (40). Importantly, the biophysical
and electronic properties of aggregates are quite different from that of the
monomeric form of the carotenoid in solution (35,40), suggesting differences
in their reactivity. There is some preliminary evidence that singlet oxygen
quenching by carotenoids may be strongly influenced by their aggregation
state (71). For example, in unilamellar dipalmitoylphosphatidylcholine (DPPC)
liposomes, zeaxanthin behaves in a very unusual way in that as the concentration
of the carotenoid increases its 'O, quenching properties are progressively lost,
possibly due to aggregation of the carotenoid molecules (Fig. 1). This behavior in
a model membrane system fits well with the data obtained from some cellular-
based studies in which carotenoids have been seen to lose their ability to protect
against oxidative damage at high doses (44,67,70).

IV. INTERACTION WITH OTHER DIETARY ANTIOXIDANTS

The potential for the interaction of carotenoids with other antioxidants is
discussed in detail in Chapter 3 and only an outline is given here. Truscott (72)
first proposed a plausible mechanism for the interaction of vitamins C and E with
[B-carotene whereby the carotenoid molecule repairs the vitamin E radical
[reaction (8)] and the resulting carotenoid cation radical is, in turn, repaired by
vitamin C [reactions (9) and (10)]. An additive response has been observed
for B-carotene and vitamin E, but a synergistic response was only seen when
vitamin C was also present (73). If this model is correct then the reduction in the
levels of vitamin C in the plasma of smokers compared with nonsmokers (74) is
of significance as the repair of any B-carotene radical cations formed would be
impaired. A xanthophyll such as zeaxanthin whose conjugated system spans the
membrane (see above) would, in theory, be able to interact much more effectively
with both lipid- and water-soluble antioxidants than carotenes such as 3-carotene
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Figure 1 Variation of the rate constant for the decay of singlet oxygen with carotenoid
concentration for zeaxanthin in DPPC liposomes (69). At concentrations up to ~45 pM
the response is linear with a quenching rate constant of 2.3 x 108 M~'s™'. With
increasing zeaxanthin concentration the rate progressively decreases and is completely lost
at ~70 uM.

and lycopene because the carotene radical cation would first have to migrate from
the hydrophobic core to the membrane surface to interact with vitamin C, for
example. The relatively long lifetime and polarity of the carotenoid radical cation
may permit this (27). Vitamin C has been shown to protect both the carotenoid
and vitamin E pools in LDLs from Cu®"-mediated oxidative damage (75). The
synergistic protection afforded by carotenoids and other co-antioxidants is
dependent on a balance between these components and changes in the
concentration of any one of these might disturb this balance, reducing antioxidant
effectiveness. An increase in carotenoid content, for example, may result in the
formation of carotenoid cation radicals or adducts at a level beyond which the
tocopherol /ascorbate pool can effectively repair, resulting in pro-oxidant effects.

CAR + TOH' ™ — TOH + CAR"* (8)
CAR'" 4+ ASCH, — CAR + ASCH" + H™ )
CAR'" + ASCH™ — CAR + ASCH'~ + H" (10)
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Carotenoid—carotenoid interactions have rarely been considered, and the
vast majority of studies have focused instead on single compounds in isolation.
This belies the natural in vivo state in which a heterogeneous stage of a range of
xanthophylls and carotenes coexist. A synergistic response between different
carotenoids has been reported (76), with a combination of lutein and lycopene
proving to be most effective against 2,2'-azobis(2,4-dimethylvaleronitrile)
(AMVN)-induced oxidation in multilamellar liposomes. The potential for
electron transfer between different carotenoids [reaction (11)] has been examined
(27,37). Lycopene is a strong reducing agent but astaxanthin weak. While
lycopene was able to reduce the radical cations of lutein and zeaxanthin,
[B-carotene could not.

CARI'' + CAR2 — CARI + CAR2"" (11)

V. DO CAROTENOIDS ACT AS ANTIOXIDANTS IN VIVO?

Much of the fundamental information regarding the antioxidant potential of
carotenoids with a range of oxidizing species (especially radicals) has been
gathered in vitro by challenging individual carotenoids (often simply in organic
solvents, simple micelles, or liposomes) with individual ROS or, more rarely,
RNS. While these may provide important intrinsic information on the
interactions between a carotenoid and an ROS and serve as a guide to potential
antioxidant activity, they do not represent the complex in vivo situation. In vivo,
the carotenoid content and composition of the vast majority (if not all) tissues are
heterogeneous. Physiologically, carotenoids are present in lower concentrations
than typically used in vitro (35), and rather than being free in solution they are
generally associated with some form of lipoprotein complex or incorporated into
biological membranes. All too often, great claims are made with regard to the
antioxidant activity of one carotenoid being “x times better” than another (usually
B-carotene) purely on the basis of very limited studies (often in one solvent)
against one ROS without due consideration for the possible in vivo behavior
(e.g., limitations in uptake, differences in tissue and cellular distribution, etc.).
Similarly, more antioxidant is often regarded as better. As has been discussed
above for both in vitro studies (34,36,44,67,70,71) and indeed in the intervention
studies (13—15) this may be a rather naive approach.

Although carotenoid interactions have readily been demonstrated in
organic solutions, it is much more difficult to demonstrate such interactions in
vivo. Many intervention trials performed using carotenoids depend on an end
point, namely, the protection against a given condition or the reduction of a
specific biomarker for free radical challenge. The outcomes of such trials will not
determine if the effect is simply due to the antioxidant action of the carotenoid
being assessed or its synergystic action with other dietary components to
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diminish oxidant stress. If a reduction in a selected biomarker is sought, then the
chosen marker must be unique and its reduction cannot be explained by other
means. The source of carotenoids used in such studies is important. Lycopene, for
example, can be administered as tomato juice, cooked or raw tomatoes, or tomato
oleoresin capsules (Table 3), and while the carotenoid may be present in a very
high proportion in these preparations, so can other dietary components such as
folate, ascorbate, or polyphenols. These constituents may also act to reduce the
selected biomarker making interpretation of data difficult. Other dietary
components will also have to be closely monitored and accounted for before an
association between carotenoids and antioxidant activity in vivo can be
confirmed. One important biomarker for oxidative stress and potentially cancer
development is 8-hydroxydeoxyguanosine (80OHdAG) (77,78). Several carotenoid
studies (Table 3) have used this particular biomarker (in either urine or
lymphocytes) to indicate a diminution in oxidative stress. In most cases the
introduction of antioxidants (e.g., dietary sources of carotenoids) decreases
the amount of 8OHdG present in DNA or urine (86—89), suggesting that the
consumption of fruit and vegetables largely results in a significant reduction
in markers of oxidative cellular damage to DNA and lipids. However,
the interpretation of changes in the levels of markers such as 8OHdG in urine is
fraught with difficulties (90), although it is likely to be largely unaffected by diet
and the biomarker is also not further metabolized in humans. In particular,
8OHJG excretion rates are not a quantitative index of damage to guanine residues
in DNA, and the estimation of SOHdG in tissues or cells may be of much greater
benefit (depending on which tissue is selected and the method of DNA extraction
and analysis employed; 90). The actual proof that carotenoids can act as effective
antioxidants in vivo has not been presented. Some care must be taken when
interpreting results obtained in studies with rodents because in these animals
supraphysiological levels of supplementation are required because of poor
carotenoid absorption. This may promote pro-oxidant effects if a high-dose
supplement is given in situations where there is a preexisting oxidative stress
(88,89; see above). The studies that have examined the effect of carotenoids on
humans have often suffered from having a limited number of participants, which
again makes it difficult to draw conclusions from the results. However, the study
of Chen et al. (85) on the effects of lycopene supplementation on oxidative
damage in serum and prostate tissue of patients suffering from prostate cancer did
have encouraging results. Similarly, decreased consumption of carotenoids,
vitamin E, and vitamin C are associated with increased DNA strand breaks,
chromosomal breaks, and oxidative base lesions (94).

If studies are to be interpreted correctly, then we must also ensure that any in
vitro experiments reflect as far as possible the in vivo state. For example, while
human plasma contains mainly the all-trans forms of common dietary carotenoids
(predominantly reflecting the form in most foods), isomers of a number of
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Table 3 Examples of Recent Trials Involving Carotenoid Supplementation Using the Assessment of Specific Biomarkers as
an End Point for Oxidative Damage

Sample
Carotenoid source System size Marker used Detection method Ref.
Fruit and vegetables Human 28 DNA damage and lipid HPLC ELISA 79
peroxidation
Tomato juice Human 10 DNA damage Comet assay 80
Tomato puree Human 11 Antioxidant capacity TRAP 81
Tomato ketchup Human 12 Lipid peroxidation and protein TBARS and DTNB 82
and Lyc-O-Mato oxidation
Tomato products Human 32 DNA damage HPLC 83
Lycopene Hamster 24 Lipid peroxidation TBARS 84
Paprika and S-carotene Rat 45 MDA and other metabolites of HPLC 85

lipid peroxidation
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carotenoids (e.g., 5-cis-lycopene; 93) have been identified. Cis isomers may
account for a significant proportion of the pool of carotenoid stored in tissues. For
example, up to 20% of the carotenoid pools of the human liver, kidneys, adrenals,
and testes were composed of 9-cis, 13-cis, and 15-cis isomers of 3-carotene (6).
The presence of such cis isomers raises many questions, particularly, in the
context of this chapter, whether they have a physiological role in preventing or
possibly even promoting oxidation. The properties, particularly in relation to their
antioxidant activity, are poorly understood. It also means that the effect of the
environment of the carotenoid (and indeed the ROS) is also taken into account.
For example, the interaction of SB-carotene with tocopherol radical is greatly
affected by the polarity of the solvent used. While TOH" is readily converted to
TOH by B-carotene in a nonpolar environment, this radical is deprotonated to
TO" in a polar environment and does not react with carotenoids (27).

Vl. CONCLUSIONS

The function of dietary carotenoids and of their metabolites in the human body
is clearly dependent on a wide range of factors other than the basic chemical
properties of these molecules per se. While in vitro studies provide an insight
into these properties and into the interactions of carotenoids with ROS and co-
antioxidants, it is dangerous to extrapolate the results from such studies too far
as the scenario within the body is highly complex. There is no evidence to
support the hypothesis that carotenoids may act as pro-oxidants within a
biological system (i.e., at physiological relevant po, values). What is more
probable is that a number of factors may serve to moderate the antioxidant
abilities of carotenoids in vivo. One neglected area of research currently is the
potential that carotenoids may have concerning the induction of cell signaling
to alter the antioxidant properties of the cell. Future studies that use gene arrays
and proteomics may determine if this is another mechanism by which
carotenoids may diminish oxidative stress. The proof that carotenoids can act
as antioxidants in vivo remains elusive, as indeed it does for a number of other
antioxidants.
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Evidence for Pro-Oxidant Effects of
Carotenoids In Vitro and In Vivo:
Implications in Health and Disease

Paola Palozza
Catholic University, Rome, ltaly

. INTRODUCTION

Evidence has accumulated from many prospective as well as retrospective
epidemiological studies that individuals eating more fruits and vegetables rich in
carotenoids (1), or having higher blood concentrations of carotenoids (2), decrease
their risk for developing cancer, especially lung cancer. In contrast, the role of
carotenoids in the prevention of cancer has been brought into question by the
results of several intervention trials. These studies not only failed to detect any
protective effect of 3-carotene or of a combination of 3-carotene and vitamin A on
the incidence of diverse cancers, but two of them [the B-Carotene and Retinol
Efficacy Trial (CARET; 3) and the Alpha-Tocopherol, Beta-Carotene Cancer
Prevention Study (ATBC, 4)] even show that these compounds can increase the
incidence of lung cancer. Although these unexpectedly adverse effects have been
obtained in populations at risk for lung cancer (smokers, ex-smokers, or asbestos
workers) and the supplemented (-carotene has been given at a stage where the
cancers were most likely already in the later phase (progression), there is concern
that most of the clinical trials giving (-carotene as a supplement have been
stopped. A great deal of emphasis has been given to the understanding of the
mechanism(s) of action by which carotenoids may modulate physiological
functions and influence the progression of chronic diseases, inducing beneficial or
adverse health effects. A possible mechanism that can explain the dual role of
carotenoid molecules as both beneficial and harmful agents in cancer as well as in
other chronic diseases is their ability to modulate intracellular redox status.
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Carotenoid molecules may serve as antioxidants (5-7), inhibiting free radical
production, or as pro-oxidants (8—10), propagating free radical—induced reactions,
depending on their intrinsic properties as well as on the redox potential of the
biological environment in which they act. In other words, these compounds may
behave as reactants in a continuity of electron-donating and accepting agents
commonly found in cells (11). In this context, their antioxidant function may not be
inherently good, and their pro-oxidant activity may not necessarily be bad. This
review summarizes the available evidence for a pro-oxidant activity of carotenoids
in vitro and in vivo. In particular, it focuses on (a) the main factors influencing the
pro-oxidant activity of carotenoids, (b) the biological and molecular targets
evidencing such an activity, and (c) the possible implications of carotenoid
oxidative functions in health and disease.

Il. FACTORS INVOLVED IN THE PRO-OXIDANT
ACTIVITY OF CAROTENOIDS

Increasing evidence suggests that the antioxidant activity of carotenoids may
shift into a pro-oxidant one in biological models, depending on several factors.
Some of them have been recently reviewed (8—10) and are summarized in
Table 1. As Burton and Ingold suggested (12), carotenoids do not have the
structural features commonly associated with chain-breaking antioxidants. The
extensive system of conjugated double bonds may impart a pro-oxidant character
to the carotenoid molecule and may make it very susceptible to attack by free
radical species. It is known that carotenoids may interact with free radicals in
three main ways; electron transfer (reaction A), hydrogen abstraction (reaction
B), and addition of a radical species (reaction C) (13—-15).

ROO’ + CAR — ROO™ + CAR"" (reaction A)
ROO® + CAR — ROOH + CAR’ (reaction B)
ROO® + CAR — (ROO-CAR)* (reaction C)

Table 1 Factors Involved in the Pro-Oxidant Activity of
Carotenoids

A. Intrinsic Factors
Carotenoid structure
Carotenoid concentration
Carotenoid location in cell membranes

B. Extrinsic Factors
Oxygen tension
Cell redox status
Interactions with redox agents (antioxidants/pro-oxidants)
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Once produced, the fate of such carotenoid radicals is of interest. The
carotenoid radical cation (CAR™) itself is unreactive and decays slowly by
second-order kinetics to unknown products, which do not significantly interact
with oxygen and which do not continue the chain reaction, as suggested by
Truscott (14). However, since such a radical is rather long lived, it could migrate
to a site where damaging consequences arise unless a mechanism is available for
its removal (14). A recent finding suggests that it can be efficiently repaired by
cell antioxidants, such as vitamin C. On the other hand, the carotene radicals
(CAR" and ROO-CAR’) may act as pro-oxidants and undergo oxidation,
especially under elevated oxygen partial pressures (16). While at low po,, the
CAR'" is mainly formed and carotenoids act as chain-breaking antioxidants,
consuming peroxyl radicals (8,17), whereas at high po,, the carotenoid radicals
are hypothesized to react with oxygen to produce carotenoid peroxyl radicals,
which are capable of acting as pro-oxidants (12). It has also been suggested that
carotenoid oxygenated products may have pro-oxidant activity and may lead to
further oxidation of carotenoid molecules (15). Although a number of oxidation
products of carotenoids may be produced by the interaction of carotenoids with
oxidants (18—21), including tobacco smoke (22,23), their functional significance
is under active investigation. The chemical structure of many of these products
(i.e., epoxides and apocarotenals) suggests that they would be unstable under
oxidative conditions, further contributing to oxidation.

A common finding from in vitro studies is that the pro-oxidant activity
of carotenoids is mainly observed when these compounds are used at high
concentrations. For instance, it has been demonstrated that in various tumor
cells, B-carotene acts as an antioxidant, inhibiting free radical production at
low concentrations whereas at high concentrations it acts as a pro-oxidant,
increasing such production (24-26). Again, the ability of B-carotene and
lycopene in protecting HT29 adenocarcinoma cells from oxidative DNA
damage induced by H,0, or xanthine/xanthine oxidase is observed only at low
doses (1-2 wM). This protective effect is progressively lost when their doses are
increased, so that at the highest concentration tested (10 wM), the carotenoids
afford no protection (27). According to these findings, relatively high doses of
[B-carotene fail to protect HepG2 cells from oxidative DNA damage induced by
H,O, (28). How can the concentration affect the redox properties of
carotenoids? A high carotenoid concentration might induce a more favorable
formation of oxidative carotenoid products and/or a faster rate of carotenoid
autoxidation in the presence of free radical species (8). According to this
hypothesis, elevated levels of carotenoid oxidative products have been observed
in the lung tissues from smoke-exposed ferrets (22). Moreover, it is also possible
that a high carotenoid concentration affects cell membrane permeability,
increasing the formation of aggregates between carotenoids and other
compounds in biological membranes. These aggregates have been found to
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deeply increase membrane permeability and fluidity, ultimately resulting in
prooxidant-type effects (9).

