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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.

iii
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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-kB, 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 (S22S) do not spontaneously form because

sulfhydryl 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

iv Series Introduction
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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.

Series Introduction v
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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

vi Series Introduction
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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 b-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

REFERENCES

1. Isler O, Gutman H, Solms U. Carotenoids. Basel: Birkhäuser Verlag, 1971.
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1
Basic Carotenoid Chemistry

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

I. 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 Birkhäuser, 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.

II. 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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isoprene units, typically b-carotene (1). Also known are so-called higher

carotenoids with C45 and C50 (e.g., bacterioruberin, 2) carbon skeletons.

Carotenoids with fewer than 40 C atoms are classified as C30 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

(4,40-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 (N2) in the absence of strong acids and peroxides.
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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 C38 norcarotenoid containing an acetylenic bond, an acyl

ester (acetate), a butenolide-type lactone, cyclic ether (epoxide), and a secondary

hydroxyl group.

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 b-carotene (1)

below. Most carotenoids have been assigned short trivial names useful in oral

communication. In addition, IUPAC/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 b,b-carotene (semirational), thus

denoting the two b 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 C30

apocarotenoid with an abbreviated carbon skeleton.

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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Copyright © 2004 by Marcel Dekker, Inc.



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.

III. 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-trans 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 A1 cm
1% ¼ 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 lmax 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.

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-trans isomer in hexane solvent.

For aliphatic systems the cis peak is double. The intensity of the cis peak may be

expressed as %DB/DII (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-H2O for carotenols. Detailed consideration of the fragmentation

pattern of pure carotenoids provides useful structural information (2).

C. Nuclear Magnetic Resonance

Proton magnetic resonance (1H 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 1H,1H COSY, 2D

ROESY, and HMBC techniques. In combination with 13C NMR additional

information is obtained. In modern structural studies of carotenoids, complete
1H NMR and 13C NMR assignments serve to prove the structure unequivocally.

The position of cis bonds in carotenoids is readily established by 1H 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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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.

Figure 2 Structural assignment of pyrrhoxanthin (7) based on 1H NMR chemical shifts

(top) and coupling constants, 13C NMR chemical shifts (middle), and 2D ROESY data

(bottom) showing in-space interactions (15).
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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 (21808C).

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 30-hydroxy group of lutein (10) is not reflected in its CD spectrum, which is

determined by the chiralities at C-3 and C-60.

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

(3S,30S)-astaxanthin (11) and its enantiomer (12). The negligible CD of the in
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principle optically inactive meso (13) form is also illustrated (17). For a closer

treatment of chirality, see Sec. VI.

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 trans 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

Figure 3 CD spectra in dichloromethane of (3S,30S)-astaxanthin (11, – – – – –), its

enantiomer (3R,30R)-astaxanthin (12,———), and the (3R,30S)meso form (13, ..........) (17).
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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-15,150, and the C-130,140 and

C-90,100 positions. Di-cis and poly-cis configurations are also possible but are

energetically less favorable.

cis-Carotenoids differ from the parent all-trans 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. IV.

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 IUPAC 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 trans 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-trans 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-trans 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, 9,90-

di-cis-alloxanthin (manixanthin, 16) from old cultures of diatoms, and rhodopinal

(17) from phototrophic purple bacteria.
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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. b-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.
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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.

The 5-cis isomer was overlooked until recently because of a difficult

chromatographic separation from the all-trans 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-trans, 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, 70-cis, 90-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-trans 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

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 ¼ 5-cis (14b), peak 10 ¼ 9-cis (14c), peak 11 ¼ 13-cis (14d)] were well

separated and exhibit shorter retention times than most of the di-cis isomers (peak

5 ¼ 5,50-di-cis, peak 8 ¼ 9,90-di-cis, peak 13 ¼ 9,130-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, CH2.

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-30 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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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.

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,30R form

11; its enantiomer, the 3S,30S form 12; and the optically inactive meso form, the

3R,30S isomer 13.

In red flowers (Adonis annua) the optically pure (3S,30S) 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,30S)

75–85% of total astaxanthin, (3R,30S, meso) 2–6% and (3R,30R) 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,30R)

isomer 11. The third common source, the alga Haematococcus sp., provides

the optically pure (3S,30S) 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 4,40 positions. Zeaxanthin has two chiral

centers (C-3,30) where the hydroxyl groups are located and may exist as

the (3R,30R) isomer 21, the (3S,30S) enantiomer 22, and the (3R,30S) meso

form 23.

In a mixture these three optical isomers are best separated after derivatization to

diastereomeric carbamates on a common, achiral column. In nature the (3R,30R)

isomer 21 dominates by far, e.g., in maize and egg yolk, the (3S,30S) 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-30, and C-60). 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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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 1H NMR data are essential for the identification of the individual isomers. By
1H NMR the C-30,60-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-3,5,30,50,60) 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,30S,50R,60S) 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).

The relative configuration between the 30-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. VII.

Epoxide carotenoids are abundant in fruits and flowers. The best source of

neoxanthin (19) is spinach. Neoxanthin (19), as its 90-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).

VII. 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 30-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.

The second example also deals with lutein (10), namely, its conversion to

meso-zeaxanthin (23) by isomerization of the double bond of the 1 ring into

conjugation by means of strong base (33). Since this reaction does not influence

the chirality of the C-30 hydroxy group, (3R,30S, 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.

Basic Carotenoid Chemistry 23

Copyright © 2004 by Marcel Dekker, Inc.



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.

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 (3S,5R,6S,30S,50R,60R)-

peridinin (33) with six chiral centers (36).

VIII. 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, H2O from carotenols, etc. (2).

These criteria may suffice for an achiral carotenoid. For determination of

the absolute stereochemistry of chiral carotenoids, a combination of 1H 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. Isolation 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 trans-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 C30 carotenal 34 with

acetone leading to the methyl ketone citranaxanthin (9) is shown below, the

natural occurrence of which may be questioned.

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.

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-trans isomer as the dominant

geometrical isomer as is the case for synthetic b-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,30S, meso and 3R,30R). 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 3S,30S-astaxanthin in Haematococcus

sp. or 3R,30R-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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2
Carotenoids and Radicals;
Interactions with Other Nutrients

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

I. 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 b-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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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.)

Initiatorþ RH �! R
†

Initiation

R
†
þ O2 �! ROO

†
Propagation

ROO
†
þ RH �! ROOHþ R

†

ROO
†
þ ROO

†
�! PRODUCTS Termination

ROO
†
þ CAR �! ROOHþ CAR

†
Inhibiton by CAR

Scheme 1

Figure 1 Structures of some important biological antioxidants and the water-soluble

analog of a-tocopherol.
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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
†
þ RH �! CARþ R

†
(1)

CAR
†
þ O2 �! 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
†þ), the

deleterious reactions given above [Eqs. (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 b-carotene. There is even

a possible deleterious effect in some subpopulations, such as heavy smokers

(12,13).

Burton and Ingold (14) suggested that b-carotene reacts with peroxyl

radicals via an addition reaction. They presented evidence that b-carotene

functions as an effective chain-breaking antioxidant, but that under high oxygen

pressures and at high b-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 (a-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
†
þ O2 !ROO

†
(3)

The epidemiological evidence suggesting that diets rich in b-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

Schem e 1 and reactions associa ted with any lyco pene radical s generat ed 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) [Eqs. (4)

to (6)].

CARþ ROO
†
�! CAR

†þ þ ROO� Electron transfer (4)

CARþ ROO
†
�! CAR

†
þ ROOH Hydrogen abstraction (5)

CARþ 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 7,70-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-ROO
†
) 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, theref ore, it is important to consider the propert ies of the

carotenoid radicals produced following reaction with oxidizing species and

possible reactions that remove the carotenoid radicals.

II. PROPERTIES OF CAROTENOID RADICALS

The reactions of carotenoids with radicals such as the trichloromethylperoxyl

radical (CCl3O
†

2) and hydroxyl radical (OH†) lead to the formation of carotenoid

radicals as described above [Eqs. (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 � 103 s21. This corresponds

to a lifetime of 250 ms 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 � 104 s21 (lifetime 55 ms) (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
†þ
1 þ CAR2 �! CAR1 þ CAR

†þ
2 (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-80-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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lycopene quenches (i.e., reduces) the radical cations of all the xanthophylls

[Eq. (8)]:

XAN
†þ þ LYC �! XANþ LYC

†þ (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 0 value) of b-carotene

in TX-100 micelles and extended this work to other carotenoids (34), i.e., they

determined E 0 for CAR
†þ/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
†þ, 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
†þ þ CAR O CAR

†þ þ TrpH (pH 4) (9)

TrpH
†þ þ Hþ þ CAR O CAR

†þ þ TrpH (pH 13) (10)

In this study the authors showed that the redox potentials of b-carotene,

lycopene, zeaxanthin, lutein, and astaxanthin are all approximately the same

(E0 � 1000 mV) within experimental error. Although there is a trend with the

oxycarotenoids, canthaxanthin and astaxanthin, exhibiting higher oxidizing

Table 1 Rate Constants for Electron Transfer Between Pairs of

Carotenoids (CAR1 and CAR2)

Carotenoid

radical cation

(CAR1†þ)

Rate constant (+10%)/109 dm3 mol21 s21

for reaction with CAR2

LYC b-CAR ZEA

ASTA†þ 9.2 8.0 4.6

APO†þ 11.2 6.3 7.7

CAN†þ 7.9 6.8 ,1.0

LUT†þ 5.2 ,1.0 ,1.0

MZEA†þ 7.8 ,1.0 —

ZEA†þ 6.9 ,1.0 —
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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
†þ (formed via pulse radiolysis) and in the presence of

carotenoid, the carotenoid radical cation is efficiently formed at pH 2 where

TrpH
†þ 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 7,70-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-b-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

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.
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azo-initiated peroxyl radicals (AMVN and AIBN) and less reactive toward

radicals such as the phenoxyl radical compared to lycopene and b-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 1024–1022 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.

III. 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

C6H5O
†
is a model of tyrosine. Its reaction with carotenoids has also been

Table 2 One-Electron Reduction

Potentials for the Carotenoid Radical

Cations, Calculated from the

Equilibrium with TrpH
†þ in TX-100

Micelles

Radical cation

Reduction

potential (V)

b-Carotene 1.06

Canthaxanthin 1.04

Zeaxanthin 1.03

Astaxanthin 1.03

b-Carotenea 1.03

Lycopenea 0.98

aValues in TX-405/TX-100 mixed micelles

(34).
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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 104 M21 s21 and 106 M21 s21 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:

TyrOHþ CAR
†þ �! CARþ TyrO

†
þ Hþ (11)

CySHþ CAR
†þ �! CARþ CYS

†
þ Hþ (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 ¼ protein cross-links

¼ 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
†þ.

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
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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
†þ þ AscH2 �! CARþ AscH

†
þ Hþ (14)

CAR
†þ þ AscH� �! CAR þ AscH

†� þ Hþ (15)

Figure 3 shows the decay of the radical cation of monomer b-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 b-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 b-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

5.2 � 106 M21 s21, respectively (26). These observations have led to the

suggestion that the deleterious effects of b-carotene in heavy smokers are related

to the generation of the b-carotene radical cation by, for example, NO2
†
. 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.

Table 3 Second-Order Rate Constants (/107 M21 s21) for Repair of Carotenoid

Radical Cations by Water-Soluble Biomolecules in Triton X Detergent Micelles

Carotenoid radical

cation Troloxa
Ascorbic

acida
Ferulic

acida
Uric

acida

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 4.3 0.5 1.0

Lutein 31 1.8 0.2 1.5

Zeaxanthin 26 1.5 0.2 1.0

Source: Ref. 50.
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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.

Figure 3 Quenching of b-carotene radical cation by ascorbic acid in DPPC unilamellar

liposomes (monitored at 925 nm) (26).
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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
†þ þ CAR �! a-TOHþ CAR

†þ (16)

For astaxanthin (ASTA), the reverse reaction takes place and electron transfer

occurs from the ASTA radical cation to a-TOH:

ASTA
†þ þ a-TOH �! ASTA þ a-TO

†
þ Hþ (17)

The a-TOH†þ 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
†þ 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, a-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 b-carotene, the reaction that occurs is:

b-Carotene
†þ þ a-TOH �! b-carotene þ a-TO

†
þ Hþ (18)

A similar reaction has been reported for lycopene (LYC) (54) but, in

contrast, LYC can reduce the d-tocopheroxyl radical and slow formation of the

LYC radical cation is observed

LYCþ d-TO
†
�! LYC

†þ þ d-TO� (19)

In the same paper, an equilibrium was shown to exist between the LYC radical

cation and the b- or g-tocopheroxyl radicals:

LYC
†þ þ b-/g-TOH !LYCþ b-/g-TO

†
þ Hþ (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.

VII. 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 a-TOH protects

b-carotene. Terao et al. showed that d-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 g-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 b-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 b-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 b-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, b-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 (b-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 a-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 : 1mixtureswitha-TOH

was measured to be close to 1 for quercetin and slightly smaller for the catechins.

VIII. 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
†þ 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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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.

Figure 4 Interaction of carotenoid radicals with other nutrients, water-soluble vitamin

C, and lipid-soluble vitamin E.

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-ROO]
†
) 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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I. 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.

II. 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 C40H56 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,30R,60R)-lutein, dietary (3R,30R)-zeaxanthin, and nondietary (3R,30S-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 Müller

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 30-oxolutein and 30-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 b-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

a recent 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 4–98 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. A1 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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(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 (Bfov)

relative to the energy needed at the extrafoveal reference point (Bref) (29):

MPOD ¼ 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).

Figure 1 Continued.
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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

perceptionwould 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 Cl is a constant depending on the absorption

coefficients of the macular pigment, and Ref values are the measured reflectances

at the fovea and parafovea (148 outside the fovea) at 488 and 514 nm (46):

MPOD ¼ Cl
�½log (Ref514, foveal=Ref488, foveal)

� (Ref514, parafoveal=Ref488, 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 (Dmac) is

calculated for the region illuminated according to the following equation, which

determines the reflectance of the whole eye (Reye) at various wavelengths (l),

taking into account the fixed spectral density of the nonaging lens (Dlens-na),

the age-dependent spectral density of the aging lens (Dlens-a), the spectrally

neutral scatter losses (Dmedscat), 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 ¼ 200 mm, L2 lens

f ¼ 40 mm; PS, polygon scanner for horizontal deflection; GM, galvanometer mirror for

vertical deflection; CM1 concave mirror f ¼ 218 mm; CM2 f ¼ 356 mm; A1, 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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representing the vitreous (Dwater), the spectrally neutral reflectance of the inner

limiting membrane (Rilm), and the spectral reflectance of the photoreceptor layer

(Rrecep) (51):

Reye(l) ¼ f10
½�2(Dlens�na(l)þDlens�a(l)þDmedscatþDwater(l))�g

� {Rilm þ (1� Rilm)
2 � 10½�2Dmac(l)� � Rrecep(l)}

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.

Figure 2 Continued.
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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

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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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

Figure 3 Continued.
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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 DAF (460) is calculated using

the extrafoveal site as a zero point according to the following equation (54):

DAF(460) ¼ ½1=Kmp(L1)� Kmp(L2)�
�{ log½FP(L1, l)=FF(L1, l)�

� log½FP(L2, l)=FF(L2, l)�}

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 L1 (470 nm) and L2 (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 l (710 nm). FF and FP

represent the autofluorescence of all layers located posteriorly to the macuular

pigment at the fovea and perifovea (78 temporal to the fovea), respectively, and

KMP 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-scatteringmolecules.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 cm21 (C55C stretch),

1159 cm21 (C22C stretch), and 1008 cm21 (C22CH3 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 105 (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 (IL). Furthermore, at fixed

incident light intensity, the Raman response scales with the population density of the

scatterers N(Ei) in a linear fashion determined by the Raman scattering cross section

sR (i! f ) (a fixed constant determined by the excitation and collection geometries)

as long as the scatterers can be considered as optically thin (59).

IS ¼ N(Ei)
�sR(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 mm 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 mm 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 0.5 s. 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

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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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

Figure 5 Continued.
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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

1.58 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 cm21 C55C 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 mm 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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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.

III. 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.

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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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 mm2 (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 (l) to the absorption spectrum of a b-carotene solution

in a cuvette. The basis for this estimation is the following equation in which

s(l) is the unknown scattering coefficient of the tissue, k0 (l) is the

background absorption, ci(l) are the molar concentrations of the various tissue

absorbers, 1i(l) are their absorption coefficients, and R1(l) is the skin

reflectance (85):

(k0 þ Sci þ 1i)=s ¼ (1� R1)
2=(2�R1)

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 b-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� ¼ 0) to total white (L� ¼ 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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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

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/).
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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 cm21. (From Ref. 67.)
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compensate. Since the bulk of the skin carotenoids are in the superficial layers of

the dermis (67) , the thin-film Rama n equatio n give n in Sec. II.E 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

Figure 8 Continued.
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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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I. 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, b-carotene, and lycopene (14,18). Total caro-

tenoid levels were determined to be approximately 120 mg/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

Figure 1 Reverse-phase C30 separation of 13 major carotenoid in human blood plasma as

quantified by Yeum et al. (20). Stationary phase: 3 mm C30 carotenoid column

(150 � 4.6 mm). Mobile phase: gradient elution using methanol/ methyl-tert-butyl ether/
water (83 : 15 : 2) and methanol/methyl-tert-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 ¼ lutein isomer; 2 ¼ lutein; 3 ¼ zeaxanthin;

4 ¼ cryptoxanthin; 5 ¼ 13-cis-b-carotene; 6 ¼ a-carotene; 7 ¼ all trans b-carotene;

8 ¼ 15-cis-lycopene; 9 ¼ 13-cis-lycopene; 10 ¼ 9-cis-lycopene; 11 ¼ all-trans lycopene.
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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.

II. 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.

Table 1 Concentration of 11 Carotenold Species in Human Plasmaa

Carotenoid

Young

men

Young

women

Older

men

Older

women

Lutein

isomers

0.06 + 0.01 0.08 + 0.01 0.11 + 0.02 0.07 + 0.01

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 + 0.09 1.04 + 0.24 0.54 + 0.11

13-cis-

b-Carotene

0.03 + 0.01 0.05 + 0.01 0.09 + 0.02 0.04 + 0.01

a-Carotene 0.09 + 0.01 0.18 + 0.04 0.27 + 0.07 0.20 + 0.04

All-trans

b-carotene

0.44 + 0.07 0.80 + 0.17 1.51 + 0.41 0.78 + 0.10

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 + 0.06 0.28 + 0.02

aConcentrations given in mmol/L.
aAdapted from Ref. 20.
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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.

III. 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 (C18), was first described by Schmit et al. (25). C18 phases may be

broadly divided into two categories important to consider in carotenoid analysis:

monomeric and polymeric. When prepared from monochlorosilanes, C18

columns are said to be monomeric. Polymeric C18 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 C18 columns. Vydac 218TP C18 columns (polymeric endcapped)

have been extensively applied in carotenoid separation from plant material

(27–29). Polymeric non-endcapped columns such as the Vydac 201TP 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 C18 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 isocraticmethodology

measuring and quantifying approximately 90% of the plasma carotenoids present.

More recent application of C18 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 � 4.6 mm 3 mm Restek Ultra C18 column (Fig. 2). An interesting point to

illustrate from Figure 2 is the inability of traditional C18 separations to baseline-

resolve lutein and zeaxanthin species, resulting in reporting of total lutein þ

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 C18 column

technology that provides excellent resolution between different carotenoid species.

However, C18 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 C18 columns for

these analyses. b-Carotene and lycopene cis isomer levels have been reported

based on C18 methods (33,34). While some success has been achieved in the

separation of b-carotene isomers, resolution of lycopene isomers by C18

methodology is still an analytical challenge. Only basic resolution into isomeric

fractions can be achieved by even the most advanced C18 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 C18 was more recently improved by Böhm et al. (39) utilizing a

Vydac 201TP54 column under subambient (98C) temperatures resolving fivemajor

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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across research laboratories. More universal methodology was needed to further

the understanding of carotenoid geometrical isomers’ role in human health.

Development of a triacontyl (C30) polymeric phase with high absolute

retention and shape recognition of carotenoid molecules has enhanced carotenoid

isomer separation (40). C30 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). C30 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, C30 technology has had wide

application in analysis of biological extracts. Johnson et al. (43) applied C30

column technology for resolution of 9-cis-b-carotene isomers in extracts of

human plasma and breast milk. Both Emenhiser et al. (9,41) and Yeum et al. (20)

coupled the resolving ability of C30 technology with UV-Vis detection in

separation and identification of major plasma carotenoids including predominant

geometrical isomers (Figs. 1 and 4).

Figure 2 Rapid reverse-phase C18 separation of major plasma carotenoids. Stationary

phase: 3 mm Resteck Ultra C18 column (150 mm � 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.)
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Further developments in alkyl-bonded stationary phases have resulted in

the extended chain C34. 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 a- and b-

carotene compared to both conventional C18 and C30 stationary phases. However,

extended run times and lack of commercial availability have limited the ability to

fully apply C34 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

Figure 3 Reverse-phase C18 separation of human plasma. Stationary phase: 3 mm

Nucleosil in series with 5 mm Vydac TP254C and Hypersil guard column; detection at

450 nm; Mobile phase: (flow rate ¼ 2 mL/min.) acetonitrile-methanol containing 50 mM

acetate ammonium–dichloromethane–water (70 : 15 : 10 : 5, v/v/v/v). Peak identifications:
2 ¼ unknown 1; 3 ¼ unknown 2; 4 ¼ unknown 3; 5 ¼ lutein; 6 ¼ zeaxanthin;

7 ¼ unknown 4; 9 ¼ unknown 5; 10 ¼ unknown 6; 11 ¼ unknown 7; 12 ¼ unknown 8;

13 ¼ b-cryptoxanthin; 14 ¼ echinenone; 15 ¼ unknown 9; 16 ¼ trans-lycopene; 17 ¼ cis-

lycopene; 18 ¼ cis-lycopene; 19 ¼ a-carotene; 20 ¼ b-carotene;; 22 ¼ 13-cis-b-carotene.

(Adapted with permission from Ref. 34.)
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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. Thesemethods 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 C30 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

Figure 4 Representative chromatograms showing cis and trans isomers of lycopene

from human serum. Separation was achieved on a C30 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.)
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sample sizes. Figure 5 shows the resolution of major carotenoids from a 20-mL

sample of blood plasma (13). Typically, much larger (about 200 mL) 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 b-carotene and minor quantities of 15-

cis-, 13-cis-, and 9-cis-b-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 C30 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

Figure 5 LC ECD C30 chromatogram of a 20-mL blood serum sample (20 nA full

scale). Twenty-microliter aliquots of blood serum were deproteinized with incorporation

of 100 mL of ethanol. Carotenoids were extracted as described by Ferruzzi et al. (13).

Separations were achieved on a 3-mm C30 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 ¼ lutein, 2 ¼ zeaxanthin, 3 ¼ b-cryptoxanthin,

4 ¼ 13-cis b-carotene, 5 ¼ a-carotene, 6 ¼ b-carotene, 7 ¼ 9-cis-b-carotene. (Taken

with permission from Ref. 13.)
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abundance of cis-lycopene isomers in human plasma, approximately 60% of the

total lycopene found in extracts (9).

Further enhancing the usefulness of the C30 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 (7,9,70,90) of

Figure 6 Isocratic C30 separation of a 50-mL sample of human blood serum. Depicted is

channel 2 (320 mV), 20 nA full scale. Separations were achieved using an analytical scale,

250 mm � 4.6 mm i.d., 3-mm polymeric C30 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 ¼ trans-lycopene; 1–11 ¼ cis-lycopene isomers. (Taken with

permission from Ref. 36.)
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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

Figure 7 Representative lycopene isomer separation by gradient C30 LC-ECD from

100 mL human plasma of patients consuming sauce produced from (a) Roma and (b)

Tangerine variety tomatoes. Separations were achieved using an analytical scale

250 mm � 4.6 mm i.d., 3-mm polymeric C30 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 ¼ a-carotene; b ¼ b-carotene; T ¼ trans-

lycopene; PL ¼ prolycopene. Inset highlights cis-lycopene separation labeled 1–12.

(Taken with permission from Ref. 38.)
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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/trans isomer ratio both in the diet, formed

metabolically and present in human biological samples.

The sensitivity and resolution offered by the combination of C30

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

Figure 7 Continued.
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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 C30 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 C30 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 � 4.6 mm i.d., 3-mm polymeric C30 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 ¼ a-carotene; b ¼ b-carotene;

T ¼ trans-lycopene. �Inset depicts chylomicron carotenoid concentration versus time for

the same time course.
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detectors in series to monitor b-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 mg)

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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39. Böhm V, Bitsch R. Intestinal absorption of lycopene from different matrices and

interactions to other carotenoids, the lipid status, and the antioxidant capacity of

human plasma. Eur J Nutr 1999; 38:118–125.

40. Sander LC, Sharpless KE, Craft NE, Wise SA. Development of engineered stationary

phases for the separation of carotenoid isomers. Anal Chem 1994; 66:1667–1674.

41. Emenhiser C, Simunovic N, Sander LC, Schwartz SJ. Separation of geometric

isomers in biological extracts using a polymeric C30 column in reversed-phase liquid

chromatography. J Agric Food Chem 1996; 44:3887–3893.

42. Emenhiser C, Sander LC, Schwartz SJ. Capability of a polymeric C30 stationary

phase to resolve cis-trans carotenoid isomers in reversed-phase liquid chromato-

graphy. J Chromatogr A 1995; 707:205–216.

43. Johnson EJ, Qin J, Krinsky NI, Russell RM. Beta-carotene isomers in human serum,

breast milk and buccal mucosa cells after continuous oral doses of all-trans and 9-cis-

beta-carotene. J Nutr 1997; 127:1993–1999.

44. Bell CM, Sander LC, Fetzer JC, Wise SA. Synthesis and characterization of extended

length alkyl stationary phases for liquid chromatography with application to the

separation of carotenoid isomers. J Chromatogr A 1996; 753:37–45.

45. Motchnik PA, Frei B, Ames BN. Measurement of antioxidants in human blood

plasma. Meth Enzymol 1994; 234:269–279.

46. MacCrehan WA, Schonberger E. Determination of retinol, a-tocopherol, and b-

carotene in serum by liquid chromatography with absorbance and electrochemical

detection. Clin Chem 1997; 33:1585–1592.

47. MacCrehan WA, Schonberger E. Reversed-phase high-performance liquid

chromatography separation and electrochemical detection of retinol and its isomers.

J Chromatogr 1987; 417:65–78.

48. Ewing AG, Mesaros JM, Gavin PF. Electrochemical detection in microcolumn

separation. Anal Chem 1994; 66:527–536.

49. Finckh B, Kontush A, Commentz J, Hubner C, Burdelski M, Kohlschutter A.

Monitoring of ubiquinol-10, ubiquinone-10, carotenoids and tocopherol in neonatal

plasma microsamples using high performance liquid chromatography with

coulometric electrochemical detection. Anal Biochem 1995; 238:210–216.

50. De Leenheer AP, Nelis HJ, Lambert WE. Recent developments in the measurement

of vitamin A carotenoids. Voeding 1992; 52:168–172.

51. Ferruzzi MG, Brown MJ, Nguyen ML, Cooper DA, White WS, Schwartz SJ.

Application of a C30 HPLC-EC method to assess post-prandial carotenoid absorption

from vegetables in humans. Experimental Biology Federation of American Societies

for Experimental Biology, San Diego, CA, Apr 16–19, 2000.

52. Brown MB, Ferruzzi MG, Nguyen ML, Cooper DA, Eldridge AL, Schwartz SJ,

White WS. The bioavailability of carotenoids is higher in salads ingested with full-

fat versus fat-modified salad dressings as measured by using electrochemical

detection. Am J Clin Nutr 2003. In press.

53. Ball, GFM. The fat-soluble vitamins. In: Nollet LML, ed. Food Analysis by HPLC.

New York: Marcel Dekker, 1992.

54. Furr HC, Barua AB, Olson JA. Retinoids and carotenoids. In: De Leenheer AP,

Lambert WE, Nelis HJ, eds. Modern Chromatographic Analysis of Vitamins, 2nd ed.

New York: Marcel Dekker, 1992.

Carotenoid Levels in Plasma 103

Copyright © 2004 by Marcel Dekker, Inc.



55. Aaran RK, Nikkari T. HPLC method for the simultaneous determination of beta-

carotene, retinol and alpha-tocopherol in serum. J Pharm Biomed Anal 1988; 6:

853–857.

56. Comstock GW, Menkes MS, Schober SE, Vuilleumier J-P, Helsing KJ. Serum levels

of retinol, beta-carotene, and alpha-tocopherol in older adults. Am J Epidemiol 1988;

127: 114–123.

57. Sowell AL, Huff DL, Yeager PR, Caudill SP, Gunter EW. Retinol, a-tocopherol,

lutein/zeaxanthin, b-cryptoxanthin, lycopene, a-carotene, trans-b-carotene, and

four retinyl esters in serum determined simultaneously by reversed-phase HPLCwith

multiwavelength detection. Clin Chem 1994; 40: 411–416.

58. Johnson EJ, Suter PM, Sahyoun N, Ribaya-Mercado JD, Russell RM. Relation

between b-carotene intake and plasma and adipose tissue concentrations of

carotenoids and retinoids. Am J Clin Nutr 1995; 62: 598–603.

59. Ben-Amotz A. Simultaneous profiling and identification of carotenoids, retinols and

tocopherols by high performance liquid chromatography equipped with three-

dimensional photodiode array detection. J Liq Chromatogr 1995; 18: 2813–2825.

60. Emenhiser C, Englert G, Sander LC, Ludwig B, Schwartz SJ. Isolation and structural

elucidation of the predominant geometrical isomers of a-carotene. J Chromatogr

A 1996; 719: 333–343.

61. van Breemen RB. Electrospray liquid chromatography–mass spectrometry of

carotenoids. Anal Chem 1995; 67: 2004–2009.

62. van Breemen RB. Innovations in carotenoid analysis using LC/MS. Anal Chem

1996; 77: 299–304.

63. van Breemen RB, Schmitz HH, Schwartz SJ. Continuous-flow fast atom

bombardment liquid chromatography/mass spectrometry of carotenoids. Anal

Chem 1993; 65: 965–969.

64. Henry LK, Puspitasari-Nienaber NL, Jarén-Galán M, van Breemen RB, Catignani GL,

Schwartz SJ. Effects of ozone and oxygen on the degradation of carotenoids in an

aqueous model system J Agric Food Chem 2000; 48: 5008–5013.

65. Fang L, Pajkovic N, Wang Y, Gu C, Breemen RB. Quantitative analysis of lycopene

isomers in human plasma using high-performance liquid chromatography–tandem

mass spectrometry. Anal Chem 2003; 75:812–817.

66. Englert G. NMR Spectroscopy. In: Britton G, Liaaen-Jensen S, Plander H, eds.,

Carotenoids. Vol. 1B, Spectroscopy. Basel: Birkhauser, 1995: 147–260.

67. Khachik F, Steck A, Plander H. Isolation and structural elucidation of

(13Z,130Z,3R,30R,60R)-lutein from marigold flowers, kale and human plasma.

J Agric Food Chem 1999; 47:455–461.

68. Hengartner U, Bernhard K, Meyer K, Englert G, Glinz E. Synthesis, isolation and

NMR-spectroscopic characterization of fourteen (Z) isomers of lycopene and of

some actylenic didehydro- and tetradehydrolycopenes. Helv Chim Acta 1992,

75:1848–1865.

69. Dachtler M, Glaser T, Kohler K, Albert K. Combined HPLC-MS and HPLC-NMR

on line coupling for the separation and determination of lutein and zeaxanthin

stereoisomers in spinach and in retina. Anal Chem 2001, 73:667–674.

104 Ferruzzi and Schwartz

Copyright © 2004 by Marcel Dekker, Inc.



5
Carotenoid Antioxidant Activity

Andrew J. Young, Denise M. Phillip, and Gordon M. Lowe
Liverpool John Moores University, Liverpool, England

I. 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 b-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 b-carotene

to “high-intensity” (15) cigarette smoke (or those individuals suffering from

asbestosis, 16) increased lung cancer incidence. But why should b-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.

II. 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 (1O2). Interactions with other ROS produced

in the body, including radicals such as superoxide (O2
†) and nonradicals such as

hydrogen peroxide (H2O2), 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

106 Young et al.

Copyright © 2004 by Marcel Dekker, Inc.



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 1O2 by carotenoids

involves direct energy transfer between these molecules. The lowest triplet

energy level of b-carotene has been measured at 88 + 3 kJ mol21 (26). This

compares to a value of 94 kJ mol21 for 1O2. In all solvents studied (27), 1O2 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 1O2 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 1O2 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).

1O�2 þ CAR �! 3O2 þ
3 CAR� (1)

In addition to the physical quenching of 1O2, chemical quenching of 1O2 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 1O2 molecules. In biological systems, a

number of sensitizers can result in 1O2 production, and the clinical use of

b-carotene as an effective treatment for erythropoietic protoporphyria, in which
1O2 is produced via sensitization of free porphyrins accumulated in the skin, is

well established (31,32). Carotenoids such as b-carotene also serve to quench the

triplet-excited state of many sensitizers, thereby preventing the formation of 1O2

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 1O2, OH
†, O2

†�, and

H2O2 (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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and O2
†2 (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-40 in astaxanthin and canthaxanthin (which

significantly alters their electron density profiles), or hydroxy groups at C-4 and

C-40 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

Table 1 Singlet Oxygen Quenching Rate Constants for Various Carotenoids

(in Benzene)a

Carotenoid

Number of conjugated

carbon–carbon

double bonds

Kq

(�109 M21 s21)

7,70-Dihydro-b-carotene 8 0.3

Septapreno-b-carotene 9 1.38

80-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

3,4,30,40-

Tetradehydrolycopene

15 10.7

Decapreno-b-carotene 15 20.0

Dodecapreno-b-carotene 19 23.0

aAll compounds are all-trans unless otherwise stated.

Source: Ref. 27.
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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).

CARþ ROO
†
�! CAR

†þ þ ROO� electron transfer (2)

CARþ ROO
†
�! CAR

†
þ ROOH hydrogen abstraction (3)

CARþ ROO
†
�! ROOCAR

†
addition (4)

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., b-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 (pO2). Burton and Ingold (21) showed that at low pO2,

b-carotene acted as a chain-breaking antioxidant [consuming peroxyl radicals;

Eq. (2)], while at higher pO2 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 pO2, 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 pO2 this process consumes peroxyl radicals and the carotenoid acts as a

chain-breaking antioxidant. At high pO2 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
†
þ O2 �! CAR22OO

†
(5)

CAR22OO
†
þ LH �! CAR22OOHþ L

†
(6)

L
†
þ O2 �! L22OO

†
(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

pO2; e.g., lung alveoli 100 mm Hg; venous blood 40 mm Hg, and blood in tissues

5–15 mmHg (1). Concentration gradients for O2 may exist within cells (1) and in

tumors (45). A number of in vitro and in vivo studies have been performed at very

high pO2 (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 pO2 (46). a-Tocopherol is much more

effective as an antioxidant at high pO2 but b-carotene is more effective at low pO2.

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 b-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

Carotenoid Oxidizing species

Main reaction

products identified Ref.

Lycopene Peroxynitrite Apocarotenals: 100-apolycopenal,

80-apolycopenal,

60-apolycopenal

50

Isomers: 13-cis-lycopene,

9-cis-lycopene

b-Carotene AIBN Apocarotenals:

b-apo-150-carotenal,

b-apo-140-carotenal,

b-apo-140-carotenal,

b-apo-120-carotenal,

b-apo-100-carotenal

8

Apocarotenones:

b-apo-13-carotenone

Epoxides:

b-carotene-5,6-epoxide,

b-carotene-15,150-epoxidea

b-Carotene Dioxygen (ruthenium

tetramesitylporphyrin

catalyst/air)

Apocarotenals and

apocarotenones: complete

series observed

49

Epoxides: b-carotene-5,6-epoxide

(plus epoxides of

apocarotenals)

Isomers: 15-cis-b-carotene

Others: C9,8
0-diapocarotene-dial,

C13,8
0-diapocarotene-dial

b-Carotene AMVN Epoxides:

b-carotene-5,6-epoxide,

b-carotene-5,6,50,60-diepoxide,

b-carotene-15,150-epoxide

9,48

Isomers:

cis-b-carotene-15,150-epoxide

aTentatine 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 b-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 1O2 (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 toDNA is promoted in the presence of oxidative products ofb-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 RARb 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 2,20-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 pO2; see above). The interaction of b-carotene with cigarette

smoke (in a model system) yields 1-nitro-b-carotene and 4-nitro-b-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 pO2 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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III. 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. b-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 ¼ 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 tert-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 H2O2 or xanthine/xanthine oxidase [an exogenous source of

H2O2 and O2
†�—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 mM; 70) and this protective effect was lost as the dose

of carotenoid was increased (,4 mM), so that at the highest doses tested (10 mM)

the carotenoid afforded no protection against DNA damage. Relatively high

doses of b-carotene also failed to protect against H2O2-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 H2O2 and O2
†� 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 b-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 1O2 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 b-carotene

Carotenoid Antioxidant Activity 115

Copyright © 2004 by Marcel Dekker, Inc.



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 Cu2þ-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.

CARþ TOH
†þ �! TOHþ CAR

†þ (8)

CAR
†þ þ ASCH2 �! CARþ ASCH

†
þ Hþ (9)

CAR
†þ þ ASCH� �! CAR þ ASCH

†� þ Hþ (10)

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 mM

the response is linear with a quenching rate constant of 2.3 � 108 M21 s21. With

increasing zeaxanthin concentration the rate progressively decreases and is completely lost

at �70 mM.
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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 2,20-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.

CAR1
†þ þ CAR2 �! CAR1þ CAR2

†þ (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 (8OHdG) (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,

8OHdG excretion rates are not a quantitative index of damage to guanine residues

in DNA, and the estimation of 8OHdG 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 wemust 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

Carotenoid source System

Sample

size Marker used Detection method Ref.

Fruit and vegetables Human 28 DNA damage and lipid

peroxidation

HPLC ELISA 79

Tomato juice Human 10 DNA damage Comet assay 80

Tomato puree Human 11 Antioxidant capacity TRAP 81

Tomato ketchup

and Lyc-O-Mato

Human 12 Lipid peroxidation and protein

oxidation

TBARS and DTNB 82

Tomato products Human 32 DNA damage HPLC 83

Lycopene Hamster 24 Lipid peroxidation TBARS 84

Paprika and b-carotene Rat 45 MDA and other metabolites of

lipid peroxidation

HPLC 85
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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 b-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 b-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).

VI. 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 pO2 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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6
Evidence for Pro-Oxidant Effects of
Carotenoids In Vitro and In Vivo:
Implications in Health and Disease

Paola Palozza
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I. 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 b-carotene or of a combination of b-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 b-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 b-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.

II. 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 Burto n and Ingold sugges ted (12) , carotenoids do not h ave 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
†
þ CAR �! ROO� þ CAR

†þ
(reaction A)

ROO
†
þ CAR �! ROOHþ CAR

†
(reaction B)

ROO
†
þ 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
†þ) 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 pO2, the

CAR
†þ is mainly formed and carotenoids act as chain-breaking antioxidants,

consuming peroxyl radicals (8,17), whereas at high pO2, 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 H2O2 or xanthine/xanthine oxidase is observed only at low

doses (1–2 mM). This protective effect is progressively lost when their doses are

increased, so that at the highest concentration tested (10 mM), 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

H2O2 (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 b-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.

III. 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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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 1O2, OH
†
,

O2
†2, and H2O2 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 mM (37), whereas others (WiDr) exhibit this effect

only at a very high concentration of the carotenoid (50 mM) (24,37). This difference

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
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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 b-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 O2
†2, as measured by cytochrome c 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 O2
†2 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 b-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 b-carotene in toluene under 100%

oxygen tension at 608C (19). Moreover, d-tocopherol enhances the protective
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effects of b-carotene on 1O22 initiated photo-oxidation of methyl linoleate (45).

In addition, g-tocopherol prevents the pro-oxidant effects of b-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 b-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 g-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 b-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 Cu2þ-

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 b-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):

CARþ TOH
†
þ! TOH þ CAR

†þ
(reaction D)

CAR
†þ
þ ASCH2! CAR þ ASCH

†
þ Hþ (reaction E)

CAR
†þ
þ ASCH� ! CARþ ASCH

†�
þ Hþ (reaction F)

Such a hypothesis has been confirmed in vitro (16). An additive response is

observed when b-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 mM 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 B1 (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 b-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 B1 (58). Dietary supplementation

of rats with b-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 b-carotene-deficient diet.

In the same study, dietary b-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 mM), the carotenoid increases SOD and catalase

activities and decreases GSH-Px activity, whereas at a low concentration (0.1 mM)

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 pO2 (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 H2O2, 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 H2O2-induced cytotoxicity as measured by the 3,(4,5-dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. The failure of b-

carotene and lycopene to protect human cells against the DNA-damaging effects

of H2O2 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-oxo-dG in lymphocyte DNA was not significantly decreased.

In addition, human lymphocytes do not acquire resistance to oxidative damage

induced by H2O2 following consumption of vegetables (67). It has also been

shown that whereas b-carotene treatment decreases the number of sister

chromatid exchanges induced by H2O2 in Chinese hamster ovary (CHO) cells, it

significantly increases the number of H2O2-induced chromosome aberrations

(68). Moreover, an enhancement of the clastogenic effects of bleomycin by b-

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 pO2 (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 pO2, 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 b-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 2,20-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

2,20-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 b-carotene supplements are not protected from oxidation (57). In

addition, Gaziano et al. also found that b-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 b-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 b-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
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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 pO2† A mix-

ture of b-carotene, a-tocopherol, and ascorbic acid provides better protective

effects on protein oxidation than any single compound. In addition, Andersen

and coworkers using Fe2þ-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 G1

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-trans 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: CYP1A1/2, 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-80-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 CYP4A1 in both rodents and

nonhuman primates (88). Other carotenoids, such as canthaxanthin and

astaxanthin, have been recognized as potent inducers of CYP1A1 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 b-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-kB) 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

NF-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-kB 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-kB is activated by certain apoptotic stimuli and that some of the NF-kB

target genes, such as c-myc, are implicated in apoptosis induction (99).

Accordingly, we have recently demonstrated that b-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
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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 b-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 pO2 is very different among tissues

and organs: the lung alveoli have a pO2 of 100 mmHg, while the other tissues and

venous blood have a pO2 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).
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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-kBbinding 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 b-carotene at high pO2 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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7
Carotenoid Orientation: Role in
Membrane Stabilization

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

I. 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

151

Copyright © 2004 by Marcel Dekker, Inc.