Interestingly, some xanthophylls, such as zeaxanthin, act as antioxidants in
protecting cells from oxidative DNA damage, never showing pro-oxidant effects
(9). It is possible that cell location as well as orientation of carotenoids within the
membrane lipid bilayer may deeply affect carotenoid redox ability. It is well
known that while B-carotene and other carotenes, such as lycopene, lie parallel to
the membrane face, zeaxanthin and other xanthophylls entirely span the
membrane, permitting reactions with the conjugated double-bond system
throughout the depth of the membrane (29).

Increasing evidence supports the hypothesis that cell redox status, as well
as combinations of antioxidant nutrients, may deeply influence the pro-oxidant
character of carotenoids. In recent studies, it has been reported that the pro-
oxidant effects of B-carotene are much more pronounced in tumor cells than
in normal cells (30) and in undifferentiated then in differentiated leukemic
HL-60 cells (25). It is well known that tumor transformation as well as anaplasia
deeply impairs the antioxidant status of these cells, rendering them much more
susceptible to oxidative stress (31). Moreover, the reduced levels of vitamin C in
the plasma of smokers (32) may be a condition of chronic oxidative stress
responsible for an enhancement of carotenoid pro-oxidant character. Therefore,
the concomitant presence of other antioxidant supplements can be extremely
important in limiting carotenoid pro-oxidant effects. According to this hypoth-
esis, numerous studies show that the antioxidant potency of carotenoids is
increased by combined addition of other antioxidants (5,6). For instance, it
has been demonstrated that 3-carotene operates synergistically with a-tocopherol
(33) and other antioxidant nutrients (34,35) to provide an effective barrier against
oxidation. However, it should be considered that in vivo the synergistic
protection afforded by carotenoids and other co-antioxidant nutrients may be
dependent on a balance among all these components. An increase in carotenoid
concentration may modify the uptake and the subsequent tissue distribution of
co-antioxidants, resulting in changes of intracellular redox status, as discussed
below.

lll. MARKERS OF THE PRO-OXIDANT ACTIVITY
OF CAROTENOIDS

One key approach to assess a role for carotenoids as pro-oxidants is the
identification of relevant markers of oxidative stress, which can detect potential
risks or benefits following carotenoid treatment.

Several markers have been used to assess the pro-oxidant activity of
carotenoids in biological systems (Table 2). They include: (a) the increased
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Table 2 Markers of the Pro-Oxidant Activity of
Carotenoids

1. Increased production of bioactive free radical species
2. Changes in cell antioxidant status
Nonenzymatic antioxidants
Tocopherols
Ascorbic acid
Glutathione
Enzymatic antioxidants
Superoxide dismutase
Catalase
Glutathione peroxidase
3. Oxidative damage to specific targets
DNA oxidation
Lipid oxidation
Protein oxidation
4. Modulation of redox-sensitive genes
Genes invoved in cell growth
Genes involved in detoxification processes
5. Modulation of redox-sensitive transcription factors

production of bioactive free radical species; (b) the modulation of cell antioxidant
defences; (c) the oxidative damage to specific cell targets, such as DNA, lipids,
and proteins; (d) the changes in the expression of redox-sensitive genes and/or
genes involved in the maintenance of intracellular redox status; and (e) the
modulation of redox-sensitive transcription factors.

A. Increased Production of Bioactive Free Radical Species

In the human body, a range of free radical species are produced, including 'O,, OH",
05, and H,0, and many organic products (36). While in the past carotenoids have
been exclusively considered for their ability in inhibiting the formation of
free radicals (5—7), at the moment they have also been suggested to enhance the
formation of these species, under certain conditions. A direct generation of free
radical species by B-carotene has been reported in several cultured tumor cells
(24,25,37). In these studies, reactive oxygen species (ROS) production is measured
by different fluorescent probes, such as dichlorofluorescein diacetate (DCF-DA)
and/or dihydrorhodamine (DHR), able to detect ROS produced in whole cytoplasm
or mitochondria, respectively. Interestingly, carotenoids may induce enhanced
ROS levels at very different concentrations, depending on cell types. Some human
colon adenocarcinoma cells (LS-174) show an increase in ROS production at a
[B-carotene concentration of 2.5 wM (37), whereas others (WiDr) exhibit this effect
only at a very high concentration of the carotenoid (50 M) (24,37). This difference
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has been related to cell capability in incorporating the carotenoid (38). Moreover,
the degree of cell differentiation seems to deeply influence the ability of 3-carotene
in inducing ROS production. Concerning this, B-carotene is a much more potent
inducer of ROS in undifferentiated than in differentiated human leukemic (HL-60)
cells (25).

It is still under investigation how carotenoid molecules induce an
overproduction of ROS. Several mechanisms have been proposed. These include
processes of autoxidation of carotenoid metabolites, alterations in iron levels and
in the activity of cytochrome P450 enzymes, and changes in cell antioxidant
defenses. In a recent study, it has been also reported that the autoxidation of
retinoids leads to the generation of O3, as measured by cytochrome ¢ reduction
method, in cultured HL-60 and HP100 cells (39). In particular, retinol and retinal,
both B-carotene metabolites, show a stronger ability to generate O5 than
B-carotene itself. This ability is strictly related to the induction of oxidative DNA
damage, measured as 8-oxo-dG formation.

Carotenoids have been reported to increase iron levels in animal (40) as
well as in human (41) studies. It is well known that iron is able to increase
the production of endogenous free radical species through Fenton reactions
(42). In addition, it is involved in the transcriptional regulation of antioxidant
enzymes (43).

Moreover, it has been demonstrated that (-carotene may act as an
endogenous generator of ROS through its ability to induce various P450
isoforms (44).

On the other hand, an increased ROS production by carotenoids may be
merely due to an impairment of cell antioxidant status, as described below.

B. Changes in Cell Antioxidant Status

Carotenoids have been reported to affect cell antioxidant status by altering
hydrophilic and lipophilic antioxidant absorption and content and by modulating
activity and/or gene expression of antioxidant enzymes. Therefore, the
measurement of cell antioxidant status may be a necessary and helpful tool in
order to reveal pro-oxidant effects by carotenoid molecules in biological systems.

1. Nonenzymatic Antioxidants

Tocopherols. Several lines of evidence suggest that carotenoids may
influence the status of tocopherols both in vitro and in vivo (8). Such a
modulation may occur during processes of autoxidation, photo-oxidation and
chemically induced oxidation. In particular, it has been demonstrated that
a-tocopherol prevents the autoxidation of S-carotene in toluene under 100%
oxygen tension at 60°C (19). Moreover, 6-tocopherol enhances the protective
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effects of B-carotene on 'O,_ initiated photo-oxidation of methyl linoleate (45).
In addition, y-tocopherol prevents the pro-oxidant effects of S-carotene in
purified triacylglycerol fraction of rapeseed oil exposed to light (46) and the pro-
oxidant effects of lutein and lycopene in autoxidized triglycerides (47).
Carotenoids have also been reported to increase the loss of a-tocopherol induced
by different sources of free radicals in lipid homogeneous solution (48), in
isolated membranes (33,49), and in intact cells (50). These studies suggest that
tocopherols may be consumed to retard the formation of carotenoid radicals
and/or the generation of carotenoid autoxidation products. In accord with this
hypothesis, it has been found that photobleached [-carotene in hexane is
regenerated by a-tocopherol (51). Interestingly, several studies report that
combinations of tocopherol and carotenoids have synergistic positive effects
in inhibiting oxidative processes, strongly supporting the hypothesis that
tocopherols may limit potential pro-oxidant effects of carotenoids. Recently, it
has been reported that a synthetic antioxidant, which combines into a single
molecule the chroman head of tocopherols and a fragment of lycopene, consisting
of a polyisoprenyl sequence of four conjugated double bonds, provides a higher
antioxidant efficiency than a-tocopherol and lycopene, alone or in combination
(52), also suggesting the possibility of an oxidative intramolecular cooperation
between carotenoids and tocopherols.

Carotenoids have also been reported to interfere with the metabolism of
tocopherols in vivo (8). In a recent study, an oral supplementation of
canthaxanthin modifies the endogenous concentration of tocopherols in murine
tissues (53). The xanthophyll increases a-tocopherol content in spleen and liver
and decreases 7y-tocopherol content in plasma and several tissues. The
mechanism by which such modifications occur is not fully understood.
Canthaxanthin and tocopherols may compete for intestinal absorption or for
binding with lipoproteins. The possibility that tocopherols and carotenoids may
influence one another is suggested by research on ferrets, indicating that
a-tocopherol promotes the intestinal absorption of intact 8-carotene (54).

Ascorbic Acid. The possibility of oxidative interactions between
carotenoids and ascorbic acid is reported by Packer et al., who demonstrate
that when ascorbic acid is added to low-density lipoproteins (LDLs), it acts
synergistically with [B-carotene in protecting LDLs from oxidation and
B-carotene from its consumption (55). Ascorbic acid has been also shown to
protect both the carotenoid and the tocopherol pools in LDLs from Cu®'-
mediated oxidative damage (56). Moreover, in a study of dietary antioxidant
(ascorbic acid, a-tocopherol, and B-carotene) supplementation and protection of
LDL, the addition of ascorbic acid increases plasma levels of B-carotene (57). A
plausible integrated mechanism for the interactions of ascorbic acid and
a-tocopherol with S-carotene has been proposed (15). In this model, the
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carotenoid molecule repairs tocopherol radical (reaction D) and the resulting
carotenoid cation radical is, in turn, repaired by ascorbic acid (reactions E and F):

CAR + TOH'+ — TOH + CAR"" (reaction D)
CAR'" 4+ ASCH, — CAR + ASCH® + H* (reaction E)
CAR'' + ASCH™ — CAR + ASCH"™ + H* (reaction F)

Such a hypothesis has been confirmed in vitro (16). An additive response is
observed when (-carotene is added in combination with a-tocopherol, whereas a
synergistic response is seen when the carotenoid is added in combination with
both a-tocopherol and ascorbic acid.

Glutathione. Recent studies suggest that [B-carotene can significantly
decrease the content of reduced glutathione (GSH) and to increase that of
oxidized glutathione (GSSG) in cultured HL-60 cells (25). Such changes occur at
carotenoid concentrations ranging from 10 to 20 uM and are dosedependent.
Interestingly, the concomitant presence of a-tocopherol completely prevents the
changes in glutathione status induced by the carotenoid in this cell model. In
addition, carotenoidrich food extracts are able to reduce plasma glutathione
levels in rats treated with aflatoxin B (58).

2. Antioxidant Enzymes

It has been recently reported that carotenoids, including xanthophylls, can sub-
stantially modify the activity and/or the expression of enzymatic antioxidants.
In cultured human oral carcinoma cells, B-carotene can reduce the activity
of both superoxide dismutase (SOD) and glutathione transferase (59). Interest-
ingly, such a reduction does not occur if the cells are incubated with a
combination of -carotene and a-tocopherol. On the other hand, in vivo dietary
supplementation with canthaxanthin has been demonstrated to reduce the activity
of glutathione peroxidase (GSH-Px) and to increase that of catalase and MnSOD
in murine liver (40). In the same model, the carotenoid can also induce the
expression of MnSOD. In addition, carotenoid-rich food extracts can lower blood
SOD and catalase in rats treated with aflatoxin B, (58). Dietary supplementation
of rats with S-carotene modulates the increase of SOD induced by peroxyl
radicals produced by a high-fat diet (60). Finally, a decreased erythrocyte SOD
activity has been shown in adult women consuming a -carotene-deficient diet.
In the same study, dietary -carotene repletion increases SOD activity (61).
These results, somewhat controversial, point out that carotenoids may alter
the activities of oxygen-protective enzymes and consequently induce cellular
oxidative stress. According to this hypothesis, powerful pro-oxidant molecules,
such as paraquat, modulate antioxidant enzymes in cultured cells similarly,
increasing the activity of SOD and catalase and decreasing that of GSH-Px (62).
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Moreover, generators of ROS, such as oxidants, ionizing radiation, cytokines,
tumor necrosis factor-a (TNF-a), and lipopolysaccharide have been demon-
strated to increase MnSOD activity in different experimental models (43).

It is possible that the dose as well as the concomitant presence of an
intracellular oxidative stress may influence the modulating effect of carotenoids on
the antioxidant enzymes in vivo. Such a hypothesis is supported by experiments
in vitro showing that in chicken embryo fibroblasts B-carotene modulates the
activity of SOD, catalase, and GSH-Px in a concentration-dependent manner (63).
At a high concentration (10 uM), the carotenoid increases SOD and catalase
activities and decreases GSH-Px activity, whereas at a low concentration (0.1 pM)
it induces opposite effects. In addition, when a pro-oxidant agent such as paraquat
is used in the same cell model, B-carotene prevents the paraquat-induced elevation
of catalase and SOD activities and the reduction of GSH-Px at low, but not at high,
concentrations (62). It is noteworthy that the modulation of the antioxidant
enzymes by carotenoids also varies under different po, (62).

C. Oxidative Damage to Specific Targets
1. DNA Oxidation

The potential role of carotenoids in preventing oxidative DNA damage has been
recently reviewed and discussed (64). Although some studies have shown that
carotenoids are effective in protecting cells from oxidative DNA damage, other
studies fail to show it. In particular, the presence of [B-carotene increases the
susceptibility of HepG2 cells to the DNA-damaging effects of H,O,, measured as
formation of DNA strand breaks, the most significant DNA lesion produced by
peroxides (28). In addition, in the same study, pretreatment with the carotenoid
enhances the H,O,-induced cytotoxicity as measured by the 3,(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. The failure of -
carotene and lycopene to protect human cells against the DNA-damaging effects
of H,0, has been recently demonstrated for HT29 cells (27). Moreover, in two
human supplementation trials with B-carotene (65) and with lycopene (66), the
concentration of 8-0xo-dG in lymphocyte DNA was not significantly decreased.
In addition, human lymphocytes do not acquire resistance to oxidative damage
induced by H,O, following consumption of vegetables (67). It has also been
shown that whereas [-carotene treatment decreases the number of sister
chromatid exchanges induced by H,O, in Chinese hamster ovary (CHO) cells, it
significantly increases the number of H,O,-induced chromosome aberrations
(68). Moreover, an enhancement of the clastogenic effects of bleomycin by -
carotene in CHO cells has also been reported (69). Finally, B-carotene causes
concentration-dependent DNA breakdown, although this effect is evidenced only
at high po, (70). In this case, the protection of DNA from the pro-oxidant effects
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of B-carotene afforded by a-tocopherol and/or ascorbic acid is limited. A recent
study demonstrates that, when oxidized, [B-carotene and lycopene lead to
oxidative damage to both purified calf thymus DNA and DNA isolated from
human Hs68 fibroblasts, as revealed by increases in DNA breakage and 8-OH-dG
level (71).

2. Lipid Oxidation

Several studies demonstrate that carotenoids may modulate in vitro and in vivo
lipid oxidation. They can alter the formation of both initial (conjugated dienes,
hydroperoxide) and terminal [malondialdehyde (MDA), TBARs] products of
the lipoperoxidative process. Although a large number of reports demonstrate
an inhibitory effect of carotenoids on the formation of lipid oxidative products
(5-7), recent observations evidence that they can also enhance such a production,
at least under certain circumstances (high po,, high carotenoid concentration, cell
chronic oxidative status) (8). Increases in lipoperoxidation products induced by
carotenoids have been reported in both isolated membranes (72) and intact cells
(30). Pro-oxidant effects are observed in vitro using (3-carotene as well as other
carotenoids, such as lycopene. In particular, in human foreskin fibroblasts (Hs68
cells), it has been reported that lycopene may increase TBAR production induced
by the lipid-soluble radical generator 2,2'-azobis(2,4-dimethylvaleronitrile)
(73). This effect is dosedependent and is not observed when other generators of
free radicals, such as the system ferric nitrilotriacetate and the water-soluble
2,2'-azobis(2-amidinopropane)dihydrochloride (AAPH), are used. B-Carotene
behaves similarly under the same in vitro oxidative conditions, suggesting that
the type of oxidant used may also be an important determinant in the pro-oxidant
activity of carotenoids.

Reaven et al. have demonstrated that LDLs isolated from individuals
receiving [-carotene supplements are not protected from oxidation (57). In
addition, Gaziano et al. also found that 3-carotene does not enhance the in vitro
resistance of LDLs to copper- or AAPH-induced oxidation (74). Other in vivo
studies show that dietary supplementation of SB-carotene at high doses enhanced
lipid peroxidation in liver, kidney, and brain of CBA mice exposed to methyl
mercuric chloride (75). Moreover, a dietary supplement of [3-carotene to rats
treated with a diet deficient in a-tocopherol and enriched with soybean oil
develops a significant increase in MDA production and 15-lipoxygenase in rat
testis (76). Again, feeding rats with large amounts of B-carotene increases lipid
peroxidation products in liver and plasma (77).

3. Protein Oxidation

It quickly becomes clear that, as compared with DNA and lipid oxidation, the
evidence for carotenoids as inducers of protein oxidation in biological systems is

Copyright © 2004 by Marcel Dekker, Inc.



Pro-Oxidant Effects of Carotenoids 137

very limited. This is mainly due to the fact that the field of protein oxidation is
very much in its infancy. On the other hand, it is clear that, since proteins do play
a crucial role in many (patho)physiological processes, the area of markers for
protein oxidation will grow in years to come. Recently, the effect of B-carotene
on protein oxidation has been examined under different oxygen tensions and in
the presence of a-tocopherol and ascorbic acid, alone and in combination (78).
In this study, human serum albumin is incubated in vitro with AAPH to induce
protein oxidation (carbonyl formation). Interestingly, high concentrations of
[B-carotene produce more protein oxidation in the presence of high po,. A mix-
ture of S-carotene, a-tocopherol, and ascorbic acid provides better protective
effects on protein oxidation than any single compound. In addition, Andersen
and coworkers using Fe’*-mediated oxidation of heme proteins as an early
indicator of oxidative stress find that B-carotene exhibits limited protection or
a pro-oxidant effect with respect to a pronounced vitamin E antioxidant
activity (79).

D. Modulation of Redox-Sensitive Genes

Although the study of the modifications of molecular pathways by carotenoids is
in its infancy, it is beginning to reveal that these compounds can bring about a
host of changes in the expression of redox-sensitive genes and/or genes involved
in the maintenance of cell redox status.

1. Genes Involved in Cell Growth

Increasing evidence shows that B-carotene inhibits tumor cell growth through the
involvement of a pro-oxidant mechanism and the modulation of redox-sensitive
genes. We recently hypothesized a strict relationship between changes in
intracellular redox potential and cell growth by B-carotene in tumor cells (26).
The increase in ROS production and/or the levels of oxidized glutathione
induced by the carotenoid in human colon adenocarcinoma (24) and leukemia
(25) cells are highly coincident with its ability to induce apoptosis and to arrest
cell cycle progression. Interestingly, in these cells, the carotenoid is also able to
decrease the expression of Bcl-2 (25,38), a protein whose antiapoptotic effects
has been at least partially explained by its antioxidant properties (80). In addition,
in HL-60 cells, the carotenoid also induces an increased expression of
p21WAF-1, which is implicated in the arrest of cell cycle progression at the G,
phase (25). A recent finding suggests that this protein is regulated by oxidative
stress through a mechanism independent of p53 activation (81). The hypothesis
of the involvement of a pro-oxidant mechanism in the growthinhibitory effects of
B-carotene in these studies is also supported by the finding that a-tocopherol
minimizes the effect of the carotenoid on cell growth, apoptosis, and Bcl-2
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expression in a dose-dependent manner (25). Moreover, the growthinhibitory
effects of the carotenoid in SCC-25 tumor cells are decreased by an oxygen-poor
environment in which the pro-oxidant character of the molecule is minimized
(82). In addition, B-carotene is able to induce an oxidative stress in tumor oral
cells, resulting in the expression of stress proteins, such as the heat-shock protein
70 (hsp 70) and/or hsp90, which are nuclear-binding proteins involved in
apoptosis (82,83). Interestingly, both 9-cis and all-frans [B-carotene are able to
induce an intracellular accumulation of hsp70 in cervical dysplasia—derived cells
and the treated cells showed morphological changes indicative of apoptosis (84).
Moreover, B-carotene reduces the expression of mutant p53, which has been
associated with the exposure to cigarette smoke (10) and stimulates the
expression of TNF-a (85).

2. Genes Involved in Detoxification Processes

Increasing evidence suggests that carotenoids may modulate the expression of
detoxification enzymes, involved in oxidative processes. It has been recently
found that B-carotene can act as an inducer of several carcinogen-metabolizing
enzymes (44,86,87). In the lung of Sprague—Dawley rats, B-carotene is able to
induce the following: CYP1A1l/2, able to bioactivate aromatic amines,
polychlorinated dioxins, and polycyclic aromatic hydrocarbons; CYP3A, able
to activate aflatoxins, 1-nitropyrene; CYP2B1, able to activate olefins and
halogenated hydrocarbons; and CYP2A, able to activate butadiene, esamethyl
phosphoramide, and nitrosamines. In this study, such inductions have been
associated with an overgeneration of oxygen-centered radicals (44). In addition,
many tobaccosmoke procarcinogens are themselves CYP inducers, and they
could act in a synergistic manner with B-carotene or with some of its oxidation
products, such as B-apo-8'-carotenal, further contributing to the overall
carcinogenic risk (22). Moreover, induction of transformation by benzo[a]pyrene
and cigarette-smoke condensate in BALB /c 3T3 cells is markedly enhanced by
the presence of B-carotene in either acute or chronic treatment. Such an
enhancement has been related to the boosting effect of the carotenoid on the P450
apparatus (87). In addition, B-carotene has been reported to enhance ethanol
hepatotoxicity by an induction of CYP2E1 and CYP4Al in both rodents and
nonhuman primates (88). Other carotenoids, such as canthaxanthin and
astaxanthin, have been recognized as potent inducers of CYP1Al and 1A2 in
rat liver (89).

Carotenoids have also been suggested to modulate tumor growth by acting
as potent inducers of phase II detoxifying enzymes, such as glutathione
S-transferase (GST) and quinone reductase (90), as well as of cellular defensive
enzymes such as heme-oxygenase-1 (91). In human skin fibroblasts enriched with
the carotenoid and exposed to UV light (91), the increase in heme-oxygenase-1
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expression by f-carotene is entirely suppressed by vitamin E, but only
moderately by vitamin C.

The modulation of these enzymes might occur through an activation of
mitogen-activated protein kinase leading to induction of antioxidant/electrophile
response element (ARE/EpRE), as suggested for other dietary chemopreventive
compounds (92).

E. Modulation of Redox-Sensitive Transcription Factors

Although markers based on transcription factor activation are not considered
suitable since their induction tends to be transient and hard to quantify, some
indications suggest that carotenoids may modulate the activity of redox-sensitive
transcription factors. The nuclear factor kB (NF-«B) pathway is generally
thought to be a primary oxidative stress response pathway involved in cell
proliferation and apoptosis (93—98). We have recently reported that B-carotene,
administrated at concentrations found to induce growthinhibitory and pro-
oxidant effects, increases the DNA binding activity of nuclear proteins at the
NEF-kB site in leukemic as well as in colon adenocarcinoma cells (37). In these
cells, the ability of treatments with a-tocopherol or N-acetyl-cysteine to diminish
both B-carotene-induced NF-«B DNA binding activity and ROS production
further supports the hypothesis that the carotenoid regulates this transcription
factor through a pro-oxidant mechanism. It has been recently reported that
NF-«B is activated by certain apoptotic stimuli and that some of the NF-«B
target genes, such as c-myc, are implicated in apoptosis induction (99).
Accordingly, we have recently demonstrated that 3-carotene is able to increase
the expression of c-myc and that such an increase is directly related to apoptosis
induction (37). Interestingly, it has been suggested that B-carotene can also
modulate the activation of activator protein-1 (AP-1), which is known to be
another redox-sensitive transcription factor involved in the regulation of cell
growth (22,100,101).

IV. BENEFITS AND HAZARDS OF CAROTENOIDS
AS PRO-OXIDANT MOLECULES

There is a growing body of literature on the effects of B-carotene and other
carotenoids in human chronic diseases, including cardiovascular diseases and
cancer. Although epidemiological studies have shown that a high consumption of
fruit and vegetables rich in carotenoids is associated with a low risk for chronic
diseases (1,2), and numerous in vitro and in vivo experimental studies (102,103)
have reported that carotenoids may be beneficial in such diseases, increasing
evidence demonstrates more or less detrimental health effects following

Copyright © 2004 by Marcel Dekker, Inc.



140 Palozza

carotenoid treatment. It has been found that B-carotene acts as an enhancer of cell
transforming activity of powerful carcinogens, such as benzo[a]pyrene and
cigarettesmoke condensate in BALB/c 3T3 cells in vitro (87). Recently, an
enhancement of benzo[a]pyrene-induced mutagenesis in vivo by a lycopene-rich
diet was observed in colon and lung from mice, but not in prostate (104).
Interestingly, a previous study on dietary supplementation of a lycopene-rich
tomato oleoresin demonstrated that lung accumulates this carotenoid to a greater
extent than prostate (105). An enhancement of UV-induced skin carcinogenesis
by B-carotene has been observed in vivo, as recently reviewed (106,107). An
enhancement of lung tumorigenesis by [-carotene has been also observed in
ferrets exposed to tobacco smoke (22). B-Carotene-supplemented ferrets exhibit
an increased keratinized squamous metaplasia, which can be considered a
precancerous lesion and an increased cell proliferation measured as proliferating
cell nuclear antigen expression. Interestingly, this effect was only observed using
high doses of the carotenoid, while a physiological dose of it does not have
potentially detrimental effects in smoke-exposed ferrets and may afford weak
protection against lung damage induced by cigarette smoke (108). Moreover,
clinical trials not only fail to provide protective effects by B-carotene as a
supplement but even result in a significant exacerbation of cancer (3,4). In
particular, the ATBC as well as the CARET trials both evidenced that
B-carotene-supplemented smokers increase the risk of lung cancer. Although the
direct involvement of a pro-oxidant mechanism in the procarcinogenic effects of
carotenoids is a matter of debate, these studies highlight several points: (a)
Mutagenic or procarcinogenic effects of carotenoid molecules are evidenced
mainly at doses that usually exceed the dietary intake. Mayne and colleagues
observed that the high dose of B-carotene given as a supplement in clinical trials
results in carotenoid levels in the blood (3.0 and 2.1 mg/L in ATBC and CARET,
respectively) much higher that those reported for the U.S. population (0.05—
0.5 mg/L) (1). This could affect the content and/or the absorption of other
dietary nutrients with a better antioxidant profile or favor the formation of
B-carotene oxidation products. (b) Procarcinogenic effects of carotenoids are
evidenced in tissues, such as lung, in which the oxygen tension is high and
therefore able to promote effective pro-oxidant effects of carotenoids.
Concerning this, in the human body, the po, is very different among tissues
and organs: the lung alveoli have a po, of 100 mm Hg, while the other tissues and
venous blood have a po, of 5—15 mm Hg and 40 mm Hg, respectively (36).
Therefore, these molecules are expected to be less effective as antioxidants or
more effective as pro-oxidants in lung than in other tissues. (c) Either condition,
i.e., lack of adequate antioxidant defense (impairment of the antioxidant status)
or chronic oxidative stress (UV exposure), results in increased procarcinogenic
effects by carotenoid molecules. In this regard, cells from smokers exhibit
markedly reduced vitamin C levels, a reflection of severe oxidant exposure (32).

Copyright © 2004 by Marcel Dekker, Inc.



Pro-Oxidant Effects of Carotenoids 141

Concomitantly, UV-exposed dermal fibroblasts show an overgeneration
of superoxide anions and an enhanced lipid peroxidation, both symptoms of
oxidative stress, in the presence of B-carotene (109). (d) The administration of
carotenoids with fruit and vegetables instead of carotenoid supplements has never
been associated with procarcinogenic effects induced by carotenoids. This can be
related to the fact that fruit and vegetables contain, concomitantly, other
antioxidant nutrients, which can limit the pro-oxidant effects of carotenoids.
Moreover, the use of carotenoids in combination with other nutrients produces
more inhibition of carcinogenic processes, such as oral carcinogenesis, than the
administration of the single agents (8,10). (e) The CARET trial also evidences an
enhancement of lung carcinogenesis in asbestos workers, only 38% of whom
were current smokers (3). It is noteworthy that asbestos fibers contain iron, a
powerful catalyst for oxidation. Moreover, inflammatory cells recovered by
bronchoalveolar lavage from nonsmokers with asbestosis spontaneously
release significantly increased amounts of ROS relative to those from normal
individuals (110).

On the other hand, it should be considered that the pro-oxidant effects of
carotenoids in biological systems are not necessarily bad, but they can also result
in beneficial health effects. In accord with this observation, several findings
suggest that B-carotene effectively increases intracellular oxidative stress (by
increasing ROS production, GSSG content, and/or NF-«Bbinding activity) in
many tumor cells and this effect is accompanied by antitumor activity: the
carotenoid may induce cell cycle arrest and apoptosis and, even, induce the loss
of tumor cell viability (26,26,37,38). In addition, the increase of lipid
peroxidation products by [-carotene at high po, during free radical induced
oxidative stress in tumor thymocytes results in cell death (30). Therefore, the
development of harmful or beneficial effects by carotenoids may be dependent on
the redox potential of carotenoid molecules but also by the cell environment in
which these molecules act. A pro-oxidant activity of carotenoids in normal cells
may be ineffective because it can be counteracted by the normal endogenous
antioxidant defense or may be deleterious because it can alter regulatory
functions, damage cell integrity, and/or induce neoplastic transformation. On the
other hand, a pro-oxidant activity of carotenoids in already transformed cells may
be extremely helpful, because it can block tumor cell growth.

V. CONCLUSIONS

As discussed throughout this chapter 6 increasing evidence shows a role for
carotenoids as pro-oxidant agents. These compounds may increase the levels of
biochemical and molecular markers of oxidative stress, depending on their
intrinsic properties (i.e., structure, concentration, location in cell membranes) as
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well as on extrinsic factors (i.e., oxygen tension, cell redox status, interactions
with other redox agents). Therefore, the possible beneficial or adverse effects of
carotenoids as pro-oxidant molecules in health should be considered with an open
mind rather than with a preconceived view of their mechanism of action.
Nevertheless, numerous gaps still exist in our understanding of the role of
carotenoids as pro-oxidants. Many of the results on the pro-oxidant activity of
carotenoids have been demonstrated only in vitro. Our knowledge of the
influence of carotenoids as pro-oxidants in vivo remains fragmented and
incomplete. Moreover, the products of carotenoids directly responsible for their
pro-oxidant activity have not been identified yet. Finally, the involvement of the
pro-oxidant effects of carotenoids in the carcinogenic process and in the
development of chronic diseases need to be clearly elucidated. Improved
knowledge of the pro-oxidant role of carotenoids in vitro and in vivo will help in
understanding their potential role in health and disease.
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Carotenoid Orientation: Role in
Membrane Stabilization

Wieslaw |. Gruszecki
Maria Curie-Sklodowska University, Lublin, Poland

. INTRODUCTION

A rod-like molecule of carotenes lacks polar groups and therefore may be
expected to be localized in the hydrophobic core of the lipid membrane, owing to
the requirement of energy minimization in a system. On the other hand, the
terminal groups of polar carotenoids are expected to interact with the polar head
group regions of a lipid bilayer via hydrogen bonds. Such a localization of
carotenoids, deduced on the basis of their chemical structure, has a strong
experimental support from the analysis of a position of light absorption maxima
of carotenoid pigments incorporated to lipid membranes (1—4). Specifically, the
positions of absorption maxima of carotenoid pigments incorporated to lipid
membranes correlate with the polarizability term of the hydrophobic core of the
lipid bilayer, representing dielectric properties of the chromophore environment
and calculated on the basis of a refractive index. Figure 1 presents such a
dependency plotted for lutein, dissolved in a series of organic solvents and
incorporated into liposomes formed with dipalmitoylphosphatidylcholine
(DPPC). The value of the polarizability term for the hydrophobic core of
DPPC correlates very well with the position of the 0-0 transition in the absorption
band of lutein incorporated into this membrane system. The rule that polar end
groups of xanthophyll pigments have to remain in direct contact with polar
groups of lipid molecules, realized in most cases by hydrogen bonding,
determines the orientation of carotenoid molecules with respect to the lipid
bilayer, as will be discussed below. Both localization and orientation of
carotenoid molecules in the membrane are directly responsible for molecular
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Figure 1 Dependence of the position of the 0-0 vibrational transition in the main
electronic absorption band of lutein dissolved in several organic solvents of the refractive
index n on the polarizability term. The position of the absorption maximum of lutein
embedded to DPPC liposomes [20-879 cm™ ! (5)] indicated with the dashed line and the
value of a polarizability term for the hydrophobic core of DPPC membrane in the L, phase
[0.2424 (6)] indicated by the arrow.

mechanisms of carotenoid—lipid interaction that influence basic physical pro-
perties of lipid membranes such as membrane thickness, fluidity, permeability,
energy, and cooperativity of phase transitions, etc. Selected aspects of
physiologically relevant carotenoid—lipid interactions, directly dependent on
carotenoid orientation with respect to the lipid bilayer will also be addressed.