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.

II. 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).

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 cm21 (5)] indicated with the dashed line and the

value of a polarizability term for the hydrophobic core of DPPC membrane in the La phase

[0.2424 (6)] indicated by the arrow.
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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 C55C 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 (C04-C05), is not conjugated to the conjugated double-bond system, in contrast

Figure 2 Model of localization and orientation of different in structure carotenoid

pigments in the hydrophobic core of lipid membrane. See text for discussion.
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to the terminal double-bond of zeaxanthin (C05-C06). 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 C06-C07 bond (1 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

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 158 with respect to the linear polyene

chromophore (12).
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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 C3 and C03 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 ¼ 2.26 nm in the case of egg yolk

phosphatidylcholine (EYPC) and d ¼ 2.54 nm in the case of dimyristoylpho-

sphatidylcholine (DMPC)] (7) is less than the distance of hydroxyl groups of C40

xanthophyll pigments such as zeaxanthin [d ¼ 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

Carotenoid Lipid component

Orientration

angle (8) 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 ¼ 3 nm) or the membranes formed with

DPPC (d ¼ 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 678 in the case of EYPC or 578 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), 478 and 378, respectively (with the experimental error 4–58) (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 b-carotene or lycopene. The

orientation of lycopene with respect to the axis normal to the plane of the

membrane determined as 748 and the orientation of b-carotene determined as 558
in the same system of EYPC membranes (Table 1) are larger or exceptionally

close to the magic angle (54.78), respectively. These results can be interpreted as

an indication of roughly horizontal or not well-defined orientations of lycopene

and b-carotene, respectively, most probably within the central part of the

hydrophobic core of the membrane (Fig. 2). Parallel orientation of b-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-trans 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.

III. 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 (H1 NMR, 13C NMR, and P31 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 (P0b! La), shifts

Carotenoid Orientation 157

Copyright © 2004 by Marcel Dekker, Inc.



the transition temperature toward lower values (by about 18) 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 P0b! La
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. H1 NMR and P31 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 1029 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 CH2 and CH3 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. b-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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I. 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.

II. 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. b-Carotene has received

the most attention because of its provitamin A activity and its prevalence in many

foods. However, intervention studies with b-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 b-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 b-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

b-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 b-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 b-carotene intake and prostate cancer has been

examined in observational studies with varied results (21). Intervention trials

have revealed either no association of b-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 a- 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

168 Sharoni et al.

Copyright © 2004 by Marcel Dekker, Inc.



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.

III. 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). b-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.

Anticancer Activity of Carotenoids 169

Copyright © 2004 by Marcel Dekker, Inc.



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-140-carotenoic acid and b-apo-

120-carotenoic acid significantly inhibited MCF-7 cell growth, whereas only b-

apo-140-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 mM. 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 mM for 72 h. At

this high concentration, several carotenoids, including those present in tomatoes

(lycopene, phytoene, phytofluene, z-carotene and b-carotene), significantly

reduced cell viability due to induction of apoptosis. In another study, phytofluene

at 10 mM 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 mM 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 mM) 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 (b-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 D3), the metabolite of b-carotene and vitamin A

(retinoic acid), and a synthetic derivative of lycopene (acyclo-retinoic acid;

see Sec. VII.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)2D3] 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 b-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)2D3 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 mM 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 mM) 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 G0/G1 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 G1 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 G1/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

G1 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, b-carotene induced

a cell cycle delay in G1 phase. This delay was associated with an increase in the

protein level of the CDK inhibitor p21Cip1/Waf1 (p21), an increase in the amount

of p21 associated with cdk4, the inhibition of cyclin D1–associated cdk4 kinase

activity, and a decrease in the levels of hyperphosphorylated forms of pRb (93).

On the other hand, in prostate cancer cells, b-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 D1 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, p27Kip1 (p27), were unchanged.

Inhibition of cdk4 was directly related to the lower amount of cyclin D1–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 G2/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, b-carotene lowered the expression of cyclin A, a

key regulator of G2/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, G1 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 D1 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-b 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. II.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-I, 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 (1–2 h) 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 D1 (Sec. VI.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-I 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).

GJIC 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 140-apocanthaxanthin-140-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.

VII. 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)2D3 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 G1 to S phase with a similar potency. Furthermore, the two retinoids

decreased serum-stimulated cyclin D1 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-b2 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 D1 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

PPARs 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, PPARg, 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 PPARg (152). Ligand activation of PPARg 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 PPARg 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 PPARg at prominent levels while normal prostate tissues

demonstrated a very low expression (143). It has recently been shown that

PPARg 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 PPARg 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 PPARg 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 mM, 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 b-carotene transactivate PPARRE in MCF-7 cells

cotransfected with PPARg. 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 NQO1

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

NQO1 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 g-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 CYP1A1 and CYP1A2
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in rats, and similar effects were observed with b-apo-80-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 CYP1A1 in liver, lung, and kidney and

CYP1A2 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. Rühl and F. J. Schweigert, personal

communication, 2002). They found that in transiently transfected HepG2

hepatoma cells, b-carotene can transactivate the PXR reporter gene in a manner

comparable to that of rifampicin. Furthermore, an up-regulation of CYP3A4 and

CYP3A5 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.

VIII. 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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9
Induction of Cytochrome P450
Enzymes by Carotenoids

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

I. 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.

II. 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

CYP1A 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.
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III. 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 b-carotene

in the RPO. However, in a study of the effects of RPO on both phase I and phase II

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 b-carotene

and 18 mg of other carotenoids (mainly a) 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 � 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 40

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 (b-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 � 13.7 Å (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 b-apo-80-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
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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 CYP1A. The direct interaction between both

carotenoids and cytosolic AhR of C57BL/6 mice was assessed in vitro.

Canthaxanthin induced both EROD (marker of CYP1A1) and MROD

(marker of CYP1A2) in the C57BL/6 mice but did not modulate phase II

enzyme activities. b-Apo-80-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-80-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

CYP1A1 and CYP1A2 activity in C57BL/6 mice whereas b-apo-80-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-80-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-80-carotenal can also be derived from b-carotene, which has no P450

inducing effect.

CYP1A1 and CYP1A2 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-80-carotenal is also a strong inducer of CYP1A1 and CYP1A2. The

induction profile resembled that produced by canthaxanthin and astaxanthin.
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Ethyl b-apo-80-carotenoate and citraxanthin resulted in similar effects to b-apo-

80-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 b-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-80-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-80-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 CYP1A

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 b-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, b-apo-80-carotenal) which

are inducers of CYP1A have been shown to reduce the carcinogenicity of

aflatoxin B1 (AFB1) in rat liver by increasing the metabolism of AFB1 to aflatoxin

M1 (AFM1), a less genotoxic hydroxylated metabolite formed by CYP1A.

b-Carotene did not alter AFB1 metabolism (27,28). However, dietary b-carotene,

as well as canthaxanthin, astaxanthin, and b-apo-80-carotenal, was very efficient

in reducing the number and size of AFB1-induced preneoplastic glutathione

S-transferase positive liver foci. Only canthaxanthin, astaxanthin, and b-apo-80-

carotenal decreased in vivo AFB1-induced DNA single-strand breaks, the binding

of AFB1 to liver DNA and plasma albumin, and increased in vitro AFB1

metabolism to AFM1 (a less toxic metabolite). b-Carotene did not protect hepatic

DNA from AFB1-induced alterations. Thus, the observed protective effect of

b-carotene against AFB1-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 AFB1 induction of liver preneoplastic foci.

b-Carotene, which is noted for its antioxidant properties, protected against AFB1-

induced preneoplastic foci whereas lycopene, which is also a good antioxidant,

did not. The authors noted that b-carotene is mostly converted to vitamin A in the

rat and it possibly protects against AFB1-induced foci through its provitamin A

activity. However, excess dietary vitamin A in their study did not influence the

AFB1 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 CYP1A1). 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. b-Carotene supple-

mentation resulted in induction of a number of cytochrome P450 isozymes in all

tissues. The most affected were CYP3A1/2, CYP2E1, CYP1A1/2, 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 CYP2E1 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 b-carotene in two separate
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intervention trials actually increased the relative risk for lung cancer among

heavy smokers. While b-carotene itself may act as an anticarcinogen due to its

antioxidant properties, its oxidized products which are particularly high in the

lung fluids of smokers may facilitate carcinogenesis (31,32).

Further work in ferrets exposed to cigarette smoke and/or a pharma-

cological dose of b-carotene demonstrated a three to sixfold induction of

CYP1A1 and CYP1A2 but not CYP2E1 and CYP3A1 in lung tissue (33). These

authors also speculated that the enhanced lung carcinogenesis seen with

pharmacological doses of b-carotene supplementation in cigarette smokers may

be due to induction of cytochrome P450 isozymes. Cytochrome P450 enzymes

are inducible in human lung and can convert carcinogens present in tobacco

smoke into DNA-reactive metabolites (34). Greater cytochrome P450 activity in

lung may also increase destruction of retinoic acid, which may suppress

carcinogenesis in epithelial tissues such as lung (35). Liu and coworkers (33)

demonstrated that low levels of retinoic acid in the lung of ferrets exposed to

cigarette smoke and/or pharmacological doses of b-carotene are related to

enhanced retinoic acid catabolism by the induced cytochrome P450 isozymes.

A recently published study (36) reported that astaxanthin and cantha-

xanthin (100 mg/kg diet for 3 weeks) do not induce kidney or liver xenobiotic-

metabolizing enzymes in rainbow trout. A range of cytochrome P450 isozyme

markers were assessed including ethoxyresorufin o-deethylase, methoxy-

resorufin o-demethylase, pentoxyresorufin o-dealkylase, and benzoxyresorufin

o-dearylase. Their findings are in contrast to the previously documented cyto-

chrome P450–inducing effects of canthaxanthin and astaxanthin in rats and mice.

A detailed study on the dose–response effects of lycopene on liver

xenobiotic-metabolizing enzymes in female Wistar rats was conducted by

Breinholt and coworkers (37). These authors noted the abundance of lycopene in

the human food supply, its strong antioxidant function, its presence at between

21% and 43% of total carotenoids in human plasma and evidence of its cancer

preventative effects. Lycopene was administered by gavage at doses of 0.001,

0.005, 0.05, and 0.1 g/kg body weight/day for 2 weeks. In contrast to Gradelet

and coworkers (11) where lycopene had no inducting effect on P450 activities in

male Wistar rats, benzyloxyresorufin o-dealkylase activity was significantly

induced in a dose-dependent fashion at all lycopene doses investigated.

Ethoxyresorufin o-dealkylase activity was induced at the two highest lycopene

concentrations tested. No induction of pentoxyresorufin o-dealkylase or

methoxyresorufin o-dealkylase was observed. Rat plasma lycopene levels ranged

from 16 to 67 mM, which is within the lower range of mean human plasma

concentrations. Gradelet and coworkers (11) did not determine plasma lycopene

concentrations, and it cannot be concluded whether the differences in observed

effects of lycopene between the two reports are due to differences in lycopene

bioavailability or the use of rat models of different ages and sexes.
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IV. CAROTENOIDS AND CYTOCHROME P450 ENZYME
ACTIVITIES IN HUMANS

Very limited data have been generated on the induction by carotenoids of

cytochrome P450 isozymes in humans. Le Marchand and coworkers (38)

examined lifestyle and nutritional correlates of CYP1A2 activity in 43 human

subjects with in situ colorectal cancer and 47 healthy population controls. In a

stepwise multiple regression analysis, 27% of the overall variation in CYP1A2

activity was explained by seven variables. Plasma lutein accounted for the largest

portion (7%) of the variance in CYP1A2 activity and was negatively associated

(p ¼ 0.006) with activity. The authors suggested that plasma lutein may be a

marker of intake of green leafy vegetables which may contain other constituents

that inhibit CYP1A2. However, plasma lycopene was positively associated

(p ¼ 0.06) with CYP1A2 activity. Results were similar for colorectal cancer

cases and controls. Almost 73% of the variability in CYP1A2 activity was un

accounted for by any of the correlates examined, which is consistent with the

hypothesis that a genetic polymorphism exists that would explain most of the

interindividual variation. CYP1A2 is involved in the metabolic activation of

various procarcinogens such as aromatic amines and heterocyclic amines through

N-oxidation (39). Its activity can be easily measured in humans by monitoring the

rate of demethylation of caffeine through analysis of caffeine and its metabolites

in urine. These authors noted the desirability of further exploring lifestyle and

nutritional correlates of cytochrome P450 activities in humans, preferably with a

prospective study design.

Kistler and coworkers (40) recently investigated the capacity of astaxanthin

to induce cytochrome P450 genes using human hepatocytes grown in primary

cultures as an in vitro model. The human liver samples used for the preparation

of the primary hepatocyte cultures were obtained from patients who underwent

a partial hepatectomy for the resection of liver metastases of various origins.

Their data indicated that astaxanthin induces CYP3A4 and CYP2B6 but

not CYP1A1 and CYP1A2, as has been reported in the rat (11,19), when

the human hepatocytes were cultured for 96 h in the presence or absence of

3.75 mM astaxanthin. CYP3A4 is the major form of cytochrome P450 in adult

human liver.

V. CONCLUSIONS

Limited data exist on the induction of cytochrome P450 isozymes by dietary

carotenoids. The poor correlation between findings in rats and mice in relation to

factors influencing xenobiotic-metabolizing enzyme activities emphasizes the

necessity for a conservative approach in extrapolating findings from rodents to
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humans. The very few data on induction by carotenoids of cytochrome P450

isozymes in human subjects further point to a conservative approach in inter-

preting data. Clearly, a need exists for further research, particularly in humans

and cultured human cells, to clarify the role and delineate the mechanism(s)

of action of dietary carotenoids in the modulation of cytochrome P450 isozyme

activities.
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I. INTRODUCTION

A number of variables determine the carotenoid content of raw whole fruits and

vegetables. These include variety (cultivars), maturity at harvest, growing

season, indoor versus outdoor growth, growing location, and harvest storage

conditions (1–3). When considering the absolute carotenoid content of foods, it

is important to keep in perspective the inherent bioavailability differences

between carotenoids from fruits versus carotenoids from vegetables, as well as

the impact of food processing and cooking on bioavailability. These con-

siderations are important when attempting to reasonably determine individual or

population intake of carotenoids from foods.

Carotenoid bioavailability may best be described as a continuum with raw

whole-food sources exhibiting the lowest relative bioavailability, mildly

processed foods slightly better, and purified sources in oily or water-dispersible

preparations having the highest bioavailability (4,5). Results from a number of

well-designed studies have led to the conclusion that orange fruits rank above

green leafy vegetables on this continuum. Most notably, dePee and colleagues

reported that orange fruits (papaya, mango, squash pumpkin) provided twice the

vitamin A activity from an equal amount of b-carotene than green-leafy
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vegetables and carrots provided (6,7). In addition, mean serum response for

b-carotene was four times greater for subjects consuming fruits as than

vegetables. This superiority may be due to differences between the cellular

structures in fruits and vegetables that sequester carotenoids (8). In dark green

leafy vegetables, carotenoids are contained in chloroplasts in crystalline form. In

orange and yellow fruits, carotenoids are dissolved in oily droplets within the

chromoplast structure. The functional result of these differences is that

carotenoids dissolved in oily droplets, as they occur in orange and yellow fruits as

well as sweet potatoes, are more likely to be solubilized by the digestive milieu

during intestinal transit. Carotenoids contained within chloroplasts, in crystalline

sheets, or complexed to proteins may not be as accessible to the digestive

processes that render these compounds bioavailable. For example carrots, contain

a- and b-carotene sequestered in crystalline sheets, surrounded by a number of

thickened membranes (9–11). Thermal processing has the potential to improve

carotenoid bioavailability by disrupting the matrix of the cellular structures.

The extent of this disruption varies depending on the plant type and rigor of the

processing applied. Increased extractability of carotenoids following heat

treatment offers one fundamental observation to support this conclusion (12,13).

Increased extractability of carotenoids from spinach following blanching

and steaming (12,13) has led to the logical assumption that disruption of the food

matrix will improve carotenoid bioavailability. If the goal is to maximize

carotenoid bioavailability, then disruption must be balanced so that processing

severity does not result in excessive degradative loss of carotenoids through heat

or oxidation. The type of food, or at least the type of cellular structures containing

the carotenoids, in part determins where the optimal balance between maximum

bioavailability and minimal nutrient loss will lie. In reality, a processing regimen

is dictated by the requirements of food safety and desired organoleptic qualities

of the final product. For example, it would not be practical to reduce the

temperature or time of retort processing (canning) in order to minimize

carotenoid loss. Retort processing is rigorous because canned foods are stored at

room temperatures and must remain unspoiled for the duration of shelf life.

Blanching of vegetables prior to freezing is also driven by the need to preserve

organoleptic characteristics and improve shelf life. However, food storage and

preparation methods used by consumers can, in many cases, be selected to

maximize nutrient retention.

As consumer awareness of the potential health benefits of carotenoids

grows, increasing numbers of food product manufacturers will draw attention to

the carotenoid content of their products. For these manufacturers, knowledge of

processing effects on carotenoid degradation and isomerization is critical. This

knowledge is also equally important to the researchers who study carotenoid and

vitamin A intake of individuals and populations. The purpose of the following

discussion is to consider the impact of food processing and preparation on
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carotenoid content of foods in the context of bioavailability. The discussion is

focused on b-carotene, lutein, and lycopene because these have been most

thoroughly explored by the research community. The tables in this chapter

summarize published reports of degradative losses and isomerization of

b-carotene, lutein, and lycopene following processing and cooking.

II. b-CAROTENE

b-Carotene is valued because of its unique ability to provide retinol or active

vitamin A. For this reason, knowledge of the effects of processing on b-carotene

bioavailability is critical for accurate assessment of the provitamin A value of

foods for the purpose of food surveys or epidemiological studies. For example,

consumption of raw or unprocessed vegetables may provide significantly less

bioavailable b-carotene (provitamin A) than consumption of an equal amount of

processed vegetable. In addition, food manufacturers may base vitamin A label

claims on b-carotene content of the food product. In these cases, it may be useful

to consider the use of correction factors to account for b-carotene stability and

proportion of cis isomers since they demonstrate less provitamin A value (14,15).

A thorough understanding of the effects of processing on carotene bioavailability

must include knowledge of degradation and isomer formation during processing

and storage.

A. Food Processing

The impact of thermal processing on b-carotene degradation is summarized by

process type in Table 1. Experimental commercial-scale deep frying of blanched

carrot chips has been shown to result in significant loss of b-carotene (16). In this

study, sliced carrots were dehydrated and then rehydrated in boiling water prior

to deep frying. The authors further explored the effects of dehydration on

carotenoid degradation and found that deep-fried sliced carrots retained

approximately 90% of their b-carotene content when the dehydration–

rehydration steps were eliminated. Carrots were merely steam blanched for

4 min, cooled under running tap water for 4 min, and soaked in 0.2%

metabisulfite solution for 15 min prior to deep frying. When carrot slices were

dehydrated in a cabinet dryer to moisture content ,10% then rehydrated for

1 min in boiling distilled water, b-carotene retention upon frying was only about

67%, highlighting the detrimental effects of dehydration during processing. This

study also included an experimental protocol to determine the optimal

antioxidant presoak. In addition to metabisulfite, salt brine, erythorbic acid,

and l-cysteine were studied. The results suggested that erythorbic acid was nearly

as effective as metabisulfite in preserving carotenoid content.
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Table 1 Carotenoid Retention During Commercial Food Processing (% apparent retention, relative to fresh food)

Process Ref. Food b-Carotene (%) Lycopene (%) Lutein (%)

Deep frying 16 Carrot chips (sliced), raw 100

Not dehydrateda 91

Partially dehydrateda 79

Dehydrated and rehydrated at

room temperaturea
68

Dehydrated and rehydrated in

boiling watera
67

Pasteurization 17 Tomato, hot-break extract 114 103 93

Retort sterilization 17 Tomato, paste 97 137 97

Extrusion 22 Starch-based matrixb 8

Spray drying 26 Maltodextrin encapsulatec 89

Drum drying 26 Maltodextrin encapsulatec 86

Freeze-drying 26 Maltodextrin encapsulatec 92

Oven drying 24 Spinach 72

10 h, 658C
Sun drying

10 h 24 Spinach 43

24 + 12 h 25 Amaranth leavesd 2

aAll treatments included a 4-min steam blanch, 4 min cooling under running tap water, followed by a 15-min. soak in 0.2% (w/w) sodium metabisulfite.

b-Carotene retention results include total carotene, all-trans b-carotene, a-carotene, and cis-b-carotene.
bExtrudate contained b-carotene, corn starch, and water.
cb-Carotene was encapsulated in 25 dextrose equivalent maltodextrin by each of three drying processes. Retention refers to b-carotene retained during first

24 h following drying.
dGreen leafy vegetable (Amaranthus cruentus).
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Table 2 Cis Isomer Formation During Commercial Food Processing and Home Cooking

Process Ref. Food

b-Carotene

(% cis isomers)

Lycopene

(% cis isomers)

Retort 19 Fresh tomato 12.9

Canned tomato 31.2

Tomato juice 32.7

18 Fresh tomato 21.8 4.2

Tomato juice 78.3 3.6

Whole tomato, canned 62.0 3.7

Tomato soup 55.6 4.3

Tomato sauce 54.1 5.1

Tomato paste 85.9 4.1

17 Tomato (fresh) ,1 20.6

Tomato paste 9.7 25.2

63 Tomato (fresh) 7.7

Tomato paste 5.5

19 Carrot (fresh) 0

Carrot, canned 26.8

Collards (fresh) 25.0

Collards, canned 44.0

Spinach (fresh) 11.8

Spinach, canned 34.5

Peach (fresh) 26.7

Peach, canned 40.0

Sweet potato (fresh) 0

Sweet potato, canned 38.8

Lye peeling 18 Fresh tomato 21.8 4.2

Raw, peeled 23.8 5.4

Concentration 18 Tomato (fresh) 21.8 4.2

Tomato, paste 57.8 5.1

Pasteurization 18 Tomato (fresh) 21.8 4.2

Tomato, hot-break extract 57.6 6.0

17 Tomato paste: raw ,1 20.6

Hot-break extract 3.9 25.5

63 Tomato (fresh) 7.7

Tomato sauce (hot break) 6.0

Tomato sauce (cold break) 6.3

19 Oranges (fresh) 15.4

Orange juice 16.7

Stewing (high

temperature)

53 Spaghetti sauce prepared

from canned tomatoes

Temp range:

858–1108C
canned tomato

spaghetti sauce

16

44–65

Boiling 19 Broccoli (fresh) 29.5

1008C, 7 min Broccoli, boiled 29.8
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A fairly wide range of values has been reported for b-carotene cis isomer

content of processed foods (Table 2). Raw whole tomatoes are reported to contain

between 1% and 22% cis isomers of b-carotene (17–19). This reported

variability is likely due to analytical variation of the high-performance liquid

chromatography (HPLC) methods used. Differences in cis-b-carotene content of

cultivars may also contribute to reported variability.

Pasteurization of tomatoes during the production of tomato juice, a

relatively mild process, does not appear to result in loss of b-carotene and may

result in increased extractability (Table 1) (17). While pasteurization of tomatoes

during juice production did not appear to result in significant b-carotene

degradation, the process has been shown to result in significant conversion of all-

trans b-carotene to cis isomers (18). In raw, fresh tomatoes, approximately 22%

of b-carotene was present as cis-b-carotene as compared to 58% cis-b-carotene

in pasteurized (hot break) tomato juice (Table 2). This was lower than the

proportion of cis-b-carotene reported for the same tomatoes processed into juice

by retort methods, approximately 78% cis-b-carotene. In the same study,

whole canned tomatoes contained 62% cis-b-carotene, tomato soup 56% cis-b-

carotene, and tomato sauce 54% cis-b-carotene following retort processing. The

retort-processed tomato paste contained the greatest proportion of cis-b-carotene

at 86%. The cis versus trans proportions reported for b-carotene are in stark

contrast to the cis-lycopene profile of tomatoes reported by these authors (see

lycopene section of this chapter).

Retort processing also appears to induce significant changes in the isomer

profile of b-carotene in a variety of other foods (19–21). Retort processing of

carrots and sweet potatoes resulted in an increase in cis-b-carotene from zero in

raw food to 27% cis-b-carotene for carrots and 39% for sweet potatoes (19). In

the same study, retort processing was also shown to increase the cis-b-carotene

content of collards, spinach, and peaches (Table 2).

Extrusion processing employs high temperature and mechanical pressure in

the presence of oxygen. As expected, b-carotene has been shown to be subject to

extensive oxidative degradation during this process (22). Extrusion processing of

a b-carotene and cornstarch slurry resulted in 92% loss of all-trans b-carotene

(22). The degradative products identified in the extrudate were classified into six

groups: cis isomers, diepoxides, apocarotenals, a ketone derivative, a dihydroxide

derivative; and a monohydroxide diepoxide derivative. It may be possible to

mitigate some loss of b-carotene by optimizing extrusion settings such as process

temperature, screw speed, moisture content, and residence time for maximal

carotenoid stability (23).

Dehydration of foods for long-term storage and shelf stability is likely to

have a significant impact on carotenoid content. Temperature, light, and oxygen

exposure are variables that determine the destructive potential of various

dehydration methods. For example, oven-dried (10 h at 658C) spinach retained
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72% of its raw b-carotene content as opposed to sun-dried spinach (10 h), which

retained only 43% (24). When amaranth leaves (green leafy vegetable component

of traditional Tanzanian diet) were sun or shade dried for approximately 24 h,

only 2–4% of the fresh leaf b-carotene content remained (25). By comparison,

freeze-drying methods employ significantly less heat and thus offer the potential

to minimize thermal degradation. Freeze-drying of carrots has been reported to

prevent significant loss of b-carotene during both processing and shelf storage

relative to alternative dehydration methods (11,21).

b-Carotene stability during commercial encapsulation in maltodextrin by

different drying methods has also been reported (26). During the first 24-hours

following drying, the spray-dried b-carotene and maltodextrin slurry retained

89% of the original b-carotene, the drum dried slurry retained 86%, and the

freeze dried slurry retained 92%. Stability beyond the initial 24 h was dependent

on the resultant particle size of the dried product and on the proportion of

b-carotene present at the surface of the particles.

Oxygen exposure during storage of dehydrated foods is also an important

variable. For example, b-carotene retention following shelf storage of dehydrated

potato flakes has been shown to be inversely related in a dose-dependent manner

to oxygen exposure (27). Consideration should be given to potential sources of

oxygen such as head space in finished product packaging and also gas

permeability of packaging materials.

B. Food Preparation

Microwave cooking of fresh vegetables is a rapid cooking method that appears to

preserve carotenoid content fairly well. Microwave cooking of short duration,

5 min or less at high power, has been shown to preserve 100% of the b-carotene

content of fresh broccoli, spinach, and green beans (12). These results were

in contrast to earlier publications by this group demonstrating that microwave

cooking resulted in small losses of b-carotene, i.e., 5–15% loss following

preparation of acorn squash, brussels sprouts, and kale (28,29). Steaming broccoli

and spinach for 5 min and 3 min, respectively, also did not result in significant

degradative loss of b-carotene. Boiling broccoli for 7 min did not change

the isomer profile for b-carotene in this vegetable (19). Collectively, the studies

demonstrated that b-carotene is reasonably heat stable and can resist degradative

loss during mild to moderate heat exposure.

Simmering amaranth leaves (green leafy vegetable component of

traditional Tanzanian diet) for 15–60 min, covered and over medium heat, did

not result in loss of b-carotene (25). However, loss of b-carotene from spinach

has been reported following blanching (24). While blanching for 5 min resulted

in little change, blanching for 15 min resulted in 26% loss of b-carotene from

spinach leaves. These results are contrasted with the effects of both stir-frying
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(open-pan cooking for 30 min) and pressure cooking (10 min) spinach with fat,

salt, and spices (24). In these experiments, b-carotene content was not changed.

C. Implications for b-Carotene Bioavailability

The bioavailability of b-carotene is of particular interest owing to its provitamin A

properties. Factors such as food matrix, extent of degradation, and isomerization are

important in determining the vitamin A value of b-carotene in foods. The current

Dietary Reference Intake (DRI) for vitamin A reflects updated scientific knowledge

of food matrix effects on bioavailability by suggesting a retinol equivalency ratio of

12 mg of b-carotene from foods to 1 mg retinol versus 2 mg b-carotene from

supplemental b-carotene (free of matrix) to 1 mg retinol (30). The dramatic impact

of the vegetable matrix itself cannot be ignored. b-Carotene has been reported to be

only about 7% bioavailable from green leafy vegetables (7). b-Carotene from raw

carrots has been shown to be only about one-forth as bioavailable as purified

crystallineb-carotene and juiced carrots only slightly less than half as efficacious as

the b-carotene supplement (31). The bioavailability of b-carotene from fruits,

where the carotenoid is present in the chromoplast, has been shown to be

significantly superior to that of b-carotene from green leafy vegetables (6).

Food processing has the capability to dramatically affect b-carotene

bioavailability. At one extreme, physical disruption of the matrix can greatly

improve the bioaccessible fraction of carotenoid; at the other extreme, extensive

exposure to heat and oxygen can prove detrimental to the content of carotenoids

in the food. Physical disruption of the matrix, in its simplest form, occurs when

foods are chopped or pureed. This sort of basic processing has been shown to

increase the bioavailability of b-carotene (32,33). In one study, food particulate

size was significantly inversely associated with serum carotenoid concentration

in children (34). Enzymatic liquefication of spinach, resulting in extensive

disruption of the plant matrix, provided a significantly more bioavailable source

of b-carotene as compared to whole leaf or minced spinach (35). Although

significant, b-carotene was still substantially more bioavailable when provided as

a purified carotenoid suspended in vegetable oil. The mean plasma response of

subjects who consumed the purified supplement was more than 13-fold greater

than the subjects who consumed the liquefied spinach.

In addition to disrupting the matrix, thermal processing of vegetables has

the potential to induce appreciable isomerization (see discussion above). The

Food and Nutrition Board’s DRI report considers cis-b-carotene to be half as

bioavailable as all-trans b-carotene (30). It is well recognized that all-trans

b-carotene is preferentially absorbed over cis isomers, as assessed by serum and

triglyceride response in humans (36–39). This conclusion has been supported

by animal models of b-carotene bioavailability (14,15). You et al. have

demonstrated that orally administered 9-cis b-carotene is isomerized to the all-
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trans isomer in the gut prior to incorporation into chylomicrons (40). In this study,

oral ingestion of [13C]9-cis-b-carotene by human subjects resulted in the

appearance of [13C]all-trans b-carotene and [13C]all-trans retinol in plasma. This

was the first study to show that b-carotene undergoes isomerization at the level of

the gut. However, it is not clear if this finding is physiologically relevant only at

very low intraluminal concentrations, thus explaining the observation that all-

trans b-carotene functionally provides greater vitamin A value.

Extensive isomerization of b-carotene in processed foods may reduce

bioavailability. However, for processed vegetables, the positive impact of

thermal and mechanical disruption of the matrix on bioavailability may be of

greater value. In a cross-over study comparing plasma b-carotene following

4-week periods of feeding either raw vegetables (carrots and spinach) or pureed

and retort-processed carrots and spinach, plasma response was increased three-

fold following the processed vegetable arm, despite significant b-carotene

isomerization (41). The raw vegetable dose was comprised of 94% all-trans and

6% cis-b-carotene and the processed vegetables provided 76% all-trans and 24%

cis-b-carotene. The daily dose of b-carotene provided by each of these treatments

was approximately 9.3 mg. This observation suggests that at this level of daily

intake, cis isomerization of b-carotene is not detrimental to b-carotene

bioavailability; rather the benefits of thermal processing on the plant matrix

outweigh it. A more recent study employing stable isotope technology supports

this conclusion. The authors concluded that b-carotene bioavailability from

pureed and retort-processed carrots was two times greater than carrots boiled and

mashed, despite increased cis isomer content of the more extensively processed

carrot puree (42). Additive effects of homogenization on heat treatment have

been demonstrated in humans using a factorial study design approach (43). In this

approach, b-carotene bioavailability from canned tomatoes was improved

following additional homogenization. Additional heat treatment, beyond that

provided by the thermal process of canning, did not appear to enhance

bioavailability even in samples that were also extensively homogenized.

An interesting approach to maximizing b-carotene bioavailability from

processed foods comes from an observation reported in an animal study (44).

During intestinal infusion of b-carotene in ferrets, it was noted that a-tocopherol

enhanced the lymphatic transport by 4-fold when present at physiological

levels and up to 21-fold when present in the infusate at a pharmacological

concentration. The addition of optimized antioxidant blends to food ingredients

might serve to protect the carotenoid content during processing and also during

shelf storage. In addition, antioxidants may improve carotenoid bioavailability

during gastrointestinal processing by reducing oxidation of the molecule.
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III. LUTEIN

Lutein is primarily present as a fatty acid ester in certain orange fruits and

vegetables such as squash and papaya (45). In green leafy vegetables, lutein is

present unesterified to fatty acids or as free lutein (45). The impact of this

difference on bioavailability and food processing stability is not known. Lutein

and its structural isomer, zeaxanthin, have attracted a great deal of attention

owing to the plausibility that they function as blue-light filters in protecting the

eye (46). Increased epidemiological research has made accurate estimation of

dietary lutein intake and absorption increasingly important. A number of food

companies have added lutein to products or have focused labeling attention on the

inherent content of lutein in their foods. For this reason, knowledge of lutein’s

stability, isomerization during processing, and bioavailability has become

critical.

A. Food Processing

The effects of commercial food processing on lutein stability have been reported

only for a small number of applications. In tomatoes, nearly 100% retention of

lutein content during the manufacture of tomato puree and paste has been

reported (Table 1) (17). Khachik and Beecher have measured lutein in processed

foods and have identified a possible dehydration product of lutein that may be

produced during the acidic processing conditions during the manufacture of baby

food squash (28). Lutein degradation and isomerization has also been noted

during retort processing of low-acid canned foods (Abbott Laboratories, personal

communication).

The effects of commercial food processing on lutein in foods are not well

characterized. Perhaps one reason for this may be that b-carotene and lycopene

have historically attracted more health research interest. Analytical limitations

have also likely contributed to the lack of literature. Increasing interest in the

health impact of lutein will likely result in more published data in the future.

B. Food Preparation

Microwave cooking, for 5 min or less at high power, has been shown to preserve

100% of the lutein content of fresh broccoli, spinach, and green beans (12). While

trans and cis isomers of lutein and neoxanthin appeared to be quite stable, this

was not the case for all xanthophylls. Violaxanthin and lutein epoxide losses were

appreciable even under these mild cooking conditions. Boiling green beans for

1 h did not result in loss of lutein; however, neoxanthin, violaxanthin, and lutein

5,6-epoxide were mostly destroyed (12) (Table 3).
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Table 3 Carotenoid Retention During Cooking/Food Preparation

(% Apparent Retention, Relative to Fresh Food)

Cooking

method Ref. Food

b-Carotene

(%)

Lycopene

(%)

Lutein

(%)

Microwave

in water

6 min 29 Brussels sprouts 85 88

Kale 86 69

8 min 28 Acorn squash 95 74

Microwave, 12 Broccoli 105 116

no water Spinach 102 92

Green beans 113 120

Steaming 12 Broccoli 118 115

Spinach 111 112

Stewing,

medium heat

8 min

12 Tomato 107 112 115

Simmering,

covered,

med heat

25

15 min Amaranth

leavesa
74

30 min Amaranth

leavesa
83

60 min Amaranth

leavesa
87

Boiling 12

9 min Green beans 115 103

1 h Green beans 112 107

Blanching

5 min 24 Spinach 92

5 min 25 Amaranth

leavesa
84

10 min 24 Spinach 83

15 min Spinach 74

Stir-fry,

open pan

30 min

24 Spinach 98

Pressure

cooker

10 min

24 Spinach 99

(continued )
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The overall conclusion of these studies is that lutein, as well as carotenes,

are reasonably heat stable during both mild to moderate cooking and may also be

stable during more severe cooking procedures, such as boiling.

C. Implications for Lutein Bioavailability

The observation that lutein remains stable during food preparation implies that

mild to moderate thermal processing will only improve lutein bioavailability

from foods. Independent of thermal processing, the molecular structure of lutein

appears to contribute to improved stability and bioavailability, at least relative to

b-carotene. Unlike the hydrocarbon structure of b-carotene, lutein contains two

hydroxyl groups, one at each end. Increased polarity of lutein relative to a

hydrocarbon carotene influences its behavior during digestion and intestinal

absorption. For example, when eight subjects were fed Betatene, a source of

mixed carotenoids from the alga Dunaliella salina, lutein appeared in the

chylomicron fraction at a proportion more than 13 times its concentration in

Betatene (47). The chylomicron carotenoid content comprised 10.9% lutein and

81.2% b-carotene compared to 0.8% lutein and 93.5% b-carotene in the Betatene

supplement. This observation has also been reported in chylomicron lymph

samples of ferrets fed a tomato oleoresin source of lycopene (48). The oleoresin

was reported to contain 98% lycopene, 2% b-carotene, and ,0.1% lutein. The

lymph samples obtained following oral ingestion of oleoresin contained only

46% lycopene while b-carotene comprised 9% and 45% of lymph carotenoid was

lutein. In humans, lutein has been shown to be significantly more bioavailable

Table 3 Continued

Cooking

method Ref. Food

b-Carotene

(%)

Lycopene

(%)

Lutein

(%)

Refrigerated

storage, in

polythene

bag

48 h,

24 Spinach 83

Refrigerated

storage, no,

bag

48 h

24 Spinach 99

aGreen leafy vegetable (Amaranthus cruentus).
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than b-carotene from a diet of mixed vegetables (49). Lutein has also been shown

to be significantly more bioavailable than b-carotene from spinach (35). These

observations demonstrate the important role of polarity when estimating the

relative bioavailability of different carotenoids from foods.

Purified lutein for dietary supplements or food ingredients is commercially

available in two forms: lutein esters (diesters) or free lutein (unesterified or

“free”). A recent study designed to systematically evaluate the bioavailability of

lutein from these sources in humans found that lutein esters were slightly more

bioavailable at the dose studied, approximately 20 mg for a 70-kg participant

(50). In this cross-over study, the two lutein sources were directly administered as

a crystalline suspension in gelatin capsules to the subjects. The authors compared

their results to that of an earlier study published by Kostic et al. (51). In Kostic’s

study, the free lutein source was extracted from its crystalline suspension and

dissolved in corn oil prior to being fed to human subjects. In their discussion,

Bowen et al. (50) noted that lutein dissolved in corn oil appeared to be

significantly more bioavailable than free lutein or lutein esters when offered as

concentrated crystalline suspensions. These authors suggested that bioavail-

ability of lutein from dietary supplements may be more dependent on the degree

of processing or molecular dispersion applied to the lutein source rather than the

form of lutein, i.e., free or esterified. By implication, processed foods that contain

supplemental lutein may offer a more bioavailable dose of lutein than that of

tablet-style supplements. Solubility and stability during processing should also be

considered when selecting a commodity for food fortification.

IV. LYCOPENE

Tomatoes provide an abundant source of dietary lycopene, and more than 80%

are consumed in the form of processed tomato products (1). The isomer profile of

lycopene in foods is different than that observed for b-carotene. Lycopene is

present in both fresh and thermally processed foods almost exclusively as all-

trans lycopene (18,52). During thermal processing, b-carotene undergoes

isomerization (see b-carotene section of this chapter) whereas lycopene remains

more resistant to isomerization, even during exposure to extreme temperatures.

This interesting observation has led to a number of studies testing the stability

of lycopene in both food and purified preparations at high temperatures.

One inherent difficulty in assessing the impact of processing on lycopene

isomerization is that sophisticated separation techniques are required to

adequately separate isomers. This difficulty may in part explain the variation in

analytical results between studies that have explored this question.
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A. Food Processing

During processing for juice, tomatoes typically undergo hot-break procedures for

creating a peeled and mashed intermediate. The fruit is then either pasteurized and

aseptically packaged or retort processed during canning. In one study, lycopene was

not oxidized to an appreciable extent during the processing of fresh tomatoes to both

a hot-break extract and retort-sterilized paste (17). In the same study, these

processes induced minimal isomerization. The fresh tomatoes were reported to

have 20.6% cis-lycopene whereas the processed products contained about 25% cis-

lycopene. High-temperature stewing, 85–1108C for up to 1 h, has been shown to

result in significant isomerization of lycopene in canned tomatoes (53). A carefully

conducted study by Nguyen and Schwartz revealed that standard processing

procedures, including lye peeling, hot-break juicing, and retort processing, did not

induce isomerization of lycopene (18). In their studies, isomerization was

successfully induced when tomatoes were heated, in olive oil, at approximately

2008C for 45 min. These authors also reported that commercially available drum-

dried tomato flakes, as well as other processed tomato products, contained cis

isomer content consistent with the experimental processed tomatoes products,

less than 10% cis-lycopene. Lycopene is clearly quite stable in foods as an all-trans

isomer. There is little likelihood that mild to moderate cooking methods applied to

tomato products would have an extensive impact on the isomer profile.

B. Food Preparation

Stewing is a typical method used to prepare tomato sauce from fresh or canned

tomatoes. In one report, stewing tomatoes over medium heat for 8 min did not change

the amount of lycopene present (12). It seems reasonable to assume that extensive

cooking time or extensive heat in the presence of oxygen in an open pan would

eventually result in degradative losses of lycopene. Oxidation has been identified as a

primary factor in degradative losses of lycopene during processing (1). The

susceptibility of lycopene to thermal isomerization does not appear to be affected by

cultivars, addition of cooking oil, or mechanical disruption of tomato skin during

cooking (54). Unlike b-carotene and lutein, where extensive thermal isomerization

occurred during tomato cooking, lycopene was stable in its all-trans form.