Il. ORIENTATION OF CAROTENOIDS IN LIPID MEMBRANES

Figure 2 presents main different patterns of orientation of carotenoid pigments
in lipid membranes: not well-defined orientation (as in the case of nonpolar
B-carotene), roughly vertical (as in the case of polar zeaxanthin), horizontal
(as in the case of cis-zeaxanthin), or both horizontal and vertical (as in the case
of lutein).
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Figure 2 Model of localization and orientation of different in structure carotenoid
pigments in the hydrophobic core of lipid membrane. See text for discussion.

Polar groups of xanthophylls are bound to the terminal rings, in almost all
physiologically relevant pigments, such as zeaxanthin, lutein, violaxanthin, and
astaxanthin. Such localization of polar groups allows the prediction of two
essentially different orientation patterns of polar carotenoid pigments in the lipid
bilayer: vertical (Fig. 3) and horizontal with respect to the plane of the membrane.
The pigment system of C=C bonds has to be located in the hydrophobic core of
the membrane in all cases, but polar groups will be anchored in the same head
group region or in the opposite polar zones of the bilayer, in the case of horizontal
and vertical pigment orientation, respectively. For stereochemical reasons, not all
terminally bound polar groups of xanthophylls can remain in contact with the
same hydrophobic—hydrophilic interface of the membrane simultaneously. This
means that horizontal orientation will be limited to a selected number of polar
carotenoids, such as lutein. Lutein and zeaxanthin, the macular pigments, are
identical in their chemical composition and very close in structure. Despite that,
one essential difference appears that may be responsible for different localization
and orientation of these two xanthophyll pigments within a lipid bilayer. Lutein
and zeaxanthin contain 11 double bonds but one double bond, in the case of
lutein (C};-C5), is not conjugated to the conjugated double-bond system, in contrast
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Figure 3 Orientation of the molecular axes of lutein (A) and the model of vertical
orientation of the pigment incorporated to the lipid membrane (B). d is the thickness of the
hydrophobic core of the membrane, dotted line the axis connecting opposite hydroxyl
groups, dashed line the direction of the chromophore, continuous line the axis of the
transition dipole moment tilted by about 15° with respect to the linear polyene
chromophore (12).

to the terminal double-bond of zeaxanthin (C5-Cy). Such a difference, as may be
judged from the spectroscopic point of view, seems to influence stereochemical
properties of lutein considerably. Namely, a relative rotational freedom of the
entire terminal ring of lutein around the C¢-C; bond (e ring) can be predicted,
which is unlike in the case of the terminal ring of zeaxanthin. This particular
property of lutein is most probably directly responsible for the differences
in orientation of lutein and zeaxanthin in model lipid membranes, as determined
by means of linear dichroism measurements, carried out in oriented lipid
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multibilayers composed of several lipid constituents (7,8). Orientation of
xanthophyll pigments with terminally located polar groups, such as zeaxanthin
(two hydroxyl groups at the C; and C; positions) can be predicted on the basis of
information about the distance between polar groups of the pigment relative to
the distance between the opposite polar zones of the lipid bilayer (thickness of the
hydrophobic core of the membrane). In several lipid bilayers, the thickness of
the hydrophobic core of the membrane [d = 2.26 nm in the case of egg yolk
phosphatidylcholine (EYPC) and d = 2.54 nm in the case of dimyristoylpho-
sphatidylcholine (DMPC)] (7) is less than the distance of hydroxyl groups of Cy4g
xanthophyll pigments such as zeaxanthin [d = 3.2 nm, (1)] and therefore a tilted
orientation of the pigment can be predicted. Such a prediction is in good
agreement with experimental linear dichroism data, as can be seen from Table 1.
Roughly vertical orientation of the axis connecting the polar groups located at the
ends of xanthophyll molecules (Fig. 3) can be predicted in the case of membranes

Table 1 Orientation of Chromophore of Selected Carotenoid Pigments with
Respect to the Axis Normal to the Plane of the Lipid Membrane Determined
on the Basis of Linear Dichroism Measurements

Orientration
Carotenoid Lipid component angle (°) Ref.
B-Carotene EYPC 55 7
DOPC ~90 9
1-Oleoyl-sn-glycerol ~90 10
DMPC 0 and 90 9
Zeaxanthin EYPC 33 8
DMPC 25 2
DPPC 36 8
DGDG 9 11
MGDG 17 11
Lutein EYPC 67 8
DPPC 57 8
DHPC 47 8
Violaxanthin DMPC 22 2
DGDG 28 11
MGDG 35 11
Lycopene EYPC 74 7
Astaxanthin EYPC 26 7
B-Cryptoxanthin EYPC 38 7

EYPC, egg yolk phosphatidylcholine; DOPC, dioleoylphosphatidylcholine; DPPC, dipalmitoylphos-
phatidylcholine; DMPC, dimyristoylphosphatidylcholine; DHPC, dihexadecylphosphatidylcholine;
MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol.
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characterized by a thickness of the hydrophobic core that matches the distance
between the polar groups. Such a situation may be expected in the case of
thylakoid membranes of chloroplasts (d = 3 nm) or the membranes formed with
DPPC (d = 3.2 nm) (7). The much larger orientation angle values determined in
the case of lutein than in the case of zeaxanthin (7,8) may be explained in terms of
two pools of the pigment, the first one oriented parallel with respect to the plane
of the membrane and the other one oriented the same way or close to that of
zeaxanthin. The orientation angles for lutein, with respect to the axis normal to
the plane of the membrane, determined as 67° in the case of EYPC or 57° in the
case of DPPC correspond to horizontal and roughly vertical pools as 78% and
22% in the case of EYPC or 45% and 55% in the case of DPPC, respectively (8).
No distinctly different orientations of lutein and zeaxanthin have been
determined in the membranes formed with dihexadecylphosphatidylcholine
(DHPC), 47° and 37°, respectively (with the experimental error 4-5°) (8).
The fact that DHPC is an analog of DPPC without the keto groups located at the
polar—nonpolar interface of the lipid bilayer indicates that the terminal hydroxyl
groups of lutein molecules oriented in the plane of the membrane are localized at
the interface and interact most probably with the keto groups of lipids.

An essentially different situation, in terms of structural determinants of
carotenoid orientation in lipid bilayers, can be expected for membranes
containing carotenoid pigments lacking any polar groups that may determine
specific pigment localization and orientation. The van der Waals forces between
pigment chromophores and alkyl chains of lipid molecules seem to be the sole
type of interaction that can potentially influence pigment orientation. Such a
situation takes place in membranes containing S-carotene or lycopene. The
orientation of lycopene with respect to the axis normal to the plane of the
membrane determined as 74° and the orientation of B-carotene determined as 55°
in the same system of EYPC membranes (Table 1) are larger or exceptionally
close to the magic angle (54.7°), respectively. These results can be interpreted as
an indication of roughly horizontal or not well-defined orientations of lycopene
and [-carotene, respectively, most probably within the central part of the
hydrophobic core of the membrane (Fig. 2). Parallel orientation of 8-carotene has
also been determined in other experimental systems (Table 1). In some cases, a
second possibility of orientation, defined as orthogonal to the parallel one, has
been additionally identified for B-carotene (9). This provides a further indication
of a complex organization of lipid membranes containing nonpolar carotenoids.

The discussion above refers to the all-frans carotenoid pigments, parti-
cularly relevant from the physiological point of view. On the other hand,
carotenoid pigments in cis conformation are also lipid membrane located and are
expected to influence membrane properties at least at a degree comparable to
the trans stereoisomers, as can be deduced from the monomolecular layer
studies of two-component pigment—lipid systems (Milanowska and Gruszecki,
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unpublished work). Monomolecular layer technique studies reveals that 9-cis-
and 13-cis-zeaxanthin is oriented in such a way that both hydroxyl groups face
the polar—nonpolar interface in the environment of DPPC, at the surface pressure
values characteristic of natural biomembranes.

lll. EFFECTS OF CAROTENOIDS ON STRUCTURAL AND
DYNAMIC PROPERTIES OF LIPID MEMBRANES:
BIOLOGICAL CONSEQUENCES

The interaction of membrane-bound carotenoid pigments with both hydrocarbon
lipid chains (via van der Waals interactions) and with polar lipid head groups
(via hydrogen bonding) determines pigment orientation as discussed above.
Furthermore, the interaction influences structural and dynamic properties of
the membranes itself. Several techniques have been applied to examine the effect
of carotenoid pigments on physical properties of lipid membranes, such as
differential scanning calorimetry (DSC) (13—17), ultrasound absorption (18,19),
electron spin resonance (ESR) spin label technique (20—26), nuclear magnetic
resonance (H' NMR, 'C NMR, and P*' NMR of lipids) (8,27,28), mono-
molecular layer technique (4,17,29), X-ray diffractometry (2,11,30-32),
fluorescence label technique (16,33), resonance Raman scattering (34), and
Fourier transform infrared spectroscopy (35). Theoretical studies have been also
carried out, with the application of Monte Carlo simulation of molecular dynamic
processes to address this problem (36). The techniques listed above provide
information on different aspects of carotenoid—lipid interaction, in particular on
dynamics of gauche-trans isomerization of alkyl chains of lipid molecules, that is
directly related to membrane fluidity and molecular packing phenomena, both in
the head group and hydrocarbon membrane zones, or membrane stability and
permeability. As might be expected, the effects of carotenoid pigments on
structural and dynamic properties of lipid membranes depend on carotenoid
structure (in particular on presence of polar groups). This means that the
influence of carotenoids on a membrane is directly related to the molecular
localization and orientation of the pigment.

A. Differential Scanning Calorimetry

A calorimetric technique was applied to analyze effect of carotenoid pigments
on thermotropic properties of membranes, in particular on a temperature and
enthalpy of the phase transition from the ordered to the liquid crystalline phase of
lipid bilayers.

In general, the presence of polar carotenoids in the lipid phase decreases
enthalpy of the main phase transition of phosphatidylcholines (P;3 — L), shifts
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the transition temperature toward lower values (by about 1°) and decreases
cooperativity of this transition. These effects have been documented in the case
of astaxanthin and canthaxanthin in DMPC membranes (15,17), zeaxanthin in
DPPC (13,16), lutein in DPPC (37), in DMPC (14), and in lecithin mixtures (16).
The effect of B-carotene was found to be much less pronounced and was
restricted predominantly to a decrease in the cooperativity of the phase transition
(13,14,16,17) which is typical for any additives to the lipid membranes.

B. ESR Spin Labels

The effect of carotenoid pigments on dynamic properties of lipid membranes
(directly related to membrane fluidity) was investigated with application of spin
labels incorporated into model and natural lipid membranes. The shape of the
ESR spectrum of a spin label depends on motional freedom of a free radical
segment of a label incorporated into lipid membrane, and therefore spin probes
may be applied to follow molecular dynamics phenomena, e.g., associated with
phase transitions (20,21). The fact of interaction of paramagnetic molecules of
molecular oxygen with the free radical segment of a spin label, manifested in
broadening of ESR lines, can be also applied to follow changes in the oxygen
diffusion-concentration product in the lipid membrane environment (22). It was
found that polar carotenoids decrease cooperativity of the main phase transition
of phosphatidylcholines in a concentration-dependent manner. The P:,_-), — L,
transition was found to be completely lost at a concentration of 10 mol % of
violaxanthin or zeaxanthin (20,21). Polar carotenoids also increase the order
parameter of alkyl hydrocarbon chains of membranes formed with unsaturated
lipids (in particular in the center of the bilayer) (20), increase the penetration
barrier for small molecules and molecular oxygen to the membrane core (22), and
increase membrane hydrophobicity (particularly in the center of the bilayer) (23).
B-Carotene was found to decrease the penetration barrier for small molecules to
the membrane head group region (25,37).

C. H'NMR and P3®' NMR

The molecular dynamics phenomena within lipid membranes, such as very fast
gauche—trans isomerization of alkyl chains (correlation time in the order of
magnitude of 10”7 s), influence the shape of almost all NMR bands associated
with lipid molecules involved in formation of membranes. Such a dependency
was applied to analyze the effect of carotenoids on dynamic properties of lipid
bilayers.

It was found that polar carotenoids broaden spectral lines corresponding to
the CH, and CHj; groups of lipid acyl chains (28,37). This effect is due to the
restriction of molecular motion of lipids owing to hydrophobic interactions with
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carotenoids. 3-Carotene was demonstrated to increase motional freedom of lipid
molecules in the ordered state of the membrane (27). B-Carotene increases also
motional freedom of lipids in the head group region (28) and decreases the
penetration barrier to the head group region of small charged molecules
[praseodymium ions (28)]. From a physiological point of view it is also worth
mentioning that polar carotenoids [zeaxanthin (28)] influence mechanical
properties of lecithin membranes (reinforcement effect demonstrated in the
prolonged sonication during preparation of small unilamellar liposomes).

D. X-Ray Diffractometry

X-ray diffractometry is a technique that, among others, provides the possibility to
analyze the thickness of a single bilayer in the experimental system composed
of lipid multibilayers. The method is also sensitive to lipid organization in the
plane of the membrane and therefore may be applied to analyze the effect of
carotenoids on structural properties of lipid bilayers.

Polar carotenoids (in particular lutein) were found to increase the thickness
of lipid bilayers. This effect is probably associated, with the molecular
mechanism of forcing lipid alkyl chains to adopt extended conformation, owing
to the van der Waals interactions with the rigid chromophore (2,11,30,31). Some
carotenoids (in particular nonpolar lycopene) were found to disorganize the well-
ordered hexagonal molecular packing of lipids [DPPC (32)].

E. Permeability Experiments

Membrane permeability experiments provide direct information on the effect
of carotenoid pigments on one of the most important biological function of
lipid membranes, namely, providing a barrier for nonspecific transport of ions
and small organic molecules. Zeaxanthin incorporated to unilamellar
digalactosyldiacylglycerol vesicles at 2 mol % was found to increase sig-
nificantly the permeability barrier across the lipid membranes for protons (38).
Incorporation of polar carotenoids thermozeaxanthins (zeaxanthin glucose
esters) to large unilamellar liposomes was found to increase the permeability
barrier across the lipid membranes for water-soluble fluorescent dye calcein in
the case of membranes formed with EYPC (39). Such a pronounced effect
has not been observed in the case of DMPC, DPPC, and DOPC, and the
difference was discussed in terms of matching of the thickness of the
hydrophobic core of the lipid bilayer with the molecular length and orientation
of thermozeaxanthins (39).

The effects of carotenoid pigments on lipid membranes, presented above,
clearly demonstrate a crucial role of pigment chemical structure on the extent
of an effect and in several cases even on the direction of an effect observed.
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Only polar carotenoids have been found to influence essentially membrane
properties and stabilize structure of a lipid bilayer. On the contrary, nonpolar
carotenoids such as B-carotene and lycopene have been found to destabilize the
membranes and reduce the penetration barrier for several classes of molecules to
the membrane. These effects coincide with orientation of carotenoid molecules
with respect to the membrane: well determined and defined only in the case of
xanthophylls. There may be discussion regarding the association of carotenoid
orientation with the influence of pigments on the membrane properties. It is rather
clear that rigid, rodlike xanthophyll molecules anchored in the opposite polar
zones of the membrane restrict molecular motion of lipids, such as rotational
diffusion or gauche-trans isomerization of alkyl chains, owing to van der Waals
interactions, thus affecting the membrane fluidity and increasing the structural
stability. Heterogeneously localized and oriented molecules of nonpolar
carotenoids are not involved in that case of membrane stabilization.
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. INTRODUCTION

Fruits and vegetables have an important role in the prevention of cancer.
Carotenoids have been implicated as an important group of phytochemicals that
are involved in cancer prevention. However, when reviewing data related to the
chemopreventive effects of phytochemicals, one should bear in mind that the use
of a single carotenoid or any other micronutrient as a “magic bullet,” which had
been successful in in vitro and in vivo models, did not prove as favorable in
human intervention studies. In contrast, accumulating evidence suggests that a
concerted, synergistic action of various micronutrients is more likely to be the
basis of the cancer-preventive activity of a diet rich in vegetables and fruit.
The possible mechanisms underlying the anticancer activity of carotenoids
will be the focus of this chapter. Carotenoids function as potent antioxidants,
and this is clearly a major mechanism of their action. However, accumulating
data support other mechanisms as well. In addition, growing evidence indicates
that the activity does not always reside in the carotenoid molecule and that
metabolites and oxidation products of the carotenoids are the definitive active
compounds in certain pathways. We discuss the effects of carotenoids and their
derivatives on the basic mechanisms of cell proliferation, growth factor signaling,
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gap junctional intercellular communication, and detoxification of carcinogens.
The existing evidence suggests that carotenoids produce changes in the
expression of many proteins participating in these basic processes such as
connexins, phase II enzymes, cyclins, cyclin-dependent kinases, and their
inhibitors. The changes in protein expression support the hypothesis that the
initial effect of carotenoids involves modulation of transcription by certain
transcription factors, including ligand-activated nuclear receptors. It is feasible
to suggest that carotenoids and their oxidized derivatives interact with a network
of transcription systems that are activated by different ligands at low affinity
and specificity and that this activation leads to the synergistic inhibition of cell
growth.

Il. EPIDEMIOLOGICAL EVIDENCE AND HUMAN
INTERVENTION STUDIES

Carotenoids have been implicated as important dietary phytonutrients having
cancer-preventive activity (1). Interest in carotenoids, especially [B-carotene,
arose not only because of their antioxidant activity but also because their
metabolites, vitamin A and retinoic acid, may be active via other mechanisms,
such as induction of cellular differentiation or cell death. 8-Carotene has received
the most attention because of its provitamin A activity and its prevalence in many
foods. However, intervention studies with S-carotene yielded disappointing
findings (see below), and thus other carotenoids became the subject of more
intensive investigation. Two carotenoids with provitamin A activity, a-carotene
and B-cryptoxanthin, are also abundant in foods and contribute substantially
to vitamin A intake. Carotenoids without vitamin A activity that are relatively
well studied because of their high concentration in serum include lycopene,
lutein, and zeaxanthin. Much of the evidence, particularly in terms of cancer
prevention, is derived from observational studies of dietary carotenoid intake
and thus the findings must be interpreted with caution. In such studies it is
not clear if an association between diet and disease is due to the specific
carotenoid, other micronutients present in the specific diet, or the combined effect
of several of these active ingredients. Many studies have evaluated the relation
between carotenoid intake and cancer. The best evidence for an inverse
association exists for lung, colon, breast, and prostate cancer; these data are
discussed below.

A. Lung Cancer

Observational studies strongly support an inverse relation between the intake of
B-carotene and lung cancer risk. A summary of various epidemiological studies
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published up to 1995 indicated an inverse relationship for 13 of 14 case-control
studies, all of the 5 cohort studies related to dietary -carotene intake and all of
the 7 studies in which the plasma level of the carotenoid was followed (2). Two
large cohort studies (3,4) have demonstrated an inverse association with
a-carotene intake as well. A recent report combined updated observational data
from the Nurses’ Health Study and the Health Professional Follow-up Study and
found significant risk reduction for lycopene and a-carotene but nonsignificant
risk reduction for B-carotene (5). A significant reduction in risk of lung cancer for
people consuming a diet high in variety of carotenoids was also observed. In
another study, high lycopene intake was associated with lower risk for lung
cancer (6). Two large randomized placebo controlled trials, the ATBC study (7)
and the CARET study (8), assessed the risk of lung cancer among male smokers
or asbestos workers receiving p-carotene supplementation. Both showed
statistically significant increases in lung cancer risk among the men who
received the supplement. Three other intervention studies did not reveal any
beneficial effect of B-carotene supplementation (9—-11).

B. Colorectal and Other Digestive Tract Cancers

Several randomized trials have shown no reduction in colorectal cancer risk with
[-carotene supplementation (8,10). However, two trials indicated that among
regular alcohol users [B-carotene supplementation decreases colon cancer risk
(12,13). The carotenoid supplementation in alcohol users may be more effective
because their serum S-carotene levels appear to be lower than in nonusers
(14,15). In another study (16), B-carotene was not effective in preventing
colorectal adenoma (a precursor of invasive carcinoma). High lycopene intake
was associated with lower risk for gastric cancer (17). In an integrated series of
studies in Italy (18), tomato consumption showed a consistent inverse relation
with a risk of digestive tract neoplasms. However, these findings were not
confirmed by other studies (19,20).

C. Prostate Cancer

The relationship between [-carotene intake and prostate cancer has been
examined in observational studies with varied results (21). Intervention trials
have revealed either no association of 3-carotene supplementation with prostate
cancer risk (8,9) or an increase in prostate cancer incidence and mortality (22,23).
However, some reduction in prostate cancer risk was evident in these studies in
certain subpopulations (15,23). Giovannucci et al. (24,25) reported a reduction in
prostate cancer risk among men with high lycopene consumption from tomatoes
and tomato products. Additional studies have reported similar findings for tomato
products (17,26—28). However, these conclusions were not established in a
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recent study based on lycopene intake data obtained from food frequency
questionnaires (29). Two of three studies in which blood lycopene levels were
measured reported an association between higher lycopene levels and reduction
of prostate cancer risk (27,28). A third study (30), carried out in Japan, found no
association, but its value is limited because of the low lycopene levels in the
Japanese population.

Two small-scale, preliminary intervention studies in prostate cancer
patients were carried out with natural tomato preparations. In one, Bowen et al.
(31) showed that after dietary intervention, serum and prostate lycopene
concentrations were increased, and oxidative DNA damage both in leukocytes
and in prostate tissue was significantly lower. Furthermore, serum levels of
prostate-specific antigen (PSA) decreased after the intervention. In the other
study, Kucuk et al. (32) reported that supplementation with tomato extract in men
with prostate cancer modulates the grade and volume of prostate intraepithelial
neoplasia and tumor, the level of serum PSA, and the level of biomarkers of cell
growth and differentiation.

D. Breast Cancer

Observational studies investigating the relationship between carotenoids, mainly
B-carotene, and breast cancer have shown varied results. A comprehensive
review of the literature published in 1997 (33) reported that the majority of
studies did not show reduced breast cancer risk with increased B-carotene
consumption. Since that review, four cohort studies have reported no association
between the intake of carotenoids and breast cancer risk (34—37). A fifth cohort
study found that premenopausal women have a significant reduction in breast
cancer risk with an increase in dietary - and B-carotene, lutein/zeaxanthin, and
total vitamin A intake (38). A recent case-control study concluded that increased
serum levels of B-carotene, retinol, bilirubin, and total antioxidant status are
associated with reductions in breast cancer risk (39). High lycopene intake was
associated with lower risk for breast cancer (40,41). Mixed results were obtained
in six studies nested within prospective cohorts in which carotenoid serum levels
were monitored. Results from the four smaller studies showed no decrease in
breast cancer risk with higher serum carotenoid (42—45). In contrast, an inverse
relationship for B-cryptoxanthin, lycopene, lutein, and zeaxanthin was found in
the two larger studies (46,47).

A comprehensive review of the epidemiological literature on the relation of
tomato consumption and cancer risk in general was published by Giovannucci
(48). He found that most of the reviewed studies reported inverse associations
between tomato intake or blood lycopene level and the risk of various types of
cancer. The evidence for a beneficial effect was strongest for cancers of the
prostate, lung, and stomach. Data also suggested a beneficial effect for cancers of
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the pancreas, colon and rectum, esophagus, oral cavity, breast, and cervix.
Giovannucci suggests that lycopene may contribute to these beneficial effects
of tomato-containing foods but that the anticancer properties could also be
explained by interactions among multiple components found in tomatoes.

lll. EFFECTS OF CAROTENOIDS ON CANCER IN ANIMAL
EXPERIMENTAL MODELS

One of the problems confronting investigators studying the effect of carotenoids
in animal models is that rat and mouse, the species most widely utilized for cancer
research, poorly absorb dietary carotenoids. In addition, to achieve a clear
anticancer effect in short-term experiments, high carotenoid tissue levels are
necessary; thus, the animals are fed diets containing large amounts of carotenoids.
Therefore, the extrapolation of results to the situation in humans may be even
more difficult than anticipated (49). Despite these shortcomings, rodents have
been extensively used to evaluate the role of dietary carotenoids in the
development of cancer (50—54). Many of these studies have indicated that the
formation and growth of various types of tumors are reduced by treatment with
different carotenoids.

Lycopene effectively inhibits the growth of glioma cells transplanted in rats
(55), development of spontaneous mammary tumors in SHN virgin mice (50,56),
and induction of rat mammary tumors by dimethylbenz[a]anthracene (DMBA)
(57). Lycopene has also been shown to inhibit the development of aberrant
colonic crypt foci induced by N-methylnitrosourea in Sprague—Dawley rats (51),
but not the development of preneoplastic aberrant crypt foci induced in mouse by
1,2-dimethylhydrazine (58). 3-Carotene, a-carotene, lycopene, and lutein were
found to decrease hepatocyte cell injury induced by carbon tetrachloride (59) and
to protect against the liver tumor promoter microcystin-LR (60). The incidences
and multiplicities of lung adenomas and carcinomas induced by 1,2-
dimethylhydrazine in male (but not female) mice were significantly decreased
by lycopene treatment (61). Tomato juice containing a combination of lyco-
pene and other antioxidants was observed to exert an inhibitory effect on the
development of transitional cell carcinomas in rat urinary bladder initiated with
N-butyl-N-(4-hydroxybutyl)nitrosamine (62). Administration of lycopene sig-
nificantly suppressed the incidence of DMBA-induced hamster buccal pouch
tumors (63). An interesting new experimental approach for the prevention of
colon cancer was suggested by Arimochi and colleagues in a rat model (64).
They found that feeding rats with lycopene-producing Escherichia coli strains
significantly lowered the number of preneoplastic, azoxymethane-induced,
aberrant crypt foci in the colon.
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IV. ANTIPROLIFERATIVE EFFECTS OF CAROTENOIDS
ON CANCER CELLS

Numerous in vitro studies have been performed to verify the role of carotenoids
in cell proliferation and differentiation. In a study on both estrogen receptor—
positive (MCF-7) and negative (Hs578T and MDA-MB-231) human breast
cancer cells (65), B-carotene significantly inhibited the growth of MCF-7 and
Hs578T cells and lycopene inhibited the growth of MCF-7 and MDA-MB-231
cells, whereas cantaxanthin did not affect the proliferation of any of the three cell
lines. The same group also studied the effects of synthetic excentric cleavage
products of B-carotene in these cells (66). B-Apo-14'-carotenoic acid and B-apo-
12’-carotenoic acid significantly inhibited MCF-7 cell growth, whereas only -
apo-14'-carotenoic acid inhibited Hs578T cell growth. None of these treatments
inhibited the growth of MDA-MB-231 cells.

Lycopene inhibited proliferation of endometrial (Ishikawa), mammary
(MCF-7), leukemic (HL-60), and lung (NCI-H226) human cancer cells with half-
maximal inhibitory concentration of 1-2 uM. B-Carotene was a far less effective
inhibitor (67,68). For example, in Ishikawa cells, a 10-fold higher concentration
of B-carotene was needed for comparable growth suppression. Lycopene alone
was not a potent inhibitor of androgen-independent prostate carcinoma cell
proliferation. However, the simultaneous addition of lycopene and a-tocopherol
at physiological concentrations resulted in a strong synergistic inhibition of cell
growth (69) (see Sec. V for details). The possibility that an oxidation product of
lycopene can mediate the inhibitory action of this carotenoid on cell growth is
suggested by the following studies. When lycopene was provided as a micellar
preparation, which stabilizes the carotenoid and probably prevents formation of
oxidation products, it did not inhibit the proliferation of LNCaP human prostate
cancer cells (70). By contrast, lycopene solubilized in tetrahydrofuran inhibited
growth in LNCaP cells [(71) and authors’ unpublished work] and other (71,72)
prostate cancer cell lines.

Inhibitory effects of various carotenoids and retinoids on the in vitro
growth of rat C-6 glioma cells was reported by Wang (73). The effects of 15
different carotenoids on the viability of three lines of human prostate cancer cells
(PC-3, DU-145, and LNCaP) were recently evaluated (71). Prostate cancer cells
were cultured in a medium supplemented with carotenoids at 20 wM for 72 h. At
this high concentration, several carotenoids, including those present in tomatoes
(Iycopene, phytoene, phytofluene, {-carotene and [B-carotene), significantly
reduced cell viability due to induction of apoptosis. In another study, phytofluene
at 10 uM inhibited HL-60 cell growth (74). The ability of astaxanthin to affect
cancer cells in vitro has been addressed in only a few studies. For instance,
Kozuki et al. found that 5 wM astaxanthin inhibited the invasion of AH109A rat
ascites hepatoma cells (75).
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Although carotenoids are not produced by mammalian cells, Nishino
succeeded in demonstrating the cancer-preventive activity of phytoene by
establishing a mammalian cell clone that produces phytoene (54). This was
achieved by introducing the phytoene synthase gene which converts the NIH3T3
cell line to a carotenoid-producing one. This specific genetic manipulation caused
the mammalian cells to become resistant to H-ras-induced cell transformation.

The human and animal studies reviewed above suggest a cancer-preventive
activity for carotenoids. However, the in vitro effects of carotenoids at the low
concentrations that can be achieved in human blood (about 1 wM) have not been
studied extensively. At the submicromolar concentrations found in serum of
many North Europeans and aging populations, carotenoids exhibit weak, if any,
antiproliferative activity on various cancer cells (67). Hence, the preventive
effects of carotenoids may be related to the synergistic action of these and other
active dietary components.

V. SYNERGISTIC INHIBITION OF CANCER CELL GROWTH
BY COMBINATION OF VARIOUS CAROTENOIDS AND
OTHER MICRONUTRIENTS

The use of a single plant-derived compound in human prevention studies has not
been particularly successful as evidenced from the large intervention studies
carried out with B-carotene (7-9,11,16). These results seem to indicate that the
beneficial effects of diets rich in vegetables and fruit are not related to the action
of a single compound but rather to the concerted action of several micronutrients,
which when used alone are active only at high (and sometimes toxic)
concentrations. To support this hypothesis, it has to be shown that plant-derived
constituents, such as carotenoids, have the ability to act synergistically with
other compounds in inhibiting cancer cell growth. We have been studying
the anticancer activities of combinations of various micronutrients or their
metabolites, including carotenoids (-carotene, lycopene, phytoene, phytofluene,
and astaxanthin), polyphenolic antioxidants (e.g., carnosic acid from rosemary),
an organosulfur compound (allicin from garlic), the active metabolite of vitamin
D (1,25-dihydroxyvitamin Ds3), the metabolite of [B-carotene and vitamin A
(retinoic acid), and a synthetic derivative of lycopene (acyclo-retinoic acid;
see Sec. VIL.A) in different cancer cell lines. Various combinations of these
compounds have resulted in synergistic or additive inhibition of cancer cell
growth. For example, a combination of low concentrations of lycopene with 1,25-
dihydroxyvitamin D3 [1,25(OH),D;] synergistically suppressed proliferation
and induced differentiation in HL-60 leukemic cells (68). Pastori and colleagues
have found that the simultaneous addition of lycopene and another vitamin,
a-tocopherol, at physiological concentrations resulted in a strong synergistic
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inhibition of prostate carcinoma cell proliferation (69). This effect was not shared
by other antioxidants, such as [-tocopherol, ascorbic acid, and probucol,
implying that some natural antioxidant compounds can cooperate with other
agents in the antiproliferative action via mechanisms unrelated to their
antioxidant properties. Different micronutrients, such as carnosic acid (76,77), a-
tocopherol, lipoic acid, B-carotene (78), and curcumin (79), were found to
potentiate the effects of 1,25(OH),D; on cell growth and differentiation.
Furthermore, micronutrients can also cooperate with anticancer drugs. It has been
shown that palm oil tocotrienols (80) and indole-3-carbinol found in cabbage,
broccoli, and other cruciferous vegetables (81) enhanced the growth-inhibitory
effect of the antiestrogen drug tamoxifen in MCF-7 cells.

Some of the above studies have shown that the synergistic suppression of
cancer cell growth by combinations of low doses of micronutrients is associated
with the augmented inhibition of cell cycle progression (68,76,77,79).
Elucidation of the mechanisms underlying the cooperative effects at the level
of the cell cycle machinery and other cellular processes may provide a basis
for the synergistic inhibition of cancer cell growth by various dietary and
pharmacological agents.

VI. CELLULAR AND MOLECULAR MECHANISMS OF
CAROTENOID ACTION

As discussed below, carotenoids exert pleiotropic effects on various aspects of
cell function that can explain their interference in different stages of cancer
development. This chapter focuses on processes that are important for the
regulation of cell proliferation, including cell cycle progression, growth factor
signaling, and gap junctional intercellular communication. Additional mechanisms
have been suggested to underlie the anticancer activity of carotenoids, including
antioxidant (this volume, Chapter) and pro-oxidant (this volume, Chapter) effects,
antigenotoxic actions (82,83), and immunomodulation (84,85).