C. Implications for Lycopene Bioavailability

Thermal processing of tomatoes has been shown to improve lycopene

bioavailability (55–57). Lycopene absorption from a single serving of tomato

paste, as compared to fresh tomatoes, demonstrated 2.5-fold higher peak serum

concentration and 3.8-fold higher total area under the curve (57). Both doses were

fed to subjects along with 15 g of corn oil. In a study comparing fresh tomatoes to
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tomato puree, provision of tomato puree was significantly more effective in raising

total plasma lycopene (56). The importance of thermal processing on lycopene

bioavailability has also highlighted by the work of Stahl and Sies (58). These

authors reported that a single serving of tomato juice (to provide 2.5 mmol/kg body

weight or approximately 100 mg of lycopene for an 70-kg subject) did not increase

serum lycopene in human subjects. However, when the same dose of tomato juice

was heated to 1008C for 1 h with oil, serum lycopene did increase and peaked at

24–48 h. In a factorial study designed to test the interaction of mechanical

disruption of the food matrix and thermal processing, it was reported that heat

treatment alone was less destructive to the tomato cell wall than extensive

homogenization alone (55). As a result, extensive homogenization appeared to be

most effective at releasing lycopene from the tomato matrix, as measured by in vitro

extractability and postprandial triglyceride-rich lipoprotein lycopene content.

In human plasma, b-carotene is nearly exclusively all-trans b-carotene

while cis isomers of lycopene makes up at least 50% of the total plasma lycopene

(58). The apparent discrepancy between the isomer profile of processed tomato

products (mostly all-trans lycopene) and the predominance of cis isomers in

serum and tissues has lead to speculation regarding the physiological origin of

cis-lycopene. A number of studies have supported the hypothesis that cis-

lycopene preferentially accumulates in tissues and serum (52,53,57,59). Data

obtained during collection of lymph from ferrets fed tomato oleoresin provided

evidence that cis isomers of lycopene are more bioavailable than all-trans

lycopene (48). While the dose contained more than 90% all-trans lycopene, the

mesenteric lymph secretions contained more than 75% cis isomers of lycopene.

Serum and tissue lycopene was also enriched in cis isomers, representing

more than 50% of lycopene present. The bioavailability differences may be due to

the extreme hydrophobicity of all-trans lycopene and the possibility that

cis-lycopene may be less likely to aggregate in a crystal structure, rendering it

less soluble in the intestinal milieu (60). Thus, lycopene bioavailability appears to

be enhanced by thermal and mechanical processing, even when these processes

are severe. However, food processing and cooking does not induce appreciable

isomerization of lycopene.

V. CONCLUSIONS

Lycopene and b-carotene behave differently during thermal processing of foods.

While lycopene remains quite stable in its all-trans form, even during rigorous

processing, b-carotene is far more labile to heat. Unlike cis-lycopene, cis

isomers of b-carotene are not likely to be more bioavailable than the all-trans

isomer. Thus, greater care should be taken when processing and cooking foods

containing b-carotene. Relative bioavailability of cis- versus trans-lutein has not
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yet been explored. Perhaps its polar qualities will supersede any advantage, or

disadvantage, observed by the introduction of cis isomers.

Beyond the scope of heat and mechanical disruption, factors such as lipid

and antioxidant constituents of processed foods must also be considered.

Additional antioxidant ingredients, such as vitamin C and E, seem to provide

significant protection from both degradation and isomerization. Carotenoids

themselves are recognized for their antioxidant value in foods high in

polyunsaturated fatty acids, such as fish (61). The lipid constituent of processed

foods may also be of importance to potential bioavailability. For example,

lycopene absorption from olive oil has been shown to be more than twice as

bioavailable as lycopene suspended in corn oil in rats (62). Many aspects of food

composition, processing, storage, and preparation impact carotenoid content and

isomer profile. The impact of these effects on bioavailability is quite variable. In

order to maximize bioavailability, processing methods could be optimized to

maximize carotenoid stability while also providing disruption of the food matrix

that sequesters the carotenoids.

REFERENCES

1. Shi J, Le Maguer M. Lycopene in tomatoes: chemical and physical properties

affected by food processing. Crit Rev Food Sci Nutr 2000; 40:1–42.

2. Khachik F, Beecher GR, Goli MB. Separation, identification, and quantification of

carotenoids in fruits, vegetables and human plasma by high performance liquid

chromatography. Pure Appl Chem 1991; 63:71–80.

3. Gross J. Pigments in Vegetables: Chlorophylls and Carotenoids. New York: Van

Nostrand Reinhold, 1991: pp 73–254.

4. Yeum KJ, Russell RM. Carotenoid bioavailability and bioconversion. Annu Rev

Nutr 2002; 22:483–504.

5. Boileau T, Moore AC, Erdman JW Jr. Carotenoids and vitamin A. In: Papas AM, ed.

Antioxidant Status, Diet, Nutrition, and Health. Boca Raton: CRC Press, 1999: 133–158.

6. de Pee S, West CE, Permaesih D, Martuti S, M, Hautvast JG. Orange fruit is more

effective than are dark-green, leafy vegetables in increasing serum concentrations of

retinol and b-carotene in schoolchildren in Indonesia. Am J Clin Nutr 1998;

68:1058–1067.

7. de Pee S, West CE, Muhilal, Karyadi D, Hautvast J. Lack of improvement in vitamin

A status with increased consumption of dark-green leafy vegetables. Lancet 1995;

346:75–81.

8. Castenmiller JJM, West CE. Bioavailability and bioconversion of carotenoids. Annu

Rev Nutr 1998; 18:19–38.

9. Zhou JR, Gugger ET, Erdman JW, Jr. Isolation and partial characterization of an

18 kDa carotenoid-protein complex from carrot roots. J Agric Food Chem 1994;

42:2386–2390.

224 Boileau and Erdman

Copyright © 2004 by Marcel Dekker, Inc.



10. Ben-Shaul Y, Treffry T, Klein S. Fine structure studies of carotene body

development. J Microsc (Paris) 1968; 7:265–274.

11. Desobry SA, Netto FM, Labuza TP. Preservation of b-carotene from carrots. Crit

Rev Food Sci Nutr 1998; 38:381–396.

12. Khachik F, Goli MB, Beecher GR, Holden J, Lusby WR, Tenorio MD, Barrera MR.

Effect of food preparation on qualitative and quantitative distribution of major

carotenoid constituents of tomatoes and several green vegetables. J Agric Food

Chem 1992; 40:390–398.

13. Dietz JM, Sri Kantha S, Erdman JW, Jr. Reversed phase HPLC analysis of a- and

b-carotene from selected raw and cooked vegetables. Plant Foods Hum Nutr 1988;

38:333–341.

14. Deming DM, Teixeira SR, Erdman JW, Jr. All-trans b-carotene appears to be more

bioavailable than 9-cis or 13-cis b-carotene in gerbils given single oral doses of each

isomer. J Nutr 2002; 132:2700–2708.

15. Deming DM, Baker DH, Erdman JW, Jr. The relative vitamin A value of 9-cis

b-carotene is less and that of 13-cis b-carotene may be greater than the accepted 50%

that of all-trans b-carotene in gerbils. J Nutr 2002; 132:2709–2712.

16. Sulaeman A, Keeler L, Taylor SL, Giraud DW, Driskell JA. Carotenoid content,

physicochemical, and sensory qualities of deep- fried carrot chips as affected by

dehydration/rehydration, antioxidant, and fermentation. J Agric Food Chem 2001;

49:3253–3261.

17. Abushita AA, Daood HG, Biacs PA. Change in carotenoids and antioxidant vitamins

in tomato as a function of varietal and technological factors. J Agric Food Chem

2000; 48:2075–2081.

18. Nguyen ML, Schwartz SJ. Lycopene stability during food processing. Proc Soc Exp

Biol Med 1998; 218:101–105.

19. Lessin W, Catigani G, Schwartz SJ. Quantification of cis-trans isomers of provitamin

A carotenoids in fresh and processed fruits and vegetables. J Agric Food Chem 1997;

45:3728–3732.

20. Jonsson L. Thermal degradation of carotenes and influence on their physiological

functions. Adv Exp Med Biol 1991; 289:75–82.

21. Erdman JW, Jr., Poor CL, Dietz JM. Factors affecting the bioavailability of vitamin

A, carotenoids, and vitamin E. Food Technol 1988; 42:214–221.

22. Marty C, Berset C. Degradation products of trans-b-carotene produced during

extrusion cooking. J Food Sci 1988; 53:1880–1886.

23. Williams AW, Erdman JW, Jr. Food Processing: Nutrition, Safety, and Quality

Balances. In: Shils M, Olson J, Shine M, Ross A, eds. Modern Nutrition in Health

and Disease. Baltimore: Williams and Welkins, 1999: 1813–1821.

24. Yadav SK, Sehgal S. Effect of home processing on ascorbic acid and b-carotene

content of spinach (Spinacia oleracia) and amaranth (Amaranthus tricolor) leaves.

Plant Foods Hum Nutr 1995; 47:125–131.

25. Mosha TC, Pace RD, Adeyeye S, Laswai HS, Mtebe K. Effect of traditional processing

practices on the content of total carotenoid, b-carotene, a-carotene and vitamin A

activity of selected Tanzanian vegetables. Plant Foods Hum Nutr 1997; 50:

189–201.

Food Processing and Carotenoids 225

Copyright © 2004 by Marcel Dekker, Inc.



26. Desobry SA, Netto FM, Labuza TP. Comparison of spray-drying, drum-drying and

freeze-drying for beta-carotene encapsulation and preservation. J Food Sci 1997;

62:1158–1162.

27. Emenhiser C, Watkins RH, Simunovic N, Solomons N, Bulux J, Barrows J, Schwartz

S. Packaging preservation of beta-carotene in sweet potato flakes using flexible film

and an oxygen absorber. J Food Qual 1999; 22:63–73.

28. Khachik F, Beecher GR. Separation and identification of carotenoids and carotenol

fatty acid esters in some squash products by liquid chromatography.1 Quantification

of carotenoids and related esters by HPLC. J Agric Food Chem 1988; 36:929–937.

29. Khachik F, Beecher GR, Whittaker NF. Separation, identification, and quantification

of the major carotenoid and cholorphyll constituents in extracts of several green

vegetables by liquid chromatography. J Agric Food Chem 1986; 34:603–616.

30. Trumbo P, Yates AA, Schlicker S, Poos M. Dietary reference intakes: vitamin A,

vitamin K, arsenic, boron, chromium, copper, iodine, iron, manganese, molybdenum,

nickel, silicon, vanadium, and zinc. J Am Diet Assoc 2001; 101:294–301.

31. Torronen R, Lehmusaho M, Hakkinen S, Hanninen O, Mykkanen H. Serum

b-carotene response to supplementation with raw carrots, carrot juice or purified

b-carotene in healthy non-smoking women. Nutr Res 1996; 16:565–575.

32. Parker RS. Absorption, metabolism, and transport of carotenoids. FASEB J 1996;

10:542–551.

33. Erdman JW, Jr., Bierer TL, Gugger ET. Absorption and transport of carotenoids.

Ann N Y Acad Sci 1993; 691:76–85.

34. Patel H, Dunn HG, Tischer B, McBurney AK, Hach E. Carotenemia in mentally

retarded children. I. Incidence and etiology. Can Med Assoc J 1973; 108:848–852.

35. Castenmiller JJM, West CE, Linssen JPH, van het Hof KH, Voragen AGJ. The food

matrix of spinach is a limiting factor in determining the bioavailability of b-carotene

and to a lesser extent of lutein in humans. J Nutr 1999; 129:349–355.

36. Stahl W, Schwarz W, von Laar J, Sies H. All-trans b-carotene preferentially

accumulates in human chylomicrons and very low density lipoproteins compared

with the 9-cis geometrical isomer. J Nutr 1995; 125:2128–2133.

37. Johnson EJ, Krinsky NI, Russell RM. Serum response of all-trans and 9-cis isomers

of b-carotene in humans. J Am Coll Nutr 1996; 15:620–624.

38. Gaziano JM, Johnson EJ, Russell RM, Manson JE, Stampfer MJ, Ridker PM, Frei B,

Hennekens CH, Krinsky NI. Discrimination in absorption or transport of b-carotene

isomers after oral supplementation with either all-trans- or 9-cis-b-carotene. Am J

Clin Nutr 1995; 61:1248–1252.

39. Stahl W, Schwarz W, Sies H. Human serum concentrations of all-trans b- and

a-carotene but not 9-cis b-carotene increase upon ingestion of a natural isomer

mixture obtained from Dunaliella salina (Betatene). J Nutr 1993; 123:847–851.

40. You CS, Parker RS, Goodman KJ, Swanson JE, Corso TN. Evidence of cis-trans

isomerization of 9-cis-b-carotene during absorption in humans. Am J Clin Nutr

1996; 64:177–183.

41. Rock CL, Lovalvo JL, Emenhiser C, Ruffin MT, Flatt SW, Schwartz SJ.

Bioavailability of b-carotene is lower in raw than in processed carrots and spinach in

women. J Nutr 1998; 128:913–916.

226 Boileau and Erdman

Copyright © 2004 by Marcel Dekker, Inc.



42. Edwards AJ, Nguyen CH, You CS, Swanson JE, Emenhiser C, Parker RS. a- and

b-carotene from a commercial carrot puree are more bioavailable to humans than

from boiled-mashed carrots, as determined using an extrinsic stable isotope reference

method. J Nutr 2002; 132:159–167.

43. van het Hof KH, de Boer BC, Tijburg LB, Lucius BR, Zijp I, West CE, Hautvast JG,

Weststrate JA. Carotenoid bioavailability in humans from tomatoes processed in

different ways determined from the carotenoid response in the triglyceride-rich

lipoprotein fraction of plasma after a single consumption and in plasma after four

days of consumption. J Nutr 2000; 130:1189–1196.

44. Wang X-D, Marini RP, Hebuterne X, Fox JG, Krinsky NI, Russell RM. Vitamin E

enhances the lymphatic transport of b-carotene and its conversion to vitamin A in the

ferret. Gastroenterology 1995; 108:719–726.

45. Zaripheh S, Erdman JW, Jr. Factors that influence the bioavailablity of xanthophylls.

J Nutr 2002; 132:531S-534S.

46. Junghans A, Sies H, Stahl W. Macular pigments lutein and zeaxanthin as blue light

filters studied in liposomes. Arch Biochem Biophys 2001; 391:160–164.

47. Gartner C, Stahl W, Sies H. Preferential increase in chylomicron levels of the

xanthophylls lutein and zeaxanthin compared to b-carotene in the human. Int J

Vitam Nutr Res 1996; 66:119–125.

48. Boileau AC, Merchan NR, Wasson K, Atkinson CA, Erdman JW, Jr. Cis-lycopene is

more bioavailable than trans-lycopene in vitro and in vivo in lymph-cannulated

ferrets. J Nutr 1999; 129: 1176–1181.

49. van het Hof KH, Brouwer IA, West CE, Haddeman E, Steegers-Theunissen RP,

van Dusseldorp M, Weststrate JA, Eskes TK, Hautvast JG. Bioavailability of lutein

from vegetables is 5 times higher than that of b-carotene. Am J Clin Nutr 1999;

70:261–268.

50. Bowen PE, Herbst-Espinosa SM, Hussain EA, Stacewicz-Sapuntzakis

M. Esterification does not impair lutein bioavailability in humans. J Nutr 2002;

132:3668–3673.

51. Kostic D, White WS, Olson JA. Intestinal absorption, serum clearance, and

interactions between lutein and b-carotene when administered to human adults in

separate or combined oral doses. Am J Clin Nutr 1995; 62:604–610.

52. Clinton SK, Emenhiser C, Schwartz SJ, Bostwick DG, Williams AW, Moore BJ,

Erdman JW, Jr. Cis-trans lycopene isomers, carotenoids, and retinol in the human

prostate. Cancer Epidemiol Biomark Prev 1996; 5:823–833.

53. Schierle J, Bretzel W. Content and isomeric ratio of lycopene in food and human

blood plasma. Food Chem 1997; 59:459–465.

54. Nguyen M, Francis D, Schwartz S. Thermal isomerization susceptibility of

carotenoids in different tomato varieties. J Sci Food Agric 2001; 81:910–917.

55. van het Hof KH, de Boer BC, Tijburg LBM, Lucius BRHM, Zijp I, West CE,

Hautvast JGAJ, Westrate JA. Carotenoid bioavailability in humans from tomatoes

processed in different ways determined from the carotenoid response in the

triglyceride-rich lipoprotein fraction of plasma after a single consumption and in

plasma after four days of consumption. J Nutr 2000; 130:1196–2000.

56. Porrini M, Riso P, Testolin G. Absorption of lycopene from single or daily portions

of raw and processed tomato. Br J Nutr 1998; 80:353–361.

Food Processing and Carotenoids 227

Copyright © 2004 by Marcel Dekker, Inc.



57. Gartner C, Stahl W, Sies H. Lycopene is more bioavailable from tomato paste than

from fresh tomatoes. Am J Clin Nutr 1997; 66:116–122.

58. Stahl W, Sies H. Uptake of lycopene and its geometrical isomers is greater from

heat-processed than from unprocessed tomato juice in humans. J Nutr 1992;

122:2161–2166.

59. Yeum KJ, Booth SL, Sadowski JA, Liu C, Tang G, Krinsky NI, Russell RM. Human

plasma carotenoid response to the ingestion of controlled diets high in fruits and

vegetables. Am J Clin Nutr 1996; 64:594–602.

60. Britton G. Structure and properties of carotenoids in relation to function. FASEB J

1995; 9:1551–1558.

61. Eriksson CE, Na A. Antioxidant agents in raw materials and processed foods.

Biochem Soc Symp 1995; 61:221–234.

62. Clark RM, Yao L, Furr HC. A comparison of lycopene and astaxanthin absorption

from corn oil and olive oil emulsions. Lipids 2000; 35:803–806.

63. Re R, Bramley PM, Rice-Evans C. Effects of food processing on flavonoids

and lycopene status in a Mediterranean tomato variety. Free Radic Res 2002;

36:803–810.

228 Boileau and Erdman

Copyright © 2004 by Marcel Dekker, Inc.



11
Transport, Uptake, and Target
Tissue Storage of Carotenoids

Harold C. Furr
Craft Technologies, Inc., Wilson, North Carolina, U.S.A.

Richard M. Clark
University of Connecticut, Storrs, Connecticut, U.S.A.

I. INTRODUCTION

This chapter focuses on metabolism of carotenoids in humans. However, research

from animal models also cited is because of the many gaps in our knowledge of

human carotenoid metabolism. Some previous reviews on this topic include those

of Goodwin (1), Davies (2), Olson (3), van Vliet (4), Erdman et al. (5), Parker

(6,7), Furr and Clark (8), Castenmiller and West (9), van den Berg (10), Lee et al.

(11), Parker et al. (12), Krinsky and Russell (13), and Khachik et al. (14).

The pathway for carotenoids from foods (or carotenoids in intestinal

contents) to carotenoids in plasma and other tissues consists of many steps. Our

understanding of carotenoidmetabolism is complicated by the fact that examination

of each individual step is difficult; most of the observations to date are of

carotenoids at the beginning and ending stages (carotenoid content in foods and

carotenoid content in plasma), but not of the intermediate steps. In addition, human

studies suffer from substantial inter- and intraindividual variability, as pointed out

by Dimitrov et al. (15,16) and confirmed by numerous subsequent studies.

As discussed elsewhere in this volume, the carotenoids may be classified

as carotenes (hydrocarbon compounds, such as b-carotene, a-carotene, and

lycopene) and xanthophylls (oxygen-containing carotenoids, such as lutein,

zeaxanthin, b-cryptoxanthin, astaxanthin, and canthaxanthin). Hydroxycarote-

noids (cryptoxanthins, lutein, zeaxanthin, astaxanthin) in plant food sources are
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often present as esters with long-chain fatty acids, but are invariably hydrolyzed in

the intestinal lumen so that only the free carotenoids are taken up by enterocytes

(as discussed in Chapter 12). The differences in polarity among carote-

noids (astaxanthin . lutein � zeaxanthin . b-cryptoxanthin . a-carotene �
b-carotene . lycopene) (17) are highly correlated with — and we presume are

partially responsible for — differences in their metabolism.

A. Assessing Bioavailability of Carotenoids

Plasma concentrations of carotenoids are determined not only by rate of intake

but also by rates of uptake from plasma into tissues and reflux from tissues to

plasma. Individual carotenoids differ in plasma transport, uptake (and presum-

ably release) by tissues, and undoubtedly in rates of catabolism and loss. Relative

bioavailability of a specific carotenoid from different dietary sources can be

estimated, but comparison of bioavailabilities of different carotenoids is

problematic. And as pointed out by van den Berg et al. (18), absolute absorption

cannot be calculated from area under the concentration curve (AUC) in plasma

because the kinetics of absorption, transfer from plasma to tissues, and reflux

from tissues to plasma are not known. Thus, attempting to assess bioavailability

of carotenoids solely from plasma concentrations is risky!

B. Species Differences in Selective Accumulation
of Carotenoids; Animal Models

It has become clear that there are species differences in the types of carotenoids

found in tissues. Human plasma and other tissues, for example, contain lutein,

zeaxanthin, a- and b-cryptoxanthin, a- and b-carotene, and lycopene in greatest

quantities. Bovine plasma contains almost exclusively b-carotene (despite the

presence of large amounts of lutein in the diet) (19). The iguana (Iguana iguana),

on the other hand, seems to selectively take up xanthophylls (20). These differences

may be due to (a) diet, (b) selectivity in intestinal absorption, (c) discrimination in

plasma transport, (d) selectivity in tissue uptake from plasma, and (e) differences in

metabolism in tissues. Even within a zoological family there can be substantial

differences among species in plasma carotenoid concentrations, as shown by

Crissey et al. for 12 members of the Felidae (21) and for 9 primate species (22).

In general, mammals are categorized as either white-fat or yellow-fat

animals: the carotenoid content and color of adipose tissue in yellow-fat animals

is due to their ability to absorb and transport and store carotenoids reasonably

well, whereas white-fat animals lack this ability at some point. Humans and other

primates, cattle, ferrets, gerbils, and chickens are yellow-fat animals; pigs, rats,

and mice have white-fat. Lee et al. have provided a useful review of the use of

animal models in studying carotenoid metabolism (11).
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Although the rat is generally considered a poor absorber of carotenoids,

non-provitamin A carotenoids are absorbed in a dose-dependent manner, and it

has been used in many studies of carotenoid metabolism. For example, van Vliet

et al. showed that feeding high levels of b-carotene or canthaxanthin (0.2% of

diet) resulted in accumulation of the dietary carotenoid not only in plasma but

also in liver, lung, and mammae (23).

Ferrets, a species known to absorb carotenoids, can accumulate lycopene in

tissues, with liver . intestine . stomach � prostate (and not detectable in

testes) (24,25). Rats fed lycopene at the same amount per kg body weight

accumulated greater concentrations of lycopene in tissues than do ferrets, but

with the same order of relative concentration (25). In contrast, rats normally do

not have detectable b-carotene in liver when fed at the same concentrations at

which ferrets do accumulate b-carotene in liver (25). Lack of accumulation of

b-carotene in rat is perhaps due to greater b-carotene cleavage activity in the rat.

C. Cleavage of Provitamin A Carotenoids

Provitamin A carotenoids (b-carotene, a-carotene, b-cryptoxanthin) are cleaved

in intestinal cells (and in other tissues) by oxygenase enzymes to form retinoids as

well as apocarotenoids and aporetinoids. This cleavage can be central (between

the 15- and 150carbons in the center of the polyene chain, producing retinoids

as symmetrical products), or excentric (releasing asymmetrical products, i.e.,

apocarotenoids and aporetinoids). The mechanisms of these cleavage enzymes and

the relative importance of these two pathways are discussed in detail elsewhere in

this volume. Apocarotenoids are seldom detected in animal tissues but have been

identified in some experiments (26); they have been used as analogs for study of

carotenoid metabolism and show the same patterns of rise and fall in plasma

concentrations as do other carotenoids (27,28). For our purposes in this chapter, it is

important to note that cleavage is relatively inefficient in humans; significant

quantities of provitamin A carotenoids escape cleavage and are released into the

circulation for uptake by other tissues. This is in contrast to rodents, for example,

where provitamin A carotenoids are efficiently cleaved to vitamin A, with little

release of intact carotenoid into the blood unless massive doses are fed. This

difference in cleavage efficiency among different species exacerbates the problem of

finding appropriate animal models to help elucidate human carotenoid metabolism.

II. PLASMA TRANSPORT OF CAROTENOIDS

A. Overview of Lipoprotein Metabolism

Transport of hydrophobic constituents follows this scenario: Freshly absorbed

lipophilic components from the diet are packaged primarily into chylomicrons,
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and small amounts of very-low-density lipoproteins (VLDLA) in the intestines.

The intestinal lipoproteins are released into the lymph, and pass from the lymph

into the general circulation (but thus are circulated through the entire body

instead of passing via the portal circulation, which transfers nutrients from

the intestines directly to the liver). Although triglycerides are removed from the

intestinal lipoproteins during their circulation through the body (after hydrolysis

of triglycerides by lipases), other components of intestinal lipoproteins are taken

up by the liver. Endogenous lipids are released from liver as VLDL, which are

transformed into intermediate-density lipoproteins (IDLs) and thence into low-

density lipoproteins (LDLs) as components are removed during their circulation.

High-density lipoproteins (HDLs) are formed by release from extrahepatic

tissues and by exchange of components among lipoproteins in circulation.

Chylomicrons are cleared rapidly from plasma (half-life on the order of minutes);

VLDLs and IDLs have somewhat longer half-lives (cleared from circulation

within hours); LDLs circulate for 2 or 3 days; and HDLs have half-lives of

approximately 5–6 days.

The general structure of a lipoprotein (whether chylomicron, VLDL,

LDL, or HDL) is of a nonpolar core (composed primarily of triglycerides and

cholesteryl esters) surrounded by an amphipathic layer of phospholipids and

apoproteins. Specific apoproteins originate in different tissues and can give an

indication of the tissue of origin of the lipoprotein; however, there is

considerable exchange of apoproteins among lipoproteins during circulation in

plasma. The apoproteins are also responsible for interaction with lipoprotein

receptors on tissues and hence uptake of lipoprotein components by tissues.

It is assumed that carotenes (the most lipophilic carotenoids) are transported

in the inner hydrophobic core of lipoproteins and that xanthophylls are

incorporated in the outer, more hydrophilic phospholipid layer, with some

hydrogen bonding between solvent water and the hydroxyl (or keto) functions

of the xanthophylls; this presumption is by analogy with the lipoprotein

transport of a-tocopherol, and there is supporting evidence from studies of

xanthophylls in lipid bilayers (29–33). Borel et al. (34) found that b-carotene

was more soluble than zeaxanthin in bulk triglyceride solution; in lipid droplets

composed of a triglyceride core with a phospholipid outer coating (a model for

lipoprotein structure), the solubility of zeaxanthin increased markedly with

increasing phospholipid content whereas that of b-carotene increased only

slightly.

It should be remembered that the conventional classification of lipoproteins

by density (chylomicrons, VLDLs, IDLs, LDLs, and HDLs) is not definitive,

especially when one considers that enterocytes are not only the source of

chylomicrons, but that they also release VLDL and small amounts of HDL. This

may be an important point when attempting to study kinetics of carotenoid

plasma transport on lipoprotein fractions.
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B. Carotenoid Packaging into Chylomicrons in the Intestine

It might be hoped that understanding the absorption and transport of other lipid-

soluble nutrients could give insight into transport of carotenoids. Vitamin A also

is delivered from the intestines to the liver in chylomicrons, as retinyl esters.

However, at this point the similarity to carotenoid transport ends: in the liver the

retinyl esters are hydrolyzed to retinol, and retinol is released from liver for

delivery to other tissues on a specific carrier protein (retinol-binding protein).

Vitamin E is perhaps a better model because there is no specific carrier protein for

vitamin E in plasma; it is transported nonspecifically by lipoproteins, as are

carotenoids. However, there is a protein in liver (a-tocopherol transfer protein)

which discriminates in favor of a-tocopherol in the transfer of vitamin E

compounds to nascent lipoproteins there; thus, although all forms of vitamin E

are equally well absorbed in the intestines and transported via chylomicrons to

the liver, it is a-tocopherol that is almost exclusively packaged into other

lipoproteins for release into plasma and uptake by extrahepatic tissues.

The mechanism by which carotenoids are taken up by the enterocyte is

unknown. Equally puzzling is how carotenoids are controlled once they enter the

cell. Rao et al. isolated and partially characterized a cellular carotenoid-binding

protein from ferret liver (35,36). In contrast, others have reported finding no

cytosolic carotenoid-binding proteins (37,38). There are no reports of a

carotenoid-binding protein in the enterocyte.

Within the enterocyte several proteins are known to bind lipophilic

compounds. There are two fatty acid-binding proteins (LFABP and IFABP),

acyl-CoA-binding proteins, sterol-binding proteins, and other proteins that

control trafficking of lipophilic compounds within the enterocyte (39). The poor

solubility of carotenoids in aqueous solutions suggests the need for some protein

intracellular transporter of carotenoids. It is very possible, but not yet demons-

trated, that one or more of these known binding proteins, or perhaps specific

carotenoid-binding proteins yet to be discovered, are used for intracellular

transfer of carotenoids. We call to the reader’s attention the existence of sterol-

binding proteins in human intestinal tissue, members of the ATP-binding cassette

(ABC) family that can discriminate between phytosterols and cholesterol (40),

and we raise the possibility of similar carotenoid-binding proteins, which may

impart some specificity to intestinal carotenoid absorption.

The intestine synthesizes VLDLs and chylomicrons for transport of dietary

lipids including carotenoids into the lymph. The assembly of the intestinal

lipoproteins is not fully understood. Two models have been proposed. The first

model is based on work by Tso and colleagues suggesting the existence of two

independent pathways for VLDL synthesis and chylomicron synthesis (41). The

VLDL pathway constantly functions even with low-fat diets. The chylomicron

pathway becomes very active when dietary lipid is provided. With this model,
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one could envision a preferential incorporation of certain carotenoids in VLDLs

and others in chylomicrons based on their structure. A more recent model is

one of sequential assembly of lipoproteins (42). This involves the synthesis of

a primordial lipoprotein containing primarily apoprotein B (apoB) and

phospholipid. An independent synthesis of triglyceride-rich droplets within the

enterocyte provides the hydrophobic domain for fat-soluble vitamins and

carotenoids, and its size varies with dietary lipid load. The final step in synthesis

involves fusion of the primordial lipoprotein with the lipid droplet. The

production of VLDLs or chylomicrons depends on the size of the triglyceride-

rich droplet. With this second model there would be no discrimination between

carotenoids for incorporation into VLDLs or chylomicrons.

The bulk of chylomicron triglycerides and a substantial fraction of

chylomicron cholesterol are taken up by extrahepatic tissues. By analogy, it is

possible that carotenoids could be taken up from chylomicrons by extrahepatic

tissues as they circulate through the body before reaching the liver. It should be

noted that retinyl esters (which have polarity similar to that of carotenes) are

situated in the inner lipid core of the chylomicron particle, are not hydrolyzed

before reaching the liver, and so are taken up almost exclusively by liver cells.

Therefore, it is tempting to speculate that the relatively polar xanthophylls, which

are believed to be located in the outer layer of the chylomicron lipoprotein

particle, may be taken up from chylomicrons by extrahepatic tissues but that the

very nonpolar carotenes, which are buried in the inner lipid core, remain in the

chylomicron remnants and are taken up almost entirely by the liver. To our

knowledge this possibility has not been investigated experimentally.

C. Lipoprotein Transport of Carotenoids in Plasma

As early as 1936, Willstaedt and Lindquist identified the predominant

carotenoids (lutein, zeaxanthin, lycopene, and b-carotene, as well as several

unidentified carotenoids, most likely b-cryptoxanthin) in human serum and liver

(43), but they did not provide dietary intake data on their subjects. The

carotenoids that have been identified in human plasma samples are listed in

Table 1.

A number of experiments have delineated the time-course of carotenoid

concentrations on specific lipoprotein classes after an oral dose of carotenoid; the

findings are consistently similar to the early observations of Cornwell et al. (44)

(Fig. 1): an early peak in carotenoid content in chylomicrons followed quickly by

a peak in VLDLs, with slower accumulation in LDLs and HDLs. Maximal

concentrations of b-carotene associated with LDL in human plasma are much

higher than those of b-carotene associated with HDL (see discussion below), but

the rates of appearance and disappearance are the same in those two lipoprotein

classes. Very similar kinetics have been observed for canthaxanthin in human

234 Furr and Clark

Copyright © 2004 by Marcel Dekker, Inc.



plasma after oral dosing (45). The time-course of the appearance and dis-

appearance of squalene (46), another nonpolar lipid, is similar to that observed

for carotenoids.

It is well documented that there is exchange of cholesterol esters among

lipoproteins, mediated by the cholesterol ester exchange protein (CETP) and

lecithin-cholesterol acyltransferase (LCAT). The fact that carotenoids disappear

at equal rates from both LDL and HDL suggests that there is interchange of

carotenoids between those two lipoprotein fractions also; Borel et al. predicted

that dihydroxyxanthophylls (e.g., lutein and zeaxanthin) would exchange between

lipoproteins faster than monohydroxyxanthophylls (e.g., b-cryptoxanthin)

because of their localization in the outer shell of lipoproteins, and that carotenes

(e.g., b-carotene, a-carotene, lycopene) would exchange very slowly because

they are localized in the inner core (34). However, Cornwell et al. (44) argued

against any such exchange, and Romanchik et al. (47) found no evidence for net

exchange of carotenoids between lipoproteins. Tyssandier et al. (48) found

bidirectional exchange of carotenoids between VLDL and HDL of trout, and

bidirectional transfer of lutein between VLDL and HDL of human plasma, but

not exchange of other carotenoids between these two lipoprotein classes; transfer

to and from LDL was not reported. [Tyssandier et al. also found that carotenoid

transfer between lipoprotein classes, both trout and human, was reduced in the

presence of inhibitors of cholesteryl ester transfer protein and of LCAT (48).] In

our opinion, the question of transfer of carotenoids between lipoproteins remains

Table 1 Carotenoids Identified in Human Plasma

Carotenoids provided by diet

(identified in foodstuffs)

Carotenoids presumably arising from

metabolism rather than from diet (not

identified in foodstuffs)

a-Carotene 30-Hydroxy-1,1-caroten-3-one

b-Carotene 3-Hydroxy-1,1-caroten-30-one

g-Carotene 3-Hydroxy-b,1-caroten-30-one

Lycopene 1,1-Caroten-3,30-dione

Neurosporene 3-Hydroxy-30,40-didehydro-b,g-carotene

z-Carotene

(7,8,70,80-tetrahydrolycopene)

3-Hydroxy-20,30-didehydro-b,1-carotene

Phytofluene 30-Epilutein

Phytoene 2,6-Cyclolycopene-1,5-diol

a-Cryptoxanthin Anhydrolutein

b-Cryptoxanthin

Lutein

Zeaxanthin

Source: Modified from Ref. 14.
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unresolved, as well as the possible importance of this mechanism in carotenoid

transport and tissue uptake. An alternate explanation for the parallel

disappearance of carotenoids from LDL and HDL is that exchange of carotenoids

occurs not directly between lipoproteins but indirectly via tissue uptake from

LDL and subsequent release of carotenoids into HDL.

Krinsky et al. first studied the distribution of carotenoids among lipoproteins

and determined the distribution of xanthophylls versus carotenes between high-

density lipoproteins and low-density lipoproteins (49). These studies were extended

by Cornwell et al. (44) and by Bjornson et al. (50). Kaplan et al. found preferential

uptake of specific carotenoids by isolated lipoprotein fractions in vitro (239). The

consistent conclusion from these experiments is that carotenoids are not distributed

equally among plasma lipoproteins: carotenes (lycopene, a-carotene,b-carotene) are

found predominantly in LDLs in humans (approximately two-thirds of total

carotene), with much smaller amounts in HDLs; dihydroxyxanthophylls (lutein and

zeaxanthin) are found in higher amounts in HDLs than in LDLs; and the

monohydroxyxanthophyll b-cryptoxanthin has an intermediate distribution (see

Table 2 for an example of such results). The distribution shows an obvious

relationship to the polarity of the carotenoids, i.e., less polar carotenoids are

associated predominantly with LDL and more polar carotenoids are associated

predominantly with HDL. Romanchik et al. pointed out that the distribution of

hydrocarbon carotenes among lipoproteins is similar to that of total cholesterol, but

Figure 1 Average lipoprotein increments (over baseline plasma b-carotene

concentrations) in plasma lipoprotein fractions for three normal subjects: chylomicrons

(O), VLDL (W), LDL (†), HDL (4) (44).
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Table 2 Distribution of Carotenoids Among Human Plasma Lipoproteins

A. Concentrations of Carotenoids in Plasma Lipoproteins in Healthy Older Women (mM)

Lipoprotein Lutein þ zeaxanthin Lycopene b-Carotene

VLDL 0.06 0.10 0.06

LDL 0.26 0.63 0.34

HDL 0.25 0.16 0.07

Source: Adapted from Ref. 70.

B. Percentage Distribution of Carotenoids Among Human Lipoproteins (22 Male Subjects)

Total carotenoids Lutein þ zeaxanthin b-Cryptoxanthin Lycopene a-Carotene b-Carotene Cholesterol

VLDL 14 16 19 10 16 11 6

LDL 55 31 42 73 58 67 65

HDL 31 53 39 17 26 22 29

Source: Adapted from Ref. 232.
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that distribution of xanthophylls (and a-tocopherol) is similar to that of phos-

pholipids (47). As one measure of surface to core volumes, VLDL has a ratio of

phospholipid to neutral lipid (triglycerides plus cholesteryl esters) of 0.3 : 1, LDL a

ratio of 0.5 : 1, and HDL a ratio of 1.4 : 1 (34). It has been suggested that the nonpolar

carotenes are “buried” in the nonpolar core (composed predominantly of

triglycerides and cholesteryl esters) of the larger LDL particles and that xanthophylls

are associated with the more polar phospholipid outer layer of lipoproteins (34).

Such a model is consistent with the distribution of carotenoids in phospholipid

bilayer model systems (29,31,32,51). Dialysis or gel filtration of LDL results in little

or no loss of carotenoids (when recoveries are expressed per unit cholesterol),

indicating that carotenoids are tightly associated with the lipoprotein (52). Lin et al.

used resonance Raman spectroscopy to study the localization of lycopene and

b-carotene in LDL, and concluded that at least some if not all of the carotenes are

actually present close to the surface of the LDL (their study did not exclude the

possibility of carotenes being in the inner core also); they suggest that lycopene is

closer to the apoB-100 protein than is b-carotene and raise the possibility that this

difference in proximity to apoB-100 may control differences in tissue uptake of

carotenes (53). Parker suggested that the actual content of b-carotene per unit core

lipid (triglyceride plus cholesterol) may be greater in HDL than in LDL. He also

noted that although the total surface area of LDL in human plasma is approximately

twice that of HDL, the content of lutein plus zeaxanthin is greater in HDL than in

LDL (7). Thus, the partitioning into HDL needs further explanation.

In human umbilical cord blood, a greater fraction of b-carotene is trans-

ported on HDL than on LDL, but this is also true of cholesterol transport; the ratio

of LDL b-carotene to HDL b-carotene increases from children to adults (54),

apparently in concert with increasing LDL cholesterol concentrations.

The total amount of carotenoids in plasma is low: Romanchik et al. (47)

estimated from their samples that eachVLDLparticle contained about fourmolecules

of carotenoids (total), each LDL contained about one carotenoid molecule, and that

only 25 of 1000 HDL particles contains a molecule of carotenoid (Table 3). The

endogenous carotenoid composition of humanLDL samples (nmol/mgprotein) in 13

U.S. subjects (55) was: lutein, 0.08 + 0.06;b-cryptoxanthin, 0.08 + 0.05; lycopene

1.61 + 2.39; b-carotene 0.37 + 0.34; contrasted with a-tocopherol, 5.62+ 2.87.

Although there is always concern that carotenoids added to lipoproteins

in vitro may not incorporate physiologically, it is of interest that lutein added (in

tetrahydrofuran solution) to human plasma incorporates preferentially into HDL,

lycopene incorporates into LDL, and b-carotene incorporates into VLDL and

LDL (56). This is consistent with the general distribution of carotenoids among

human lipoproteins.

Reference ranges reported for plasma (or serum) carotenoids are given in

Table 4. Although considerable differences exist from one nationality to another

(not surprisingly, considering the differences in diet), in general it can be noted
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Table 3 Molar Ratios of Carotenoids and Other Lipid Components in Human Plasma Lipoproteins (mol/mol Lipoprotein)a

Lutein þ

zeaxanthin b-Cryptoxanthin Lycopene b-Carotene a-Tocopherol Triglyceride

Unesterified

cholesterol

Esterified

cholesterol Phospholipid

VLDL 0.68 0.36 2.12 0.52 145 11500 3539 3600 4545

LDL 0.05 0.09 0.72 0.23 12 298 475 1310 653

HDL 0.005 0.004 0.011 0.005 0.71 9.5 13 32 51

Source: Adapted from Ref. 47.
aSix subjects.
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Table 4 Median or Mean Carotenoid Concentrations in Serum or Plasma in Different Populationsa

Lutein Zeaxanthin b-Cryptoxanthin Lycopene a-Carotene b-Carotene

Country Ref. Male Female Male Female Male Female Male Female Male Female Male Female

Japan 233 Mean 35.2 39.2 19.9 33.1 20.4 26.8 6.4 9.6 18.8 34.3

(618 M, 1196

F; 7–86 y)

(0.62) (0.69) (0.36) (0.60) (0.38) (0.50) (0.12) (0.18) (0.35) (0.64)

Malaysia 234 Median 31.8 31.8 29.3 28.2 16.6 21.4 7.5 8.6 21.4 27.9

(58 M, 42 F;

17–78 y)

(0.56) (0.56) (0.53) (0.51) (0.31) (0.40) (0.14) (0.16) (0.40) (0.52)

Spain 235 Median 10.8 10.2 3.4 19.9 15.5 21.5 18.9 19.3 2.7 3.2 11.8 15.0

(210 M, 240 F;

5–79 y)

(0.19) (0.18) (0.06) (0.35) (0.28) (0.39) (0.35) (0.36) (0.05) (0.06) (0.22) (0.28)

UK (England) 236 Median 16.5 16.5 7.2 8.8 13.4 13.4 3.2 3.8 12.9 17.2

(944 /M, 938

F; adults)

(0.29) (0.29) (0.13) (0.16) (0.25) (0.25) (0.06) (0.07) (0.24) (0.32)

UK (Scotland) 237 Mean 27.3 5.5 27.9 5.4 28.9

(100 M;

50–59 y)

(0.48) (0.10) (0.52) (0.1) (0.54)

US 238 Mean 17.6 19.3 8.3 9.9 20.9 18.8 2.7 3.8 16.6 23.6
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(55 M, 55 F;

49–69 y)

(0.31) (0.34) (0.15) (0.18) (0.39) (0.35) (0.05) (0.07) (0.31) (0.44)

US 66 Mean 15.9 15.3 4.0 3.4 44.0 40.7 5.9 6.4 24.7 31.1

(121 M, 186 F;

45–65 y)

(0.28) (0.27) (0.07) (0.06) (0.82) (0.76) (0.11) (0.12) (0.46) (0.58)

United States 103

smokers Mean 17.5 16.9 6.9 6.5 25.7 23.5 2.7 3.2 11 14.2

(0.31) (0.30) (0.12) (0.12) (0.48) (0.44) (0.05) (0.06) (0.21) (0.26)

Median 15.5 15.2 5.3 5.1 23.9 21.5 1.3 1.9 8.3 10.4

(0.27) (0.27) (0.10) (0.09) (0.45) (0.40) (0.02) (0.04) (0.15) (0.19)

Nonsmokers Mean 21.8 21.6 10 10.1 27.4 23.8 4.5 5.6 17.7 21.9

(0.38) (0.38) (0.18) (0.18) (0.51) (0.44) (0.08) (0.10) (0.33) (0.41)

Median 19 18.8 7.8 7.7 25.6 22.2 3.2 3.9 12.8 16.6

(0.33) (0.33) (0.14) (0.14) (0.48) (0.41) (0.06) (0.07) (0.24) (0.31)

United States 239 Mean 33.9 35.7 4.5 7.4 18.5 31.8

(137 M, 193 F;

18–45 þ )

(0.63) (0.67) (0.08) (0.14) (0.35) (0.59)

Source: Adapted in part from Ref. 235.
a(Values are given in mg/dL, and in mM in parentheses).
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that (a) lycopene and b-carotene are present in highest concentrations; (b) lutein

is present in higher concentrations than is zeaxanthin; and (c) females have higher

concentrations than do males.