A. Regulation of Cell Cycle by Carotenoids

The carotenoid-induced reduction in cancer cell proliferation reported in the
in vivo and in vitro studies mentioned above can result from cell death or from
inhibition of cell cycle progression or both. Several studies have shown that at
high concentrations (20 wM and higher) carotenoids decrease cell viability by
inducing apoptosis (71,86). On the other hand, we have demonstrated that the
inhibitory effects of low lycopene concentrations (1-4 wM) on the growth of
cancer cells are not accompanied by necrotic or apoptotic cell death. This was
determined by lactate dehydrogenase release and trypan blue exclusion assays,
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annexin V binding to plasma membrane, propidium iodide staining of nuclei
(68,87), and the proteolytic degradation of poly(ADP-ribose) polymerase
(unpublished data). Instead, these antiproliferative effects were accompanied by
inhibition of cell cycle progression in the Go/G; phase as measured by flow
cytometry (68,87). A similar inhibition of cell cycle progression by a-carotene
(88) and fucoxanthin, a carotenoid prepared from brown algae (89), was
demonstrated in GOTO human neuroblastoma cells. These data suggest that the
inhibitory effects of carotenoids on cancer cell growth at concentrations that can
be achieved in human blood are not due to the toxicity of the carotenoids but
rather to interference in cell cycle progression. Thus, to understand how
carotenoids inhibit cell growth it is important to elucidate their effects on the cell
cycle machinery.

Cell cycle transition through a late G; checkpoint is governed by a
mechanism known as the “pRb pathway” [see (90) for a review]. The central
element of this pathway, retinoblastoma protein (pRb), is a tumor suppressor that
prevents premature G;/S transition via interaction with transcription factors of
the E2F family. The activity of pRb is regulated by an assembly of cyclins,
cyclin-dependent kinases (CDKs) and CDK inhibitors. Phosphorylation of pRb
by CDKs results in the release of E2F, which leads to the synthesis of various cell
growth—related proteins. CDK activity is modulated in both a positive and a
negative manner by cyclins and CDK inhibitors, respectively. It is well
documented that growth factors affect the cell cycle apparatus primarily during
G, phase, and that the main components acting as growth factor sensors are
the D-type cyclins (91). Moreover, cyclin D is known as an oncogene and is
found to be overexpressed in many breast cancer cell lines as well as in primary
tumors (92).

Despite the great body of evidence showing inhibition of the cell cycle by
carotenoids, to date few studies have addressed the mode of their effect on the cell
cycle machinery. For example, in normal human fibroblasts, 8-carotene induced
a cell cycle delay in G, phase. This delay was associated with an increase in the
protein level of the CDK inhibitor p21PY/Val (p21), an increase in the amount
of p21 associated with cdk4, the inhibition of cyclin D;—associated cdk4 kinase
activity, and a decrease in the levels of hyperphosphorylated forms of pRb (93).
On the other hand, in prostate cancer cells, [-carotene inhibited growth
independently of p21 expression (94). Tibaduiza et al. (66) have found that the
inhibition of mammary cancer cell growth by synthetic excentric cleavage
products of B-carotene is associated with reduced expression of E2F1 and pRb
proteins. In a recent study (95), Nahum et al. demonstrated that cancer cells
arrested by serum deprivation in the presence of lycopene are incapable of
reentering the cell cycle after serum readdition. This inhibition correlated with a
decrease in cyclin D, protein levels that resulted in inhibition of cdk4 and cdk2
kinase activity and phosphorylation of pRb. Abundance of p21 was decreased
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whereas the levels of another CDK inhibitor, p27%! (p27), were unchanged.
Inhibition of cdk4 was directly related to the lower amount of cyclin D,—cdk4
complexes while inhibition of cdk2 action was related to a shift of the p27
molecules from cdk4 complexes to cyclin E—cdk2 complexes. Palozza et al.
(86,96) demonstrated that B-carotene inhibits the growth of several human colon
adenocarcinoma cell lines and promyelocytic leukemia cells by inducing cell
cycle arrest in G,/M phase and apoptosis. These effects were dose and time
dependent and strictly related to the ability of cells to accumulate the carotenoid.
At inhibitory concentrations, 3-carotene lowered the expression of cyclin A, a
key regulator of G,/M progression. Neither p21 nor p27, two cyclin kinase
inhibitors, were significantly modified by carotenoid treatment.

Similar to carotenoids, other plant-derived compounds produce diverse
effects on the cell cycle machinery. For instance, G; phase arrest in human
prostate carcinoma and breast carcinoma cells by silymarin, a flavonoid anti-
oxidant isolated from milk thistle, was accompanied by a reduction in CDK
activities, mainly due to up-regulation of p21 and p27 (97,98). In breast cancer
cells, but not in prostate cancer cells, cyclins D; and E decreased as well. Flavone
also caused induction of p21 associated with inhibition of pRb phosphorylation in
A549 lung adenocarcinoma cells (99). Many other inhibitors of cancer cell
growth, such as tamoxifen, pure antiestrogens, retinoids, progestins, transforming
growth factor-3 and tumor necrosis factor-a have been shown to reduce cyclin D
expression (100). Some of these compounds also increase levels of p21 and p27,
where as others, such as retinoic acid, decrease cdk2 protein abundance (101).
Taken together, these findings demonstrate that various phytochemicals and
drugs suppress the cell cycle via different mechanisms. Therefore, synergistic
antiproliferative effects of various combinations of low doses of these agents,
including carotenoids, can result from their complementary effects on different
components of the cell cycle machinery converging at the key regulatory steps,
e.g., pRb phosphorylation.

B. Carotenoids and the Insulin-Like Growth Factor System

The identification of risk factors for various types of cancer can lead to
appropriate preventive measures. The importance of the sex steroids estradiol and
testosterone for the development and progression of breast and prostate cancers,
respectively, is well known. Recently, a similar role has been proposed for
insulin-like growth factor-I (IGF-I). Chan et al. (102) found a strong positive
association between IGF-I levels and prostate cancer risk in participants of the
Physicians’ Health Study. An equally strong association between the level of this
growth factor and breast cancer risk of premenopausal women was also reported
in a case control study within the Nurses’ Health Study cohort (103) and, more
recently, for colorectal cancer (104). Thus, plasma IGF-I levels may be useful for
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identifying individuals at high risk for some major cancers, similar to the way in
which cholesterol levels predict the risk of cardiovascular diseases. As already
discussed (Sec. I1.C), there is an inverse association between lycopene intake (24)
or its blood level (28) and prostate cancer risk. Although it seems justified to
make a connection between the reduced risk associated with lycopene and the
increased risk associated with IGF-I blood levels, this possibility has only been
partially addressed.

Two possible mechanisms can account for the lowering of cancer risk by
lycopene. The carotenoid may decrease IGF-I blood level, thereby diminishing the
risk associated with its elevation, and/or it can interfere with IGF-I activity in the
cancer cell. Studies of the effect of lycopene on IGF-I blood levels are in progress
in our clinical center as well as in others. For example, the consumption of
cooked tomatoes was substantially and significantly inversely associated with
IGF-I levels (105). However, in a small-scale intervention study, no significant
effect of tomato oleoresin on IGF-I blood levels was found (32). With respect to the
intracellular activity of IGF-1, our findings suggest that cell growth inhibition by
lycopene involves interference in the mitogenic pathway of IGF-I. We found that
IGF-I-stimulated cell growth was inhibited by lower physiological concentrations
of lycopene than those needed for inhibition in unstimulated cells (67,87). These
findings suggest that lycopene may affect the IGF signaling pathway.

The IGF system is composed of several components. IGF-I and IGF-II are
related peptides and are among the most active growth factors in various types of
cancer, including breast cancer (106). The IGF system also includes several IGF-
binding proteins (IGFBPs) that exist in secreted and membrane-associated forms
and exert mostly a negative effect on IGF action (107,108). The interaction of
IGF peptides with the IGF-I receptor results in tyrosine autophosphorylation of
the receptor. This, in turn, leads to activation of downstream signaling cascades
(109) including tyrosine phosphorylation of the major receptor substrate,
insulin receptor substrate-1 (IRS-1), which subsequently leads to activation of
transcription systems, such as the activator protein-1 (AP-1) complex. The
activation of this transcriptional complex, which includes proteins of the Fos
and Jun families, is a middle-term event (1-2h) in the mitogenic signaling
pathway of IGF-I and other growth factors (110). AP-1 activation leads to
changes in the expression of many proteins, including those related to the cell
cycle machinery, such as cyclin D; (Sec. VL.A).

Karas et al. analyzed the effect of lycopene on the IGF-I signaling pathway
in mammary cancer cells (87). Lycopene treatment markedly inhibited IGF-I
stimulation of both tyrosine phosphorylation of IRS-1 and DNA binding capacity
of the AP-1 transcription complex. These effects were not associated with
changes in the number or affinity of IGF-I receptors, but rather with an increase in
membrane-associated IGFBPs, which may explain the suppression of IGF-I
signaling by lycopene. Karas et al. demonstrated (108) that in Ishikawa
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endometrial cancer cells, membrane-associated IGFBP-3 inhibits IGF-I receptor
signaling in an IGF-dependent manner. These results are consistent with our
previous findings showing that treatment with different cancer cell growth
regulators (e.g., tamoxifen and estradiol) results in modulation of cell surface—
associated IGFBPs (111,112).

The reports connecting carotenoids with changes in the IGF-1 system
suggest that interference in IGF-I signaling may be an essential mechanism for
the anticancer activity of carotenoids. In addition, other growth factor systems
important in cancer development may be affected by carotenoids. For example,
Muto et al. have found that B-carotene-induced growth retardation in cervical
dysplasia cell lines is associated with rapid reduction in cell surface binding, as
well as internalization of epidermal growth factor (EGF) due to a decrease in
EGF receptor levels (113).

C. Carotenoids and Gap Junctional Intercellular Communication

Among the various biological activities of carotenoids, their stimulatory effects
on gap junctional intercellular communication (GJIC) have been discussed as
one of the possible biochemical mechanisms underlying their cancer-preventive
properties (114—117). Although only limited data from in vivo studies are
available, a number of cell culture experiments provide evidence for such a
mechanism.

Gap junctions are specialized microdomains of the plasma membrane that
provide a specific pathway for intercellular signaling and are required for the
coordination of cellular functions (118,119). They consist of an array of cell-to-
cell channels connecting the cytosol of neighboring cells, which allows small
molecules (<1000 Da) to diffuse between coupled cells. A functional unit is
formed from two half-channels (connexons), each provided by one of the coupled
cells. The half-channel consists of a hexamer of specific proteins that belong
to the gene family of connexins. Connexin proteins exhibit four helical
transmembrane domains, two extracellular loops, a cytoplasmic loop, and
cytoplasmic N- and C-terminal domains (120). In the transmembrane and
extracellular domains the sequences are most conserved and the extracellular
loop contains three cysteines that are required for channel function. Several
subtypes of connexins have been identified, and it has been demonstrated that
there are differences in the expression of connexin genes in various tissues.
Most cell types express multiple connexin isoforms. Therefore, a spectrum of
heteromeric hemichannels and heterotypic gap junctions may be formed that
provides the structural basis for the selectivity of signaling via GJIC (119).

GIJIC is involved in regulation of growth, transmission of developmental
signals, coordination of muscle contraction, and maintenance of metabolic
homeostasis. It has been suggested that disturbances in intercellular communication
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via gap junctions are involved in the regulation of tumor cell growth and
differentiation (121,122). Such disturbances may also cause a predisposition for
arrhythmias and therefore have a role in the pathogenesis of cardiac diseases
(123). Normal cells are contact-inhibited and have functional GJIC, whereas
most tumor cells exhibit dysfunctional homologous or heterologous GJIC (121).
Typically, cancer cells lack growth control and are not able to terminally
differentiate, which has, at least in part, been attributed to disturbed GJIC.
Oncogenes like ras, raf, or src down-regulate GJIC, whereas it is up-regulated by
tumor suppressor genes (116,117). Furthermore, tumor-promoting compounds
such as 12-O-tetradecanoylphorbol-13-acetate or dichlorodiphenyltrichloro-
ethane inhibit GJIC, whereas substances exhibiting antitumor properties,
including vitamin D, thyroid hormones, flavonoids retinoids, and carotenoids,
stimulate GJIC (116,117,121).

Among the major carotenoids present in human blood and tissues,
B-carotene, cryptoxanthine, zeaxanthin, and lutein have been found to be efficient
inducers of GJIC. a-Carotene and lycopene are less active compounds (124).
In addition, a recent report demonstrated that lycopene enhances GJIC and in-
hibits proliferation of KB-1 human oral tumor cells (125). Structure—activity
relationships reveal that the stimulatory effects of carotenoids on GJIC are not
limited to the subgroup of provitamin A compounds (126,127). Carotenoids with
substituents at the ionone ring are also active. However, the location and
chemical properties of the substituent found in the six-membered ring appears to
have little influence on the activity of different carotenoids. Echinenone,
canthaxanthin, and 4-hydroxy-B-carotene induce GJIC as does retro-dehydro-
B-carotene, a structural analog of B-carotene. Members of the carotenoid family
that carry a five-carbon ring system, like dinorcanthaxanthin, have been shown to
be less active. The six-carbon ring carotenoid canthaxanthin is about twice as
active than its five-membered ring analog. No stimulatory effects were reported
for capsorubin or violerythrin (five-ring carotenoids) and methylbixin, which
carries a carboxylic acid methyl ester residue at both ends of the conjugated core
of the molecule.

The mechanism of up-regulation GJIC in the presence of carotenoids is not
yet fully understood. Carotenoids are efficient antioxidants, but at least two
studies have demonstrated that the effects of carotenoids on GJIC are
independent of their antioxidant activities (126,127). Neither their singlet
oxygen—quenching properties nor their inhibitory effects on lipid peroxidation
were correlated with the regulatory effects on GJIC.

Known multiple pathways for the regulation of GJIC (128,129) include
effects on the transcription rate of connexin genes as well as stabilization of
connexin mRNA (130). Connexins may also be modified posttranslationally, and
phosphorylation is a common modification of these proteins that affects protein
trafficking. GJIC is influenced by the intracellular pH and calcium level and is
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sensitive to various chemicals or drugs. It has been demonstrated in vitro that
carotenoid treatment leads to increased expression of connexin 43, one of the
most prominent gap junction proteins (131). The stimulatory effects of various
carotenoids have been correlated with their ability to inhibit carcinogen-induced
neoplastic transformation. There is some evidence that metabolites and oxidation
products of the carotenoids are ultimately the active compounds activating GJIC.
It has been suggested that retinoic acid—dependent pathways are involved in the
regulation of connexin expression (132). All-trans and 13-cis-4-oxoretinoic acid
were isolated as decomposition products of canthaxanthin and were shown to be
active in the cell communication assay (133). Eccentric cleavage products of
canthaxanthin (11-apocanthaxanthin-11-oic acid, 13-apocanthaxanthin-13-oic
acid, and 14’-apocanthaxanthin-14'-oic acid) are less active than 4-oxoretinoic
acid and exhibited no stimulatory effects on GJIC (134). These data suggest that
the major biological effects of canthaxanthin on GJIC are related to activities
mediated by the products of central cleavage.

Several studies have been published on the metabolites and oxidation
products of lycopene. For example, it has been shown that 2,6-cyclolycopene-
1,5-diol induces gap junctional communication (135). Another compound, acyclo-
retinoic acid, the open-chain analog of retinoic acid and a putative metabolite of
lycopene, is much less active than retinoic acid and 4-oxoretinoic acid with respect
to induction of GJIC and retinoid-related signaling (136). Thus, it was speculated
that lycopene affects GJIC independent of the retinoic acid—related pathways.

Most of the studies with carotenoids on GJIC have been performed in cell
culture systems. However, a-arotene, B-carotene, and lycopene were also
investigated at different dose levels in rats (137). The influence on GJIC in the
liver was examined after 5 days of treatment with 0.5, 5, or 50 mg carotenoid /kg
body weight. For all of the carotenoids, no effect was found at the level of 0.5 mg
carotenoid/kg body weight. Stimulatory effects were observed for all carotenoids
after treatment with 5 mg carotenoid /kg body weight. GJIC was lower than the
control when the animals were treated with 50 mg carotenoid/kg body weight.
Such dose-dependent differences in the biological efficacy of carotenoids should
be taken into account when biological activities are discussed.

Vil. CAROTENOIDS AND TRANSCRIPTION

As discussed above, carotenoids modulate the basic mechanisms of cell
proliferation, growth factor signaling, and GJIC, and produce changes in the
expression of many proteins participating in these processes, such as connexins,
cyclins, cyclin-dependent kinases, and their inhibitors. Therefore, the question
that arises is by what mechanisms do carotenoids affect so many diverse cellular
pathways? The changes in the expression of multiple proteins suggest that the
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initial effect of carotenoids involves modulation of transcription. This may be due
to either direct interaction of the carotenoid molecules or their derivatives with
transcription factors (e.g., with ligand-activated nuclear receptors) or indirect
modification of transcriptional activity (e.g., via changes in status of cellular
redox), which affects redox-sensitive transcription systems, such as AP-1,
nuclear factor—kB (NF-kB), and antioxidant response element (ARE).

The idea that carotenoid derivatives can activate nuclear receptors is not
new, but until recently it was limited to retinoic acid, which is produced from
[B-carotene and other vitamin A precursors. Emerging evidence now suggests that
derivatives of other carotenoids or the carotenoids themselves may also modulate
the activity of transcription factors. For example, the synergistic inhibition of
cancer cell proliferation by lycopene in combination with 1,25(OH),D; or
retinoic acid (68) (see Sec. V), the ligands of two members of the nuclear receptor
superfamily, suggests that lycopene or one of its derivatives may also interact
with members of this family of receptors.

A. Retinoid Receptors

Retinoic acid is the parent compound of ligands known as retinoids. It exerts
multiple effects on cell proliferation and differentiation through two classes of
nuclear receptors termed retinoic acid receptors (RARs) and retinoid X receptors
(RXRs). All-trans retinoic acid binds only to RAR, whereas its isomer, 9-cis-
retinoic acid, binds to both RAR and RXR. Upon DNA binding, RXR/RAR
heterodimers regulate gene expression of retinoic acid target genes in a ligand-
dependent manner. RXR is also capable of forming heterodimers with other
members of the nuclear hormone receptors superfamily, such as the thyroid
hormone receptor, the vitamin D receptor, the peroxisome proliferator—activated
receptor, and possibly other receptors with unknown ligands designated orphan
receptors.

The possibility that a lycopene derivative mediates the inhibitory action of
this carotenoid on cell growth is discussed in Section IV. To test the hypothesis
that such a derivative acts as a ligand for nuclear receptors and mediates the
anticancer activity of lycopene, Ben-Dor et al. (138) analyzed the effect of a
hypothetical oxidation product of lycopene, acyclo-retinoic acid (136), on cancer
cell growth and the transactivation of retinoic acid—regulated reporter gene.
Acyclo-retinoic acid transactivated a reporter gene containing the retinoic acid
response element (RARE) with an approximately 100-fold lower potency than
retinoic acid (138). Lycopene exhibited only very modest activity in this system.
In contrast to the transactivation data, acyclo-retinoic acid, retinoic acid, and
lycopene inhibited MCF-7 cell growth and slowed down cell cycle progression
from G; to S phase with a similar potency. Furthermore, the two retinoids
decreased serum-stimulated cyclin D; expression. On the other hand, they had
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dissimilar effects on the level of p21. In the presence of acyclo-retinoic acid the
level of p21, established during serum stimulation, was comparable to that of
control cells, whereas in retinoic acid—treated cells, p21 level was much lower,
suggesting that the effects of acyclo-retinoic acids are not entirely mediated by
the RAR. Moreover, a comparable potency of acyclo-retinoic acid and lycopene
in inhibition of cell growth suggests that acyclo-retinoic acid is unlikely to be the
active metabolite of this carotenoid. A similar conclusion was made by Stahl et al.
(136) who found that retinoic acid is much more potent than acyclo-retinoic acid
in transactivation of the retinoic acid—responsive promoter of RAR-£2 and that
lycopene and retinoic acid are more active than acyclo-retinoic acid in activation
of GJIC (Sec. VI). Muto et al. (139) synthesized acyclo-retinoic acid and tested
its biological activity as part of a series of acyclic retinoids but did not observe
transactivation in a RAR or RXR reporter gene system (140). However, they
found that other acyclic retinoids, lacking one or two double bonds, caused
transactivation of the reporter gene, comparable to that achieved by retinoic acid.
One of these acyclic retinoids has recently been shown to inhibit cell cycle
progression, which was associated with a reduction in cyclin D; level and an
increase in the level of p21 (141), similar to the results obtained with acyclo-
retinoic acid (138). It is interesting to note that the acyclic retinoids described by
Muto and colleagues may be potential derivatives of phytoene and phytofluene,
two carotenoids present in tomatoes that were found in our laboratory to inhibit
the proliferation of various cancer cells (unpublished data).

The anticancer activity of carotenoid derivatives is not necessarily mediated
by activation of the retinoid receptors. For example, several cleavage products of
B-carotene strongly inhibited AP-1 transcriptional activity (66) (for more detail
see chapter by Xiang-Dong Wang). Lycopene was also shown to inhibit AP-1
activation (87). We hypothesize that carotenoids or their oxidized derivatives
interact with a network of transcription factors that are activated by different
ligands at low affinity and specificity. The activation of several transcription
factor systems by different compounds may lead to the synergistic inhibition of
cell growth (see Sec. IV). In addition to the retinoid receptors and AP-1, other
candidate transcription systems that may participate in this network are the
peroxisome proliferator-activated receptors (PPARs) (142-144), the ARE
(145,146), the xenobiotic receptor (147,148), NF-«kB (149), and unidentified
orphan receptors.

B. Peroxisome Proliferator—Activated Receptors

PPARSs have a key role in the differentiation of adipocytes, although recently their
role in cancer cell growth inhibition and differentiation has also been
demonstrated. One of the PPAR subtypes, PPARY, is expressed at significant
levels in human primary and metastatic breast adenocarcinomas (150) and
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liposarcomas (151). Colon cancer in humans was shown to be associated with
loss-of-function mutations in PPAR+y (152). Ligand activation of PPARYy in
cultured breast cancer cells causes extensive lipid accumulation, changes in
breast epithelial gene expression associated with a more differentiated, less
malignant state, and a reduction in growth rate and clonogenic capacity of
the cells (150). These data suggest that the PPARYy transcription system can
induce terminal differentiation of malignant breast epithelial cells and thus may
provide a novel therapy for human breast cancer. Human prostate cancer cells
were found to express PPARy at prominent levels while normal prostate tissues
demonstrated a very low expression (143). It has recently been shown that
PPARY is expressed in human prostate adenocarcinomas and cell lines derived
from these tumors. Activation of this receptor with specific ligands, such as
troglitazone, exerts an inhibitory effect on the growth of prostate cancer cell lines
(144). In prostate cancer patients with no metastatic disease, troglitazone
treatment prevented an increase in PSA level that was evident in the untreated
patient group (144). These data suggest that PPARy may serve as a biological
modifier in human prostate cancer and therefore its therapeutic potential in this
disease should be investigated further.

The presence of PPARYy receptors in various cancer cells and their
activation by fatty acids, prostaglandins and related hydrophobic agents in the
micromolar range make these ligand-dependent transcription factors an
interesting target for carotenoid derivatives. Takahashi et al. (153) studied the
effects of various phytochemicals on activation of human PPARs using a novel
reporter gene assay system with coactivator coexpression. This system was
activated by the isoprenols farnesol and geranylgeraniol. Moreover, these
isoprenols up-regulated the expression of lipid metabolic target genes of PPAR.
However, different carotenoids at 100 wM, a concentration hardly achievable in
aqueous solutions, did not have any significant effect. We recently compared the
relative efficacy of several carotenoids found in tomatoes in transactivation of
PPAR response element (PPARRE). Preliminary results indicate that lycopene,
phytoene, phytofluene, and S-carotene transactivate PPARRE in MCF-7 cells
cotransfected with PPARy. However, it is not clear whether activation of the
PPAR system contributes to the inhibition of cancer cell growth by carotenoids.

C. Antioxidant Response Element

Induction of phase II enzymes, which conjugate reactive electrophiles and act as
indirect antioxidants, appears to be an effective means for achieving protection
against a variety of carcinogens in animals and humans. Transcriptional control
of the expression of these enzymes is mediated, at least in part, through ARE
found in the regulatory regions of their genes. The transcription factor Nrf2,
which binds to ARE, appears to be essential for the induction of phase II
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enzymes, such as glutathione S-transferases (GSTs), NAD(P)H:quinone
oxidoreductase (NQO1) (154), as well as the thiol-containing reducing factor,
thioredoxin (155). Constitutive hepatic and gastric activities of GST and NQO/1
were decreased by 50—-80% in Nrf2-deficient mice compared with wild-type
mice (154). Several studies have shown that antioxidants present in the diet, such
as terpenoids, phenolic flavonoids (e.g., green tea polyphenols and epigalloca-
techin-3-gallate), and isothiocyanates may work as anticancer agents by
activating this transcription system (156,157).

Gradelet et al. have shown that some carotenoids are capable of inducing the
phase II metabolizing enzymes p-nitrophenol-UDP-glucuronosyltransferase and
NQOL1 in rats (158). In this study, male rats were fed for 15 days with diets
containing different carotenoids, and it was found that canthaxanthin and
astaxanthin, but not lutein and lycopene, were active in the induction of these
enzymes. In another study, Bhuvaneswari et al. (63) associated the chemopreven-
tive effect of lycopene on the incidence of DMBA-induced hamster buccal pouch
tumors with a concomitant rise in the level of GSH, enzymes of the glutathione
redox cycle, and glutathione S-transferase in the buccal pouch mucosa. These
results suggest that the lycopene-induced increase in the levels of GSH and the
phase II enzyme glutathione S-transferase inactivate carcinogens by forming
conjugates that are less toxic and readily excreted products. Preliminary results
obtained in our laboratory show that in transiently transfected mammary cancer and
hepatocarcinoma cells, lycopene transactivates the expression of a reporter gene
(luciferase) fused with ARE sequences present in NQO1 and in y-glutamylcysteine
synthetase, the rate-limiting enzyme in glutathione synthesis.

D. Xenobiotic and Other Orphan Nuclear Receptors

Orphan receptors include gene products that are structurally related to nuclear
hormone receptors but lack known physiological ligands. The group of orphan
nuclear receptors called xenobiotic receptors is part of the defense mechanism
against foreign lipophilic chemicals (xenobiotics). This family of receptors
includes the steroid and xenobiotic receptor/pregnane X receptor (SXR/PXR),
the constitutive androstane receptor (CAR) (147,148), and the aryl hydrocarbon
receptor (AhR) (159). These receptors respond to a wide variety of drugs,
environmental pollutants, carcinogens, and dietary and endogenous compounds
and regulate the expression of cytochrome P450 (CYP) enzymes, conjugating
enzymes, and transporters involved in the metabolism and elimination of
xenobiotics (148).

Animal studies have shown that in addition to the phase II xenobiotic
metabolizing enzymes, as described in Section VII.C, some carotenoids are
capable of inducing CYP enzymes, constituents of the phase I detoxification
pathway. Canthaxanthin and astaxanthin induced liver CYPIA1 and CYP1A2
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in rats, and similar effects were observed with B-apo-8'-carotenal. B-Carotene,
lutein, and lycopene were not active (158,160—162). In mice, only canthaxanthin
exhibited weak effects whereas the other carotenoids did not stimulate CYP1A1
activity (163). The mechanism underlying CYP enzyme induction by carotenoids
is not fully understood, but there is evidence that the AhR-dependent pathway
is involved. However, carotenoids did not directly bind to this receptor (164).
Of several carotenoids tested in rats ([B-carotene, bixin, lycopene, lutein,
canthaxanthin, and astaxanthin), only bixin, canthaxanthin, and astaxanthin were
capable of inducing the activity of CYP1AIl in liver, lung, and kidney and
CYPI1A2 in liver and lung (165). In another study, the administration of lycopene
to rats at doses ranging from 0.001 to 0.1 g/kg was shown to induce the liver
CYP types 1A1/2, 2B1/2, and 3A in a dose-dependent manner (166). The
observation that these enzymatic activities were induced at very low lycopene
plasma levels led the authors to suggest that modulation of drug-metabolizing
enzymes by carotenoids might be relevant to humans (166). Indeed, the activity
of CYP1A2 in humans was shown to be correlated with plasma levels of
micronutrients (167), and it has been proposed that about one-third of the
variation in enzyme activity is related to dietary factors. Plasma lutein levels
were negatively associated with CYP1A2 activity whereas lycopene levels were
positively correlated with the enzyme activity.

The direct effect of carotenoids on a xenobiotic receptor system was tested
in an in vitro transcription system (R. Riihl and F. J. Schweigert, personal
communication, 2002). They found that in transiently transfected HepG2
hepatoma cells, 3-carotene can transactivate the PXR reporter gene in a manner
comparable to that of rifampicin. Furthermore, an up-regulation of CYP3A4 and
CYP3AS5 was obtained in these cells, pointing to a potential effect of the
carotenoid on the metabolism of xenobiotics.

It has become clear that orphan nuclear receptors represent a unique and
pivotal resource to uncover new regulatory systems that impact both health and
human diseases. The discussion above suggests that at least one group of this
receptor family, the xenobiotic receptors, are affected by carotenoids. Thus, it is
possible that other, yet unknown, types of orphan receptors are involved in the
cellular action of carotenoids.

Vill. CONCLUSION

In studies using cell and animal models, carotenoids have been shown to
influence diverse molecular and cellular processes that can form the basis for the
beneficial effects of carotenoids on human health and disease prevention.
However, despite the promising results it is difficult at the moment to directly
relate available experimental data to human pathophysiology. One problem is
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that many results were obtained in studies using carotenoid levels that are much
higher than those achievable in human blood. On the other hand, the presented
evidence suggests a synergistic action of low concentrations of various
carotenoids and other micronutrients. A growing body of experimental data
indicates that this synergy may be based on the ability of different dietary
compounds to modulate a network of transcription systems. The concerted action
of multiple micronutrients acomplished by activation of transcription and
probably by other mechanisms can explain the beneficial effect of diets rich in
fruits and vegetables. An important question that is still open is whether the
described changes in various cellular pathways are due to direct effects of
the carotenoid molecules or are mediated by their derivatives. Although some
information on this issue is presented in this chapter, additional studies are
needed to identify and characterize these putative active carotenoid derivatives.
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Induction of Cytochrome P450
Enzymes by Carotenoids

Nora O’Brien and Tom O’Connor
University College, Cork, Ireland

. INTRODUCTION

It is widely acknowledged that diet influences cancer risk in humans. Dietary
parameters have been shown to influence the cancer process at many stages,
including at the level of xenobiotic (foreign chemical) metabolizing enzymes.
The modulatory effects of dietary and other parameters on xenobiotic meta-
bolizing enzyme activities including modulation of the cytochrome P450 enzyme
family (phase I metabolism) have been investigated. Modulation of these enzyme
activities may influence the activation of potential carcinogens or the detoxi-
fication of reactive xenobiotic metabolites. Relatively little has been reported on
the effects of carotenoids on the induction of cytochrome P450 enzymes.

Il. CYTOCHROME P450 FAMILY OF ENZYMES

Cytochrome P450 enzymes are a large and functionally diverse family of
hemothiolate proteins found in all types of organisms from prokaryotes, fungi,
plants, arthropods, to mammals, including humans. They catalyze the meta-
bolism of a great variety of lipophilic organic chemicals. Detailed and com-
prehensive recent reviews of these enzymes have been published (1,2). A special
issue of Archives of Biochemistry and Biophysics has been published [Volume
409(1), 2003] containing a large number of papers on various aspects of
cytochrome P450 enzymes and dedicated to R. W. Estabrook, one of the pioneers
of research in this area. P450s are involved in the metabolism of both endogenous
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and exogenous compounds in humans. They play key roles in the metabolism of
xenobiotics including drugs and environmental pollutants; biosynthesis of steroid
hormones, vitamin D3, cholesterol, and bile acids; and eicosanoid metabolism.

A standardized nomenclature system has been established for cytochrome
P450 by a Nomenclature Committee (http://drnelson.utmem.edu/Cytochrome-
P450.html). The root for all enzymes is CYP. The individual family is then
designated by an Arabic numeral and the subfamily by a letter. Individual
enzymes within a subfamily are numbered consecutively as they are reported to
the Nomenclature Committee. Thus, the first officially named cytochrome P450
was CYP1A1. The completion of the draft sequence of the human genome
revealed the presence of approximately 90 (55 functional and 25 pseudogenes)
different cytochrome P450 genes (3). The properties of mammalian cytochrome
P450s have been summarized (2) as follows:

1. Cytochrome P450 proteins contain approximately 500 amino acids and
contain a thiol-ligand for the heme iron.

2. The P450s catalyze the NADPH and oxygen-dependent oxidative
transformation of a large number of different chemicals. They are
monooxygenases or mixed-function oxygenases.

3. P450s are distributed in almost every human organ with large amounts
in the liver.

4. The cellular expression of many P450s is regulated by transcription
factors which become activated (induced) by exposure to various
chemicals. The ability of a chemical to induce is generally linked to
a family of P450s, e.g., polycyclic aromatic hydrocarbons will
induce one type of P450 while barbituates will induce a different type
of P450.