As another example of species differences, HDL are the predominant

lipoprotein class in cattle and transport most of the b-carotene (57). Calves fed a

ration of haylage/hay/straw (dietary intake of carotenoid not given) showed

approximately twice as much b-carotene in HDL as in LDL, and approximately

two-thirds as much in VLDL as in LDL (58).

Because carotenoids are transported by lipoproteins, and because lipo-

protein concentrations themselves can be affected by a variety of factors, it has

been suggested that plasma carotenoid concentrations should be expressed in

terms of plasma lipids as a form of standardization. It has been found in fact that

concentrations of carotenoids correlated well with HDL cholesterol, less well

with LDL cholesterol, and not at all with VLDL (59); lycopene and lutein plus

zeaxanthin correlated with plasma lipids better than did other carotenoids.

1. Interactions Among Carotenoids

In principle, it would seem that there is a possibility for competition among

carotenoids for absorption and transport because they follow the same

pathways. A variety of studies in humans and animal models suggest that

some, but not all, carotenoids interfere with plasma appearance and deposition

in tissues of other carotenoids; this subject has been recently reviewed by van

den Berg (10). Kelley and Day reported as early as 1950 that high doses of

lutein inhibited tissue storage of b-carotene (60). White et al. found that

b-carotene inhibited the appearance of canthaxanthin but that canthaxanthin

had no effect on apparent absorption and transport of b-carotene (61); b-

carotene inhibited the appearance of lutein but the effect of lutein on b-

carotene was not consistent among subjects (62). Van den Berg and van Vliet

reported that lutein, but not lycopene, reduced b-carotene appearance in

chylomicrons after oral dosing (63), but Tyssandier et al. found competition

between lutein, lycopene, and b-carotene for incorporation into chylomicrons

(64). High and Day reported that lycopene increased utilization of b-carotene

for tissue deposition of vitamin A in rats (65). It is not clear if interference

among carotenoids also occurs at the level of intestinal micelle formation and

absorption, or incorporation into other lipoproteins, uptake into other tissues,

or possibly enhanced rates of catabolism and loss (10).

2. Relationship of Plasma Carotenoid Concentration to
Dietary Intake and Supplementation

Many studies have examined the relationship between dietary intake (as assessed

by food frequency questionnaires, 24-hour recalls, or other instruments) and
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plasma concentrations of carotenoids. In general, it is found that plasma

concentrations are correlated with dietary intake, but rather weakly, e.g.,

correlation coefficients ranging between 0.26 and 0.58 (66–68). The problem is,

of course, complicated by the fact that it is difficult to assess dietary intake

accurately; different instruments for assessing dietary intake do not correlate

perfectly (67). Another great body of studies has assessed the impact of dietary

supplementation with carotenoids on increasing plasma carotenoid concen-

trations; again, it is clear that plasma concentrations can be increased by use of

supplements, but the effect is subject to considerable individual variation (69).

Dietary supplementation with large amounts of b-carotene (90 mg/day for

3 weeks) results in enrichment of b-carotene in all plasma lipoprotein fractions,

but the relative distribution of b-carotene was not changed (70). All this suggests

that additional factors, such as those listed below, are involved in determining

plasma carotenoid concentrations (71).

3. Seasonal Variations

Not surprisingly, it has been possible to demonstrate seasonal variation of serum b-

carotene concentrations (68); in a Finnish male population, serum concentrations

were highest in October–November and lowest in April–June, in correlation with

seasonal variations in dietary carotenoid intake (72). In the same study, serum

a-tocopherol concentrations did not show a seasonal variation. These and

other observations lead to the reasonable conclusion that cultural differences in

food availability, food choices, and consumption will affect plasma carotenoid

concentrations.

4. Effect of Age on Plasma Carotenoid Concentrations

In a series of animal studies conducted by Hollander and colleagues, an increased

capacity to absorb lipid-soluble nutrients, such as cholesterol, vitamins A, D, and

E, was observed in aging rats (73–76). This improved absorption may be due to

increased intestinal permeability and thinning of the unstirred water layer

adjacent to the brush border (74). These physiological changes in the rat would

influence absorption of all lipid-soluble dietary components, including

carotenoids. It is not known if these changes observed in the rat occur in aging

humans. There are limited data suggesting improved absorption of certain

carotenoids by humans with age.

Winklhofer-Roob et al. (77) found consistent age-related increases in plasma

cholesterol, lycopene, and b-carotene, but not a-carotene in a Swiss population

aged 0.4–39 years. (They did not find seasonal influences on plasma carotenoid

concentrations in this population.) Concentrations of lycopene and b-carotene, but

not a-carotene, were correlated with plasma cholesterol concentrations. It would

have been even more useful to have data on additional carotenoids and wider age
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spread. Kolb et al. found that concentrations of b-carotene (and vitamin A)

increased with age in liver and testes of cattle (78), which is strongly suggesting of

age-related accumulation of carotenoids in tissues.

Maiani et al. found that elderly women (n ¼ 10, mean age 71 years)

displayed higher serum responses (area under the time curve, AUC) for both

b-carotene and retinyl esters after a large (15-mg) oral dose of b-carotene than

did young women (n ¼ 17, mean age 28 years) (79). Baseline concentrations of

carotenoids were slightly higher in the elderly than in the young subjects.

However, baseline cholesterol and baseline triglyceride concentrations were also

higher in the elderly cohort, and the serum triglyceride AUC was also higher in

the elderly cohort, suggesting that overall utilization of lipid-soluble nutrients

increased.

5. Effect of Sunlight Exposure on Plasma Carotenoid Concentrations

It has been observed that serum b-carotene concentrations are decreased by

exposure to sunlight (80). In another study, both plasma and cutaneous

b-carotene concentrations were depressed on exposure to intense sunlight (81).

6. Effect of Menstrual Cycle on Serum Lipoprotein Carotenoid
Distributions

Forman et al. studied fluctuations in total plasma carotenoid concentrations

across the female menstrual cycle (82) and the changes in carotenoids in

individual lipoprotein fractions (83). When adjusted for serum cholesterol

concentrations, plasma concentrations of individual carotenoids varied

independently during the cycle: b-carotene concentrations peaked at menses,

lycopene and phytofluene concentrations peaked at midluteal phase, and lutein/
zeaxanthin concentrations peaked during the last three phases of the menstrual

cycle (82). Calculation of percentage distributions among lipoprotein fractions

from the data of Forman et al. (83) does not show a marked shift in lipoprotein

distributions across the menstrual cycle.

7. Effect of Body Composition on Plasma Concentrations
of Carotenoids

Because of the lipid solubility of carotenoids, it is reasonable to hypothesize

relationships of carotenoid content to body composition. Ringer et al. (84), Fuller

et al. (85), Rock and Swendseid (86), and Zhu et al. (87) observed inverse

correlations between body mass index (BMI) and plasma carotenoid concen-

trations. Zhu et al. further showed that plasma concentrations of b-carotene are

inversely related to both fat mass (FM) and to fat-free mass (FFM), but that plasma

concentrations of total carotenoids were inversely related only to FFM, not to FM.
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Because increases in plasma concentration of b-carotene during a period of

supplementation were negatively correlated with FFM but not with FM, Zhu et al.

suggested that nonadipose tissue may have a more active role than adipose tissue

in uptake of b-carotene from plasma. As one indication of mobilization of

carotenoids from tissues back into plasma, it was found that decline in plasma

carotenoid concentrations after cessation of b-carotene supplementation was also

inversely related to BMI and FFM but not to FM. It is not surprising that

nonadipose body tissue might be an important reservoir of total body carotenoids

because it constitutes a large fraction of total body mass. [As points of reference,

the mean FM was 31.0 kg, FFM was 59.0 kg, and BMI was 28.7 kg/m2 in the

study group; mean age 65.6 years (87).] These differences in rates of apparent

uptake of carotenoids by adipose versus nonadipose tissue might be due, at least in

part, to differences in lipoprotein receptors between these tissue types, as suggested

by Parker (6).

Elevated plasma concentrations of carotenoids are generally associated

with anorexia nervosa (54,86,88–98) [with the exception of one report (99),

which also did not find the elevated lipoprotein levels characteristically

associated with anorexia nervosa]. It has been reported that both plasma

carotenoids (measured spectrophotometrically) and LDL cholesterol concen-

trations were elevated in cases of anorexia nervosa, but that they were not

correlated (100) (perhaps because total carotenoids, not individual carotenoids,

were measured). It might be illuminating to correlate these findings with the

alterations in lipoprotein profiles associated with anorexia nervosa, but we have

not been able to do so, in part because of differences among studies in criteria for

defining anorexia nervosa.

8. Effect of Ethnicity

Serum concentrations of carotenoids in U.S. children and adolescents (data from

the NHANES III study) were compiled by Ford et al. (101). Age and BMI were

inversely related to serum concentrations of all carotenoids except lycopene.

Statistically significant differences in serum concentrations were found between

African-American, Mexican-American, and white European-American subjects,

presumably due to dietary differences. Similarly, in adults sampled by the

NHANES III study, Mexican-American adults tended to have higher plasma

concentrations of a-carotene, b-cryptoxanthin, and lutein/zeaxanthin; African-
Americans had high lutein/zeaxanthin but low a-carotene and b-cryptoxanthin;

and those of European ancestry had high lycopene but low lutein/zeaxanthin and
b-cryptoxanthin concentrations (102). At this time we assume that these

differences are due to ethnic determinants of dietary intake more than to ethnic

differences in carotenoid metabolism.
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9. Effect of Tobacco Smoking on Plasma Carotenoid Levels

The effects of tobacco smoking on carotenoid metabolism are addressed

elsewhere in this volume. In human studies, it has been found that smokers have

lower plasma concentrations of lutein/zeaxanthin, b-cryptoxanthin, a-carotene,
and b-carotene [data from the 1988–1994 NHANES study (103)]. It has been

generally assumed that this reflects higher oxidative stress in smokers than

in nonsmokers. However, interpretation of this observation is complicated by

the concurrent observation that smokers tend to have lower dietary intake of

carotenoids.

10. Other Factors Affecting Plasma Carotenoid Concentrations

Multivariate analysis found that statistically significant correlations of total serum

carotenoid concentration in 85 elderly patients included serum cholesterol

(b ¼ 0.38), total serum proteins (b ¼ 20.35), gender (b ¼ 0.34, higher concen-

trations in women), carotene intake (b ¼ 0.28), and midarm circumference

(b ¼ 0.20); these variables accounted for 46% of the variance in serum carotenoid

concentrations (104).

Brady et al. found that the association between alcohol intake and reduced

plasma concentrations of carotenoids was similar to the association between

dietary intake and plasma concentration, suggesting a lifestyle effect rather

than an effect of ethanol per se (105). It has been noted that infection with

the coccidum Eimeria acervulina results in impaired absorption and plasma

concentrations of canthaxanthin by chickens and loss of tissue carotenoids (106).

To our knowledge, similar effects have not been studied in humans, but might be

expected to reduce carotenoid absorption in our species as well.

There is one report of a patient suffering from a brain tumor who developed

and maintained very high plasma concentrations of b-carotene while on a

carotenoid-free diet, as concentrations of other carotenoids declined to barely

detectable levels (107). The etiology of this condition is unknown.

11. Time-Course of Plasma Carotenoid Concentrations
After Oral Intake

Observed peak concentrations of carotenoids in plasma occur at 6–24 hours after

an oral dose in humans. Similar results have been noted using radioactive

b-carotene in monkeys (108). This is slower than the time of appearance of

cholesterol or triglycerides after a fatty meal, typically at 4–6 h (passage of ingesta

through the ileum takes no longer than 6 h total), and at first sight raises several

questions. What explains such a delay? An additional problem is raised

(sometimes) by the presence of a second peak in plasma carotenoid concentration,

which seems to accompany a later meal.
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A reasonable explanation is provided by a model such as this: (a) The

carotenoid from the diet is absorbed into enterocytes at the same time and rate as

dietary triglycerides and cholesterol. (b) The dietary carotenoid is packaged into

chylomicrons and released into the lymph, again in concert with freshly absorbed

trigylcerides and cholesteryl esters. (c) After rapid circulation through the body,

chylomicron remnants (with their carotenoid contents) are taken up by the liver.

Plasma transit and clearance of chylomicrons is a rapid process, with half-lives of

chylomicrons estimated to be 2.5–11.5 min (18). (d) Carotenoids are repackaged

in liver into VLDL and released into plasma. Carotenoids are then taken up from

VLDL and LDL to a limited extent by extrahepatic tissues. (e) Carotenoids efflux

from tissues into HDL. (f) Carotenoids are taken up by liver from LDL and HDL,

with potential repetition of the release and transport process. Support for point (c)

is provided by observations by van Vliet et al. (109), van het Hof (110), and

O’Neill and Thurnham (111) on transport of carotenoids in the triglyceride-rich

(i.e., chylomicron and VLDL) fractions of plasma after a carotenoid-rich meal.

Furthermore, the half-life of a carotenoid in plasma is approximately the same as

the half-life of LDL measured in different experiments. This hypothesis is

consistent with the delayed and prolonged elevation of plasma carotenoid

concentrations after a large oral dose.

O’Neill and Thurnham (111) noted that lutein concentrations in the

triglyceride-rich fraction (chylomicrons plus VLDL) peaked earlier (about 2 h

postprandially) than did b-carotene and lycopene concentrations in this fraction

(about 4–6 h after an oral dose in humans). [Similar observations were made by

Bierer et al. (112) in total serum in calves, but the comparison is clouded by the

very different lipoprotein composition and metabolism in calves than in humans

(113).] Whether this difference between xanthophyll and carotene peak

concentrations in triglyceride-rich lipoproteins kinetics represents more rapid

intestinal absorption (and release) or more rapid clearance from plasma has not

been investigated further.

A different problem is presented by a second peak in chylomicron

carotenoid concentrations which sometimes accompanies a low-carotenoid meal

following a carotenoid-rich meal (114). van den Berg et al. suggest that this is due

to release of carotenoids from liver on VLDL and LDL (18). We suggest,

however, that this is due to sequestration of absorbed carotenoids in enterocytes,

with release prompted by the availability of a later dose of lipid; a very similar

phenomenon has been observed with absorption of fatty acids (115). The time-

course for the (relatively) very polar carotenoid astaxanthin showed two peaks in

the triglyceride-rich lipoprotein fraction (at about 7 and 16 h) in three male

human subjects (116), coinciding with peak plasma triglyceride concentrations.

There was considerable variability, but most of the carotenoid was present

in the triglyceride-rich fraction (chylomicrons plus VLDLs) at all time points

(36–64% of total plasma astaxanthin), with the remainder approximately equally
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distributed between LDLs and HDL. [Because this was a kinetic (single-dose)

study, not a long-term feeding study, equilibrium distribution of astaxanthin

among lipoproteins was not determined.]

Plasma concentrations of carotenoids depend not only on input from diet

(i.e., via the intestines) but also on rates of uptake into and efflux from other

tissues. Considering the difficulty of direct measurement of human tissue uptake

and release, another approach is kinetic modeling of carotenoid transfer (117).

However, because of the lack of suitably labeled carotenoids, very few studies of

carotenoids kinetics have been reported to date. To distinguish the oral caro-

tenoid “tracer” dose from carotenoids already present in diet and tissues, von

Reinersdorff (45) and Zeng et al. (28) used carotenoids that are not present

normally in human tissues. The AUC varied considerably from one carotenoid to

another, and was also dependent on dose. “Mean sojourn time” [MST, defined as

the mean distribution of times that tracer molecules spend in the system from

time of first entry until the time of irreversible exit from plasma (118)] was quite

similar for three carotenoids that undergo little or no known catabolism in

humans: MST was 144 + 23 h for 4,40-dimethoxy b-carotene and 209 + 71 h

for ethyl b-apo-80-carotenoate (100 mmol oral doses) (28), and 192 + 13 h

(133 mmol oral dose) or 192 + 19 h (265 mmol dose) for canthaxanthin

(L. Yao and H. C. Furr, unpublished analysis of data of von Reinersdorff). Zeng

et al. did not study distribution of carotenoids on plasma lipoproteins; von

Reinersdorff separated lipoprotein classes, and MST of 194 + 17 h for LDL-

canthaxanthin and 208 + 26 h for HDL canthaxanthin have been calculated

from those data (L. Yao and H. C. Furr, unpublished observations), i.e., the same

as MST for whole plasma. The terminal slopes of the concentration-time curves

were the same for LDL canthaxanthin, HDL canthaxanthin, and whole-plasma

canthaxathin (45), suggesting exchange among lipoprotein classes (direct or

indirect; see discussion above). Depletion of serum carotenoids was followed in a

long-term depletion study in young women by Burri et al. (119); the estimated

half-lives were lycopene, 26 days; b-carotene, 37 days; zeaxanthin, 38 days;

b-cryptoxanthin, 39 days; a-carotene, 45 days; lutein, 76 days. It is not known

why the half-lives differ so much, unless there are substantial differences in tissue

uptake, release, and catabolism. The rate of disappearance of plasma carotenoids

in that depletion study seems slower than the rate of turnover of human

lipoproteins, suggesting that plasma carotenoids concentrations are maintained

by exchange with other tissues.

The stochastic kinetic modeling summarized above gives some hints about

carotenoid metabolism, but cannot give estimates of rates of tissue uptake and

release of carotenoids. Thorough understanding of such a multiple-pool model of

carotenoid metabolism requires compartmental modeling techniques. The only

compartmental modeling of carotenoid metabolism reported to date is that of

Novotny et al. (120,121). The use of increasingly sophisticated methods for study
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of stable-isotope-labeled carotenoids should lead to more refined compartmental

models of carotenoid metabolism (122–124). This is an area that deserves further

investigation.

12. And Now for an Exception

Structurally, the apocarotenoid bixin (and its metabolite norbixin) is a

dicarboxylic acid carotenoid of only 30 carbons; one of the carboxyl groups of

bixin is methylated, whereas the analog norbixin has both carboxyl groups free

and ionizable at physiological pH. These compounds are of more than academic

interest because bixin is used as a food colorant (it is the major colorant in

annatto). After a single oral dose of 16 mg of bixin, maximal concentrations in

human plasma were seen at 2–4 h, and maximal concentrations of the metabolite

norbixin were seen at 4 h (a broad peak with appreciable concentrations over the

period 2–6 h); complete plasma clearance (to below levels of detection) occurred

by 8 h for bixin and 24 h for norbixin (125). It was not determined whether the

plasma bixin and norbixin were associated with lipoproteins. We suggest that

this uniquely polar carotenoid, which possesses appreciable water solubility,

is released from enterocytes into the portal circulation instead of into lymph

chylomicrons and that it does not appreciably associate with lipoproteins in

contrast to the metabolism of other carotenoids.

III. UPTAKE AND RELEASE OF CAROTENOIDS BY
EXTRAHEPATIC TISSUES

A. Tissue Distribution

Although there are now many published data on human plasma carotenoid

concentrations, the information available on other tissues is limited. The older

studies used nonspecific spectrophotometric methods, which do not provide

information on carotenoid profiles but often expressed total carotenoid as

b-carotene. Almost no studies provide dietary information, so it is difficult to

correlate dietary intake and tissue concentrations in more than qualitative terms.

A limited number of human tissues have been analyzed for carotenoid content:

liver (126–130), kidney (127,128,130), adipose tissue (126–128,131), adrenal

glands (127,128), pancreas (126,127), breast tissue (6), lung (127,130), prostate

(132–134), muscle (127), spleen (127), testes (127), thyroid (127), and skin (135).

There are definite differences in carotenoid profiles in different tissues. For

example, the macula of the primate eye has relatively high concentrations of the

xanthophylls lutein and zeaxanthin and in fact displays a marked spatial

distribution. Certain other tissues, such as the prostate of the male primate seem

to accumulate lycopene. Human milk concentrations of lutein and zeaxanthin are
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several times higher than those of b-carotene, in contrast to their concentrations

in maternal plasma. These tissue differences are discussed in more detail below.

Some typical human tissue carotenoid concentrations are presented in Table 5.

There is extreme paucity of information on mechanisms of uptake of

carotenoids from plasma lipoproteins by tissues. Martin et al. studied uptake of

carotenoids by HepG2 cells in culture and reported that uptake of b-carotene

from LDL was similar to that from HDL (136); Kirkiles et al. found that BeWo

human choriocarcinoma cells can take up canthaxanthin from human LDL and

HDL (137). It has been suggested that lipoprotein receptors such as the LDL

receptor may be involved in carotenoid uptake (and release?) (131), but this has

not been confirmed experimentally. It is known that subcelllar structures such as

the caveolae and their associated lipid transport proteins (such as caveolin and

sterol carrier protein-2) are involved in cellular uptake and release of cholesterol,

cholesterol esters, and fatty acids (138). Thus, it seems reasonable that these

structures and similar proteins are involved in tissue uptake and release of

carotenoids, but this mechanism has not been investigated.

It should be remembered that data such as those in Table 5 are based on a

small number of samples and that these values are undoubtedly dependent on

long-term dietary intake.

Table 5 Carotenoid Concentrations in Human Tissues (Average Concentrations, ng/g)

Carotenoid Liver Lung Breast Cervix Prostate Colon Skin

a-Carotene 67 47 128 24 50 128 8

b-Carotene 470 226 356 125 163 256 26

g-Carotene nd nd nd nd 48 nd 20

Lycopene 352 300 234 95 374 534 69

z-Carotene 150 25 734 57 187 134 13

Phytofluene 261 195 416 106 201 116 15

Phytoene 168 1275 69 nd 45 70 65

a-Cryptoxanthin 127 31 23 4 32 21 nd

b-Cryptoxanthin 363 121 37 24 146 35 nd

Lutein 1701 212 90 24 128 452 26

Zeaxanthin 591 90 14 nd 35 32 6

2,6-Cyclolycopene-1,5-diols 576 20 42 nd 7 19 7

30-Hydroxy-1,1-caroten-

3-one

527 22 15 nd nd 12 nd

3-Hydroxy-b,1-30-one 319 24 32 nd nd 17 nd

1,1-Caroten-3,30-dione 314 nd 52 nd nd 15 nd

30-Epilutein 96 11 10 nd nd 27 nd

Adapted from Ref. 14.

Source: nd, not detected.
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1. Liver

There are marked differences in the capacity of different organs to take up

carotenoids and release them back to the bloodstream. It has been suggested that

organs with the greatest number of LDL receptors have the greatest uptake of

lipoproteins and generally have the greatest concentrations of carotenoids (131).

These organs include the liver, adrenal glands, and testes.

Regardless of the species studied, the liver has been reported to have a

high capacity to accumulate carotenoids (130). Schmitz et al. measured liver

concentrations of major carotenoids in samples from 20 humans of various ages

(130); plasma concentrations were not measured, but the ratio of each carotenoid

to total liver carotenoid content was quite similar to that of typical plasma

concentrations, over a range of total liver carotenoid content from 2.5 to

77.1 nmol/g tissue. Others report that accumulation of individual carotenoids

in the liver varies greatly with the type of carotenoid: Jewell and O’Brien (139)

fed six different types of carotenoids to rats for 16 days, and the order of

accumulation of carotenoids in the liver was canthaxanthin . lutein . bixin .

lycopene . b-carotene . astaxanthin. The relatively poor accumulation of

astaxanthin compared to the other carotenoids is difficult to explain but has been

observed in several other rat feeding studies (Table 6) (140–142). Canthaxanthin

deposition in the liver was consistently greater than that of the other carotenoids

(139–142). It appears that large doses of canthaxanthin can be consumed without

toxic effects. Tang et al. (143) provided pharmacological levels of canthaxanthin

for 24 months via gavage to ferrets. Liver canthaxanthin was at its greatest level

at 12 months and did not increase during the second year of the study. One

possible explanation for the lack of a further increase in liver canthaxanthin was

that the large amounts of dietary canthaxanthin initially consumed reduce the

Table 6 Liver Accumulation of Carotenoids in Rats Supplemented with

a Variety of Carotenoids (Each Carotenoid Fed at 300 mg/kg Diet in Individual

Feeding Studies)

Carotenoid (nmol/g) (mg/g) (nmol/g) (mg/g)
reference (139) (140)a (141)a (142)a

Control 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0

b-Carotene 76.6 + 4.7 1.9 + 0.5 — 9.2 + 1.4

Lycopene 145.0 + 6.0 16.3 + 1.9 80.2 + 12.5 15.8 + 3.0

Lutein 547.7 + 13.6 — — —

Canthaxanthin 1200.0 + 14.9 26.2 + 4.7 397.0 + 83.0 20.0 + 4.4

Astaxanthin 57.1 + 6.6 0.25 + 0.06 3.7 + 2.1 0.10 + 0.03

aSame diet.
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subsequent accumulation of the carotenoid (144); it may be that the liver had

become saturated with canthaxanthin.

In human autopsy samples, lycopene concentrations in liver were higher

than those in kidney or lung, ranging between 0.2 and 20.7 nmol/g tissue (130)

(lycopene concentrations in kidney ranged between 0.1 and 2.4 nmol/g, and in

lung between ,0.1 and 4.2 nmol/g).
There is relatively little information on the tissue turnover rates of different

carotenoids. The kinetic characteristics of b-carotene uptake and depletion of

several organs in rats fed semipurified diets for 21 weeks were reported (145);

among the organs studied, the liver accumulated the greatest amount of b-carotene

per unit weight and had the fastest turnover rate (t1/2 ¼ 9 days). Carotenoid

cleavage activity (conversion of b-carotene to vitamin A) has been demonstrated in

human liver (146) and may be partially responsible for the disappearance of

provitamin A carotenoids. An additional possible fate of liver carotenoids is their

removal from the body by excretion in the bile; Leo et al. (147) reported that all the

major carotenoids in human serum (b-carotene, a-carotene, lycopene, cryptox-

anthin, and lutein/zeaxanthin) undergo biliary excretion.

2. Testes and Ovaries

All the major carotenoids in blood accumulate in human testes and ovaries (148).

In populations that consume tomato products the testes accumulate very high

concentrations of lycopene whereas the accumulation in the ovaries is moderate

(148). In humans the adrenal gland and testes have similar high capacities for

accumulation of lycopene, but in the rat the adrenal has a much greater capacity

than the testes (149). Compared to the liver and other tissues in the rat, the

testes accumulate only small amounts of lycopene in response to lycopene

supplementation (25,144). The rat ovary accumulated canthaxanthin and

lycopene to a greater degree than did the testes (144). In rats supplemented

with b-carotene the ovary accumulated high levels of b-carotene and was still

accumulating b-carotene after 21 weeks of supplementation (145).

It is well known that the yellow color of avian egg yolks is due to

carotenoids, and commercial poultry feeds contain carotenoids to achieve appro-

priate coloration (150). During avian embryogenesis, the concentration of yolk

carotenoids (which are predominantly lutein) decreases and liver content

increases (151).

3. Prostate Gland

Epidemiological studies suggested that consumption of tomato products is

associated with reduced risk of prostate cancer in men. It was soon shown that

there is also an association between intake of tomato products and increased

levels of lycopene in human prostate (132,152), and this has been confirmed in
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other studies. The intake-dependent accumulation of lycopene in prostate in the

rat has also been demonstrated (149). The percentage of lycopene present as cis

isomers is greater in human prostate than in serum and higher in serum than in

food products (132,134,153), suggesting either isomerization or preferential

retention of cis isomers in tissues.

4. Adrenal Glands

Based on analysis of various tissues obtained from human autopsies, the adrenal

was reported to have the highest concentration of carotenoids (128). All the major

carotenoids in serum were present with lycopene observed in the highest

concentration. Stahl et al. (148) also reported large concentrations of lycopene in

adrenal tissue. In a rat study involving feeding of varying levels of lycopene, the

adrenal was the tissue that accumulated the highest concentration of lycopene

(149). In another study, in which b-carotene was fed to rats, the adrenal gland

accumulated a large amount of b-carotene and had not reached saturation after 21

weeks of feeding (145). The release of b-carotene from the adrenal was much

slower than from liver (145). In a study with ferrets fed canthaxanthin, the

adrenal accumulated moderate amounts of canthaxanthin but less than the liver,

lungs, and small intestine (143).

5. Lung

Several studies have reported accumulation of a wide range of carotenoids in the

lungs. Levels of carotenoids in human lung tissue are correlated with their serum

levels (154). In a long-term feeding study with rats, Shapiro et al. (145) observed

that, compared to the liver, the lungs accumulate b-carotene more slowly and

have a slower turnover rate (t1/2 ¼ 16 days versus 9 days). Pollack et al. (155)

fed gerbils a test meal and measured tissue changes in b-carotene in response

to the meal: liver b-carotene levels increased after the meal whereas lung

concentrations did not change significantly. This response is consistent with the

slower accumulation of b-carotene by the lungs reported by Shapiro et al. (145).

It should be noted that the accumulation of carotenoid from a test meal may be

influenced by previous consumption of the carotenoid. Mathews-Roth et al. (144)

observed that prior feeding of canthaxanthin to rats almost completely prevented

subsequent accumulation of labeled canthaxanthin in the lung, i.e., it seems that

the tissue was saturated.

The type of carotenoid influences its deposition into the lung. Jewell

and O’Brien (139) observed in rats fed equal amounts of individual carotenoids

that the accumulation of carotenoid in lung tissue was similar to the pattern

observed in the liver. The order of accumulation (nmol/g) was canthaxanthin

(582.9) . bixin (84.6) . lutein (57.7). lycopene (15.9). astaxanthin (12.8) .
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b-carotene (3.6). There is no obvious correlation of these tissue levels with

polarity or with carotenoid solubility in organic solvents.

6. Spleen

Several studies have identified the spleen as one of the more active accumulators

of carotenoids. In some instances the spleen accumulates more carotenoids than

does the liver. Rats fed a diet of 0.2% canthaxanthin for 66 weeks accumulated

175 mg/g canthaxanthin in the spleen and 14.1 mg/g in the liver (156).

Mongolian gerbils fed a standard rodent diet had 34 pmol/g b-carotene in the

liver and 312 pmol/g in the spleen (155). Park et al. (157) fed BALB/c mice

a 0.4% carotenoid diet for 14 days and observed that the accumulation of

b-carotene, lutein, and astaxanthin in the spleen reflected changes observed in the

plasma. b-Carotene deposition in the spleen was the least and astaxanthin

accumulation the greatest.

7. Adipose Tissue

Adipose tissue appears to accumulate all carotenoids but not as quickly as other

organs in the body. It has been suggested that adipose tissue levels of carotenoid

can be used to assess long-term body carotenoid status (158). In humans the

carotenoids found in the serum are also found in measurable quantities in the

adipose tissue (128). Of the major carotenoids, lycopene and zeaxanthin/lutein
were observed in the greatest amounts in one study (128), whereas b-carotene

and lycopene were found to predominate in another (131). b-Carotene concen-

trations in adipose tissue were found to correlate with plasma b-carotene

concentrations (r ¼ 0.56), although this study did not find a correlation of plasma

or adipose b-carotene concentrations with baseline dietary intake (159); adipose

b-carotene concentrations did respond to supplementation with 30 mg daily. In a

human study involving feeding of foods rich in lutein, adipose tissue lutein

concentrations changed in response to diet though not as quickly as other tissues

measured (160). Interestingly, the percent body fat was not correlated with

accumulation of lutein in adipose tissue. Lycopene concentration in adipose is

correlated with the long-term dietary levels in the rat (149). Pharmacological

doses of canthaxanthin provided to ferrets for 2 years resulted in increases in

adipose canthaxanthin at 12 months but no further increase during the second

year (143). No change in b-carotene content of adipose tissue after a single test

meal was observed in Mongolian gerbils (155).

In a study in Costa Rica, human plasma and adipose tissue carotenoid

concentrations were compared with dietary intake (161). The relative

concentrations of carotenoids in plasma were more similar to dietary intake

than were concentrations in adipose tissue (Table 7).
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8. Skin

It has long been known that prolonged high dietary intakes of carotenoids can

result in their accumulation in skin (carotenodermia) (162). The condition has

been reported as being common in Cameroon, an area where consumption of red

palm oil is high (163), and can be induced by consumption of 30 mg purified

b-carotene daily (164). One case of hypercarotenemia and carotenodermia was

reported in an infant who had been fed proprietary baby food with a high carrot

content (165). Increased concentrations of carotenoids in skin after feeding

b-carotene or mixed carotenoids can be measured by reflection spectroscopy,

a technique used measure total carotenoid content but not individual carotenoids

(166). Prince and Frisoli quantitated this accumulation and found a lag of up to 2

weeks between increase in plasma concentration and increase in skin (167),

implying a slow transfer from lipoproteins to the dermal layer. It is also

noteworthy that the absorption spectrum of b-carotene was shifted approximately

40 nm to higher wavelengths, suggesting that the carotenoid in skin was in a very

nonpolar environment. In poultry, it is found that xanthophylls are more effective

than carotenes in enhancing skin pigmentation (168). Xanthophyll esters (esters

of lutein, zeaxanthin, anhydrolutein, a-cryptoxanthin, and b-cryptoxanthin) have

been detected in very low concentrations (pmol/g) in human skin (169); it is not

known if they are absorbed and transported intact or esterified in situ.

It has been shown that cells accessible to sampling, such as those of buccal

mucosa (135) and urogenital tract (170), increase b-carotene content with

increasing dietary intake. It was suggested that exfoliated cells from these sites

might be useful in assessing tissue carotenoid levels (170).

9. Atherosclerotic Plaque

b-Carotene can accumulate in atherosclerotic plaque (of New Zealand white

rabbits) (171). This has been used to advantage in experimental visualization and

laser ablation of aortic plaque (171–173).

Table 7 Correlations Between Dietary Intake (as Determined by Dietary Interview

and Food Frequency Questionnaire) and Adipose Tissue Concentrations of Carotenoids

Factor a-Carotene b-Carotene b-Cryptoxanthin

Lutein þ

zeaxanthin Lycopene

Plasma, women 0.26 0.13 0.55 0.22 0.19

Plasma, men 0.24 0.22 0.44 0.20 0.35

Adipose, women 0.25 0.29 0.44 0.17 0.14

Adipose, men 0.04 0.07 0.23 0.06 0.26

Source: Adapted from Ref. 161.
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10. Pineal Gland and Brain

It has long been known that the pineal gland contains retinoids and rhodopsin

analogs, and that it seems to be involved in light perception. Shi et al. found that

bovine pineal gland contains b-carotene but not measurable quantities of other

carotenoids (174). Of course, bovine plasma would provide predominantly

b-carotene to all its tissues. Human brain contains low but detectable amounts of

the carotenoids found in human plasma (175).

11. Lutein and Zeaxanthin in the Eye

The important role of lutein and zeaxanthin in macular pigment is discussed in

Chapter 22. Nearly all ocular structures contain predominantly lutein, zeaxanthin

(and their E/Z isomers), as well as lesser amounts of the metabolites

30-epilutein (3R,30S,60R-lutein) and 3-hydroxy-b,1-caroten-30-one, and details of

tissue distribution are given by Bernstein et al. (176). Small amounts of mono-

hydroxycarotenoids and carotenes were also present in some structures of the

eye. Correlations of macular pigment density with serum lutein, serum

zeaxanthin, and adipose lutein concentrations were found in men but not in

women (177). Some, but not all, human subjects respond to increased dietary

lutein and zeaxanthin with increased serum and macular pigment xanthophyll

concentrations (178).

Khachik et al. (179) have argued for a series of oxidation-reduction and

double-bond isomerization reactions to create the characteristic metabolites

found in ocular tissues. Both lutein and zeaxanthin have the greatest

concentration at the center of the fovea, but zeaxanthin concentrations decrease

more rapidly than lutein at increasing distances from the center (180–183) this is

unexplained. meso-Zeaxanthin is apparently formed by metabolism of lutein in

the eye, since it is not found in diet (181). It has been suggested that the class of

proteins known as tubulins may be xanthophyll-binding proteins in primate retina

(184–186).

Only trace amounts of other carotenoids are found in retinal tissue (187), so

it is surprising that canthaxanthin accumulates in the retina after chronic high

dosing (188,189). Canthaxathin is a xanthophyll, but it is less polar than the

dihydroxycarotenoids lutein and zeaxanthin because it is a diketocarotenoid;

study of its accumulation in retina may yield clues to xanthophyll accumulation

there.

B. Subcellular Distribution of Carotenoids

While the incorporation of carotenoids into membranes is essential for many of

their proposed activities in cells, there is little information available on the

subcellular distribution of carotenoids. b-Carotene has been found in all
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subcellular fractions examined, e.g., nuclear, mitochondrial, microsomal, and

cytosolic fractions, in bovine corpus luteum (190), in livers of chicks (191),

and in livers of rats given prolonged high dietary doses of b-carotene (192). It is

not known if other carotenoids have similar intracellular distribution. After

supplementation with high doses (50 or 100 mg/day for 30 days), b-carotene

could be measured in neutrophils and lymphocytes of dog plasma; within cells,

concentrations in cytosol . mitochondria � microsomes . nuclei (193). The

incorporation of carotenoids into subcellular membranes most likely depends on

the structure of the carotenoid and type of membrane. Lancrajan et al. studied the

incorporation of b-carotene, lutein, and canthaxanthin into plasma, mitochondria,

and microsomal membranes in vitro (37). They concluded that membrane fluidity

is a major determinant of carotenoid uptake: nonpolar b-carotene is preferentially

incorporated into the more fluid membranes (i.e., mitochondria and microsomes)

while the polar carotenoids, lutein and canthaxanthin, are incorporated into the

less fluid plasma membranes (37). The orientation of carotenoids in membranes

also appears to depend on carotenoid structure. Socaciu et al. reported efficient

incorporation of b-carotene, lycopene, lutein, zeaxanthin, canthaxanthin, and

astaxanthin into pig liver microsomes (194). The xanthophylls and b-carotene

span the membrane, while the very nonpolar carotenoid, lycopene, is located

preferentially in the lipid core of the membrane (194).

C. Biotransformations of Carotenoids in Animal Tissues

1. Examples of Carotenoid Biotransformations

Solely on the basis of structural considerations, the types of metabolism to be

expected of carotenoids include cleavage (both polyene chain and ionone ring) and

chain shortening, hydroxylation/oxidation, and dehydration (of xanthophylls)

(195). Cleavage of the polyene chain, either symmetrical or asymmetrical, is

well known; opening of ionone rings has not been reported. Esterification of

xanthophylls might be expected (by analogy with retinol and cholesterol) but has

not been definitively proven to occur.

Cleavage of provitamin A carotenoids such as b-carotene is discussed in

detail elsewhere in this volume. In the current context, it should be remembered

that retinoic acid (as well as retinal) can be produced by cleavage of b-carotene in

some tissues (196).

Khachik et al. have proposed that metabolism of lycopene in human tissues

might involve formation of epoxides, specifically at the 1,2- and 5,6 double

bonds, with subsequent rearrangement of the strained three-carbon epoxide rings

to five-membered rings (197). To what extent these are enzymatically catalyzed

reactions within human tissues and to what extent they occur nonenzymatically

during processing of tomato products is not yet clear.
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Anhydrolutein, a dehydration product of lutein, has been found in

human plasma (198). Subsequently the structural configuration of the major

anhydrolutein product in human plasma was identified as (3R,60R)-3-hydroxy-30,40-

didehydro-b,g-carotene, with lower concentrations of (3R,60R)-3-hydroxy-20,30-

didehydro-b,g-carotene (199). To date these compounds have been detected in

few foodstuffs (200,201); thus it is assumed that the amounts found in human

plasma are due to transformation from dietary lutein, perhaps catalyzed in

the acid milieu of the stomach (199). Savithry et al. found that anhydrolutein

is converted to 3-dehydroretinol (vitamin A2) in rat intestines (202). Vitamin

A2 is found in human tissues also, but its source in humans has not been

determined; we suggest that it may arise from this process as well as preformed

from diet.

Evidence for biotransformation of carotenoids in humans is mostly indirect

at best. This is in large part because of lack of appropriate labeled compounds.

However, there is evidence of biotransformation in other species, in particular, in

birds. McGraw et al. have demonstrated that cardinals (Cardinalis cardinalis) are

capable of transforming dietary yellow carotenoids to red carotenoids for

plumage coloration (203), and also suggested that the zebra finch (Taeniopygia

guttata) is capable of transforming dietary lutein to anhydrolutein (204). As in the

cardinal, the American goldfinch (Carduelis tristis) also shows gender-specific

biotransformation of carotenoids (205). Selective distribution of carotenoids

among different tissues and organs has been shown in avian species. In the free-

living gull (Larus fucus), liver contained the highest carotenoid concentrations,

and b-carotene was the most prominent carotenoid in liver; in all other tissues

studied, lutein was the predominant carotenoid, with zeaxanthin, canthaxanthin,

b-cryptoxanthin, echinenone, and b-carotene present in lesser concentrations

(206). Surai et al. found that b-carotene was the predominant carotenoid in

the egg yolks of common moorhen (Gallinula chloropus), American coot

(Fulica americana), and lesser black-backed gull (Larus fuscus), in contrast

to the domestic chicken (Gallus domesticus) in whose yolk xanthophylls

are predominant (207). In the newly hatched gull, proportions of lutein and

zeaxanthin were high in heart and muscle (but low in liver) when compared to the

yolk; proportions of canthaxanthin, echinenone, and b-carotene were lower in

heart and muscle than in yolk. In the newly hatched coot and moorhen, the liver

was relatively enriched in b-cryptoxanthin and b-carotene (as well as echinenone

in the moorhen) compared to the egg yolks. Plumage coloration in wild house

finches (Carpodacus mexicanus) is related to dietary carotenoid intake (208). Red

coloration of male barn swallows (Hirundo rustica) correlated with plasma

concentrations of lutein (209).

Khachik et al. (179) studied carotenoid concentrations in the eyes of several

species and identified nondietary carotenoids; they concluded that biotransform-

ations of xanthophylls involve oxidation–reduction reactions and double-bond
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isomerizations. Similar carotenoid profiles were found in humans, frogs (179),

and quail (187), suggesting the presence of similar biotransformation pathways.

Esters of xanthophylls are generally not detectable in human tissues [except

when vary large quantities are fed (169)]. This suggests that intact esters are not

absorbed at usual dietary intake levels, and that either (a) they must be hydrolyzed in

the intestinal lumen or (b) they are generally not available for absorption. A variety of

evidence indicates that xanthophyll esters are bioavailable and that they are

hydrolyzed by esterases in the intestinal lumen. However, some animals, such as the

lobster, can accumulate appreciable quantities (as much as 80% of total carotenoids)

of xanthophyll esters (210), and lutein esters have been detected in tissues of the

chicken (211).

Tyckowski and Hamilton found that canthaxanthin is reduced to an

alcohol in chickens (212), but similar metabolism has not yet been described

in humans.

Enzymatic cleavage of carotenoids is discussed elsewhere in this volume.

Although the quantitatively greater pathway is that of central cleavage, there is

evidence for excentric cleavage to retinoids and apocarotenoids in animal and

human tissues [reviewed in (213)]. After rats had been fed b-apo-80-carotenal,

shorter chain apocarotenoic acids could be identified in their intestinal mucosa

(214); it is not yet known whether this is due to activity of a carotenoid cleavage

enzyme, or to b oxidation of the polyene chain, as is seen with chain shortening

of a-tocopherol (215,216).

2. cis/trans Isomerization In Vivo

Lycopene and Phytoene Isomers. Sakamoto et al. [cited in (217)] found

some evidence of trans-to-cis isomerization of lycopene in vivo. It has been

shown that cis isomers of lycopene are better absorbed than the all-trans isomer

(24,148), and it has been suggested that this is because cis-lycopene isomers are

more soluble in organic solvents and thus more soluble in bile acid micelles (24);

it may be that the cis isomers of lycopene are more soluble (more readily

incorporated) in chylomicrons than the all-trans form. In marked contrast, the

ratio of 9-cis-phytoene to all-trans phytoene was much lower in liver, spleen, and

kidney than in the diet in rats fed phytoene, while the isomer ratio in plasma and

adrenals was similar to that of the ratio in diet (218). Again, this difference may

reflect differences in efficiency of uptake of the isomers by tissues or differences

in rates of catabolism.

b-Carotene Isomers. After an oral dose containing both all-trans and

9-cis-b-carotene, human subjects showed a much higher concentration of the all-

trans isomer than of 9-cis in chylomicrons and the VLDL fractions of plasma

(62,219). Consistent with this observation, Erdman et al. (220) showed that all-

trans b-carotene is absorbed much better than is 9-cis-b-carotene into intestinal
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mucosal cells by ferrets. However, 9-cis-b-carotene could be detected in liver,

kidneys, and adrenals of the ferrets, even when they were fed only the all-trans

isomer, and ratios of 9-cis/all-trans b-carotene were higher in adrenals and

kidneys than in livers. This is a particularly striking finding because only all-trans

b-carotene, not the 9-cis isomer, was detectable in serum. Hence, either (a) 9-cis-

b-carotene is taken up by tissues more efficiently than is the all-trans isomer,

and/or (b) all-trans b-carotene is recycled to plasma or is catabolized more

rapidly than is the 9-cis isomer, and/or (c) there is appreciable isomerization of

all-trans b-carotene to its 9-cis isomer in tissues.

3. Other Factors Affecting Tissue Uptake and
Metabolism of Carotenoids

Boileau et al. (149) found that accumulation of lycopene in livers of castrated

male rats was significantly greater than in noncastrated animals (and

concentrations of lycopene in liver were greater than in adrenal, kidney, lung,

adipose tissue, prostate, or testes of intact animals). There was also a trend (but

not statistically significant) toward greater deposition of lycopene in adrenals of

castrated animals, but not in kidney, lung, or adipose tissue. The cis/trans isomer

ratio increased with increasing dietary lycopene. It is possible that these effects

are due to androgen effects on lipoprotein metabolism and/or on hepatic

lycopene metabolism, but details are not clear.

D. Carotenoids in Milk

Colostrum, the first milk secreted after giving birth, has a distinct yellow color

that decreases during the first week of lactation. The yellow color is due to

carotenoids associated with milk fat. It has been suggested that a large portion of

the carotenoids in colostrum may come from carotenoids stored in adipose tissue

of the breast (221).

Breast milk carotenoids serve many functions for the developing neonate.

The provitamin A carotenoids, b-carotene, b-cryptoxanthin, and a-carotene,

collectively provide 50% of the breast milk carotenoid during early lactation and

are potentially an important source of vitamin A for the infant (222). The

carotenoids devoid of vitamin A activity and the metabolites of carotenoids may

be equally important. There are many trophic components in human milk that

contribute to digestive tract development. Breast milk carotenoids may join this

list of components by influencing developing gut immunity and cellular

communication (223). Much current interest in lutein and zeaxanthin is centered

on their role in potentially preventing or slowing the development of age-related

macular degeneration. In the neonate these carotenoids have an equally important

protective role for the retinal pigment epithelium of the newborn’s eye (224).
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The breast-fed infant’s source of lutein and zeaxanthin is the mother’s milk.

While carotenoid concentrations are known to decrease as lactation progresses,

the decline in lutein is not as great as that in the other carotenoids (225). Lutein

represented approximately 25% of the total carotenoids in milk at 4 days

postpartum and 50% at 32 days postpartum. This maintenance of lutein in milk

may be due to an increased flow from the blood as there is a significant

postpartum decline in plasma lutein concentrations (225).

Thirty-four carotenoids, including 13 geometrical isomers and 8 metabolites,

have been identified in human milk and are identical to those observed in

serum (223). The major carotenoids in human milk are lutein, zeaxanthin,

b-cryptoxanthin, lycopene, a- and b-carotene (222,223,226–228). Although

carotenoids in milk are derived from the serum, their concentrations in milk are

several fold less than in the serum (222,223). Furthermore, there is discrimination

in transfer of carotenoids for incorporation into milk (Table 8): the efficiency of

transfer is directly related to the relative polarity of the carotenoid (229).

Not surprisingly, milk carotenoid concentrations show some correlation

with dietary intake (226). A number of studies have shown that human breast

milk concentrations of b-carotene can be increased by dietary supplementa-

tion (230). When healthy lactating mothers were supplemented with 30 mg

b-carotene daily, b-carotene concentrations increased both in serum and in breast

milk (231); the rise in concentrations in breast milk seemed to lag slightly

behind the rise in serum, but the reductions in concentrations after cessation of

supplementation were parallel.

Carotenoid content in milk varies greatly but to a large degree is correlated

with the amount of lipid in the milk. In a study of variability of major carotenoids

in milk, some carotenoids were seen to vary as much as fourfold within a single

day (227). This makes sampling of breast milk a challenge and explains some of

the differences in breast milk carotenoid concentrations reported in the literature.

Kim et al. found only weak correlations between estimated dietary intake of

individual carotenoids and human milk carotenoid concentrations (but plasma

caroteneoid concentrations were not provided) (226). Patton et al. claimed that

mean carotenoid concentration in colostrum of multiparous human mothers was

greater than that of primiparous mothers (and observed a similar phenomenon in

lactating cattle), although dietary information was not provided (221). They also

found that concentrations of carotenoids in breast milk decreased with time after

delivery (221).

IV. SUMMARY

This chapter has summarized some of the observations on accumulation and

metabolism of carotenoids in plasma and other tissues. At this point, it is difficult
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to elucidate the factors that control uptake and retention of specific carotenoids.

This is an aspect of carotenoid metabolism that deserves much more experimental

attention because of the roles of carotenoids as antioxidants and as precursors of

retinoids, and perhaps as modulators of gene expression in their own right.

Table 8 Carotenoid Content in Humans

A. Carotenoid Content of Human Breast Milk and Correlation with

Dietary Intake (Mean + Standard Deviation)

Factor Lutein Lycopene a-Carotene b-Carotene

Milk

concentration

(mg/100 g)

(n ¼ 54)

11.5 + 3.4 3.8 + 2.1 3.2 + 0.9 4.6 + 1.6

Estimated

dietary intake

(mg/d)
(n ¼ 42)

3106 + 2611 389 + 213 651 + 393 3247 + 2093

Correlation

between

dietary intake

and milk

concentration

þ0.2487 þ0.0279 þ0.5216

(p , 0.01)

þ0.4174

(p , 0.01)

Source: Adapted from Ref. 226.

B. Carotenoid Concentrations in Human Milk and Serum (3 Subjects,

More than 1 Month Postparturition)

Carotenoid

Mean serum

concentration (mg/dL)
Mean breast milk

concentration (mg/dL) Ratiomilk/serum

Lutein 16.5 2.6 0.16

Zeaxanthin 2.1 0.4 0.21

Epilutein 1.2 0.2 0.13

Anhydrolutein 2.0 0.3 0.16

a-Cryptoxanthin 3.4 0.4 0.11

b-Cryptoxanthin 12.8 1.8 0.14

a-Carotene 6.4 0.4 0.06

b-Carotene 19.7 1.3 0.06

Phytofluene 9.4 0.9 0.1

Phytoene 2.4 0.1 0.05

Lycopene 36.4 1.1 0.03

Source: Adapted from Ref. 223.
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12
Bioequivalence of Provitamin A
Carotenoids

Guangwen Tang and Robert M. Russell
Tufts University, Boston, Massachusetts, U.S.A.

I. INTRODUCTION

In 1930, Moore discovered that b-carotene (b-C) could be converted in vivo to

vitamin A (1). Since then, the vitamin A value of dietary b-C and other

provitamin A carotene products, in addition to their other biological activities,

have been investigated. It is now known that the bioequivalence of provitamin A

carotenoids in humans varies greatly, probably as a result of environmental and

genetic factors.

Vitamin A is an essential vitamin for the promotion of general growth,

maintenance of visual function, cellular differentiation, immune function, and

embryonic development (2). Recent reports from developing countries have

demonstrated that vitamin A also plays an important role in the prevention of

morbidity and mortality from infectious diseases (3,4). In developing countries,

provitamin A carotenes in vegetables and fruits may provide .70% of daily

vitamin A intake (5). Thus, food-based interventions to increase the availability

of provitamin A rich foods have been suggested as a realistic and sustainable

option to overcome vitamin A deficiency globally (2). However, the efficacy of

carotenoid-rich foods in the prevention of vitamin A deficiency has been

questioned in several recent studies (6,7).

In contrast to developing countries, in Western societies provitamin A

carotenoids derived from plants provide ,30% of daily vitamin A intake (8).

However, interest in studying the vitamin A value of dietary carotenoids in

developed countries has arisen due to epidemiological data that show that diets

rich in carotenoid-containing foods correlate with a reduced risk of certain types
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of chronic diseases such as cancer (aerodigestive, primarily) (9), cardiovascular

disease (10), age-related macular degeneration (11,12), and cataract (13,14). The

possible disease-preventing activities of b-C and other provitamin A carotenoids

may be ascribed to their conversion into retinoids as well as to their antioxidant

activity as intact molecules (15). However, the results of several human

intervention studies indicate that high-dose supplementation with b-C, either

alone (16) or with vitamin E (16) or vitamin A (17), do not decrease the risk of

cancer or cardiovascular disease, and might even be harmful to smokers or

former asbestos workers in terms of causing more lung cancers. Thus, it appears

that carotenoids and b-C may be health promoting when taken at physiological

levels in foods but may have adverse properties when given in high doses and

under highly oxidative conditions.

As is well known, after an oral dose of b-C, intact b-C as well as one of its

metabolites, retinol, can be found in the circulation as seen below:

b-C conversion to vitamin A in humans takes place in the intestine, liver,

and possibly other tissues (18). The amount of a given oral dose of b-C to the

amount of vitamin A derived from the b-C dose is defined as the b-C to vitamin A

conversion factor. In theory, if all the b-C converted to retinol, the conversion

factor will be 0.94 : 1 (1 mol of b-C ¼ 536 g to 2 mol of retinol ¼ 572 g) by

weight or 1 : 2 by mole. Two pathways have been proposed for the conversion of

b-C to vitamin A in mammals: the central cleavage pathway (19,20) is the major

pathway that postulates the formation of 2 mol of retinaldehyde from a single

b-C molecule by cleaving the 15,150 double bond; whereas the excentric pathway

is the minor pathway that postulates a single mole of retinaldehyde formed by a

stepwise oxidation of b-C beginning at any of the double bonds of the polyene

chain (18,21,22). A recent study confirmed that both central and random

(excentric) cleavage of b-C take place in the postmitochondrial fraction of rat

intestine, but that the pathway used depends on the presence or absence of other

antioxidants, such as a-tocopherol (23).
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Recently, the enzyme b-carotene 15, 150-oxgenase that cleaves b-carotene

to retinal has been identified in chicken intestinal mucosa and subsequently

sequenced and expressed in two different cell lines (24). In addition, the existence

an excentric cleavage enzyme of b-C has been reported in the mouse (25). Both

central and random (excentric) cleavage enzymes of b-C can be found together in

small intestine and liver (18). The existence of at least two different b-C

oxygenases makes the estimation of bioequivalence of b-C quite complex.

II. EARLY STUDIES ON BIOEQUIVALENCE OF DIETARY
SYNTHETIC b-CAROTENE TO VITAMIN A IN HUMANS

Several studies (26,27) on bioequivalence used a depletion–repletion method to

determine the b-C equivalence (conversion factor) to vitamin A. Hume and

Krebs (26) reported a depletion study conducted on 16 healthy subjects between

the ages of 19 and 34 years (7 additional subjects served as positive controls). The

investigation used both a blood concentration of retinol below 0.35 mmol/L
(,10 mg/dL) and deterioration in dark adaptation to define “unmistakably

deficient” subjects. After 12 months of depletion, only three of the subjects were

vitamin A deficient. Of the three subjects with “unmistakable” signs of vitamin A

deficiency, two were given b-C and one was given preformed vitamin A (as

supplements). The results showed that daily doses of 1500 mg of b-C or 390 mg

of retinol were sufficient to treat vitamin A deficiency in these subjects. There-

fore, from this human study, the b-C to vitamin A conversion factor was 3.8 : 1 by

weight.

In 1974, Sauberlich et al. (27) reported another extensive and well con-

strolled vitamin A depletion–repletion study in human subjects. They recruited 8

healthy male subjects between 31 and 43 years of age. These volunteers were

depleted in vitamin A over 359–771 days. Depletion was based on a plasma

retinol level below 0.3 mmol/L (,10 mg/dL) and clinical signs of vitamin A

deficiency (dark adaptation impairment, abnormal electroretinogram, or follic-

ular hyperkeratosis). The investigators repleted 5 subjects with vitamin A and

3 subjects with b-C, and found that daily doses of 600 mg retinol or 1200 mg of

b-C were required to cure vitamin A deficiency. In this study, the b-C to vitamin

A equivalence was therefore 2 : 1 by weight.

These studies used depletion–repletion approaches. Whether a 3.8- or 2-mg

equivalence of supplementary b-C to 1 mg of retinol is applicable in vitamin

A–sufficient individuals cannot be determined from these studies, since all

subjects had been made deficient in vitamin A.

On the basis of these earlier investigations using synthetic b-C in humans

and vitamin A–depleted subjects and the lack of any specific data on food

carotene bioavailability or bioconversion, the availability of b-C from the diet
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has been taken as one-third of the provitamin A carotenoids ingested, with a

maximal conversion of absorbed b-C of 50% on a weight basis (28). Since other

provitamin A carotenoids (a-C, cryptoxanthin, etc.) have only half the molecular

structure that is identical to the all-trans b-C molecule, they are thought to exhibit

approximately half of the vitamin A activity of b-C (28). Therefore, the retinol

equivalence of carotenoids in food was (until recently) generally assumed and

accepted as follows (29): 6 mg of all-trans b-C or 12 mg of other provitamin A

carotenoids is equivalent to 1 mg of retinol (6 : 1 or 12 : 1). Since one retinol

equivalent (RE) is equal to 1 mg of retinol, 1 RE is equal to 6 mg of b-C or 12 mg

of other provitamin A carotenoids (30,31). Using these assumptions, the National

Health and Nutrition Examination Survey (NHANES) of 1970–1980 in the

United States showed that the median adult dietary intake of vitamin A was 624

RE with �25% coming from carotenoids and �75% coming from preformed

vitamin A sources, as calculated from food composition tables (29). However,

whether the b-C conversion factor of 6 : 1 can be used in vitamin A–sufficient

population or accurately reflects b-C conversion from foods requires further

investigation.

The National Academy of Science (USA) recently revised the dietary

b-C:retinol equivalency ratio from 6 : 1 to 12 : 1 (mg :mg) for the following

reasons: (a) a recent study demonstrated the relative absorption of b-C from food

versus b-C in oil to be 14% [or, approximately 1/6 (not 33% as previously

thought)]; (b) considering that the metabolism of b-C after absorption of the

molecule is the same (when from food or from oil) and the maximal conversion of

b-C in oil is 2 : 1 (2 mg of b-C in oil yields 1 mg of retinol), the retinol

equivalency ratio from the food is therefore (6 � 2) : 1 or 12 : 1. So as not to

confuse the old nomenclature of 1 RE ¼ 1 mg retinol ¼ 6 mg of dietary b-C, the

Academy coined the term RAE (retinol activity equivalent; 1 RAE ¼ 1 mg

retinol ¼ 12 mg of dietary b-C). Since the vitamin A activity of b-cryptoxanthin

and a-C is one half that of b-C, 1 RAE ¼ 24 mg dietary provitamin A carotenoids

other than b-C. The Academy recognized that these conversion ratios might

change as more data become available (32).

III. LESS BIOEQUIVALENCE OF PLANT PROVITAMIN A
CAROTENOIDS

Recent studies have reported that dietary provitamin A carotenoids have much

less biopotency to provide vitamin A nutrition than previously was accepted.

de Pee et al. (33) reported changes of serum retinol levels in vitamin

A–deficient (�0.7 mmol/L) anemic school children aged 7–11 years, who were

fed one of four supplements (1 RE ¼ 1 mg of retinol; therefore, REs were

calculated by dividing the amount of all-trans b-C by 6 and of other provitamin A
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carotenoids by 12): (a) 556 RE/day from retinol rich foods, n ¼ 48; (b) 509 RE/
day from fruits, n ¼ 49; (c) 684 RE/day from vegetables, n ¼ 45; and (d) 44 RE/
day from low-retinol and low-carotene foods, n ¼ 46. The authors assessed the

changes in serum retinol in the groups eating these foods for 9 weeks (6 days/
week) to determine a relative conversion efficiency of b-C from vegetables or

fruits versus the from vitamin A rich food (egg, chicken liver, fortified margarine,

and fortified chocolate milk). That is, they compared the increase in serum retinol

concentrations after consumption of fruit (509 RE/day, serum retinol increased

0.12 mmol/L) and vegetables (684 RE/day, serum retinol increased 0.07 mmol/
L) with that in the group consuming foods rich in preformed vitamin A (556 RE/
day, serum retinol increased 0.23 mmol/L). From this they calculated that the

relative mean conversion factor of vegetable b-C to retinol was 26 : 1 and of

orange fruit b-C to retinol was 12 : 1 (33).

However, changes of serum retinol would not be a sensitive indicator of

vitamin A status. Instead of measuring the serum retinol changes, we have used

isotope dilution techniques to measure changes of total body stores of vitamin A

in children with marginal to normal vitamin A status, who participated in a food-

based intervention using either green–yellow vegetables or light-colored

vegetables during the winter months (34). In this study we found that the serum

carotenoid concentrations of children fed green–yellow vegetables increased,

whereas the serum concentration of vitamin A did not change. In contrast, the

isotope dilution tests carried out before and after the vegetable intervention

showed that while the body stores of vitamin A [calculated by using modified

Baush-Rietz equation (35)] were stable in the group fed green–yellow vege-

tables, the body stores of vitamin A became decreased in the group fed light-

colored vegetables. As compared to the children fed light-colored vegetables,

205.8 mg of calculated b-C from green–yellow vegetables fed over a 10-week

period prevented the loss of 7.7 mg vitamin A from body stores. Thus, from this

study, we calculated that the vegetable b-C to retinol equivalence was 26.7 mg

b-C to 1 mg retinol. This conversion factor is very similar to that reported by de

Pee et al. for vegetable carotenoids (33).

Another study (on one subject) also reported (36) that the mass equivalency of

carrot b-C to vitamin A was 13 : 1 (without considering the contribution of 5.2 mmol

a-C to vitamin A). If the contribution of a-C were to be considered, the ratio could

be higher than 13 : 1, i.e., 16 : 1 (assuming that a-C has half of the b-C activity).

IV. FACTORS ON THE BIOEQUIVALENCE OF DIETARY
PROVITAMIN A CAROTENOIDS

Until now, the vitamin A value of a food has been calculated based on the amount

of specific preformed vitamin A and provitamin A carotenoids contained in that
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food. Many factors affect the bioavailability and bioconversion of carotenoids to

vitamin A, as summarized by the acronym SLAMENGHI (species of carotenoids,

molecular linkage, amount of carotenoids consumed in a meal, matrix of the

carotenoids associated, effectors of absorption, nutritional status, genetic factors,

host-related factors, interactions) (37). However, the major factors that affect the

bioavailability of food carotenoids and the bioconversion of food carotenoids to

vitamin A in humans are likely food matrices and the fat content of a meal.

A. Food Matrix

The absorption and conversion of carotenoids from various food matrices can be

investigated utilizing plant food material in which the carotenoids have been

endogenously or intrinsically labeled with a low-abundance stable isotope.

Plant carotenoids can be intrinsically labeled through the addition of a

hydrogen-stable isotope presented to the plant’s roots in the form of heavy water,
2H2O. Plants can be easily grown hydroponically (38) on a nutrient solution

composed of a fixed 2H2O atom percentage. Figure 1 demonstrates the isotope

profiles of b-C from spinach (top graph) and carrot (bottom graph) grown

hydroponically with 25 atom % 2H2O and analyzed by liquid chromatograph/
atmospheric pressure chemical ionization-mass spectrometry (LC/APCI-MS). In

deuterated b-C molecules from these vegetables, the highest abundance peak is

547 (molecular mass 536 þ H þ 10).

Spinach and carrots were harvested 32 and 60 days, respectively, after

initiation of hydroponic growth. The spinach leaves (or sliced carrots) were

steamed in thin layers (2–3 leaves) for 10 min. The cooked spinach leaves (or

sliced carrots) were immersed in cold water (1 L water per 200 g vegetable) for

2 min. The labeled spinach or carrots were then drained, pureed, sealed in a

plastic container, and stored at 2708C until used for the analysis of contents and

for human consumption experiments.

Four adult men (average age 56 years) took two different plant foods

(spinach, carrot) 3 months apart. b-C in spinach may be in the form of

chromoproteins (39) located in chloroplasts, whereas carrot is a root vegetable,

and b-C in carrot is in the form of carotene crystals in chromoplasts (40). The

3-month interval was required to avoid a possible interference between the doses,

and the doses were given in random order. A fasting blood sample (10 mL,

time ¼ 0 h) was drawn on day 0. Then a liquid formula breakfast was given (35%

energy from fat). In the middle of this meal, the subject took either an oral dose of

pureed spinach (300 g, thawed), or pureed carrot (100 g, thawed). On day 7, the

volunteer repeated the procedures described for day 0 of the study, except that he

received a 3.0-mg 2H8 retinyl acetate capsule together with a liquid formula meal.

No vitamin supplements or large amounts of b-C or vitamin A in the diet were

permitted during this period. These procedures were repeated on day 90 using

the other vegetable. The serum samples were analyzed by using GC/electron
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capture negative chemical ionization-MS (41) to determine the enrichment of

labeled retinol in the circulation formed from the labeled vegetables. Because

there is a distribution of several isotopomers of the b-C molecule, we included

the enrichment of each isotopomer in our calculation. By doing this, we found

that conversion of food carotenoids to vitamin A could be accurately evaluated.

Figure 1 Isotope profiles of b-C from spinach (top) and carrot (bottom) grown

hydroponically with 25 atom% 2H2O.
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The 300 g of labeled spinach and 100 g of labeled carrots contained �11 mg

calculated b-C, and it was assumed that a-C and cis-b-C have half the activity of

all-trans b-C. The results from this labeled vegetable study on 4 subjects showed

that the retinol equivalence of spinach b-C was 29 mg spinach b-C to 1 mg

retinol, and the retinol equivalence of carrot b-C dose was 19 mg carrot b-C to

1 mg retinol.

Since both spinach and carrots were pureed and were given with an equal

amount of fat, this study provides evidence that provitamin A carotenoids from

different foods have different conversion factors, and thus have different

bioequivalence to vitamin A.

A recent bioengineered golden rice introduced b-C to rice endosperm (42).

Rice endosperm contains starch and protein, and cooked rice is easy to digest.

The bioavailability and bioconversion of golden rice b-C are probably different

from spinach b-C and carrot b-C due to the more simple rice endospermmatrix in

which it is contained. The question “what is the vitamin A equivalence of golden

rice b-C?” has not yet been answered.

B. Fat Content of a Meal

The effects of fat content of a meal on the bioavailability of b-C have been

investigated (43). It has been generally accepted that a higher fat content in

the diet facilitates the formation of intestinal micelles needed for vitamin A and

carotene absorption. A recent publication (44) reported dietary fat effects on

the conversion of b-C to vitamin A by assessing the accumulation of b-C and

vitamin A (derived from the b-C doses) in tissues (liver, kidney, and adrenal

tissue) of Mongolian gerbils that were given a b-C-deficient diet for 1 week and

followed by one of eight isocaloric, semipurified diets supplemented with carrot

powder [1 mg b-C and 0.5 mg a-C/kJ diet] for 2 weeks (n ¼ 12/group). The
authors observed that increasing dietary fat from 10% to 30% of total energy

resulted in higher vitamin A tissue levels and lower b-C stores in the liver,

suggesting that consumption of high-fat diets enhances conversion of b-C to

vitamin A.

V. OTHER FACTORS

A. Vitamin A Status

The vitamin A activity of provitamin A carotenoids may be affected by vitamin A

status. It has been found that the activity of intestinal b-C cleavage enzyme in

vitamin A-sufficient rats is 50% of that in vitamin A-deficient rats (45). This was

also observed in human in vivo studies. For example, it was reported (46) that

after the intervention with 40 g amaranth, children aged 2–6 years with initial
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serum retinol ,25 mg/dL increased their serum retinol by 12.6 mg/dL while

those with initial serum retinol.25 mg/dL increased their serum retinol only by

6.2 mg/dL. These observations were further confirmed by a recent report (47)

that children with inadequate vitamin A status (,25 mg/dL) showed the greatest
response in increasing serum vitamin A concentration, where ,as the children

with serum retinol.25 mg/dL showed very little or no response in serum retinol

concentration. However, as mentioned earlier, the change in serum retinol

concentration before and after an intervention is not a good indicator for judging

vitamin A status because in subjects with normal vitamin A status the vitamin A

formed may contribute to increased body (liver) stores of vitamin A—but not to

the serum retinol concentration.

B. Isomers of Carotenoids

In plants, provitamin A carotenoids are not only in all-trans form but also in other

isomeric forms. The bioequivalence of other isomers of provitamin A carotenes

have been defined as possessing 50% of the activity of all-trans b-C. This is

based on structures, since in theory, 1 mol of all-trans b-C may cleave to 2 mol of

all-trans retinol, whereas the other isomers of b-C can only cleave to yield 1 mol

of all-trans retinol. However, structural differences may also result in differences

in absorption efficiencies by the intestine, and this has not been rigorously

researched. A recent paper (48) reported a study in gerbils wherein the relative

vitamin A bioequivalence of 9-cis-b-C was less (38%) and 13-cis-b-C (62%) was

more than the defined value of 50% of all-trans b-C.

C. Dose Levels on the Bioequivalence of Provitamin A
Carotenoids

From our early study (49), it was reported that the 2H4 retinol formed from 6 mg

of 2H8b-C (11.2 mmol) in oil was calculated to be equivalent to 1.6 mg of retinol

(i.e., 3.8 : 1). However, the 2H4 retinol formed from 126 mg of 2H8b-C

(235 mmol) in oil was only equivalent to 2.3 mg of retinol (i.e., 55 : 1). These

results demonstrate that there is an inverse dose-dependent efficiency of bio-

conversion of b-C to retinol. The variation of the bioequivalence of all-trans b-C

ranged between 2.4 : 1 and 20.2 : 1 with an average figure of 9 : 1 by weight (50)

when using 6 mg of all-trans b-C in oil dose. Lower doses of isotopically labeled

b-C have not yet been studied extensively (51,52). Another report used 16.3 mg

of all-trans b-C in oil dose, and showed a conversion factor of all-trans b-C in oil

as 16 to 1 by weight (53).

From these results, it is clear that bioavailability of b-C as vitamin A is

dose dependent. This implies that the conversion capability of b-C to vitamin A is

under physiological regulation.
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D. Influence of Other Micronutrients and Antioxidants

A reduction of the plasma b-C response by simultaneously administered lutein

has been reported by Kostic et al. (54). Whether this reduction also interferes

the cleavage of b-C to provide retinol requires study. A recent report using the

postprandial chylomicron method to evaluate the effect of other carotenoids on

the absorption and cleavage of b-C demonstrated that lutein, but not lycopene,

reduced b-C absorption but that neither carotenoid affected the formation of

retinyl palmitate (55).

E. Protein Malnutrition

The b-C 15,150-oxygenase cleavage enzyme and excentric oxygenase enzymes

have been found mainly in intestine and liver. It is possible that populations

with protein malnutrition will have diminished capability to convert b-C to

vitamin A. This hypothesis is corroborated in a recent report of a study conducted

in rats (56).

F. Intraluminal Infections

It is common that populations at heightened risk of vitamin A deficiency have a

high prevalence of parasitic infestation and have a high intake of plant foods.

Until now, data on whether parasitic infection affects vitamin A nutrition have

been somewhat conflicting (43). The level or severity of ascaris/hookworm
infections needed to affect the absorption of vitamin A and/or bioconversion of

dietary provitamin A carotenoids to vitamin A remains to be studied.

G. Macronutrient Factors

A recent publication (44) reported that type of dietary fiber, in addition to dietary

fat, affects conversion of b-C to vitamin A. By assessing the accumulation of b-C

and vitamin A (derived from the b-C doses) in tissues (liver, kidney, and adrenal

tissue) of Mongolian gerbils that were given b-C deficient diet for 1 week,

investigators found that consumption of citrus pectin resulted in lower hepatic

vitamin A stores and higher hepatic b-C stores compared with all other groups,

suggesting less conversion of b-C to vitamin A. In contrast, consumption of oat

gum resulted in higher vitamin A and lower b-C stores in liver than those of citrus

pectin-fed gerbils. Furthermore, the level of dietary fat consumed with soluble

fiber had no interactive effects on hepatic vitamin A, b-C, or a-C stores. These

results demonstrate that b-C absorption is independently affected by type of

soluble fiber and suggest that these dietary components modulate the conversion

of b-C to vitamin A.
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H. Food Preparation

Food preparation practices have some effect on the bioavailability of carotenoids

as vitamin A, since carotenoid bioavailability depends on the type and extent of

food processing as well (57). To study the effect of variously processed spinach

products on serum carotenoid concentrations, subjects received, over a 3-week

period, a control diet (n ¼ 10) or a control diet supplemented with carotenoids or

one of three spinach products (n ¼ 12 per group): whole-leaf spinach with an

almost intact food matrix, minced spinach with the matrix partially disrupted, and

liquefied spinach. It was found that serum total b-C responses differed

significantly between the whole-leaf and liquefied spinach groups, and between

the minced and liquefied spinach groups. The relative bioavailability as

compared to bioavailability of the carotenoid supplement for whole-leaf, minced,

and liquefied spinach for b-C was 5.1%, 6.4%, and 9.3%, respectively. The

investigators concluded that disruption of the matrix (cell wall structure)

enhanced the bioavailability of b-C from whole-leaf and minced spinach.

However, the effect of the food preparation on the conversion of b-C to retinol

was not observed in this population due to the insensitivity of the serum retinol

measurement (57).

I. Genetic Factors

Using an isotope reference method, a recent study conducted in the east central

region of China found that 4 of 15 adult subjects showed abnormal poor

conversion of b-C to vitamin A, although their absorptions of b-C and vitamin A

were normal (personal communication with Drs. Shi-an Yin and Zhixu Wang).

These four subjects were healthy and without any biomedical abnormality. We

speculate that this may due to polymorphism of the 15,150-oxygenase gene in this

population. Another study on the genetic profile of these subjects may provide

important information about possible genetic factors on the conversion of

provitamin A carotenoids to vitamin A.

VI. BIOEQUIVALENCE OF b-C TO RETINOIC ACID

b-C can be converted to retinoic acid via an excentric cleavage pathway in ferret

intestine (58,59) and in human intestinal mucosa (60). The concentration of

all-trans retinoic acid in the serum of rabbits fed b-C was found to be higher

than those fed no b-C (61). Retinoic acid plays an important role in the

prevention and therapy of cancers through its control of gene expression (62);

thus, factors that affect the formation of retinoic acid from dietary b-C warrant

further investigation.
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VII. CONCLUSION

The present reported values for bioequivalence of provitamin A carotenoids

to vitamin A varies from 2 mg b-C to 1 mg retinol (synthetic pure b-C in oil) to

27 mg b-C to 1 retinol (vegetable b-C). Factors affecting b-C conversion to

vitamin A are dietary factors including food matrix (e.g., vegetables, fruits) and

dietary fat and fiber content (macronutrient), host nutritional status (vitamin A

status and protein nutrition status), and host intestinal health (parasitic infection

and other infections). Provitamin A carotenoids (mainly b-C) can provide

vitamin A nutrition for humans, but the efficiency of production of vitamin A

from dietary carotene is quite a bit less than previously thought.
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Bioconversion of Provitamin A
Carotenoids
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Iowa State University, Ames, Iowa, U.S.A.

I. PROVITAMIN A CAROTENOIDS

Although the association of vitamin A potency with yellow color in foods was

known in the early 1900s, the exact relationship between the yellow color and

vitamin A was not known until Moore (1) demonstrated that the yellow-colored

orally fed carotene was converted to colorless vitamin A in rats. Elucidation of

the chemical structures of b-carotene and vitamin A by Karrer and his coworkers

(2) confirmed the relationship.

There are more than 600 carotenoids in nature. However, less than 10% of

them can serve as provitamin A. Preformed vitamin A is found in animals only

and is derived exclusively from the provitamin A carotenoids, which in turn are

not synthesized by animals. Therefore, provitamin A carotenoids are the major

source of vitamin A for a large proportion of the world’s population. Certainly,

b-carotene is a potent provitamin A as well as the major provitamin A carotenoid

in many vegetables and fruits consumed by humans. In general, any carotenoid

with one unsubstituted b-ionone ring attached to a polyene chain containing

at least five conjugated double bonds as shown in Figure 1 may serve as a

provitamin A. Like the provitamin A carotenoids, several other carotenoids, i.e.,

lutein, zeaxanthin, and lycopene, are absorbed very well by humans from dietary

fruits and vegetables but are not converted to vitamin A.

The source and biological activity of some of the provitamin A carotenoids

are listed in Table 1. The chemical structures of the most common provitamin A

carotenoids are shown in Figure 2.
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II. BIOAVAILABILITY OF CAROTENOIDS

After ingestion, carotenoids must be released from the food matrix and

incorporated into mixed micelles before they can be absorbed and cleaved to

vitamin A. Bioavailability is defined as the fraction of an ingested carotenoid

that is available for normal physiological functions including storage (4).

After a carotenoid becomes bioavailable, part or all of it is converted to vitamin

A (bioconversion). The bioavailability and bioconversion of carotenoids are

governed by many factors. The factors that may affect bioavailability have been

discussed in excellent reviews (4–8). Various techniques, including isotopic

tracer technique, can be used for studying the bioavailability and bioefficacy of

dietary carotenoids. A review has appeared on the bioavailability of b-carotene in

humans (9). The term SLAMENGHI (species of carotenoids, molecular linkage,

amount of carotenoids consumed in a meal, matrix in which the carotenoid is

incorporated, effectors of absorption and bioconversion, nutrient status of the

host, genetic factors, host-related factors, and mathematical interactions) was

coined by Dee Pee and West (10) to describe the factors that can affect the

bioavailability and bioconversion of carotenoids. These factors are briefly

mentioned below.

A. Species of Carotenoids

Carotenoids can exist in many isomeric forms. The all-trans form is usually the

most abundant and biologically active form. The all-trans form of b-carotene is

the major isomer in circulation in humans. However, cis isomers of b-carotene

are present in substantial amounts in processed foods and thus can be an

important source of dietary b-carotene (11). The provitamin A activity is usually

markedly reduced by isomerization to a cis form at one or more double bonds.

The possible number of cis isomers of any carotenoid is very high, the

theoretically possible number of cis isomers for b-carotene being 272. However,

only 12 are observed out of the 20 unhindered isomers expected. The ease of

Figure 1 Structural requirement for any carotenoid to show vitamin A activity.
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Table 1 Provitamin A Carotenoids

Name

Biological

activity Source

b-Apo-20-carotenal Active Citrus fruit

b-Apo-80-carotenal 36–72 Citrus fruit, green plants, alfalfa

meal

b-Apo-100-carotenal 76–78 Citrus fruit, green plants, alfalfa

meal

b-Apo-120-carotenal 44–72 Alfalfa meal

b-Apo-80-carotenoic acid 78 Corn, animal tissue

b-Apo-100-carotenoic acid Active Egg yolks

b-Apo-120-carotenoic acid Active Egg yolks

b-Apo-80-carotenoic acid ethyl ester Active —

b-Carotene 100 Green vegetables, carrots, sweet

potatoes, squash, paprika,

orange, cranberries, grapes, all

colored fruits, yellow corn,

eggs, milk, etc.

9-cis-b-Carotene 38 Processed foods

13-cis-b-Carotene 53 Processed foods

15-cis-b-Carotene 30–50 Processed foods, green

vegetables

a-Carotene 50–54 Accompanies b-carotene (listed

above), palm oil

9-cis-a-Carotene 13 —

9,13-Di-cis-a-carotene 16 —

g-Carotene 42–50 Carrots, sweet potatoes, corn,

tomatoes, some fruits (apricots,

water melons), palm oil

b-Carotene 50,60-monoepoxide 21 Plants, potatoes, red peppers,

mangoes

a-Carotene 5,6-monoepoxide 25 Plants, flowers, bleached paprika

b-Carotene 50,80-monofuranoxide

(mutatochrome, citroxanthin)

50 Orange peel, red peppers,

tomatoes, sweet potatoes,

cranberries, bleached paprika

Citranaxanthin 44 Citrus fruits

b-Cryptoxanthin 50–60 Yellow corn, green peppers,

persimmons, papayas, citrus

fruits, prunes, apples, apricots,

peaches, strawberries,

cranberries, paprika, eggs,

poultry

(continued )
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formation of cis–trans equilibrium mixtures under exposure to light, heat, and

acids makes it difficult to determine the exact information of the isomers

occurring in the native state. Very little is known about the bioavailability of the

cis isomers. The effect of food processing and the interaction of carotenoids

during the absorption process have been presented in Chapter 12. In general,

b-carotene is more bioavailable than 9-cis or 13-cis-b-carotene (11). The most

likely reasons for a cis isomer being less active than the trans isomer are reduced

interaction with the cleavage enzyme due to the molecular arrangement or less

bioavailability than the trans isomer.

B. Molecular Linkage

Although most carotenoids, hydrocarbon carotenoids in particular, occur

unbound to other compounds in fruits and vegetables, hydroxycarotenoids can

Table 1 Continued

Name

Biological

activity Source

a-Cryptoxanthin Active Accompanies b-cryptoxanthin

Cryptoxanthin monoepoxide

(3-hydroxy-b-carotene

5,6-monoepoxide)

Active Potato, orange, prune, flowers

3,4-Dehydro-b-carotene 75 Microorganisms

2,20-Dimethyl-b-carotene Active

5,6-Dihydroxy-b-carotene Active —

3,4-Diketo-b-carotene Active Algae

Echinenone/aphanin/myxoxanthin

(4-keto-b-carotene)

44–54 Algae, sea urchins, brine shrimp,

crustaceans

3-Keto-b-carotene Active Algae

3-Hydroxy-4-keto-b-carotene

(hydroxyechinenone)

Active Algae, bacteria, flowers

4-Hydroxy-b-carotene

(isocryptoxanthin)

48 Brine shrimp

b-Semicarotenone Active —

Torularhodin �50 Red yeast, plants,

microorganisms, fungus

Torulene (30,40-Dehydro-

g-carotene)

Active Red yeast

b-Zeacarotene (70,80-Dihydro-

g-carotene)

20–40 Corn, tomatoes, yeast, cherries

Source: Adapted from Refs. 1 and 3.
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be present as esters bound to fatty acids. For example, cryptoxanthin, a

monohydroxy provitamin A carotenoid, is usually present as esters in fruits and

vegetables (3). In general, esters are not bioavailable and must be hydrolyzed to

become bioavailable (12). The bioavailability can also depend on the amount of

carotenoid present in the food. It is reported that b-carotene is more bioavail-

able when given several times in small doses than when given once as a large

Figure 2 Chemical structures of some of the most common provitamin A carotenoids.
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dose (13). Bioavailability of the carotenes (hydrocarbon carotenoids) such as

b-carotene and a-carotene is relatively lower than that of the carotenols

(hydroxycarotenoids) such as lutein (14) and zeaxanthin. Xanthophylls and

carotenes associate differently with micelles (12). This may be why the

absorption of b-carotene from vegetables is much lower than that of lutein.