Cytochrome P450s have a role in the metabolism of drugs and other
xenobiotics, some of which may be involved in chemical carcinogenesis. The
covalent binding of chemicals to cellular macromolecules (e.g., DNA, RNA, and
proteins) is considered to be a key step in the multistage carcinogenesis process.
The formation of chemicals with the high electrophilicity necessary to form DNA
adducts very often requires metabolism by P450s, e.g., the metabolism by the
CYPIA family of benzo[a]pyrene to its diol-epoxide. P450s can also damage
macromolecules due to the production of reactive oxygen species as by-products
of P450-catalyzed reactions. On the other hand, P450 may also metabolize
certain compounds to less reactive metabolites. Many studies have demonstrated
that P450 enzymes can be modulated and induced by factors such as smoking and
alcohol consumption, prior exposure to drugs and medications, and dietary
parameters. The remainder of this chapter will focus on the modulation by
carotenoids of P450 enzyme activities.

Copyright © 2004 by Marcel Dekker, Inc.


http://drnelson.utmem.edu
http://drnelson.utmem.edu

Induction of Cytochrome P450 Enzymes 199

lll. MODULATION BY CAROTENOIDS OF CYTOCHROME
P450 ENZYME ACTIVITIES IN ANIMAL STUDIES

The initial studies on this issue involved investigation of the effects of dietary
supplements of B-carotene (20, 100, 500 mg/kg diet) on hepatic microsomal
drug-metabolizing enzyme activities in mice (4). Supplementation for 14 days
resulted in strong diminution of hepatic cytochrome P450 content and biphenyl-
4-hydroxylase activity, but unchanged activities of aminopyrine N-demethylase
and p-nitroanisol o-demethylase.

Red palm oil (RPO) from Elaris guineensis has been reported to be the
richest known natural source of B-carotene (5). Tan and Chu (6) reported that the
consumption of RPO by rats inhibited cytochrome P450 mediated benzo[a]-
pyrene metabolism. They noted the presence of high levels of a- and -carotene
in the RPO. However, in a study of the effects of RPO on both phase I and phase 11
drug-metabolizing enzymes in rats, no induction of phase I enzyme activity was
observed (7). These workers fed a diet containing 10% RPO or control groundnut
oil to male Wistar rats for 4 weeks. This level of RPO provided 37 mg 3-carotene
and 18 mg of other carotenoids (mainly «) per kg diet. Total microsomal cyto-
chrome P450 activity, in addition to microsomal aminopyrine-N-demethylase
and microsomal ethoxyresorufin o-deethylase activities, was assessed. RPO
resulted in no significant induction of these phase I enzymes compared to
control. In contrast, a significant induction of the phase II enzyme glutathione
S-transferase (GST) was observed. The authors speculated that the lack of
phase I induction in conjunction with the enhancement of GST activity indicated
promise for RPO as an inhibitor of carcinogenesis. Further work on the
modulatory effects of carotenoids on cytochrome P450 phase I and phase II
enzyme activities in animal models was conducted by a research group based
in Dijon, France and reported in a series of publications in the 1990s
(9,11,12,14,19,20,27,28). These workers noted that many prospective epidemio-
logical studies have suggested a putative cancer prevention role for carotenoids
found in fruit and vegetables. Krinsky (8) has also demonstrated the anti-
genotoxic properties of carotenoids in vivo and in vitro. The antioxidant
properties of carotenoids have been commonly cited as a potential explanation
for their anticarcinogenic and antigenotoxic effects. However, these effects might
also be explained, in part, by modulatory effects on phase I and II enzyme
systems. In the French group’s initial study (9), the effects of consumption of
B-carotene or canthaxanthin (300 mg/kg diet) for 15 days, excess vitamin A
(70,000 IU /kg diet), or intraperitoneal injection of B-carotene (7 x 10 mg/kg
body weight) on phase I and II liver enzyme activities in male Wistar rats were
investigated. Neither B-carotene (fed or injected) nor excess vitamin A resulted in
any significant induction of enzyme activity. Similarly, Edes and coworkers (10)
showed that (B-carotene did not alter hepatic aryl hydrocarbon hydroxylase
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activity in rats (marker of CYP1A1). However, these workers noted an enhancing
effect of B-carotene on the activity of this enzyme in intestinal mucosa.
Canthaxanthin, which accumulated in the liver to a much higher extent than
ingested or injected B-carotene, proved to be a powerful inducer of liver
xenobiotic-metabolizing enzymes (9).

The French research group subsequently expanded their work to investigate
the effect of a range of carotenoids on liver xenobiotic-metabolizing enzymes in
the rat. Gradelet and coworkers (11) investigated the effects of canthaxanthin,
astaxanthin, lycopene, and lutein (up to 300 mg/kg diet of each carotenoid for 15
days) on xenobiotic-metabolizing enzymes in Wistar rats. This study confirmed
the group’s earlier findings that canthaxanthin (300 mg/kg diet) increased
liver content of cytochrome P450 and a substantial increase in ethoxyresorufin
o-deethylase (EROD) activity (139-fold) and methoxyresorufin o-demethylase
(MROD) activity (26-fold) and decreased nitrosodimethylamine N-demethylase
(NDMAD) activity. These enzyme activities are markers for various isozymes of
cytochrome P450. Its inducing effect was still detectable at 10 mg/kg diet.
Astaxanthin induced the same pattern of enzyme activities but to a lesser extent to
canthaxanthin. Lutein had no significant effect and lycopene only decreased
NDMAD activity (marker of CYP2E1). The CYP2E1 isozyme is involved in the
activation of diethylnitrosamine (DEN), a known liver carcinogen in rats.
Interestingly, a subsequent study (12) reported that lycopene (300 mg/kg diet)
decreased the initiation of liver preneoplastic foci by diethylnitrosamine in the
rat. These workers noted that only carotenoids bearing oxo functions in 4 and 4’
are CYP1A1 and CYP1A2 inducers. Gradelet and coworkers (11) also noted that
hydrophobic and planar polyacyclic aromatic molecules such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), B-naphthoflavone (8-NF), and 3-methyl-
cholanthrene (3-MC) selectively induce the transcription of the CYP1A1 and
CYP1A2 genes through the binding of the molecule to a cytosolic protein known
as the Ah receptor. Ligands of the Ah receptor (AhR) must satisfy strict structural
requirements, i.e., they are hydrophobic, planar molecules that can fit into a
rectangle of 6.8 x 13.7 A (13). Canthaxanthin and astaxanthin do not satisfy
these structural requirements. However, Gradelet and coworkers (11) speculated
that both xanthophylls might undergo enzymatic or oxidative cleavage to smaller
molecules, one of which might bind to the AhR. A second hypothesis proposed
by Gradelet and coworkers (11) was that canthaxanthin and astaxanthin or one of
their metabolites could induce CYP1A1 and CYP1A2 via a mechanism not
involving the AhR.

Further elegant work by Gradelet and coworkers (14) attempted to enhance
understanding of the mechanism of the effect of carotenoids on cytochrome P450
induction and the relationship to the AhR. Canthaxanthin or -apo-8'-carotenal
(300 mg/kg diet for 14 days) were fed to AhR-responsive C57BL/6 mice, AhR-
low responsive DBA /2 mice, and AhR gene knockout mice. Liver microsomal

Copyright © 2004 by Marcel Dekker, Inc.



Induction of Cytochrome P450 Enzymes 201

cytochrome P450 and associated reductases were measured. The activities of
several phase I and II xenobiotic metabolizing enzymes were also measured, in
addition to immunoblots of CYPIA. The direct interaction between both
carotenoids and cytosolic AhR of C57BL/6 mice was assessed in vitro.

Canthaxanthin induced both EROD (marker of CYP1A1l) and MROD
(marker of CYP1A2) in the C57BL/6 mice but did not modulate phase II
enzyme activities. B-Apo-8'-carotenal induced only MROD activity. No enzyme
activities were modified by feeding these carotenoids in either AhR-low respon-
sive DBA/2 mice or in AhR gene knockout mice. Results of the immunoblot
analysis correlated well with enzymatic analysis for CYP1A1 and CYP1A2.
Neither carotenoid could compete with TCDD for the binding to the AhR in the
C57BL/6 mice. However, it is a possibility, that carotenoids may bind to a
second binding site on the AhR distinct from the TCDD-binding site. However,
the use of the genetically engineered mouse model deficient in the AhR
demonstrated that the carotenoids do act through an AhR-dependent signal
transduction pathway. The DBA /2 mice have an altered AhR with low binding
affinity for polycyclic aromatic hydrocarbons (15). The absence of an effect of
dietary canthaxanthin or B-apo-8'-carotenal in the AhR-low responsive DBA /2
mice and in the Ah receptor gene knockout mice, in contrast to their effect in
C57BL/6 mice, strongly suggests that cytochrome P450 induction by caroten-
oids involves the AhR. Furthermore, the fact that canthaxanthin induced both
CYPI1ALIl and CYP1A2 activity in C57BL/6 mice whereas B-apo-8'-carotenal
only induced CYP1A2 suggests that the mechanisms of induction of the two
isozymes by the two carotenoids are not identical, though both are AhR
dependent.

Gradelet and coworkers (14) posed the question as to why some
carotenoids (canthaxanthin, astaxanthin, B-apo-8'-carotenal) induce CYP1A1
whereas other carotenoids (B-carotene, lutein, lycopene) do not, even though
no obvious structural feature separates the former from the latter. Known
metabolites that are potentially formed from canthaxanthin, astaxanthin, or
B-apo-8'-carotenal can also be derived from B-carotene, which has no P450
inducing effect.

CYP1Al and CYPIA2 are involved in the bioactivation of many
carcinogens, polycyclic aromatic hydrocarbons, and aromatic amines (16), and
high levels of these isozymes have been associated with increased cancer risk
(17,18). However, Gradelet and coworkers (11) noted that human intakes of
astaxanthin and canthaxanthin are probably less than 1 mg/day and therefore it
was unlikely that these xanthophylls could exert an inducing effect in humans,
assuming that man’s response is similar to the rat’s.

Further work by the same group (19) demonstrated that the apocarotenoid
B-apo-8'-carotenal is also a strong inducer of CYPIA1 and CYP1A2. The
induction profile resembled that produced by canthaxanthin and astaxanthin.
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Ethyl B-apo-8'-carotenoate and citraxanthin resulted in similar effects to B-apo-
8'-carotenal but of less intensity.

This group (20) has also investigated the effects of carotenoids on mouse
liver xenobiotic-metabolizing enzymes. An earlier study described above (4)
reported a strong decrease in cytochrome P450 activity in mice fed S-carotene.
Astorg and coworkers (20) compared the effects of [B-carotene, the three
carotenoids that they had previously reported to induce CYP1A in rat liver
(canthaxanthin, astaxanthin, and B-apo-8'-carotenal), and the classical CYP1A
inducer 3-MC in Swiss mice. In contrast to findings in rat liver, only cantha-
xanthin showed some significant inducing effect on mouse liver CYP1A—-
dependent activities with a much weaker intensity than 3-MC. Astaxanthin and
B-apo-8'-carotenal showed no inducing effects. These authors noted that the fact
that carotenoids have different effects on cytochrome P450 induction in Wistar
rats and Swiss mice is not due to a lack of responsivity of Swiss mice to CYPI1A
inducers, as 3-MC showed approximately the same potency as an inducer in the
mice as in rats. In contrast to the findings of Basu and coworkers (4), B-carotene
showed no inducing effects on cytochrome P450 in Astorg and coworkers’s study
(20). No explanation for this discrepancy was apparent. Many studies have
reported that -carotene decreases the potency of several classes of indirect
carcinogens such as polycyclic aromatic hydrocarbons (21-24), nitrosamines
(22), and cyclophosphamide (25,26). The reported protective effects of
B-carotene suggest a decrease in the activation or an increase in the detoxification
of the relevant carcinogens. However, this hypothesis is inconsistent with the lack
of findings of an effect of B-carotene on cytochrome P450 activities in Astorg and
coworkers’s report (20). However, these workers noted, the B-carotene is also
protective in vivo against genotoxic or cancer-initiating effects induced by direct
carcinogens such as methylnitrosourea, which suggests that mechanisms other
than the induction of xenobiotic-metabolizing enzymes may be involved.

Dietary carotenoids (canthaxanthin, astaxanthin, 3-apo-8'-carotenal) which
are inducers of CYPIA have been shown to reduce the carcinogenicity of
aflatoxin B; (AFB) in rat liver by increasing the metabolism of AFB; to aflatoxin
M; (AFM,), a less genotoxic hydroxylated metabolite formed by CYPIA.
B-Carotene did not alter AFB; metabolism (27,28). However, dietary 3-carotene,
as well as canthaxanthin, astaxanthin, and -apo-8'-carotenal, was very efficient
in reducing the number and size of AFB;-induced preneoplastic glutathione
S-transferase positive liver foci. Only canthaxanthin, astaxanthin, and B-apo-8'-
carotenal decreased in vivo AFB-induced DNA single-strand breaks, the binding
of AFB, to liver DNA and plasma albumin, and increased in vitro AFB;
metabolism to AFM; (a less toxic metabolite). S-Carotene did not protect hepatic
DNA from AFB;-induced alterations. Thus, the observed protective effect of
B-carotene against AFB-induced liver preneoplastic foci appears to be mediated
by different and unknown mechanisms to the protective effects resulting from the
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CYP1A-inducing carotenoids. These workers also demonstrated that dietary
lycopene (300 mg/kg diet) or an excess of vitamin A (21,000 RE/kg diet) had
protective effects against the AFB; induction of liver preneoplastic foci.
B-Carotene, which is noted for its antioxidant properties, protected against AFB-
induced preneoplastic foci whereas lycopene, which is also a good antioxidant,
did not. The authors noted that 3-carotene is mostly converted to vitamin A in the
rat and it possibly protects against AFB;-induced foci through its provitamin A
activity. However, excess dietary vitamin A in their study did not influence the
AFB; induction of preneoplastic foci.

The ability of dietary carotenoids to modulate xenobiotic-metabolizing
enzymes in animal organs other than the liver has received very limited attention.
Jewell and O’Brien (29) investigated the effect of 16 day intake of 300 mg/kg
diet of [B-carotene, bixin, lycopene, lutein, canthaxanthin, or astaxanthin on
xenobiotic-metabolizing enzymes in liver, lung, kidney, and small intestine of
male Wistar rats. Bixin, canthaxanthin, and astaxanthin significantly induced
liver, lung, and kidney EROD (marker of CYP1AL1). These three carotenoids also
significantly induced MROD (marker of CYP1A2) in liver and lung while only
canthaxanthin and astaxanthin significantly induced this activity in kidney.
Pentoxyresorufin o-depentylase (marker of CYP2B1/2) and benzyloxyresorufin-
o-dearylase (marker of CYP1A1/2, 2B1/2, and 3A) were induced in liver to
a lesser degree by canthaxanthin, astaxanthin and bixin. Benzyloxyresorufin
o-dearylase in lung was significantly decreased by all carotenoids. None of the
marker enzyme activities were detected in the small intestine.

Further work on the ability of B-carotene to induce cytochrome P450
enzymes in organs other than the liver was reported (30). These authors
investigated the effects of supplementation with 250 or 500 mg/kg body weight
of B-carotene for up to 5 days on liver, kidney, lung, and intestine cytochrome
P450 activities in male and female Sprague—Dawley rats. 3-Carotene supple-
mentation resulted in induction of a number of cytochrome P450 isozymes in all
tissues. The most affected were CYP3A1/2, CYP2El, CYPl1A1l/2, and
CYP2B1/2 in the liver; CYP3A1/2, CYP2E1 and CYP1A1/2 in the kidney;
CYP1A1/2 and CYP3A1/2 in the lung; CYP3A1/2, CYP1A1/2 and CYP2EI in
the intestine. Some sex differences were observed, i.e., males were more
responsive to B-carotene in the lung whereas females were more responsive in the
kidney. These authors claimed that the recorded induction of cytochrome P450
isozymes is consistent with the cocarcinogenic potential of B-carotene. They
noted the possible relevance of this to the risk of lung cancer in heavy smokers, as
induction of cytochrome P450 could lead to greater activation of the immense
range of procarcinogens in tobacco smoke. Increased bioactivation of pro-
carcinogens to final carcinogens could facilitate lung tumorigenesis by saturating
DNA repair mechanisms and altering tumor suppressor genes. They further
noted the fact that long-term supplementation with 3-carotene in two separate
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intervention trials actually increased the relative risk for lung cancer among
heavy smokers. While -carotene itself may act as an anticarcinogen due to its
antioxidant properties, its oxidized products which are particularly high in the
lung 