C. Matrix

Dietary carotenoids exist as true solutions in oil (as in red palm oil) or as parts of

matrices within the vegetable or fruit. The matrix may be very complex and may

not be fully disrupted during food preparation and during its passage through

the intestine. Several investigators had shown that the absorption of b-carotene

depends on the food matrix (15,16). The absorption of b-carotene from oil or

aqueous dispersion is much higher than from vegetables. The bioavailability of

Figure 2 Continued.
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b-carotene from stir-fried vegetables, carrots, and spinach was found to be 7%,

18–26%, and 7%, respectively (4).

D. Effectors

The bioavailability of carotenoids can be effected by the presence of other

nutrients. Moreover, carotenoids may interfere with each other’s absorption (12).

The presence of protein in the diet can stabilize fat emulsions and enhance

micelle formation and carotenoid uptake (4). There can be an interaction of

carotenoids with fat and fiber in the food. It has been shown that the presence

of fat in the diet can enhance absorption (17). On the other hand, the presence of

fiber such as pectin, guar, and alginate can reduce the absorption of carotenoids

by as much as 43% (18,19). Gastric pH can have a role in the absorption of

carotenoids (20).

E. Nutritional Status

The effect of nutritional status on the absorption of carotenoids is not clearly

known (8), although studies had indicated that absorption might be affected by

the amount of vitamin A present in the food or by the vitamin A status (4,21,22).

It has been shown that a greater b-carotene cleavage activity was present in

vitamin A-deficient rats, and a lower activity in protein-deficient rats (22).

F. Genetic Factors

The carotenoid levels in people of different races show different plasma

carotenoid profiles (4). It is not clearly known whether such a difference is a

genetic difference or due to the diet.

G. Host-Related Factors

Differences in sex and age may explain many of the differences observed in the

serum response to ingestion of dietary carotenoids (4). Infection by malaria

parasites (23) or intestinal parasites (24) can have an effect on absorption.

Deworming before dosing with b-carotene resulted in increased serum retinol in

children (24).

H. Mathematical Interactions

This refers to the difference in effect observed when two factors have a shared

role compared with the product of the effects observed separately (4). No data are

yet available for such an interaction.
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I. Responders and Nonresponders

Following a dose of b-carotene, some human subjects respond with a marked

increase in the b-carotene concentration in plasma. These subjects are considered

as responders. However, some subjects, called nonresponders, show little or no

increase in the plasma concentration of b-carotene. Although the cause of such

difference is not known with certainty, it is possible that the absorbed carotene is

rapidly converted to vitamin A, or that the absorption of b-carotene is extremely

slow, or that absorbed b-carotene is cleared from plasma very rapidly (12,25).

III. SITE OF CONVERSION OF PROVITAMIN A
CAROTENOIDS TO VITAMIN A

A. Small Intestine

Moore (1) found that vitamin A formed from orally fed carotene was deposited in

the liver. This pointed the liver as the likely site of conversion of carotene to

vitamin A. In vitro experiments using liver homogenates to study the conver-

sion of b-carotene to vitamin A gave conflicting results (1). That the intestinal

wall can be the site of conversion came almost by accident. Sexton et al. (26)

found that when a single dose or repeated doses of b-carotene were administered

by intraperitoneal or intravenous injection to vitamin A-deficient rats, the growth

response and times of survival were much less than when the same doses were

given orally. Surprisingly, the livers of the rats that died contained considerable

amounts of b-carotene. If b-carotene was converted in the liver, why did the rats

die? Sexton et al. (26) suggested that the site of conversion was probably not the

liver but more likely the intestinal wall. Following this report, three groups of

investigators almost simultaneously demonstrated that the small intestine was

the site of conversion of carotenoids to vitamin A (27–29). Morton and his

colleagues (30) demonstrated that retinal was also reduced to retinol in the

small intestine. Retinol formed this way is immediately esterified to retinyl

esters (31,32). Further support that the small intestine is the primary site of

conversion of b-carotene to vitamin A was provided by Olson (33) who showed

the formation of radioactive retinal, retinol, and other products by injecting
14C-b-carotene in aqueous Tween intraperitoneally into the intestinal loop of rats.

B. Other Sites: Extraintestinal Cleavage

Following parenteral, intravenous, or intramuscular administration, the conver-

sion of b-carotene to vitamin A was noted in animals whose intestines were

removed prior to dosing (34,35). Bieri and Pollard (36) showed that the liver was

the main site of conversion of b-carotene to vitamin A when b-carotene was
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administered by intravenous injection. The discrepancy between this finding

and the Sexton et al. finding (26) cannot be explained. Treatment of b-carotene

with liver homogenates resulted in the formation of retinal and retinol (31)

demonstrating extraintestinal cleavage of b-carotene. The formation of retinoic

acid and retinol by incubation of liver, lung, kidney, and testes homogenates has

been reported (37). A study of the distribution of carotene 15,150-dioxygenase

activity on various rat organs showed that the intestine had the highest activity

followed by liver, brain, lung, and kidney (38). These results are in accord with

other reports that the conversion of carotene to vitamin A was much less by

extraintestinal tissues than by small intestinal mucosa (1). Wang et al. (39)

showed b-carotene cleavage activity in liver, kidney, and fat tissues of rats,

ferrets, monkeys, and human adipose tissue as well. A recent study demonstrated

that besides the small intestine, many other tissues express relatively high levels

of the enzyme b,b-carotene 15,150-dioxygenase, leading to the conclusion that

an additional vitamin A supply can be achieved by tissue-specific cleavage of

b-carotene (40). By performing reverse-phase polymerase chain reaction

(RT-PCR), it has been demonstrated that the expression of carotene 15,150-

dioxygenase mRNA was highest in testes, followed by liver and kidney, and

lowest in small intestine (41). In situ hybridization studies showed that the

carotene cleavage enzyme was expressed in maternal tissue surrounding the rat

embryo (41). Thus, it is now clear that the small intestine is the most common site

of conversion of b-carotene to vitamin A, but the liver, testes, and many other

tissues may serve as alternative sites.

IV. PATHWAYS OF CONVERSION

Two pathways, i.e., central cleavage and excentric cleavage, for the conversion

of provitamin A carotenoids to vitamin A are known. The carotene molecule

can undergo fission at the central 15,150 double bond by “central cleavage” to

produce theoretically two molecules of vitamin A. Alternatively, the carotene

molecule can undergo progressive fission from one end of the polyene chain by

“excentric cleavage” to produce a number of b-apocarotenoids of different chain

length, ultimately giving rise to one molecule of vitamin A.

A. Central Cleavage Mechanism

If b-carotene is cleaved by the central cleavage pathway, 2 mol of retinal should

be formed from 1 mol of b-carotene (Fig. 3) whereas only 1 mol of retinal should

be formed from 1 mol of a-carotene or g-carotene. The finding that a-carotene

and g-carotene possess only half the biological activity of b-carotene supported

the central cleavage pathway. However, many factors, such as the relatively slow
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conversion of carotene to vitamin A, rapid chemical oxidation of b-carotene

during incubation studies, lack of resolving power of metabolites, and low

sensitivity of detection, made it difficult to resolve the exact pathway of

conversion of b-carotene to vitamin A (12).

The enzyme b,b-carotene 15,150-dioxygenase (the details of which are

discussed in Chapters 17 and 18) involved in the cleavage of b-carotene to

Figure 3 Central cleavage pathway (primary pathway) and excentric cleavage pathway

involved in the conversion of provitamin A carotenoids to vitamin A.
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vitamin A was first isolated in the mid-1960s (31,42,43). By use of this enzyme it

was demonstrated that 14C-b-carotene was cleaved solely to 14C-retinal, pointing

to central cleavage of b-carotene. These investigators found that the ratio of the

moles of retinal formed to the moles of b-carotene consumed was 1.1–1.5. Any

value greater than 1 would favor the central cleavage pathway, whereas any value

lower than 1 would favor the excentric cleavage pathway. Support for the central

cleavage pathway came from several other studies (44–52) where retinal was

shown to be the only cleavage product of b-carotene. In one study, the formation

of small amounts of retinol and retinoic acid in addition to retinal as the major

product (87%) was reported (53). Using whole intestinal homogenates, Devery

and Milborrow (54) found a molar ratio of 1.72 : 1 for retinal/b-carotene. Nagao
et al. (50) used pig intestinal enzyme and found amolar ratio of 1.88 : 1 for retinal/
b-carotene. After correction for efficiency of extraction, the value was raised to

2.07, a value the same as the theoretical value of 2 : 1 for retinal/b-carotene if

cleavage occurs by the central cleavage pathway. The cleavage of many other

provitamin A carotenoids, including a-carotene, b-apocarotenals, and 5,6- and

5,8-monoepoxides of b-carotene and of a-carotene, by 15,150-dioxygenase to

retinal has been reported (44,45,55,56). However, the rate of cleavage is

considerably lower than that of b-carotene (56). The intestinal absorption of 5,6-

and 5,8-monoepoxides of b-carotene in humans has been demonstrated (57).

In an in vivo study, a single oral dose of b-carotene in oil was given to

rats of normal vitamin A status. Analysis of carotenoids and retinoids 1 and 3 h

after the dose showed that only retinoids were detected as the primary cleavage

products of b-carotene in the small intestinal mucosa, liver, kidney, and serum

(58). Because only retinoids and no apocarotenoids were detected in the small

intestinal mucosa, serum, and other tissues, it was concluded that b-carotene was

converted primarily by the central cleavage pathway (58,59). In another in vivo

study, 3H-b-carotene was administered to rats of normal and marginal vitamin A

status. Analysis of the entire gastrointestinal tract, liver, kidney, and other tissues

of these rats showed the presence of 3H-retinoids as the only cleavage products

(60). No apocarotenoids or other radioactive metabolites were detected.

Goodman et al. (61) dosed lymph-cannulated rats with a mixture of

uniformly labeled 14C-b-carotene and b-carotene labeled at the central 15,150

double bond with tritium. They found that during cleavage of b-carotene the H

atoms attached to the central carbon atoms were not lost. Vartapetyan et al. (62)

showed that 18O2 from molecular oxygen, and not from water, was incorporated

into the liver retinyl esters when vitamin A-deficient rats were fed b-carotene.

A dioxygenase reaction mechanism and need for a cofactor containing iron was

suggested for this conversion (43,45,63,64).

The successful cloning and sequencing of b-carotene 15,150-dioxygenase

activity from chicken, as well from Drosophila melanogaster, has been reported

(65,66). Details about this enzyme are described in Chapter 17.
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Recently, it has been demonstrated that the enzymatic cleavage of the

central 15,150 double bond in b-carotene takes place by a monooxygenase-type

mechanism. By use of a chicken intestinal b-carotene 15,150-oxygenase pre-

paration and isomerically pure a-carotene as substrate, it was shown that both
17O2 and H2

18O were incorporated into the two retinal products (67). Therefore,

the enzyme was renamed b-carotene 15,150-monooxygenase. The isolation of the

enzyme from several human tissues and its characterization has been reported

(68). These workers also report the role of the enzyme in peripheral vitamin A

synthesis from plasma-borne provitamin A carotenoids.

B. Excentric Cleavage Mechanism

An earlier finding that on a weight-by-weight basis b-carotene was half as active

as vitamin A in promoting growth led investigators to hypothesize that the

cleavage of b-carotene occurred by excentric cleavage. Glover (34) showed that

b-carotene administered orally in arachis oil containing an appropriate amount of

vitamin E for production of vitamin A was metabolized to small fragments that

entered the metabolic pool. He was able to isolate small amounts of b-apo-120-

carotenal, b-apo-120-carotenol, and b-apo-120-carotenoic acid ester after feeding

rats with 14C-b-carotene. This implied oxidative attack at more than one position

in the chain (Fig. 3). b-Apo-120-carotenal showed excellent biological activity

but resulted in a low yield of vitamin A (34). However, while favoring

asymmetrical cleavage, Glover found that the amounts of radiolabeled carbon

dioxide produced by the metabolism of 14C-b-carotene and 14C-retinol in rats

were the same, indicating that asymmetrical cleavage was not a major path-

way. Glover concluded that although terminal oxidation of b-carotene could

yield vitamin A, b-oxidation of the larger fragment was not the method by

which it was degraded to vitamin A. Sharma et al. (69) isolated 80-, 100-, and

120-b-apocarotenals along with much larger amounts of retinal from the intestine

of chickens fed b-carotene. The corresponding b-apocarotenoic acids were also

isolated and identified. Based on these findings, a pathway of conversion of

b-carot ene to vitamin A similar to the one shown in Figur e 3 was propos ed

(69,70). Although a distinction between central cleavage and excentric cleavage

could not be made, it was shown that the b-apocarotenals could serve as

substrates for an enzyme isolated from the intestines of guinea pigs and rabbits

(44,45,55). Hansen and Maret (71) followed the procedure of Goodman and

Olson (43) for the preparation of the carotene cleavage enzyme, but they failed to

demonstrate the cleavage of b-carotene to retinal by incubation with this enzyme

preparation. However, they showed that small amounts of b-apocarotenoids were

formed chemically in presence of oxygen under normal incubation conditions

even in the absence of the enzyme preparation. Wang et al. (39) incubated

b-carotene with intestinal mucosal homogenates of human, monkey, ferret, and
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rat, and showed the formation of b-apo-120-, b-apo-100-, and b-apo-80-carotenal,

in addition to retinal and retinoic acid. In a subsequent paper, these investigators

showed the formation of two additional products, b-apo-13-carotenone and

b-apo-140-carotenal, thereby demonstrating the sequential excentric cleavage of

b-carotene (72). Because retinal was obtained as a relatively minor product in

these studies, the investigators concluded that sequential asymmetrical cleavage

was a major pathway for the conversion of b-carotene to vitamin A. In the

presence of the retinal oxidase inhibitor citral, formation of retinoic acid as a

product from both b-carotene and b-apo-80-carotenal was demonstrated, thereby

supporting cleavage of b-carotene by an excentric pathway and b-oxidation

(39,73–75). Furthermore, it was shown that citral completely inhibited the

conversion of added retinal to retinoic acid in human intestinal mucosa

homogenates, without affecting the conversion of b-carotene to retinoic acid. It is

possible that the reported very high growth-promoting activity of b-apo-120-

carotenal by Glover (34) was due to retinoic acid formed from b-apo-120-

carotenal by the b-oxidation pathway.

In an in vivo study, vitamin A-deficient rats were orally fed a single dose of

b-carotene in oil, and when the small intestinal mucosa was analyzed 1 h after the

dose, small amounts of several b-apocarotenals were present (58). However,

mucosa of rats killed 3 h after the dose did not show any b-apocarotenals.

It has been reported that the pathway of conversion might depend on

the presence or absence of antioxidants such as a-tocopherol (76). When

a-tocopherol was present, retinal was the predominant cleavage product favoring

the central cleavage pathway. On the other hand, when a-tocopherol was absent,

both retinal and b-apocarotenals, indicative of excentric cleavage, were

produced. A mammalian enzyme capable of cleaving the 90,100 double bond of

b-carotene to produce b-apo-100-carotenal has been described (77). Dmitrovskii

et al. (78) reported the presence of an enzyme capable of cleaving b-apo-80-

carotenol to b-apo-140-carotenal. When b-carotene was incubated with an

intestinal postnuclear homogenate from cytochrome P450-induced rats, traces of

80-, 100-, and 120-apocarotenals were identified (79).

These findings show that the conversion of provitamin A carotenoids to

vitamin A can also take place by excentric cleavage mechanism.

C. Other Pathways

The breakdown of carotenoids by free radicals produced by enzymes such

as lipoxygenase is known (8). The formation of random cleavage products of

b-carotene by lipoxygenase in the presence of linoleic acid or by linoleic acid

hydroperoxide has been reported (80). Oxidative cleavage of b-carotene by

oxygen was induced by a ruthenium catalyst leading to the formation of several

apocarotenals, indicating involvement of free radicals (81).
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V. CONCLUSIONS

Carotenoids are not only colorful and attractive to the human eye, but are also

beneficial to human health. From more than 600 carotenoids that occur in nature,

only a few carotenoids can serve as the source of vitamin A, an essential

micronutrient required for growth, development, vision, and immunity. The

bioavailability and bioconversion of provitamin A carotenoids depend on a number

of factors. Following absorption, provitaminA carotenoids are cleaved primarily by

central cleavage of the 15,150 double bond by an enzyme called carotene 15,150-

monooxygenase. The cleavage of provitamin A carotenoids by excentric cleavage

of other double bonds to produce retinoids via b-apocarotenoids is also well

documented. The major site of conversion of carotenoids to vitamin A is the small

intestine, but the conversion may take place in the liver and many other tissues.
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I. INTRODUCTION

Carotenoids are a large family of plant pigments that may have specific biological

activities in humans. More than 600 carotenoids have been isolated from nature.

Substantial research has been done regarding the biological functions and

metabolism of carotenoids, particularly for the major carotenoids (b-carotene,

a-carotene, lycopene, cryptoxanthin, lutein, and zeaxanthin) found in human

plasma and tissues. These carotenoids are important food components and there

exists strong epidemiological evidence for their health benefits in terms of

prevention of chronic diseases (e.g., cancer, cardiovascular disease, and age-related

macular degeneration). The information on retinoid activity as the most important

function of provitamin A carotenoids continues to accumulate. Other functions of

carotenoids have also been defined, including antioxidant capabilities, enhance-

ment of cellular gap junction communication, modulation of the immune system,

inhibition of growth factor-induced cell proliferation, induction of apoptosis, and

blocking of neoplastic transformation of normal cells. Several excellent chapters in

this book will discuss these functions of carotenoids in detail.

There remains a remarkable discordance between the results of the obser-

vational epidemiological studies and the intervention trials using b-carotene as a

potential chemopreventive agent (1). Clinical intervention trials conducted to

determine the effect of b-carotene supplementation on the incidence of lung

cancer in smokers found either no protective effect or a negative effect (2–7).

However, supporting evidence for a protective role of fruits and vegetables rich
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in carotenoids in cancer prevention continues to be reported in human

epidemiological studies (8–10) and intervention studies (11,12). A number of

animal and laboratory studies have also shown that carotenoids can block certain

carcinogenic processes and inhibit specific tumor cell growth (13–16). Recent

in vivo and in vitro studies have provided useful information on the controversy

regarding the chemopreventive versus the carcinogenic activity of carotenoids.

One of the important aspects is that humans can absorb and accumulate

significant amount of carotenoids in the tissues and these carotenoids can undergo

extensive oxidation into various carotenoid metabolites. Therefore, both the

beneficial and adverse effects of carotenoids may be due to their metabolites or

decomposition products (Fig. 1). Understanding the molecular details behind the

actions of these oxidative products may yield insights into both physiological and

pathophysiological processes in human health and disease.

II. METABOLIC PRODUCTS OF CAROTENOIDS

The carotenoids are a class of lipophilic compounds with a polyisoprenoid

structure. Most carotenoids contain a series of conjugated double bonds in the

Figure 1 Simplified schematic illustration of possible mechanism(s) of carotenoids and

their oxidative metabolites on their beneficial and detrimental effects to human health.
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middle chain of the molecule, which are sensitive to oxidative modification and

cis–trans isomerization. There are six major carotenoids (b-carotene, a-carotene,

lycopene, cryptoxanthin, lutein, and zeaxanthin) that can be found routinely

in human plasma and tissues. Among them, the most extensively studied is

b-carotene, the most active precursor of vitamin A. b-Carotene is a symmetrical

molecule with nine conjugated double bonds in its polyene chain (Fig. 2). Central

cleavage of this molecule is a major pathway leading to vitamin A formation

(17,18). This pathway has been substantiated by the cloning of the central

cleavage enzyme, b-carotene 15,150-dioxygenase, by two independent research

groups using different species (19,20). Recent studies have further classified

this enzyme as a nonheme iron monooxygenase (21,22). Retinal formed from

b-carotene can be subsequently reduced to retinol or oxidized further to form

retinoic acid (Fig. 2). Two excellent chapters in this book will discuss this topic in

detail. An alternative pathway for carotenoid metabolism, the excentric cleavage

pathway (or random cleavage) in mammals, has been a subject of controversy

among scientists for several decades (18). One mechanism describing this

excentric cleavage pathway, proposed by Glover in 1960 (23), suggests that

oxidative cleavage of b-carotene starts at either end of chain with equal

probability; the oxidative breakdown continues with removal of two-carbon units

until the further oxidation is blocked by the methyl group at the C-13 position,

which is at the b position with respect to the central carbon atom of b-carotene.

Thus, b-carotene can yield one molecule of retinal via a series of b-apocarotenals

of different chain lengths. This hypothesis was partially supported by Ganguly

and coworkers in 1976 (24,25). They isolated significant amounts of b-apo-80-,

100-, and 120-carotenal from the intestines of chickens given dietary b-carotene

Figure 2 Metabolic pathway of b-carotene.
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and suggested that excentric cleavage may have a role in b-carotene metabolism.

Later in 1991, we provided evidence for a random cleavage of the b-carotene

molecule and demonstrated that a series of homologous carbonyl cleavage

products are produced, including retinal, retinoic acid, b-apo-140-, 120-, 100-,

and 80-carotenals and b-apo-13-carotenone from b-carotene in tissue homo-

genates of humans, ferrets, and rats (26,27). Furthermore, we have isolated

b-apo-120-carotenal and b-apo-100-carotenal as well as retinoids from ferret

intestinal mucosa after perfusion of b-carotene in vivo (28,29). The production

of b-apo-carotenals from b-carotene in rat intestinal mucosal homogenates

continued for 60 min, whereas the appearance of retinal and retinoic acid was

delayed, suggesting that b-apocarotenals may be intermediate compounds in the

production of retinoids from b-carotene. Indeed, the perfusion of b-apo-140-

carotenal in ferrets increased the formation of apocarotenoic acid, retinoic

acid, and retinol in vivo (30). We found that b-carotene, retinyl esters, retinol,

and the less polar metabolites are absorbed into the lymph, whereas the

more polar metabolites, including b-apo-carotenals, retinoyl-b-glucuronide,

retinyl-b-glucuronide, and retinoic acid, are absorbed directly into the portal

blood (31). These data indicate that the portal vein plays a role in b-carotene

metabolism and that the differential absorption of b-carotene and its metabolites

into lymph or portal blood is dependent on the polarity of the metabolites

involved. However, the existence of the excentric cleavage pathway for

b-carotene was not confirmed until a recent publication on the molecular

identification of b-carotene 90,100-monooxygenase, which catalyzes the excentric

cleavage of b-carotene at the 90,100 double bond, forming b-apo-100-carotenal in

humans and mice (32). Using the reported cDNA sequence for a carotene

excentric cleavage enzyme from humans (NM031938), we have cloned a full-

length carotene 90,100-monooxygenase in ferrets that encodes a protein of 540

amino acid and has 82% identity with human carotene 90,100-monooxygenase

(33). This enzyme is expressed in the testis, liver, lung, prostate, intestine,

stomach, and kidney of ferrets. Further investigation regarding the function and

regulation of carotene 90,100-monooxygenase is needed.

In 1988, Napoli and Race (34) demonstrated that retinoic acid can be

produced from b-carotene without formation of retinal as an intermediate

compound. To ascertain if the production of retinoic acid occurred via the central

cleavage pathway, involving direct oxidation of retinal to retinoic acid, or via the

excentric pathway, involving oxidation of b-apocarotenals to retinoic acid, we

used the inhibitor citral, which blocks the oxidation of retinal in human intestinal

mucosa, in a set of experiments (30,35). We demonstrated that retinoic acid and

b-apocarotenals were formed from the incubation of intestinal homogenate with

b-carotene in both the presence and absence of citral. This proves that an

excentric cleavage mechanism is involved in biosynthesis of retinoic acid from

b-carotene, in addition to a central cleavage mechanism. Wang et al. (36)
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demonstrated that the b-apocarotenals could be oxidized to the corresponding

b-apocarotenoic acids, which are further oxidized through a process analogous to

b oxidation to yield retinoic acid (Fig. 2). It is interesting that, similar to the small

intestine, peripheral tissues (such as the lung, kidney, liver, and fat) of ferrets,

rats, monkeys, and humans can also convert b-carotene to retinoic acid (26,34).

The plasma concentration of retinoic acid increased after oral feeding of

b-carotene in the rabbit (37) or after perfusion of b-carotene in ferrets (38). Thus,

it is possible that increased dietary b-carotene or other provitamin A carotenoids

may affect the steady-state concentration of retinoic acid in body fluids or tissues.

The rapid metabolic clearance of retinoic acid from body fluids and tissue may

increase the significance of local tissue conversion. A pathway similar to that of

b-carotene may be involved in metabolism of other provitamin A carotenoids,

such as a-carotene and cryptoxanthin, although this needs more investigation.

Lycopene has attracted attention due to its biological and physiochemical

properties, especially related to its effects as the strongest antioxidant among the

carotenoids. Lutein and zeaxanthin have an important role in protection against

age-related macular degeneration. However, the metabolism of these carote-

noids remains poorly understood. Relative to b-carotene, lycopene has the

same molecular mass and chemical formula, but it has an open carbon-polyene

chain without the b-ionone rings. Khachik et al. identified 5,6-dihydroxy-5,6-

dihydrolycopene and epimeric 2,6-cyclolycopene-1,5-diols in human serum as

two oxidative products of lycopene (39,40). Recently, using ferret as a model to

mimic human carotenoid metabolism, we found that smoke exposure decreased

plasma and lung lycopene concentrations in lycopene supplemented ferrets (41).

Lycopene concentrations decreased by approximately 40% in plasma for both low-

dose and high-dose lycopene-supplemented groups and 90% in lung tissue for both

the low-dose and high-dose lycopene groups. Furthermore, we demonstrated that

while all-trans lycopene is the predominant isomer in plasma and lung tissues of

ferrets supplemented with lycopene (followed by 13-cis-lycopene and 9-cis-

lycopene), smoke exposure appears to increase the cis isomers and decrease the

trans isomers of lycopene in the lungs of ferrets. Very recently, we observed that

the expression of ferret lung carotene 90,100-monooxygenase, which catalyzes the

excentric cleavage of lycopene at the 90,100 double bond forming apo-100-

lycopenoids, was up-regulated by smoke exposure (33). The significance of this

isomerization and formation of oxidative metabolites of lycopene is unclear and

warrants further investigation. It has been shown that acycloretinoic acid is one

autoxidation product of lycopene in toluene (42). Acycloretinoic acid inhibited the

growth of HL-60 human promyelocytic leukemia cells (43) and human mammary

cancer cells (44). However, it is not clear whether acycloretinoic acid can be

produced from lycopene metabolism in cells and mammalian tissues. Similar

concentrations of acycloretinoic acid and of lycopene are required for the inhibition

of cell growth, which indicates that acycloretinoic acid may not be the active
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metabolite of lycopene (44). The non-provitamin A carotenoid canthaxanthin can

generate two decomposition products, all-trans- and 13-cis-4-oxoretinoic acid (45).

These metabolites have the same activity as canthaxanthin on enhancing cell–cell

gap junctional communication in marine fibroblasts (45,46). It is interesting

that 4-oxoretinoic acid has been shown to be a ligand of the nuclear receptor,

RARb (47). Whether canthaxanthin can regulate gene expression via this

metabolite remains to be determined.

III. BIOLOGICAL ACTIVITIES OF CAROTENOID
OXIDATIVE PRODUCTS

Carotenoids are shown to be regulators of cell differentiation, proliferation, and

apoptosis, particularly in certain carcinoma cell lines, and these properties have

been used as the rationale for using carotenoids for cancer chemoprevention.

These biological activities of carotenoids are related to the function of intact

carotenoids or their decomposition products, which can possess either more or

less activity than their parent compounds, or have an entirely different function.

A. Beneficial Effects of Carotenoid Oxidative Products and
Possible Mechanisms Involved

1. Retinoid-Dependent Activity of Carotenoid Metabolites

Retinoids, the most important oxidative products from provitamin A carotenoids,

play an important role in several critical life processes, including vision,

reproduction, metabolism, differentiation, hematopoiesis, bone development, and

pattern formation during embryogenesis (48). Considerable evidence demon-

strates that retinoids may be effective in the management of a variety of human

chronic diseases, including cancer (49). The mechanism by which retinoids can

elicit these effects resides in their ability to regulate gene expression at specific

target sites within the body. It is important to point out that b-carotene and its

excentric cleavage metabolites can serve as direct precursors for the all-trans and

9-cis-retinoic acid (30,34,36,50), which are ligands for retinoic acid receptor

(RAR) and retinoid X receptor (RXR). Retinoid receptors function as ligand-

dependent transcription factors and regulate gene expression by binding as

dimeric complexes to the retinoic acid response element (RARE) and the retinoid

X response element (RXRE), which are located in the 50 promoter region of

susceptible genes. Therefore, the molecular mode of action of provitamin A

carotenoids mediated by retinoic acid may involve several mechanisms: (a)

transactivation through binding to RAREs in target gene promoters, thereby

transcriptionally activating a series of genes with distinct antiproliferative
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activity; (b) transrepression of activator protein-1 (AP-1, composed of c-Jun and

c-Fos), a transcription factor that mediates signals from growth factors,

inflammatory peptides, oncogenes, and tumor promoters, thereby modulating cell

proliferation; and (c) induction of apoptosis, thereby eliminating cells with

unrepairable alterations in the genome or killing neoplastic cells. Since the down-

regulation of retinoid receptors (loss or low expression of specific RARs and

RXRs, e.g., RARb as tumor suppressor) or “functional” down-regulation of

retinoid receptors (lack of retinoic acid) could interfere with retinoid signal

transduction and result in enhanced cell proliferation and potentially malignant

transformation, up-regulation of retinoid receptor expression and function by

provitamin A carotenoids may play a role in mediating the growth inhibitory

effects of retinoids in cancer cells. This hypothesis was supported by recent

animal studies reporting that both dietary and topical b-carotene prevents

lung tumorigenesis in hamsters (14) and skin carcinoma formation in mice

and induces retinoic acid receptor expression (15). Using the ferret model, we

evaluated the effects of low-dose b-carotene supplementation (equivalent to an

intake of 6 mg of b-carotene/day/70-kg person) on retinoic acid concentration,

expression of RARs, proliferating cellular nuclear antigen (PCNA) expression,

and histopathological changes in the lungs of cigarette smoke-exposed ferrets.

We observed alveolar cell proliferation and keratinized squamous metaplasia

in the lung tissue of ferrets with smoke exposure, but not in the low-dose

b-carotene-supplemented groups with or without smoke exposure (51). Low-

dose b-carotene supplementation in the smoke-exposed group partially prevented

the decrease of lung retinoic acid levels, compared with the smoke exposure

group alone. This supports the possibility that b-carotene, when given at a low

dose, could act to supply adequate retinoic acid to the lung tissue of smoke-

exposed ferrets. Recently, we have observed that the down-regulation of RARb

by smoke-borne carcinogens was completely reversed by treatments with either

b-carotene or apo-140-carotenoic acid in normal bronchial epithelium cells (52).

This could be due to the conversion of b-carotene and apocarotenoic acid to

retinoic acid, as RARb can be induced by retinoic acid. This is supported by our

further observation that the transactivation of the RARb2 promoter by b-apo-140-

carotenoic acid appears to occur, in large part, via metabolism to the potent RAR

ligand, all-trans retinoic acid (52). On the other hand, b-apo-13-carotenone,

which is not an intermediate in the conversion of b-carotene to retinoic acid, had

no transactivation activity of RAR (52,53). It will be interesting to investigate

whether the biological activity of carotenoids or their metabolites are mediated

through interaction with RXRs, PPAR, or other orphan receptors. Recent work

has shown that the lack of RXRa in mouse epidermis results in hypersensitivity

to chemical-carcinogen-induced skin carcinogenesis (54). Therefore, RXRs may

function not only as heterodimeric partners of other nuclear receptors but as

active transducers of tumor suppressive signals (49).
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2. Retinoid-Independent Activity of Carotenoid Metabolites

Carotenoid metabolites may possess their own biological activities, independent

of retinoid signaling. b-Apocarotenoic acids are random cleavage products

of b-carotene with chemical structures similar to that of all-trans retinoic

acid. Recent studies show that b-apo-120-carotenoic acid can inhibit the growth

of HL-60 cells (55) whereas b-apo-140-carotenoic acid can stimulate the

differentiation of U937 leukemia cells (56) and inhibit the growth of breast

cancer cells (57). These effects were not due to cellular conversion of

b-apocarotenoid to retinoic acid because no retinoids were detected in the cells

after treatment with apocarotenoids (57). Thus, it is possible that breakdown

products of b-carotene may have a role in regulating cell function apart from

their ability to be metabolized to retinoic acid. This is also supported by the

finding that apocarotenoids have very low binding affinity to RAR (57). Although

b-apo-140-carotenoic acid can induce transcriptional activity of the RARb2

promoter by its conversion to retinoic acid in the normal bronchial epithelial cells

(52), it is possible that the conversion of b-carotene to retinoic acid is impaired in

transformed cells. In terms of non-provitamin A carotenoids, it has been also

shown that acycloretinoic acid, a possible metabolite of lycopene (42), inhibited

the growth of HL-60 human promyelocytic leukemia cells (43) and human

mammary cancer cells (44). The RAR does not mediate growth inhibition by

acycloretinoic acid. It has been shown that this compound is not a ligand for RAR

and RXR by chloramphenicol acetyltransferase assay (58).

Recent studies have shown that a higher intake of cooked tomatoes or

lycopene was significantly associated with a lower circulating levels of insulin-

like growth factors-1 (IGF-1) (59) and higher levels of IGF binding protein-3

(IGFBP-3) (60). Growth stimulation of MCF7 mammary cancer cells by IGF-1

was reduced by physiological concentrations of lycopene (61). Lycopene

treatment also markedly reduced the IGF-1 stimulation of AP-1 binding and was

associated with an increase in membrane-associated IGFBPs (61). The IGFs are

mitogens that play a pivotal role in regulating cell proliferation, differentiation,

and apoptosis (62). Several lines of evidence implicate IGF-1 and its receptor,

IGF-IR, in lung cancer and other malignancies (63). IGFBP-3, one of the six

members of the IGFBP family and a major circulating protein in human plasma

(64), regulates the bioactivity of IGF-1 by sequestering IGF-1 from its receptor in

the extracellular milieu, thereby inhibiting the mitogenic and antiapoptotic action

of IGF-1. IGFBP-3 also inhibits cell growth and induces apoptosis independent of

IGF-1 and its receptors (65,66). Furthermore, results from studies in lung cancer

cell lines and human populations support a role of high levels of IGF-1 and low

levels of IGFBP-3 in lung cancer (67–69). Since little is known regarding

whether lycopene can inhibit smoke-induced lung carcinogenesis through

modulation of IGF-1/IGFBP-3 levels, cell proliferation, and apoptosis, we have

320 Wang

Copyright © 2004 by Marcel Dekker, Inc.



initiated studies to test the effectiveness of lycopene supplementation against

lung preneoplastic lesions in our smoke-exposed ferrets (41). The results show

that ferrets supplemented with lycopene and exposed to smoke had significantly

higher plasma IGFBP-3 levels and a lower IGF-1/IGFBP-3 ratio than ferrets

exposed to smoke alone. Both low-dose (equivalent 15 mg lycopene/day in

human) and high-dose (60 mg lycopene/day in human) lycopene supple-

mentations substantially inhibited smoke-induced squamous metaplasia and

PCNA expression in the lungs of ferrets. No squamous metaplasia or PCNA

overexpression was found in the lungs of control ferrets or those supplemented

with lycopene alone. Furthermore, cigarette smoke exposure greatly increased

BAD (a member of the BH3-only subfamily of Bcl-2) phosphorylation at

both Ser 136 and Ser 112 and significantly decreased cleaved caspase-3 in the

lungs of ferrets, as compared with controls. The elevated phosphorylation of

BAD and down-regulated apoptosis induced by cigarette smoke in the lungs of

ferrets was prevented by both low- and high-dose lycopene treatments (41). This

study indicates that lycopene can exert its protective effects against smoke-

induced lung carcinogenesis by up-regulating IGFBP-3, interrupting the signal

transduction pathway of IGF-1, inhibiting cell proliferation, and promoting

apoptosis (41). Investigation into whether this function is due to lycopene or its

metabolites is underway in this laboratory.

B. Harmful Effects of Carotenoid Oxidative Products and
Possible Mechanisms Involved

The failure of intervention studies to demonstrate a protective effect of supple-

mental b-carotene could be due to many factors. One biological explanation

for the harmful effects of high-dose b-carotene supplementation in smokers

has to do with the dosage used and the free radical-rich atmosphere in the lungs of

cigarette smokers. This environment alters b-carotene metabolism and produces

undesirable oxidative metabolites, which can facilitate the binding of metabolites

of benzo[a]pyrene to DNA (70), induce carcinogen-activating enzymes (71,72),

interfere with retinoid metabolism (72), down-regulate RARb (51,73),

induce oxidative stress (74,75), up-regulate AP-1 (c-Jun and c-Fos) activity

(51,73), and enhance the induction of BALB/c 3T3 cell transformation by

benzo[a]pyrene (76).

1. Detrimental Effects of Carotenoids are Related to the
Carotenoid Dose Administered In Vivo and the High
Accumulation of Carotenoids in Tissues

An important questions that remains to be answered is whether the beneficial

versus detrimental effects of carotenoids are related to the carotenoid dose
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administered in vivo and the accumulation of carotenoids in a specific organ.

Lowe et al. (77) demonstrated that b-carotene and lycopene protect against

oxidative DNA damage (induced by xanthine/xanthine oxidase) in HT29 cells

at relatively low concentrations (1–3 mM) but lose this capacity at higher

concentrations (4–10 mM). Yeh and Hu (78) demonstrated that b-carotene

and lycopene at a high concentration (20 mM) significantly enhanced levels

of lipid-peroxidation induced by a lipid-soluble radical generator, AMVN

[2,20-azobis(2,4-dimethylvaleronitrile)]. We have examined whether there is a

true hazard associated with high-dose b-carotene supplementation and smoking

in an animal model (51,73). We evaluated the effects of high-dose b-carotene

supplementation (equivalent to an intake of 30 mg of b-carotene/day/70-kg
person) on retinoic acid level, RARb expression, and histopathological changes

in the lungs of cigarette smoke-exposed ferrets. Retinoic acid derived from either

vitamin A or b-carotene acts on normal bronchial epithelium by inducing mucus

and blocking squamous differentiation (79). Since squamous metaplasia occurs

during the early stages of lung carcinogenesis, perturbations in retinoid signaling

may contribute to lung carcinogenesis (80). A role for RARb (which is induced

by retinoic acid) as a tumor suppressor gene has been proposed (81). Recent in

situ hybridization studies show that up to 50% of primary lung tumors lack RARb

expression and that loss of expression is an early event in lung carcinogenesis

(82), although the molecular mechanism through which RARb expression is lost

is uncertain (49). Our results showed that alveolar cell proliferation and

keratinized squamous metaplasia were observed in the lung tissue of the high-

dose b-carotene-supplemented group with or without smoke exposure (51,73).

These precancerous lesions in the lung tissue of the ferrets receiving high-dose b-

carotene supplementation were associated with a low level of retinoic acid and

down-regulated RARb expression in the lung, as compared with the control

group. We concluded that diminished retinoid signaling by the down-regulation

of RARb expression could be a mechanism for enhancement of lung

tumorigenesis after high-dose b-carotene supplementation and cigarette smoke

exposure. More significantly, smoke exposure in the high-dose b-carotene-

supplemented group resulted in an even greater decrease in lung retinoic acid

levels and accompanied an increase in oxidative metabolites of b-carotene. The

dosages of b-carotene used in the ATBC and CARET studies were 20–30 mg/
day for 2–8 years, and these doses are 10- to 15-fold higher than the average

intake of b-carotene in a typical American diet (approximately 2 mg/day). Such
a high dose of b-carotene in humans could result in an accumulation of a

relatively high b-carotene level in lung tissue, especially after long periods

of supplementation (Table 1). To test whether the outcome is due to differences

in the levels of different carotenoids that accumulate in lung tissue or other

organ, we recently conducted a study to evaluate the effects of lycopene

supplementation at both a low dose and a high dose on blood and lung tissue
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lycopene levels in ferrets with or without cigarette smoke exposure (41). Ferrets

in the low-dose lycopene group were supplemented with 1.1 mg/kg/day
of lycopene, which is equivalent to an intake of 15 mg/day in humans. This

dose of lycopene is slightly higher than the average intake of lycopene

(9.4 + 0.3 mg/day) in U.S. men and women (83). Ferrets in the high-dose

lycopene group were supplemented with 4.3 mg/kg/day of lycopene, which is

equivalent to 60 mg/day in humans and achievable from a diet high in enriched

tomato products or supplements. We observed that the concentration of plasma

lycopene (range from 226 to 373 nmol/L) in the ferret after low-dose lycopene

supplementation was similar to the lycopene concentration (range 290–

350 nmol/L) reported in humans (84,85). The lycopene concentration in the

lungs of ferrets that were given a low dose of lycopene reached 342 nmol/kg
which is within the range of lung lycopene concentration in normal humans

(100–500 nmol/kg) (86). We also observed that the lycopene concentration in

ferrets supplemented with a high dose of lycopene increased 3.4-fold in lung

tissue and 1.6-fold in plasma, compared with ferrets supplemented with a

low dose of lycopene. The observation that a higher increase in lycopene

concentrations occurred in lung tissue than in plasma after lycopene supplementa-

tion also has been observed in humans (87). When the ferrets were supplemented

with b-carotene at a dose of 30 mg/day, the concentration of b-carotene in the

lungs of ferrets was 26 mmol/kg lung tissue, which was associated with an

enhanced development of lung squamous metaplasia induced by cigarette smoke

exposure (73). In contrast, in the lycopene study, the concentration of lycopene

in the lungs was only 1.2 mmol/kg lung tissue in ferrets supplemented with

lycopene at a dose of 60 mg/day, which caused no harmful effects but rather

Table 1 Comparison of b-Carotene Doses, Plasma b-Carotene Levels, and Risk of

Lung Cancer in Smokers and Smoke-Exposed Ferrets

b-Carotene

Intake

(mg/day)
Plasma b-carotene

increase (fold)

Risk of

lung cancer

Observational studies (5–9 servings of fruits and vegetables)

�6 1.5–3 Decrease

Intervention studies

ATBC 20 18 Increase

CARET 30 14 Increase

PHS (11% smoker) 50/other day 4 No effect

WHS (13% smoker) 50/other day 4 No effect

Ferret studies 30 21 Increase

6 3 Decrease

Source: Adapted from Ref. 115.
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prevented the development of lung squamous metaplasia and cell proliferation

induced by smoke exposure (41). These data suggest that the outcome of

carotenoid supplementation depends on the carotenoid (or its metabolites), the

dosage level, and the specific organs examined. This hypothesis is supported by

recent b-carotene human intervention studies, which indicate that b-carotene

may prevent gastric carcinogenesis and oral precancerous lesions (11,12). Un-

like lung tissue, eliminating b-carotene though epithelial cells can prevent

accumulation of excessive b-carotene in oral and gastric mucosa. Further-more,

recent animal studies reported that both dietary and topical b-carotene failed to

act as a tumor promoter in the AJ mouse model of lung cancer (88) and the two-

stage model of skin tumorigenesis (15). It is important to point out there are a

number of problems in extrapolating the data from these rodent models to human

populations (89). Several animal studies have reported on the effects of

carotenoids, but actual carotenoid levels in plasma and tissue are not described

and the doses of carotenoids in the animal studies have been exceedingly high.

For example, Kim et al. (90) provided evidence that lycopene decreased the

incidence of lung tumors in B6C3F1 mice. However, enhancement of BaP-

induced mutagenesis by lycopene was observed in the colon and lung of LacZ

mice in a study by Guttenplan et al. (91). However, lycopene levels in lung tissue

are not described in these studies.

2. Induction of Cytochrome P450 Enzymes by Excessive
Carotenoid Metabolites Contributes to Carcinogenesis

Paolini et al. (71) showed a significant increase in several cytochrome P450

(CYP) enzymes (CYP1A1/2, CYP2A1, CYP2B1, and CYP3A1/2) in the lungs

of rats supplemented with very high doses of b-carotene (500 mg/kg body

weight). It has been reported that b-apo-80-carotenal, an excentric cleavage

product of b-carotene, but not b-carotene itself, is a strong inducer of CYP1A1 in

rats (92). This study is particularly interesting because the formation of b-apo-80-

carotenal from b-carotene was threefold higher in lung extracts of smoke-

exposed ferrets than from non-smoke-exposed ferrets (73). Induction of CYPs

by either b-carotene oxidative cleavage products or cigarette smoke has two

possible detrimental actions in lung tissue: (a) bioactivating carcinogens and

(b) destroying retinoic acid, thereby enhancing lung carcinogenesis (Fig. 1). We

recently carried out a study of whether the destruction of retinoic acid in the ferret

lung after smoke alone or after high dose b-carotene (with or without smoke)

treatment is due to CYP induction involved in the destruction of retinoic acid

(72). Using retinoic acid as the substrate, we found that the formation of the

polar metabolites including 18-hydroxyretinoic acid and 4-oxoretinoic acid

increased 6- to 10-fold after incubation with smoke-exposed, high-dose b-

carotene-supplemented, or both ferret lung microsomes, as compared with
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controls. Furthermore, this enhanced retinoic acid catabolism was substantially

(�80%) inhibited by nonspecific CYPs inhibitors (disulfiram and liarozole),

but were partially (�50%) inhibited by resveratrol (CYP1A1 inhibitor),

a-naphthoflavone (CYP1A2 inhibitor), and antibodies against CYP1A1 and

CYP1A2. Cigarette smoke exposure and/or pharmacological dose of b-

carotene increased levels of CYP1A1 and 1A2 by three-to sixfolds but not levels

of 2E1 and 3A1 in ferret lung tissue. These findings suggest that low levels

of retinoic acid in the lung of ferrets exposed to cigarette smoke and/or a high-
dose of b-carotene may be caused by the enhanced retinoic acid catabolism

via induction of CYPs, CYP1A1 and CYP1A2 in particular, which provides a

possible explanation for enhanced lung carcinogenesis seen with pharmacologi-

cal dose of b-carotene supplementation in cigarette smokers.

An interaction between alcohol and b-carotene was observed in several

human studies such that the high-dose b-carotene effect was more harmful in the

lungs of the men who reported consuming larger amounts of alcohol (4,93).

Although the mechanism for the interaction between alcohol and b-carotene

enhances lung cancer development has not been elucidated, several reports

regarding the potential harmful effects of b-carotene in the liver were reported

(94,95). In baboons, consumption of ethanol together with b-carotene resulted

in more hepatic injury than did consumption of either compound alone (95).

Kessova et al. (94) demonstrated that b-carotene potentiates CYP2E1 induction

by ethanol in rat liver. Recently, we have shown that CYP2E1 is the major

cytochrome P450 enzyme responsible for the ethanol-enhanced catabolism of

retinoic acid in hepatic tissue after treatment with alcohol (96). It seems that

heavy alcohol intake may interfere with b-carotene and retinoic acid metabolism

similar to that of cigarette smoke exposure (72), which may, at least in part,

explain the associated adverse effects of b-carotene. This hypothesis was

supported by our recent observation that chronic alcohol intake greatly interferes

with the retinoid signaling pathway, producing an environment that may

contribute to hepatocellular proliferation and carcinogenesis (97,98).

3. Enhancement of Carcinogen Binding to DNA by
Carotenoid Cleavage Products

Several reports have appeared pertaining to the question of whether intact

b-carotene or its metabolites can act as cocarcinogens. Carcinogenic metabolites

of benzo[a]pyrene can bind to DNA and form DNA adducts, thereby dama-

ging DNA (99). Salgo et al. (70) reported that b-carotene decreases the binding

of metabolites of benzo[a]pyrene (one of the most important smoke-borne

carcinogens) to DNA, whereas the high-performance liquid chromatography

fractions containing b-carotene oxidative metabolites facilitate the binding of

metabolites of benzo[a]pyrene to DNA. Although the oxidative metabolites were
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not identified, this study (70) provided a basis for the possible mechanism(s) for a

harmful effect of the combination of smoking and b-carotene supplementation on

initiation of carcinogenesis. Perocco et al. (76) showed that induction of BALB/
c 3T3 cell transformation by benzo[a]pyrene was markedly increased by the

presence of b-carotene, although it is not clear whether the enhancement of cell

transforming activity was due to b-carotene itself or to its metabolites. In general,

these studies indicate that b-carotene itself can act as an anticarcinogen but that

its oxidized products may facilitate carcinogenesis (Fig. 1).

4. Induction of Oxidative Stress by High-Dose b-Carotene and Its
Oxidative Cleavage Products

One of the potential mechanisms for the results observed in the human b-carotene

trials is that the presentation of high doses of b-carotene via supplements to

the highly oxidative environment of the lung in smokers results in increased

levels of oxidative metabolites of b-carotene, which may have detrimental

effects (100–102). Indeed, the formation of b-apocarotenals and b-carotene

5,6,-epoxide increased two- to fivefold in the smoke-exposed ferrets versus the

non-smoke-exposed ferrets (73,102). Recent studies have shown that carotenoid

cleavage products, including apocarotenals and epoxides, inhibit mitochondrial

respiration and elevate the accumulation of malondialdehyde in vitro (74,75).

One possible mechanism to explain the instability of the b-carotene molecule is

that exposure of lung cells to smoke results in increased lung cell oxidative stress

and thereby causes a decrease in other antioxidants, such as vitamin C and

vitamin E, which normally have a stabilizing effect on the unoxidized form of

b-carotene (103,104). b-Carotene is capable of regenerating a-tocopherol from

its radical (103,104). Conversely, vitamin E protect carotenoids from auto-

xidation; the combination of b-carotene and a-tocopherol results in inhibition of

free-radical-induced lipid peroxidation that is significantly greater than the sum

of the individual inhibitions (105). In the absence of vitamin E, b-carotene can be

cleaved randomly by enzyme-related radicals to produce b-apocarotenoids (106).

A recent study by Palozza et al. (107) indicates that carotenoids may modulate

cell growth by acting as intracellular redox agents depending on their redox

potential and on the endogenous antioxidant environment. These data suggest

that tocopherol may limit the pro-oxidant effects of carotenoids in biological

systems. Moreover, we have shown that vitamin E enhances lymphatic transport

of b-carotene and central cleavage of b-carotene to form vitamin A (rather than

oxidative by-products) in vivo (28). It has also been reported that vitamin C is

able to convert the b-carotene radical back to b-carotene and can help maintain

b-carotene in its unoxidized form (103,104). The combination of b-carotene

(20 mg/day) and vitamin E (50 mg/day) were not found to be protective against

smoke-related lung cancer in the alpha-tocopherol, beta-carotene (ATBC) study.
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However, vitamin C, which would facilitate both vitamin E recycling and b-

carotene stability, was not used in the ATBC study. Epidemiological studies have

shown that smokers have significantly lower plasma levels of vitamin C than

nonsmokers (108). Similarly, passive smokers have reduced ascorbic acid

concentrations in their plasma (109). It is particularly important to have broad

antioxidant protection when using high doses of b-carotene in order to prevent

the production of carotene excentric cleavage products and the subsequent

cascade of events that may result from them (i.e., bioactivating carcinogens and

destroying retinoic acid via induction of CYP enzymes, or facilitating the binding

of benzo[a]pyrene metabolites to DNA). Both vitamins E and C can also inhibit

cytochrome P450–mediated lipid peroxidation and carcinogen activation.

However, in vitro work has shown that vitamin C can induce the decomposition

of lipid hydroperoxides, which have the capacity to damage DNA (110). Thus, it

will be important to examine whether vitamin C at varying doses could affect

smoke-induced lung lesions, and whether these effects are protective or harmful.

Possible protective effects of combined antioxidant supplementation in humans

exposed to environmental tobacco smoke have been reported (111–113). These

investigators reported that supplementation of the combined antioxidants resulted

in a significant decrease in endogenous oxidative base damage in lymphocyte

DNA in both smokers and nonsmokers. Recent study using a ferret model has

show that b-carotene, used in combination with vitamins E and C, may have a

possible chemopreventive effect against smoke-induced lung lesions (114).

Results from these studies and the known biochemical interactions of b-carotene,

vitamin E, and vitamin C suggest that this combination of nutrients may be an

effective chemopreventive strategy against lung cancer in smokers.

IV. SUMMARY

To better understand both the beneficial and detrimental effects of carote-

noids, greater knowledge of carotenoid metabolism and the biological effects

of carotenoid metabolites is needed. In particular, knowledge of dose effects,

tissue-specific effects, and possible adverse interaction with tobacco and alcohol

is needed. Future research should provide more insight into the molecular

mechanisms underlying the bioactivities of carotenoid metabolites and determine

what dose of carotenoids (or its metabolites) or carotenoids combined with other

antioxidants provides optimal protection while not increasing the risk of

formation of undesirable metabolic by-products (especially in smokers and

drinkers). This information is critically needed for future human studies

involving carotenoids for prevention of lung cancer and cancers at other tissue

sites.
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15
Conversion of Carotenoids to
Vitamin A: New Insights on
the Molecular Level

Johannes von Lintig
Universität Freiburg, Freiburg, Germany

The elucidation of the physiological roles played by vitamins has always been a

major concern of nutritionists and biochemists. In humans, vitamin A deficiency

(VAD) leads to night blindness in milder forms, whereas more severe progression

can lead to corneal malformations, e.g., xerophthalmia. Besides visual defects,

this deficiency affects the immune system, leads to infertility, and causes

malformations during embryogenesis. The molecular basis for these diverse

effects is found in the dual role exerted by vitamin A derivatives in animal

physiology: In all visual systems, retinal or closely related compounds such as

3-hydroxyretinal serve as the chromophores of the visual pigments (rhodopsin)

(1,2). In vertebrates, the vitamin A derivative retinoic acid (RA) is a major signal

controlling a wide range of biological processes. RA is the ligand of two classes

of nuclear receptors, the retinoic acid receptors (RARs) and the retinoid X

receptors (RXRs) (3, 4; reviewed in 5 and 6). The active receptor complex,

involved in processes as diverse as pattern formation during embryonic

development, cell differentiation, and control of metabolic activity, is an RAR/
RXR heterodimer that binds DNA regulatory sequences and regulates gene

transcription in response to ligand binding. RXR is not only the heterodimer

partner of the RAR receptor but also an obligate partner for other nuclear

receptors (orphan receptors) controlling a wide range of activities in lipid

metabolism (for recent review, see Ref. 7).

VAD is still a major problem leading to blindness and childhood

mortality, particularly in developing countries (8). The demand for this vitamin
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can be satisfied by the natural content of animal or plant food sources. This

phenomenon was first explained by Moore in 1930 (9). He described a

conversion of b-carotene to vitamin A in the small intestine, providing the first

evidence that a plant-derived carotenoid is the direct precursor for vitamin A in

animals. Today we know that all naturally occurring vitamin A derives from

carotenoids that exert provitamin A activity. In contrast to our wide and

still-growing knowledge about the physiological functions of carotenoids and

their retinoid derivatives, the molecular components involved in carotenoid

metabolism have remained elusive. This chapter will focus on recent advances

in this research field that provided the first molecular insights into animal

carotenoid metabolism.

I. BIOCHEMICAL CHARACTERIZATION OF CAROTENOID
CLEAVAGE ENZYMES IN CELL-FREE HOMOGENATES

A central cleavage mechanism at the C-15,C-150 carbon double bond for the

conversion of b-carotene to vitamin A was initially proposed by Karrer (10). In

1954, Glover proposed an excentric cleavage reaction and a stepwise process,

leading ultimately to only 1 mol vitamin A per mole of carotene consumed (11).

Evidence for this excentric cleavage was provided by the observation that

radioactive b-apocarotenals were converted in mammals to vitamin A esters with

the release of “small” radioactive fragments (12).

Goodman and Huang (13) and Olson and Hyaishi (14) firstly described an

enzymatic activity in cell-free homogenates from rat small intestine that

catalyzed provitamin A conversion. These analyses showed that b-carotene is

enzymatically cleaved at the central C-15,C-150 double bond, yielding two

molecules of vitamin A aldehyde (retinal). The enzymatic activity depended on

molecular oxygen and the enzyme was termed b,b-carotene 15,150-oxygenase

(BCO). The enzyme was reported to be soluble, to have a slightly alkaline

pH optimum, and to be inhibited by ferrous iron chelators and by sulfhydryl-

binding compounds, indicating that it contains a ferrous iron cofactor (15,16).

Subsequently, this enzyme was also characterized in different mammalian

species (17,18) and substrate specificity was determined for different b-carotene

stereoisomers (19). Recent analyses dealing with the mode of action of BCO

provided strong evidence that oxidative cleavage at the central (15,150) double

bond is catalyzed in a monooxygenase mechanism via a transient carotene

epoxide (20; see also Chapter 16). After the description of this enzyme it was

generally assumed that the centric cleavage reaction constitutes the major step

in vitamin A synthesis. However, the excentric cleavage of b-carotene was

subsequently also demonstrated in cell-free homogenates of mammals (21,22).

Furthermore, it was shown that the resulting long-chain apocarotenoids (.C20)
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are shortened to RA in a stepwise process that is most probably mechanistically

related to b oxidation of fatty acids (23,24). Several endeavors were undertaken,

and while highly enriched enzyme fractions could be obtained, all attempts to

purify these enzymes to homogeneity failed. The lack of knowledge about the

molecular structure of carotene oxygenases hindered more detailed investigations

of this first crucial step in vitamin A metabolism.

II. OUT OF THE GREEN YONDER: MOLECULAR CLONING
AND FUNCTIONAL CHARACTERIZATION OF
b-CAROTENE-15,150-OXYGENASES

Carotenoids have key biological functions in all major taxa. As shown in Figure

1, by oxidative cleavage of their ridge carbon backbone, diverse bioactive

Figure 1 Naturally occurring apocarotenoids derived from C40 carotenoids in the plant

and animal kingdom. In plants, a large subset of different apocarotenoids is found

involved, for example, in growth regulation (abscisic acid) or the attraction of pollinating

insect (b-ionone; safranal). In animals, mainly C20 apocarotenoids (vitamin A derivatives)

are found. In all visual systems, retinal or closely related compounds such as

3-hydroxyretinal serve as the chromophores of the various visual pigments (1,2). In

vertebrates, retinoic acid is an important signaling molecule binding to nuclear receptors

involved in the regulation of target genes (6,7).
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derivatives, such as vitamin A, the plant hormone abscisic acid, and several

aroma compounds and apocarotenoid pigments, are synthesized (11,25–27).

This diverse assortment of apocarotenoids found in nature results from the large

number of carotenoids (more than 600), variations in the cleavage site, and

modifications of the primary cleavage products. By analyzing the molecular basis

of the abscisic acid-deficient phenotype of the maize vp14 mutant, Schwartz

and coworkers cloned for the first time a gene encoding a carotenoid-cleaving

enzyme (25). The heterologously expressed and purified recombinant enzyme

catalyzes the oxidative cleavage of 9-cis-epoxycarotenoids such as neoxanthin

and violaxanthin to form xanthoxin, the direct precursor of abscisic acid (ABA).

The re-combinant enzyme is soluble and depends on molecular oxygen and

ferrous iron, thus having quite similar enzymatic properties as compared to the

animal b,b-carotene 15,150-oxygenase. Maize vp14 belongs to an emerging gene

family of putative carotenoid cleavage enzymes mainly found in plants and

bacteria. In the meantime, new family members have been molecularly identified

and functionally characterized, such as a carotenoid 9,10(90,100)-oxygenase with

a broad substrate specificity and a zeaxanthin 7,8(70,80)-oxygenase from Crocus

that is involved in the synthesis of safranal (28,29).

Due to the synthesis of apocarotenoids in all taxa, including retinal

formation in green algae and halobacteria, we pursued the hypothesis that

b-carotene cleavage in vitamin A metabolism is just a variation of this theme and

is catalyzed by a related enzyme. To start, we established an efficient and reliable

test system for the characterization of putative animal carotene oxygenases. For

this purpose we equipped an Escherichia coli strain with a plasmid harboring the

genes for b-carotene synthesis from the bacterium Erwinia herbicola (30). This

E. coli strain becomes yellow by synthesizing b-carotene de novo. Then, upon

introducing a gene encoding a b-carotene-cleaving enzyme, the resultant E. coli

strain should be able to synthesize vitamin A at the expense of b-carotene and,

therefore, should lose its yellow color. We searched the entire animal database

and found several expressed sequence tags (ESTs) with weak sequence similarity

to plant VP14, among them an EST fragment from the fruit fly Drosophila

melanogaster. After cloning the corresponding full-length cDNA we expressed

the encoded protein in the E. coli test system. Indeed, the resultant strain

bleached, indicating that in the presence of the animal VP14-related enzyme

retinoids are formed at the expense of b-carotene. The enzymatic properties of

the recombinant purified Drosophila enzyme revealed that it exclusively

catalyzed the centric cleavage of b-carotene to yield retinal. Thus, we

molecularly identified and functionally characterized a b,b-carotene 15,150-

oxygenase (31).

Confirmation that this type of enzyme catalyzes the first step in vitamin A

metabolism in metazoans more generally appeared shortly after we published our
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data. In an independent approach, Wyss and colleagues (32) succeeded in the

molecular cloning and the functional characterization of a BCO from chicken.

Their approach relied on partial protein purification, determination of peptide

sequences, and use of this information to synthesize oligonucleotide primers

to generate a partial cDNA and screen a cDNA library derived from small

intestine. Amino acid sequence comparison between the Drosophila and chicken

BCOs showed a overall similarity with several highly conserved regions and

a significant similarity to some domains of the plant carotenoid oxygenase

VP14 (33).

By sequence similarity to the identified genes from Drosophila and

chicken, their counterparts from mouse and human were identified and

functionally characterized (34–39). By the use of carotenoid-accumulating

E. coli strains or by in vitro assays for enzymatic activity with the purified

recombinant protein it was shown that these mammalian homologs catalyze

exclusively the centric oxidative cleavage of b-carotene to yield retinal.

Expression of the murine BCO in carotenoid-accumulating E. coli revealed the

cleavage of carotenoid substrates such as b- and a-carotene but also lycopene,

resulting in the last case in the formation of acyclic retinoids (34). However, the

purified recombinant BCO catalyzes only the cleavage of carotenoid substrates

with at least one unsubstituted b-ionone ring such as b-carotene and b-

cryptoxanthin, and apparently no cleavage of lycopene and zeaxanthin could be

detected (34,39). The Km values for b-carotene were estimated to be in the

range of 1–10 mM for BCOs from the different species (31,34,37,39). BCO

exhibits a slightly alkaline pH optimum, and enzymatic activity is sensitive to

chelating agents such as o-phenanthroline and a,a0-bipyridyl, indicating that it

depends on ferrous iron (37,39). Thus, the purified recombinant BCOs share

biochemical properties that have already been described for the native BCOs.

Purification of the recombinant BCO fusion proteins by affinity chromatography

was achieved without the addition of detergents. This characteristic and the pre-

dicted amino acid sequences of the various BCOs indicate that we are dealing

with hydrophilic proteins. Indeed, a cytosolic localization of the native BCO

was recently demonstrated for its human representative (39). Therefore, in vitro

tests for enzymatic activity must be conducted in the presence of detergents to

mimic the interaction between the enzyme and its insoluble substrate. In vivo,

however, the cytosolic localization of BCO may require specific binding

proteins to deliver the carotenoid substrate as well as to bind the retinoid

product, since both are highly lipophilic compounds. On the product side, three

different types of cellular retinoid-binding proteins (CRBP I–III) have been

characterized (40 and references therein). However, no direct protein–protein

interaction between a recombinant murine BCO-GST fusion protein and

CRBPs could be detected in pull-down experiments (37). Even though these
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results argue against a tight protein–protein interaction of CRBP with BCO, it

seems likely that CRBPs may facilitate b-carotene cleavage by binding retinal.

In mouse testis homogenates, an L-lactate dehydrogenase C was identified to

interact specifically with BCO. So far, the exact physiological role of this type

of alcohol dehydrogenase is not known, and there is no experimental evidence

that this enzyme catalyzes either the oxidation or the reduction of aldehydes

like retinal. It remains to be elucidated whether BCO may interact tissue

specifically with a certain subset of proteins involved in retinoid metabolism,

which then may control the metabolic flow of the primary cleavage product

retinal either to retinol formation for vitamin A transport and storage or in the

direction of RA formation for retinoid signaling.

To sum up, these investigations led to the molecular identification of

b,b-carotene 15,150-oxygenases from various metazoan species. The recombi-

nant enzymes share common biochemical properties with the native BCOs

from tissue homogenates. Based on its structural and biochemical properties,

BCO from animals belongs to an ancient family of nonheme iron oxygenases

heretofore described in plants and microorganisms.

III IN VERTEBRATES BOTH CENTRIC AND EXCENTRIC
CAROTENOID-CLEAVAGE PATHWAYS EXIST

The dual function of vitamin A in vision (retinal) and in development and cell

differentiation (RA) indicates that vertebrate retinoid metabolism is complex.

This is reflected in a large subset of different retinoid-modifying enzymes, such

as various retinoid-oxidizing enzymes as well as intracellular and extracellular

retinoid-binding proteins. In vertebrates, there has long been a controversy

over centric versus excentric cleavage of b-carotene in the synthesis of vitamin

A. Evidence that in addition to a centric cleavage an excentric cleavage of

carotenoids also occurs was provided by several investigations. Napoli and Race

(41), for example, showed that, besides the formation of RA from retinal as

the initial product of symmetrical b-carotene cleavage, RA is directly formed

from b-carotene in cell-free homogenates. The first step in this alternative path-

way might be the excentric cleavage of carotenoids, resulting in long-chain

apocarotenoids that are subsequently shortened to yield RA (21,24).

InDrosophila, with vitamin A functions being restricted to vision, only one

family member of nonheme iron carotenoid cleavage enzymes is found in the

entire genome (42). However, in vertebrates, besides BCO, another protein with

significant sequence identity, RPE65, exists, being specifically expressed in the

retinal pigment epithelium (RPE) (43,44). Even though its function was not

primarily linked with carotenoid metabolism, a role for RPE65 in retinoid

metabolism of the eye was recently proposed based on mutant analysis. Although
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its exact biochemical function is not known, RPE65 seems to be required for

the all-trans to 11-cis isomerization reaction that regenerates the 11-cis-retinal

chromophore of rhodopsin in the visual cycle of the retina (45).

Besides RPE65, an additional in silico-predicted putative family member

was found in the mouse database (35). Since this EST fragment possessed

significant peptide sequence similarity to BCO, it represented a candidate for

an enzyme catalyzing the excentric oxidative cleavage of carotenoids. Upon

cloning the full-length cDNA, sequence analyses revealed that it encoded a

protein of 532 amino acids. The deduced amino acid sequence shared approxi-

mately 40% sequence identity with BCO. Expression in the E. coli test system

and in vitro assays for enzymatic activity revealed that this enzyme specifically

catalyzed the cleavage of b-carotene at the C-90,C-100 double bond, resulting

in the formation of one molecule of b-100-apocarotenal and one molecule of

b-ionone (35). To establish the occurrence of this type of carotene oxygenase in

other vertebrates, we cloned cDNAs encoding this b,b-carotene 90,100-oxygenase

(BCO-II) in humans and zebrafish. The molecular identification and functional

Figure 2 Overview of the symmetrical and the asymmetrical oxidative cleavage

pathways of b-carotene in the mouse catalyzed by the b,b-carotene 15,150-oxygenase

(BCO) and b,b-carotene 90,100-oxygenase (BCO-II) activities, respectively. Center: colors

of carotene synthesizing and accumulating E. coli strains expressing the two different

types of carotene oxygenases compared to the controls. A. b-Carotene accumulating control

strain. B. b-Carotene accumulating E. coli strain expressing mouse BCO. C. b-Carotene

accumulating E. coli strain expressing mouse BCO-II. D. Lycopene accumulating E. coli

strain expressing BCO-II. E. Lycopene accumulating control strain (for experimental

details, see Ref. 35).
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characterization of BCO-II in several vertebrate species provides strong evidence

that both centric and excentric cleavage pathways for b-carotene exist in higher

animals (Fig. 2).

On the level of the deduced amino acid sequences the two different types

of animal carotene oxygenases possess several common structural features.

Six histidine residues at conserved positions may be involved in the binding

of the cofactor ferrous iron. In addition, there is a well-conserved domain

EDDGVVLSSXVVS close to the C terminus that can be considered a BCO

family signature sequence. Furthermore, sequence comparison revealed that

the vertebrate BCOs have a higher degree of similarity to BCO-II and RPE65,

so far both only found in vertebrates, than to its Drosophila ortholog. This

indicates that the three vertebrate family members probably evolved from a

common ancestor gene (Fig. 3). With the emerging number of sequences for

carotenoid-cleaving enzymes from animals but also from plants being now

Figure 3 Phylogenetic tree calculation of the carotenoid cleaving nonheme iron

oxygenase family. For the individual representatives the organism names are given, e.g.,

human-1 stands for b,b-carotene 15,150-oxygenase and human-2 stands for b,b-carotene

90,100-oxygenase. We used the deduced amino acid sequences for calculating the

phylogenetic tree by a maximal parsimony analysis. The numbers at the branching points

of the tree correspond to bootstrap values of 100 replicates.
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available in the public database, this information can be used to define and

narrow their catalytic domains and identify their active sites.

IV. INSECTS ARE SUITABLE MODELS TO IDENTIFY
MOLECULAR PLAYERS IN METAZOAN
CAROTENOID METABOLISM

The analyses described above led to the molecular cloning and functional

characterization of BCOs from various metazoan species. However, no direct

genetic evidence had yet been provided that this type of enzyme catalyzes the key

step in vitamin A synthesis. Animal carotenoid metabolism follows a universal

scheme. To become biologically active, dietary carotenoids must be first

absorbed, then delivered to the site of action in the body, and in the case of

provitamin A function metabolically converted. Invertebrates like Drosophila

represent excellent models for the genetic dissection of this pathway since

vitamin A is only needed for vision. The completed human and Drosophila

genome projects have revealed that 60% of the genes of Drosophila possess

homologs in the human genome. For a long time the fruit fly has served as a

model for functional genomics, and a multitude of investigations led to the

identification of genes involved in the visual process and the elucidation of their

functions (for review, see Ref. 46). Among the various Drosophila mutants

affected in their visual performance, the phenotype of five blind mutants could be

assigned due to their characteristic electroretinograms to the so-called neither

inactivation nor afterpotential (nina) phenotype. This phenotype is caused by a

lack of functional visual pigments (rhodopsin) in the compound eyes of these fly

mutants (47). The molecular reason for this phenotype was already determined

for three of these five nina mutants. ninaE encodes the protein moiety (opsin) of

the major Drosophila rhodopsin Rh1 (48). The ninaA gene encodes a molecular

chaperone necessary for the maturation of Rh1 (49,50), whereas the ninaC gene

encodes a class III myosin kinase necessary for the structural organization of the

photoreceptor cells (47,51). The ninaB and ninaDmutants feature a characteristic

not found in the three other nina mutants. Their visual performance can be res-

cued by feeding these flies retinal. Thus, the ninaB and ninaD genes were

promising candidates to encode molecular components in the synthesis of the

visual chromophore from dietary carotenoids, the sole source for vitamin A in

Drosophila standard growth medium.

The ninaB mutations have been cytologically mapped on chromosome 3 to

the position 87E-F in the Drosophila genome (52), coinciding with the physical

localization of the Drosophila BCO gene. We performed detailed molecular

analyses of this gene locus and found mutations in the BCO gene in two
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independent ninaB fly stocks which we showed to abolish the BCO function.

Thus, the blind vitamin A-deficient phenotype of ninaB flies is caused by

mutations in the BCO gene, providing the first direct genetic evidence that

BCO actually catalyzes vitamin A synthesis in vivo (42). Since only this one

representative of the nonheme iron carotenoid oxygenase gene family is encoded

in the entire Drosophila genome, centric cleavage of carotenoids may represent

the universal pathway for the synthesis of vitamin A in metazoans.

The ninaB gene is expressed exclusively in close spatial vicinity of the

photoreceptor cells, indicating that carotenoids must be transported and delivered

to BCO-expressing cells for vitamin A synthesis. In the second vitamin A-

deficient Drosophila mutant, ninaD, the carotenoid content was shown to be

significantly altered as compared to wild-type flies and ineffective in mediating

visual pigment synthesis (53). Our molecular analyses revealed that this

phenotype is caused by a defect in the uptake and body distribution of dietary

carotenoids (54). The ninaD gene encodes a cellular surface receptor with

significant sequence similarity to the mammalian class B scavenger receptors

SR-BI and CD36. In ninaD flies, a nonsense mutation is found in the gene

encoding this receptor, thus abolishing its function (54). Direct functional

evidence for a role of the ninaD receptor in cellular carotenoid uptake was

provided by P-element-mediated transformation of flies with a wild-type ninaD

allele. Heat-shock-induced expression of the wild-type allele in the genetic

background of ninaD flies resulted in the restoration of carotenoid uptake and

visual pigment synthesis (54). Thus, these analyses provide genetic and

functional evidence that the ninaD scavenger receptor is causally involved in the

cellular uptake of carotenoids into target tissues.

There has been growing evidence that class B scavenger receptors, in

particular SR-BI, are substantially involved in lipid metabolism, especially in

cholesterol homeostasis in mammals (55,56). It was shown that these receptors

mediate the bidirectional flux of unesterified cholesterol between circulating

lipoproteins and the target cells (57,58). In insects, carotenoids are transported

in the lipophorins of the hemolymph (59). These lipophorins are structurally

related to the mammalian lipoprotein particles, also being transport vehicles

for carotenoids (see Chapter 11). Insect in vitro systems provided evidence

that the cellular uptake of lipids occurs by a flux between lipophorins and

target cells. Like cholesterol exchange in mammals, the lipophorin particles

are not necessarily internalized by receptor-mediated phagocytosis (60,61).

One may speculate based on these results that the ninaD scavenger receptor

mediates carotenoid uptake from lipophorins in a mechanistically similar

manner.

It remains to be shown whether the cellular uptake of carotenoids is

mediated by homologous receptors in mammals. Recently, it has been reported

that in SR-BI-deficient mice vitamin E metabolism is impaired, resulting in
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an elevated plasma concentration of this vitamin (62). Together with the results

from Drosophila, this finding may indicate that besides its crucial function in

cholesterol homeostasis SR-BI may exert a role in the metabolism of fat-soluble

vitamins of the isoprenoid substance class.

Insight into the molecular structure of a cellular carotenoid-binding protein

(CBP) comes from the silkworm Bombyx mori. Tabunoki and colleagues (63)

purified a lutein-binding protein from the silk gland of this insect and cloned the

corresponding cDNA. This insect CBP has an apparent molecular mass of

33 kDA and binds carotenoids in a 1 : 1 molar ratio.

Sequence comparison revealed that CBP is a new member of the StAR

protein family. In mammals these proteins are known as soluble protein carriers

mediating the intracellular transport of lipids (for recent review, see Ref. 64). An

example is the steroidogenic acute regulatory protein StAR/StarD1, which

delivers cholesterol to mitochondrial P450 side chain cleavage enzymes in

steroidogenic cells. The other family members are characterized by the 200- to

300-amino-acid StAR-related lipid transfer (START) domain with homology

to StarD1. MLN64/StarD3 has been also shown in vitro to bind cholesterol,

whereas Star2 binds phosphatidylcholine. There are several other family

members of which the ligand is so far unknown (65). Based on the results from

B. mori, these family members are putative candidates for cellular CBPs. Those

proteins may be needed for delivering the lipophilic carotenoid substrates to

BCO and/or for mediating the cellular transport of carotenoids in carotenoid-

accumulating tissues.

Taken all together, these recent results coming from insects provide

molecular insight into basic principles in animal carotenoid metabolism (Fig. 4).

The identification of molecular players involved in cellular uptake, cellular

transport, and metabolic conversion of carotenoids to retinoids may provide the

key to understanding these processes as well in mammals.

V. GENE EXPRESSION OF CAROTENOID-OXYGENASES
IN ADULT VERTEBRATES

Since the work of Moore (9) it has been known that vitamin A synthesis takes

place in the small intestine in mammals. Subsequently, high BCO activity was

also described in liver (15). After the molecular cloning of BCOs their tissue-

specific steady-state mRNA levels were analyzed by reverse transcription-

polymerase chain reaction (RT-PCR) and Northern blot analyses. In chicken, the

tissue-specific expression patterns of BCO were analyzed by a combination of

Northern blot and in situ hybridization experiments. Its mRNA was mainly

localized in liver, in duodenal villi, as well as in tubular structures of the lung

and the kidney (36). In the mouse, BCO mRNA was detectable in small intestine
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and liver but also in kidney, testis, uterine tissues, skin, and skeletal muscle

(34,35,37). Analyses of BCO mRNA expression in humans revealed a

comparable picture (39). Yan and colleagues (38) reported that BCO is

preferentially expressed in the RPE of the human eye and only at much lower

levels in other tissues. However, more recent results dealing with BCO

expression in the eye showed only low mRNA levels in the RPE of humans and

monkeys (66).

In mammals, a majority of provitamin A carotenoids are already converted

to vitamin A in epithelial cells of the intestinal mucosa and are then transported to

the liver for storage. However, the surprising result of all these current

investigations is that BCO steady-state mRNA levels are quite high in peripheral

nondigestive tissues. Testis, for example, requires retinoids for spermatogenesis,

and vitamin A is needed for retinoid signaling in almost all tissues. Thus, BCO

expression in peripheral tissues indicates that, besides an external vitamin A

supply via the circulation, the provitamin A may contribute to local vitamin A

demands. This inference is in agreement with the fact that in the circulation

of mammals significant amounts of provitamin A carotenoids are present in

addition to vitamin A derivatives. Interestingly, impairments in retinol transport

Figure 4 Schematic overview of the molecular players involved in insect carotenoid

metabolism. The cellular uptake of carotenoids is mediated by the class II scavenger

receptor ninaD from circulating lipophorins of the hemolymph (54). For the cellular

transport specific carotenoid-binding proteins (CBP1) belonging to the StAR gene family

exist (63). For retinoid synthesis carotenoids are converted by the BCO function encoded

by the ninaB gene in Drosophila (42).
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caused by mutations leading to a loss of the RBP mainly affects the adult visual

system in mice and humans (67,68). While the eyes have a tremendous demand

for this vitamin, the amounts needed for retinoid signaling are much lower.

Thus, it deserves to be investigated whether provitamin A carotenoids and

the BCO function may contribute in peripheral tissues under certain physio-

logical conditions and/or are essential to maintain retinoid-dependent biological

processes.

Unlike vitamin A, high-dose supplementation of b-carotene in humans

causes no hypervitaminosis A, indicating that b-carotene cleavage to vitamin A is

tightly regulated. Several investigations with animal models showed that the

vitamin A status of the individuals affects BCO enzymatic activity (69,70).

Recent analyses provided evidence that BCO regulation in small intestine is

mediated on the transcriptional level, possibly via a feedback regulation

mechanism involving RA and its nuclear receptors (71). A role of retinoid

signaling in the positive or negative regulation of retinoid-metabolizing enzymes

on the transcriptional level has also been demonstrated for the retinal dehydro-

genase, Aldh1, for the lecithin : retinol acyltransferase, LRAT, as well as for

the RA-oxidizing enzyme CYP26 (72–74). More detailed analyses of BCO

regulation now becomes feasible, including analyses of the BCO promoter,

which will contribute to a better understanding of vitamin A homeostasis of the

body, particularly under conditions in which carotenoids are the major source

for this vitamin.

We also investigated the expression patterns of the excentric carotenoid-

cleaving enzyme BCO-II in the mouse. BCO-II mRNA was expressed in the

same tissues as BCO. In addition, low-abundance steady-state mRNA levels of

BCO-II were present in spleen, brain, lung, and heart (35). The mRNA expression

of both types of carotene oxygenases in the same tissues, e.g., small intestine and

liver, confirms biochemical investigations and explains the observation of both

centric and excentric cleavage activity in cell-free homogenates of the same

tissue. However, it is not yet clear whether both enzymes are expressed in

the same or in different cell types of these tissues, and this needs further

elucidation.

Biological activities of b-apocarotenoids different from retinoids have

been reported in various studies (e.g., 75,76). In vitro, BCO-II also catalyzed,

besides b-carotene cleavage, the oxidative cleavage of lycopene (35). Favorable

effects of lycopene, e.g., on certain kinds of cancers, have been repeatedly

reported (77) (see also Chapter 18). Thus, besides being a putative precursor for

RA formation in the case of b-carotene cleavage, it may be speculated that long-

chain apocarotenoids per se may represent biologically active substances.
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VI. A VITAL ROLE OF BCO IN ZEBRAFISH
EMBRYONIC DEVELOPMENT

Although animals convert carotenoids to vitamin A, it has been generally assumed

that an external supply of dietary vitamin A maintains all retinoid-dependent

physiological processes. Based on this supposition, a loss of the carotenoid

oxygenase functions should have no consequences as long as dietary vitamin A is

available. This seems valid for Drosophila, since the visual defects in the ninaB

and ninaD mutants can be rescued at least under laboratory conditions by an

external vitamin A supply (42,54). However, this question has not been fully

answered for vertebrates, with a panoply of different vitamin A functions.

The vertebrate embryo is particularly sensitive to perturbations in its

vitamin A levels. VAD results in embryonic malformations including hindbrain

segmentation defects, neural crest cell death, absence of posterior branchial

arches, as well as abnormalities of facial structures, limb buds, eyes, and somites

(78–80). Using the zebrafish (Danio rerio) as an embryonic model, we addressed

the question of whether BCO is needed for embryonic development. First, we

demonstrated that BCO is expressed in clearly defined spatial compartments and

translated into protein in zebrafish embryos (81). In addition, we demonstrated

that the egg yolk of zebrafish contains, besides retinoids, significant amounts of

b-carotene. To test whether there is an actual requirement for BCO during

zebrafish embryonic development, we performed targeted gene knock-down

experiments using morpholino antisense oligonucleotides. Loss of the BCO

function resulted in abnormalities of the craniofacial skeleton, pectoral fins, and

eyes, which are impairments well known from mammalian and zebrafish VAD

embryos (81). Comparable impairments as caused by a BCO loss of function

have been described in RA-deficient zebrafish neckless or no-fin mutants both

caused by mutations in the retinal aldehyde dehydrogenase 2 (raldh2) gene or are

provoked in wild-type embryos upon treatment with the retinal dehydrogenase

inhibitor citral (81–84). Thus, these analyses suggest that provitamin A

conversion is the prerequisite for RA signaling in several distinct developmental

processes in zebrafish embryos and reveal a yet unexpected vital role of the

provitamin in the development of a vertebrate species. The developmental use of

the nontoxic provitamin instead of preformed yolk vitamin A for RA signal-

ing processes may provide an additional control mechanism to finely balance

retinoid levels at the cellular level in local tissue environments. Interestingly,

embryonic expression of BCO has been also reported in mice, indicating

that a developmental function of provitamin A may exist in mammals as well

(34).
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VII. CONCLUSIONS

The molecular identification of the different metazoan carotene oxygenases

established the existence of an ancient family of nonheme iron oxygenases in

animals. Via these enzymes animals have access to and can modulate their

retinoids as needed for biological processes such as vision, cell differentiation, and

development. With the increasing number of carotene oxygenases, this sequence

information can be used to predict common structural features and to identify

functional domains and active site residues. In the future, the biological role of

these enzymes interlinking carotenoid and retinoid metabolism can be elucidated in

more functional detail. This will include investigations dealing with biochemical,

physiological, developmental, and medical aspects of carotenoids and their

numerous derivatives. Furthermore, the identification of genes involved in caro-

tenoid metabolism provides molecular markers to analyze genetic aspects of

nutrient interactions and the basis to analyze genetic polymorphism in these genes

within the population. The establishment of suitable animal model systems such as

knockoutmice in these genesmay contribute to elucidatingmechanisms underlying

the pathogenesis of diseases as well as starting points for their prevention.
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16
Enzymatic Versus Chemical
Cleavage of Carotenoids:
Supramolecular Enzyme Mimics for
b-Carotene 15,150-Monooxygenase

Wolf-D. Woggon and Mrinal K. Kundu
University of Basel, Basel, Switzerland

I. ENZYMATIC, CENTRAL CLEAVAGE OF b-CAROTENE

The central cleavage of b-carotene 1 is most likely the major pathway by which

mammals produce the required retinoids (1), in particular, retinal 2, which is

essential for vision and is subsequently oxidized to retinoic acid 3 and reduced to

retinol 4. An alternative excentric cleavage of 1 has been reported involving

scission of the double bond at C-70/C-80 producing b-80-apocarotenal 5, which

subse quently under goes bond scissi on and b oxidation leading to 3 (Fig . 1) (2).

The significance of carotene metabolites such as 2, 3, and 4 to embryonic

development and other vital processes such as skin and membrane protection is

discussed elsewhere in this book.

The enzyme catalyzing retinal 2 formation has been known to exist in many

tissues for quite some time. Only recently, however, the active protein was

identified in chicken intestinal mucosa (3) following an improvement of a novel

isolation and purification protocol and was cloned in Escherichia coli and BHK

cells (4,5). Iron was identified as the only metal ion associated with the

(overexpressed) protein in a 1 : 1 stoichiometry, and since a chromophore is

absent in the protein heme coordination and/or iron complexation by tyrosine

can be excluded. The structure of the catalytic center remains to be elucidated by

X-ray crystallography, but it can be predicted that the active site contains a

mononuclear iron complex presumably consisting of histidines and carboxylic
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acid residues. Furthermore, the enzymatic reaction mechanism was determined

by incubating a-carotene 6, a nonsymmetrical substrate of the enzyme, under a
17O2 atmosphere in H18

2 O followed by isolation and characterization of

derivatives of cleavage products 2 and 7 (6). Accordingly, the enzyme cleaving

the central double bond of 1was found to be a nonheme iron monooxygenase and

not dioxygenase as termed earlier (Fig. 2).

From the chemical point of view this enzymatic reaction is very unusual for

various reasons: (a) the reaction proceeds completely regiospecific oxidizing

only one E-configured, conjugated double bond out of nine in the linear part of

the molecule; (b) the proposed mechanism implies a multistep sequence

including epoxidation (see 8), an epoxide hydrolase reaction, and C—C bond

cleavage of the diol 9. For each of these steps enzymatic reactions are known to

exist. Epoxidation is known to be catalyzed by cytochromes P450 (7) as well as

nonheme oxygenases (8). Epoxide hydrolases of bacterial origin have been

developed so far as to become preparatively useful (9), and P450-catalyzed diol

cleavage occurs during the side chain cleavage of cholesterol (10) and during the

biosynthesis of biotin (11). However, a sequence of these three events catalyzed

by a single enzyme seems to be quite unique, particularly when considering a

nonheme monooxygenase as a cofactor with high-valence oxidation states for

iron. Therefore, it is highly challenging to an organic chemist to design a

synthetic catalyst that in principle can act the same way as the natural one does, to

produce retinal 2 by selectively cleaving just the central C-15/C-150 double bond

Figure 1 Central and excentric cleavage of b-carotene 1.
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of b-carotene 1. Moreover, the mimic would definitely help to understand a

plausible reaction pathway of this very special class of enzyme.

II. DESIGN AND SYNTHESIS OF ENZYME MIMICS OF
b-CAROTENE 15,150-MONOOXYGENASE

\In order to mimic such a regioselective system we envisaged to synthesize

receptor 10 having the following fundamental criteria: (a) an association constant,

Ka, of 1–10 that is orders of magnitude greater than that for retinal 2 so as to rule
out any sort of product inhibition, (b) introduction of a reactive metal complex

capable of cleaving E-configured double bonds; and (c) use of a co-oxidant that is

not reactive to b-carotene 1 in the absence of the metal complex.

Figure 2 The reaction mechanism of the central cleavage of carotenoids.
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After initial molecular modeling studies using the MOLOC program (12), a

supramolecular construct 10 consisting of two b-cyclodextrin moieties linked by

a porphyrin spacer was designed for the binding of 1. Each of the cyclodextrins

was shown to be capable of binding one of the cyclohexenoid end groups of

b-carotene 1, leaving the porphyrin linker to span over the long polyene chain,

which also shows, at least in static view, that the 15,150 double bond would be

placed under the reactive metal center (Fig. 3). In the absence of 1, different
conformations of 10 are possible due to the rotation of the single bond around the

ether linkages; in the presence of 1, however, an induced fit should be observed

yielding the inclusion complex 11. Free-base porphyrins, such as 10 or its

corresponding Zn complex 12, display a characteristic fluorescence at around

600–650 nm, and the ability of carotenoids to quench this fluorescence was

envisioned as a sensitive probe for the binding interaction of the two entities in an

aqueous medium. It can be reasonably postulated that a cyclodextrin dimer

such as 10 and 12 should be capable of providing a Ka for 1 in the region of

105–107 M21. Furthermore, one can expect Ka (12) . Ka (10) due to

conformational differences of the respective porphyrin macrocycles.

Figure 3 Inclusion complex of b-carotene 1 and the receptor 10.
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The syntheses of the receptors 10 and 12 were carried out by the treatment

of bisphenol porphyrin 13 and its Zn complex 14, respectively, with a large

excess of b-cyclodextrin-6-O-monotosylate (CD-Tos) 15 using cesium carbonate

as b ase in DM F (Fig. 4) (13). The synthesi s was sta ndardize d un der different

conditions. Apart from cesium carbonate, a hindered organic base such as

1,8-diazabicycloundec-7-ene (DBU) was also found to be effective. However,

DBU had to be used in large excess probably due to its inclusion in to the

b-cyclodextrin cavity, rendering part of the base unavailable for the coupling

reaction. The progress of the reaction was closely monitored by reverse-phase

high-performance liquid chromatography (HPLC). It was noted that the reaction

proceeds through the formation of mono-b-cyclodextrin porphyrins first and as

the time progressed the appearance of the compound 10/12 was observed in the

chromatogram; both the intermediates and 10/12 were easily detected by the

characteristic Soret band at 420 nm.

The fluorescence quenching experiments (Fig. 5) revealed a binding constant

Ka (1–12) ¼ 8.3 � 106 M21. Due to its saddle-shaped conformation, the metal-

free porphyrin 10 displays a smaller binding constant Ka (1–10) ¼ 2.4 � 106 M21

(13). This satisfied the first of our strategic criteria for mimicking the biological

system, as the binding constant for retinal 2 to b-cyclodextrin is smaller by three

orders of magnitude and hence no product inhibition should be expected after the

oxidation of central double bond of b-carotene 1.

For the choice of a metalloporphyrin capable of cleaving E-configured,

conjugated double bonds, we chose a ruthenium porphyrin because preliminary

experiments with (E,E)-1, 4-diphenyl-1,3-butadiene 17 and the complex 18 in the

presence of tert-butylhydroperoxide (TBHP) looked promising, giving aldehydes

19 and 20 in good yield (Fig. 6) (14). The advantage of co-oxidants such as TBHP

(or cumene hydroperoxide) is the inertness toward olefins in the absence of metal

complexes. Accordingly, b-carotene 1 showed no degradation within 24 h when

treated with excess of TBHP alone.

Figure 4 Syntheses of receptors 10/12.
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Figure 5 Quenching of the fluorescence of the receptors 10 and 12 on binding the substrate 1, lexc ¼ 420 nm,

lem ¼ 654 nm. Graph above: Overlayed fluorescence emission spectra of host 12 with increasing added concentrations

of b-carotene 1. Graph below: relative fluorescence intensities of aqueous solutions of 12 as a function of added

b-carotene concentration. Ka was determined using a nonlinear least-squares fitting program (13).
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A possible mechanism for this transformation, in principle also operating

for the cleavage of carotenoids, involves O55Ru55O porphyrin 21–catalyzed

epoxidation to 22, followed by nucleophilic attack of TBHP and ring opening

with the assistance of 23. Subsequent fragmentation yields the aldehydes (Fig. 6).

Finally, the synthesis of the biscyclodextrin Ru porphyrin receptor 24 was

pursued in analogy to the preparation of 12 as described above, and the stage was

set to attempt carotenoid cleavage. A biphasic system was established in which 1

was extracted from a 9 : 1 mixture of hexane and chloroform into water phase

containing 24 (10 mol%) and TBHP. The reaction products, released from

the receptor, were then extracted into the organic phase. Aliquots of these were

subjected to HPLC conditions using a C30 reverse-phase column and detecting

the signals at the respective wavelength of the formed apocarotenals and retinal,

respectively, using a diode array UV-visible detector. Quantification was done by

means of external calibration curves. The ratio of the reaction products is given in

Figure 7. It is evident that 1 is not only cleaved at the central double bond but also

at C-120/C-110 to give 120-apocarotenal 25 and at C-100/C-90 to give 100-

apocarotenal 26 (13). The combined yield of aldehydes 2, 25, and 26 was 30%,

which compares well with the efficiency of b-carotene 15,150-monooxygenase

giving retinal 2 in 20–25% yield (3).

At this point we considered two possible explanations leading to the

cleavage of double bonds other than C-15/C-150: (a) binding of b,b-carotene in

an “unproductive” fashion, see 27 (Fig. 8), or (b) lateral movement of the

substrate 1 within the two cyclodextrins rings, see 28. The first possibility was

investigated with the synthetic mono-bridged Ru porphyrin 29 (Fig. 8), for which

Figure 6 Ru porphyrin/TBHP-catalyzed double-bond cleavage.
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the approach of 1 is only possible from one face (15). Reaction of b-carotene 1

with 29/TBHP under the same conditions as described for 24 gave the same ratio

of aldehydes 2, 25, and 26 as shown in Figure 7. Thus, it was concluded that the

production of 25 and 26 is not due to substrate binding as shown in 27, but rather

due to the lateral movement of 1 within the cavities of the cyclodextrins (28,

Fig. 8). Regarding the latter aspect, we reasoned that the selectivity of double-

bond oxidation displayed by catalyst 24 should change if at least one of the end

groups of the substrate 1 is exchanged for an equally hydrophobic substituent

displaying different contacts with the interior of the b-cyclodextrin cavity. For

this purpose, we chose cryptoxanthin derivatives 30 and 31. Both compounds

were oxidized with the same regioselectivity in favor of retinal 2 formation

Figure 7 Cleavage of b-carotene 1 by 24/TBHP.
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(Fig. 9) and are more selectively cleaved than b-carotene 1 (16). However, the

best substrate was Phe-b-carotene 32, a substrate analog of b-carotene 15,150-

monooxygenase (Fig. 9). Catalytic oxidation of 32 with the enzyme model 24/
TBHP was indeed very regiospecific since only 2 and the corresponding Phe

analog 33 were detected. This suggests that stronger hydrophobic interactions

between the aromatic end group of 32 and the b-cyclodextrin cavity are

responsible for stabilizing the 1 : 1 inclusion complex having the central double

bond just under the reactive O55Ru55O center. In contrast, 1 slides within

the cyclodextrin cavity exposing three double bonds rather than one to the

reactive Ru55O. Determination of the binding constant of 32 to the receptor 10

supports this interpretation, i.e., Ka (32–10) ¼ 5.0 � 106 M21, which is about

two times larger than Ka (1–10) ¼ 2.4 � 106 M21.

Thus, the supramolecular enzyme model 34 (Fig. 10), binding carotenoids

purely by hydrophobic interactions, catalyzes the cleavage of these polyolefins in

a way very similar to that of the enzyme b-carotene 15,150-monooxygenase.

However, the regioselectivity of the enzyme model depends on specific

interactions of the end groups of carotenoids, reflected in different Ka values, with

the hydrophobic interior surface of the b-cyclodextrins. In contrast, b-carotene

15,150-monooxygenase exclusively catalyzes the bond scission of the central

Figure 8 Binding modes, 27 and 28 of b,b-carotene 1 to the receptor 24.
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double bond of all natural carotenoids investigated so far. Even artificial

substrates such as 32 and 35, lacking one methyl group in the polyene, are

cleaved at the central double bond (Fig. 11) (17). Recently however, we observed

two exceptions to the rule (18). The synthetic carotenoids 36 and 37, originally

designed as inhibitors, turned out to be substrates being cleaved at the C-140/
C-150 double bond. These results hint at hydrophobic interactions of the aromatic

rings, placed in the center of the carotenoids, to aromatic residues of the ligand

sphere of iron, most likely to the histidines. As a consequence, the substrate is

“moved” within the active site by about 1.5 Å exposing the double bond adjacent

to the usual one. Accordingly, hydrophobic interactions are significant to the

regioselectivity of oxidation in both the enzyme and the enzyme mimic.

Figure 9 Oxidative cleavage of cryptoxanthin derivatives 30 and 31 and Phe-b-carotene

32 using the catalytic system 24/TBHP.
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Even though cofactors of the enzyme and model compound are structu-

rally and electronically very different the reaction sequences resemble each

other, passing through an epoxide that opens to a diol or its equivalent, which

subsequently fragments to aldehydes. To support our proposed mechanism of the

enzymatic reaction (see Fig. 2), we attempted to prepare the central epoxide of

b-carotene 38. Since we had doubts that a building block with a doubly activated

epoxide would survive a conventional synthesis of 38, e.g., via Wittig reactions, we

decided to employ catalyst 34 under optimized conditions for the generation and

isolation of 38. This approach was supported by the fact that, according to 1H-NMR

experiments (a-methylstyrene/18/TBHP), epoxide opening is the rate-deter-

mining step; thus, we had every reason to believe that the central epoxide of 1,

provided chemical stability, would accumulate within the first 1–2 h reaction time.

First experiments with the established biphasic system and 1/34 indicated the

formation of very small amounts of a compound displaying the expected UV

(lmax � 330 nm), correct mass (ESI-MS, m/z: 552), and 1H NMR resonances

corresponding to epoxide protons as reported (19). However, repeated HPLC

purification did not furnish a spectroscopically pure compound in microgram

quantities. We therefore abandoned the biphasic system, i.e., the excess of water,

and turned to homogeneous reaction conditions. The most promising results have

been obtained in DMF/34/TBHP. Actually an intense HPLC peak (about the same

retention time as for the “epoxide” mentioned above) was observed displaying

lmax ¼ 332 nm. Isolation of this compound and characterization by ESI-MS

and two-dimensional NMR experiments led to assignment of the structure 39,

which in agreement with the UV displays a dominant retinyl ether chromophore,

J1,2 ¼ 5.5 Hz characteristic of a Z-configured double bond, and last but not least the

absence of symmetry as expected for the epoxide 38. Pursuing the same reaction in

the NMR tube revealed in situ formation of 39 and excludes the possibility that 39 is

an artifact obtained during workup/HPLC. The instantaneous reaction 38 to its

isomer 39 can be explained by interaction of the O55Ru(IV) porphyrin with

the epoxide 38. Coordination of an epoxide to Ru was already evident during the

formation of a-methylstyrene oxide (see above), but in the present case, given the

Figure 10 Structure of the supramolecular catalyst generated in situ from 24 and TBHP.
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highly activated epoxide, the system stabilizes by formation of a dihydro oxepin

system (Fig. 12). A radical pathway, passing through intermediates 40 and 41,

seems to bemost likely in particular since two double bonds are isomerized to adopt

the Z configuration. In this context it is noteworthy that radical reaction have been

invoked to explain the formation of both Z- and E-stilbene oxide from Z-stilbene

using O55Ru55O tetramesityl porphyrin as catalyst (20).

III. CONCLUDING REMARKS

In this account the design and synthesis of a supramolecular enzyme mimic of

b-carotene 15,150-monooxygenase that binds carotenoids purely by hydrophobic

interaction has been presented. Though structurally remote from the cofactor of

Figure 11 Regioselectivity of b-carotene 15,150 monooxygenase action on nonnatural

substrates.
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the corresponding protein the catalytic metal oxo center of this model has been

shown to be efficient not only with respect to chemical reactivity but also

regarding the regioselectivity of double-bond cleavage. Thus, our artificial

system is one of the few enzyme mimics that catalyzes the transformation of

unmodified, natural substrates of the respective enzyme.

Figure 12 Ru-assisted transformation of the central epoxide 38 to the dihydro-oxepin 39.
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Nevertheless there are some problems to solve regarding both the enzyme

itself and the enzymemodel. For example, we and others encountered difficulties in

purifying the enzyme b-carotene 15,150 monooxygenase to full catalytic activity;

somehow activity was lost during various chromatographic steps. The most likely

explanation is the removal of the associated reductase required to reduce Fe(III) to

Fe(II). Furthermore, the overexpressed protein must be crystallized, preferably in

the presence of an inhibitor, in order to yield precise information about the

cofactor. This certainly will not completely solve the problem of the unusual

mechanism and related questions such as (a) those concerning the oxidation states

of the Fe species that catalyzes the oxidative cleavage and (b) these concerning

how the enzyme that obviously prefers rodlike substrates accommodates

intermediates such as epoxides and diols. The “cofactor chemistry” of the enzyme

mimic also needs further investigation of particular interest is the interaction of the

Ru55O bond with E-configured double bonds, which obviously is quite different

from approach of the corresponding Fe55O system. Also of interest is the

Ru-assisted epoxide opening. Accordingly, the carotenoid adventure that began

with one PhD student in our group in 1994 will continue.
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17
Relationship of Carotenoids to
Cancer
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I. INTRODUCTION AND KEY CONCEPTS

Cancer is a major health problem around the world (1). In the United States,

cancer is the second leading cause of death, exceeded only by heart disease, with

one of every four deaths in this country due to cancer (2,3). Over the past two

decades, improvements in the five-year survival rates have been observed for

some of the more common cancers in developed countries, presumably as a result

of increased screening, earlier diagnosis, and improvements in initial treatments

(3). As a result, there is an increasing population of cancer survivors, i.e.,

individuals who have successfully completed initial therapies but who are at

increased risk for recurrence or new cancers, when compared with those who

have not been diagnosed with cancer.

Carcinogenesis is a multistage process, resulting from multiple genetic and

epigenetic events involving proto-oncogenes, tumor suppressor genes, and

antimetastasis genes throughout progression (4). The cancer continuum extends

from the earliest cellular changes, to a preneoplastic lesion, to a malignant tumor,

and, finally, to metastasis. Although susceptibility to molecular and genetic

changes in the process of carcinogenesis is likely linked to genetic or inherited

factors, the epidemiological data, such as observations of cancer rates in migrant

populations, strongly suggest that dietary factors play a role in approximately

one-third of cancer cases (1,3).

Carotenoids exhibit several biological activities that could prevent or slow

the progression of cancer. In addition to exhibiting antioxidant activity in vitro,

carotenoids may influence carcinogenesis via effects on cell growth regulation,
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such as the inhibition of growth and malignant transformation and the promotion

of apoptosis in transformed cells, similar to the effects of retinoids (5,6). The

specific mechanisms by which carotenoids may reduce risk and progression of

human cancers have not yet been elucidated, and the specific stages at which the

biological activities of carotenoids may inhibit progression is unknown.

Observational studies generally have examined the relationship between

carotenoid intakes or tissue concentrations and various cancer indicators, such

as the incidence of precursor lesions, diagnosis of cancer, or cancer deaths. The

studies involving carotenoid supplements have tested the effect on cancer risk

and progression in individuals who are at very high risk for cancer or in

individuals who have already been diagnosed with precursor lesions or a primary

cancer. Without knowledge of the specific mechanism or the point in the process

at which carotenoids may exert a beneficial effect, interpreting the results of these

epidemiological and clinical studies can be difficult.

An important consideration in the interpretation of observational studies

that suggest associations between carotenoid intakes and cancer is that these

compounds, whether quantified in the diet or assayed in tissue samples, reflect

intake of vegetables and fruit, the major food sources of these compounds. These

foods are complex, containing numerous constituents that have biological

activities, so that assuming the specificity of a carotenoid association (or cause

and effect) may be unwarranted. Conversely, vegetable and fruit intake may be

considered a proxy for carotenoid intake. Plasma carotenoids are strongly and

consistently associated with intake of vegetables and fruit in the diet in

observational studies (7,8), and tissue concentrations increase in response to

feeding or prescribing these foods (9–13) and in diet intervention studies that

successfully promote increased vegetable and fruit intake (14–18). Another

issue that is highly relevant to studies linking carotenoid intakes to cancer relates

to the quality of the food content data. For these compounds, especially for the

nonprovitamin A carotenoids, the quality of these data constrains the ability to

accurately estimate carotenoid intakes in free-living populations. Improvements

in the carotenoid database have occurred over the past few years (19), but the

quality rating for food content data for these compounds remains low for most

foods, indicating that data on carotenoid content are based on limited quantity

and quality of assays. The actual amount of a carotenoid in a given food is

influenced by genotype, plant maturity, climate, and other growing conditions,

resulting in substantial inherent variability in the carotenoid content of the

foods that are consumed and reported in the epidemiological studies (20) (see

Chapter 11).

However, plasma concentrations of carotenoids are indicative of usual or

habitual intakes of these compounds and are a more direct measure of exposure

and potential biological activities in tissues. Thus, findings of an association

between plasma or peripheral tissue carotenoid concentrations and risk for cancer

374 Relationship of Carotenoids to Cancer

Copyright © 2004 by Marcel Dekker, Inc.



are generally considered to be stronger support for the association when

compared with findings based on dietary data alone.

This chapter summarizes results from major epidemiological studies and

clinical trials relevant to the issue of whether carotenoids can influence the risk

and progression of human cancers, with a focus on updating the findings

presented in earlier reviews. The cancers highlighted are those for which

available data and current evidence suggest a possible role for carotenoids or the

major food sources of these compounds (vegetables and fruit) in their

development and progression.

II. CAROTENOIDS AND LUNG CANCER

Lung cancer accounts for approximately 13% of the cancer diagnoses and is the

major cause of cancer death in both men and women (31% and 25% of cancer

deaths, respectively) in the United States (2,3). The incidence and death rates

associated with lung cancer in men have been declining over the past decade,

while death rates associated with lung cancer continue to increase in women (3).

Previous reviews of the overall association between nutritional factors and

risk for lung cancer identified total vitamin A, b-carotene, and vegetables and

fruit as the dietary factors most consistently associated with risk for lung cancer

in earlier epidemiological studies (21–23). In fact, the strength and consistency

of the inverse associations between intakes of b-carotene, yellow-orange and

dark green vegetables, or plasma or serum b-carotene concentration, and risk for

lung cancer provided strong support for the placebo-controlled clinical trials that

tested the effect of b-carotene supplementation on lung cancer incidence in high-

risk groups. The surprising results of these studies have been examined and

reviewed in several commentaries from various perspectives (24–30).

As summarized in a 1996 review by Ziegler et al. (21), early observational

studies consistently found the risk for lung cancer to be reduced in association

with higher intakes of total vitamin A (inclusive of provitamin A carotenoids),

vegetables (especially yellow-orange and dark green vegetables), and higher

serum or plasma b-carotene. In a 1998 review conducted by the International

Agency for Research on Cancer (IARC), all three of the cohort studies, all five of

the case-control studies, and six of seven nested case-control studies that

specifically examined the relationship between serum or plasma b-carotene and

risk for lung cancer found lower circulating concentrations of b-carotene to be

associated with increased risk (31). Relative risks (RRs) from the early

observational studies of intakes and plasma concentrations typically indicated at

least a 50% increase in risk in the lowest categories of carotenoid intake or serum

b-carotene concentration, suggesting a substantial protective effect. Since those

studies were published and reviewed, however, numerous observational studies
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have found protective associations between lung cancer risk and intakes or

circulating concentrations of other carotenoids, as reviewed by Mayne (23).

Specifically, more recent studies that have included analysis of associations

with estimated intakes or serum concentrations of several carotenoids (and not

simply quantifying b-carotene) have identified inverse relationships between

lung cancer risk and intakes or blood levels of a-carotene, lutein, lycopene, and

b-cryptoxanthin, in addition to inverse relationships between risk and intake

(or serum levels) of b-carotene.

Since the last published review of this topic (23), the relationships between

risk for lung cancer and intakes of carotenoids, carotenoid-rich vegetables and

fruit, or circulating carotenoid concentrations have been examined within six

cohorts and in two large case-control studies. Table 1 summarizes findings from

the six most recent prospective studies. Findings from a multicenter case-control

study of diet and lung cancer among nonsmokers (506 cases, 1045 controls)

found protective effects for intakes of several items of interest, including

tomatoes (odds ratio [OR] 0.5, 95% confidence interval [CI] 0.4, 0.6 for highest

versus lowest tertile, P ¼ 0.01 for trend), lettuce (OR 0.6, 95% CI 0.3–1.2,

P ¼ 0.02 for trend), carrots (OR 0.8, 95% CI 0.5, 1.1, not significant [NS]), total

carotenoids (OR 0.8, 95% CI 0.6, 1.0, NS), and b-carotene (OR 0.8, 95% CI

0.6, 1.1, NS) (38). Darby et al. (39), in another large case-control study (1000

cases, 1500 controls), found intakes of carrots (relative risk [RR] 0.49, 95%

CI 0.31, 0.78 for more than weekly versus never), tomato sauce (RR 0.69, 95% CI

0.55, 0.87 for few times per week or more versus never), and tomatoes (RR 0.74,

95% CI 0.57, 0.96 for 45þ g/day versus,16 g/day) to be significantly inversely
associated with lung cancer risk. Intake of carotene, which was defined as

b-carotene equivalents, had a significant protective association when adjusted for

age and sex (RR 0.56, 95% CI 0.45, 0.71 for 2512 þ mg/day versus,1305 mg/
day, P , 0.001 for trend) but this protective effect was attenuated when smoking

was added as an adjustment factor (RR 0.74, 95% CI 0.56, 0.96, P ¼ 0.06 for

trend) in that study. Thus, the more recent studies fairly consistently indicate that

the early data relating b-carotene intake or serum concentration to lung cancer

risk may have incorrectly encouraged a reductionist approach by focusing solely

on b-carotene. Results from the more recent studies that involve the collection

and examination of data relating to other carotenoids suggest that eating a variety

of vegetables and fruits containing the various carotenoids, in addition to

b-carotene, may help to lower the risk for lung cancer, particularly among

smokers and others who are at high risk.

Two placebo-controlled studies have specifically tested the effect of

b-carotene supplementation on lung cancer incidence as the primary focus,

and two additional randomized trials involving b-carotene supplementation

included lung cancer incidence or mortality among the major outcome variables

(40–43). Characteristics and results of these studies are summarized in Table 2.
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Table 1 Prospective Studies of Carotenoids and Risk for Lung Cancer, 2000–2002

Study

Subjects and key

characteristics

Analytical

approach

Years of

follow-up

Relevant variables

analyzed Key findings Comments

Voorripsetal.,

2000 (32)

58,279 men aged

55–69 years at

baseline (939

lung cancer

cases),

Netherlands

Cohort Study

on Diet and

Cancer

Case-cohort

analysis

6.3 years Dietary a-carotene,

b-carotene,

lutein þ

zeaxanthin,

b-cryptoxanthin,

lycopene

Significantly protective effect on

lung cancer incidence for

lutein þ zeaxanthin (RR 0.75,

95% CI 0.54, 1.03 for highest

vs. lowest quintile, P ¼ 0.005

for trend) and b-cryptoxanthin

(RR 0.72, 95% CI 0.53, 0.98,

P ¼ 0.0002 for trend).

Associations strongest among

current smokers and weaker for

former smokers.

Adjusted for age,

family history,

smoking, SES,

energy intake;

lutein þ

zeaxanthin

association NS

when adjusted for

intakes of vitamin

C and folate

Ratnasinghe

et al., 2000

(33)

9142 Chinese tin

miners, 40%

provided

baseline blood

sample (339

confirmed lung

cancer cases,

108 had a

prediagnosis

blood sample)

Nested case-

control

study

6 years Serum a-carotene,

b-caro

tene, lutein þ

zeaxanthin, and

b-cryptoxanthin

In the total group, serum b-

cryptoxanthin directly

associated with increased risk

of lung cancer (OR 2.9, 95% CI

1.4, 5.8 for highest vs. lowest

tertile). Among non–alcohol

drinkers (52% of sample),

significant inverse relationship

between serum lutein þ

zeaxanthin and lung cancer

incidence (OR 0.4, 95% CI 0.2,

1.1 for highest vs. lowest

tertile, P ¼ 0.04 for trend).

Among drinkers, significant

direct relationship for serum b-

carotene, lutein þ zeaxanthin,

and b-cryptoxanthin (P , 0.04

for trend).

Adjusted for age,

sex, date of blood

draw, radon and

tobacco exposure

(continued )
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Table 1 Continued

Study

Subjects and key

characteristics

Analytical

approach

Years of

follow-up

Relevant variables

analyzed Key findings Comments

Michaud

et al., 2000

(34)

46,924 men in the

Health

Professionals

Follow-up

Study and

77,283 women

in the Nurses’

Health Study

(275 and 519

new cancer

cases,

respectively)

Longitudinal

pooled

analysis

12 years Dietary intakes of a-

carotene, b-

carotene, b-

cryptoxanthin,

lutein þ zeaxanthin,

lycopene

Significantly reduced risk of lung

cancer with increased intake of

a-carotene (RR 0.75, 95% CI

0.59, 0.96 for highest vs. lowest

quintile) and total carotenoids

(RR 0.68, 95% CI 0.49, 0.94).

Marginally significant

protective effects of

lutein þ zeaxanthin (RR 0.81,

95% CI 0.64, 1.01, P ¼ 0.06 for

trend) and b-cryptoxanthin (RR

0.82, 95% CI 0.65, 1.02,

P ¼ 0.07 for trend). Lycopene

intake significantly protective

for current smokers (RR 0.63,

95% CI 0.45, 0.88).

Adjusted for age,

smoking status,

age at start of

smoking, energy

intake, and time

period

Yuan et al.,

2001 (35)

18,244 men ages

45–64 years

participating in

a prospective

study of diet

and cancer in

Shanghai,

China (209

lung cancer

cases)

Nested case-

control

study

12 years Serum a-carotene,

b-carotene,

lutein þ

zeaxanthin,

b-cryptoxanthin,

and lycopene

Prediagnostic serum

b-cryptoxanthin significantly

inversely associated with risk

for lung cancer (RR 0.45, 95%

CI 0.22, 0.92 for highest vs.

lowest quartile). Serum levels

of other carotenoids

significantly inversely

associated with risk only when

not adjusted for smoking status.

Adjusted for

smoking status
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Rohan et al.,

2002 (36)

56,837 women

aged 40–59

years enrolled

in the Canadian

National Breast

Screening

Study (196 lung

cancer cases)

Case-cohort

analysis

9–13 years Dietary intakes of

a-carotene,

b-carotene,

b-cryptoxanthin,

lutein þ

zeaxanthin,

lycopene

No associations between

carotenoid intakes and

risk of lung cancer.

Analyses within strata

defined by current

smoking status also

revealed no

significant

relationships.

Adjusted for age,

study allocation,

study center,

smoking status,

and intakes of

energy, vitamin C,

folate, and dietary

fiber

Holick et al.,

2002 (37)

27,084 male

smokers aged

50–69 years

who

participated in

the a-

Tocopherol,

b-Carotene

Cancer

Prevention

Study (1644

lung cancer

cases)

Longitudinal

analysis,

Cox

propor-

tional

hazards

models

14 years Dietary intakes of

a-carotene,

b-carotene,

b-cryptoxanthin,

lutein þ

zeaxanthin,

lycopene, and fruit

and vegetables;

serum b-carotene

Fruit and vegetable

intake significantly

inversely associated with risk

for lung cancer (RR 0.73, 95%

CI 0.62, 0.86 for

highest vs. lowest quintile).

Significantly lower risks of

lung cancer also observed for

highest vs. lowest quintiles of

intakes of lycopene (28%),

lutein þ zeaxanthin (17%),

b-cryptoxanthin (15%), and

total carotenoids (16%), and

serum b-carotene (19%).

Adjusted for age,

years smoked,

cigarettes per day,

study group

assignment,

supplement use,

plasma

cholesterol, and

intakes of

energy and fat

(intakes not used

as adjustment

factors for serum

b-carotene)

CI, confidence interval; NS, not significant; HR, hazard ratio; OR, odds ratio; RR, relative risk; SES, socioeconomic status.
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Table 2 Placebo-Controlled Studies that Tested the Effect of b-Carotene Supplementation on Lung Cancer Incidence or Mortality

Study

Subjects and key

characteristics Intervention

Dosage of

b-carotene

Years of

follow-up Key findings Comments

Blot et al.,

1993 (40)

29,584 men and

women aged

40–69 years

in the general

population of

Linxian,

China, 30%

smokers

Factorial

design of

combination

vitamin and

mineral

supplements,

including

b-carotene,

vitamin E,

and selenium

15 mg/
day

5 years Significantly lower overall

mortality (RR 0.91, 95%

CI 0.84, 0.99) and cancer

incidence (RR 0.87, 95%

CI 0.75, 1.00) in the

group receiving b-

carotene (plus vitamin E

and selenium). Also

associated with reduced

risk of lung

cancer death (RR 0.55,

95% CI 0.26, 1.14).

Involved a combination

supplement that included

b-carotene

Alpha-

Toco-

pherol,

Beta-

Carotene

Cancer

Preven-

tion

Study

Group

1994 (41)

29,133 male

smokers aged

50 to 69 years

in Finland,

100% smokers

Factorial

design

(2 � 2, b-

carotene and

a-toco-

pherol)

20 mg/
day

5–8 years

(median

6.1)

Significantly increased

lung cancer incidence in

subjects administered

b-carotene (RR 1.16,

95% CI 1.02, 1.33).

Increased overall

mortality (8%)

also associated with

b-carotene

supplementation.

Adverse effect stronger in

subjects smoking .20

cigarettes/ day (RR 1.25,

95% CI 1.07, 1.46) vs.

5–19 cigarettes/day (RR

0.97, 95% CI 0.76, 1.23),

and in those with higher

alcohol intake (�11 g/
day) (RR 1.35, 95% CI

1.01, 1.81) vs. lower intake

(RR 1.03, 95% CI 0.85,

1.24)
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Omennetal.,

1996 (42)

18,314 male and

female

smokers,

former

smokers, and

workers

exposed to

asbestos, 60%

smokers

Compared

placebo to

b-carotene

plus retinol

30 mg/
day

4 years Significantly

increased lung cancer

incidence in subjects

administered

b-carotene (plus

retinol) (RR 1.28,

95% CI 1.04, 1.57).

Increased overall

mortality (17%)

also associated

with b-carotene

supplementation.

Higher risk for lung cancer in

association with

b-carotene in the highest

vs. lowest quartile of

alcohol intake (RR 1.99,

95% CI 1.28, 3.09), and

current smokers had

higher risk for lung cancer

than former smokers

Hennekens

et al.,

1996 (43)

22,071 male

physicians

aged 40 to 84

years, 11%

smokers

Factorial

design

(2 � 2,

b-carotene

and aspirin)

50 mg

every

other

day

12 years No difference in the

incidence of total

cancer or lung

cancer or

overall

mortality.

CI, confidence interval; RR, relative risk.
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As revealed in follow-up analysis and summarized in the table, incidence of lung

cancer increased in response to b-carotene supplementation in two of the studies,

and this surprising adverse effect was more likely to occur among smokers and in

those reporting higher alcohol consumption (44–46). Another interesting

observation in both of these trials was that study participants with lower baseline

b-carotene intakes or serum concentrations exhibited higher lung cancer

incidence during the study, regardless of study group assignment (41,44,45),

which is in agreement with the findings from the observational studies. Fourteen-

year follow-up of participants in the Alpha-Tocopherol, Beta-Carotene (ATBC)

Study more recently identified an inverse association between baseline serum

b-carotene concentration and risk for lung cancer (37), in addition to protective

effects in association with higher (versus lower) baseline intakes of vegetables

and fruit and other carotenoids (lycopene, lutein þ zeaxanthin, b-cryptoxanthin).

Based largely on the results of the randomized trials involving b-carotene

supplements, the current consensus is that these supplements are not advisable for

the general population (22,47). The association between increased intake of

vegetables and fruit that are good sources of the various carotenoids, including

a-carotene, b-carotene, lycopene, lutein, and b-cryptoxanthin, and reduced risk

for lung cancer also is evident in the clinical trial data. With regard to formulating

public health guidelines, the latter strategy appears to be a better translation of the

totality of the epidemiological evidence.

Also, evidence from the clinical trials indicates that smokers are at

particular risk for increased risk for lung cancer in response to high doses and

tissue concentrations of b-carotene. Results from both observational studies and

the randomized trials suggest that higher levels of alcohol consumption also may

be associated with increased likelihood of adverse, rather than beneficial, effects

of higher carotenoid intakes. These observations are highly relevant to recent

evidence from laboratory studies aimed at identifying the mechanisms by which

b-carotene and the other carotenoids may influence the progression of cancer of

the lung.

In tissue culture studies, b-carotene has been shown to induce both

qualitative and quantitative changes in lung cancer cells that suggest benefits

(48), so the issue of safety versus harm seems likely to relate to dosage and

tissue concentration. The bioavailability of b-carotene from the most common

supplement formulation is considerably higher than the bioavailability from

foods, so the tissue response to a given amount of a carotenoid is much greater

from most supplements compared to the response to food sources. To date, the

most convincing evidence that explains how high doses (or high tissue

concentrations) of b-carotene can increase risk for lung cancer, especially among

smokers, is based on laboratory animal studies. In ferrets, the effect of b-carotene

supplementation at doses equivalent to 30 mg/day and 6 mg/day in humans,

with and without smoke exposure, has been examined, and these studies show
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detrimental effects at the high level (but not at the low level) of b-carotene

administration (49,50). The effect involves depletion of tissue retinoic acid and

interference in normal retinoid signaling, which appears to be linked to metabolic

effects of high concentrations of the carotenoid oxidative cleavage products

rather than a specific pro-oxidant effect in bronchial epithelial cells (51). Based

on the biochemical characteristics of carotenoids and these cleavage products,

one would expect that the cytochrome P450 enzymes are responsible for

metabolizing these compounds, similar to the established role of these enzymes

in metabolizing retinoids (52). These enzymes are induced by high doses and

tissue concentrations of carotenoids and their metabolites (reviewed in Ref. 28).

Alcohol also induces these metabolizing enzymes. Chronic alcohol consumption

has been shown to promote decreased hepatic vitamin A in humans and

laboratory animals (53), although the effect of alcohol on tissue carotenoid

concentrations is more variable in human studies. Ethanol administration in

animals, or heavy drinking in humans, has been observed to promote increased

serum and liver b-carotene concentration (54,55). In free-living subjects,

including the ATBC Study population, alcohol intake is typically inversely

associated with serum carotenoid concentrations (56–59), but this relationship is

likely mediated by lower intakes of carotenoid-rich foods among heavy drinkers.

As noted above, eating more vegetable and fruit sources of several

carotenoids (b-carotene, a-carotene, lutein, b-cryptoxanthin, and lycopene) has

been fairly consistently associated with reduced (and not increased) risk for lung

cancer. The increased risk for lung cancer that was observed in the b-carotene

supplement trials occurred in smokers and in association with blood concen-

trations that are well beyond that achieved from food sources, unless the diet

is very unusual and the amounts eaten are extraordinary.

III. CAROTENOIDS AND BREAST CANCER

Breast cancer is the most common invasive cancer among women in developed

countries. Breast cancer accounts for 31% of the incident cancers and 15% of the

cancer deaths among women in this country, with 203,500 United States women

likely diagnosed with breast cancer in 2002 (2). Although the steadily increasing

incidence rate that characterized the 1980s has leveled off over the past decade

(2,3), breast cancer continues to be very common. Meanwhile, mortality rates

have been observed to be declining, especially in younger women, and this

reduction in death rate is presumed to be due to both earlier detection and

improvements in the initial treatments (2). As a result of the reduction in

mortality rate concurrent with continued high incidence rates, the number of

women in the United States who are breast cancer survivors is increasing.
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Evidence from cell culture studies strongly suggests specific beneficial

effects of both provitamin A and nonprovitamin A carotenoids on the develop-

ment and progression of breast cancer (60–62). The effects are similar to the

effects of retinoids in mammary cells, promoting normalization of cell growth

regulation via differentiation or apoptosis when appropriate. Over the past few

decades, at least 20 observational epidemiological studies have examined the

relationship between risk for primary breast cancer and intakes of carotenoids,

although the vast majority of these studies examined intake of b-carotene but not

other carotenoids. In addition, the relationship between risk for breast cancer and

intake of vegetables and fruits, or a dietary pattern that emphasizes these foods,

has been examined in several studies.

In the past few years, two large observational studies addressed the

relationship between breast cancer risk and intake of vegetables and fruit using

combined and pooled data. These pooled studies were based on combinations of

published observational studies with different study designs, and they produced

somewhat divergent results. In a meta-analysis of 26 studies (21 case-control and

five cohort studies) published from 1982 to 1997, the relationships between risk

for breast cancer and intakes of vegetables, fruit, b-carotene, and vitamin C were

examined (63). Intake of vegetables exhibited the strongest protective effect (RR

0.75, 95% CI 0.66, 0.85 for high versus low consumption), while the relationship

with fruit intake was not significant (RR 0.94, 95% CI 0.74, 1.11) (63). Data from

11 of these studies allowed analysis of b-carotene intake, which was significantly

inversely associated with risk (RR 0.82, 95% CI 0.76, 0.91 for approximately

.7000 versus ,1000 mg/day). Results from this meta-analysis are very similar

to a summary based on 19 case-control and three cohort studies reported in 1997

(1), which found at least a 25% reduction in risk for breast cancer associated with

higher vegetable and fruit intake in the majority of the studies and greater

consistency for vegetable compared to fruit intake. In a pooled analysis of 7377

incident breast cancer cases from women enrolled in eight prospective cohort

studies, the protective effect of total fruit and vegetable intake was found to be

small and nonsignificant (RR 0.93, 95% CI 0.86, 1.00 for highest versus lowest

quintiles) (64). Differences in the study designs and in the approaches used to

estimate intake likely contribute to these inconsistent results. The pooled analysis

that relied exclusively on data from cohort studies is based on studies with a

better design because the dietary data were collected prior to diagnosis. However,

the number of fruit and vegetable questions on the various instruments used to

collect the dietary data across the cohort studies in the pooled analysis varied

over fourfold, and combining widely disparate ranges of servings and types of

vegetables and fruits may have limited the ability to identify a relationship

with risk.

Using dietary data from the large Canadian National Breast Screening

Study (n ¼ 56,837), the association between intake of carotenoids and risk for
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primary breast cancer was recently explored in a large case-cohort study (1452

cases, 5239 noncases) (65). Significant relationships between intakes of the major

carotenoids and risk were not observed in this cohort of women within the time

frame of follow-up (8–13 years).

Fewer studies have examined the relationship between plasma or serum

concentrations of carotenoids, a better indicator of carotenoids in peripheral

tissues and a marker of vegetable and fruit intake, and risk for breast cancer. In

the largest prospective study that examined this relationship (66), the odds ratio

for the lowest versus highest quartile of total serum carotenoids was 2.31 (95% CI

1.35, 3.96), with serum concentrations of b-carotene (OR 2.21, 95% CI 1.29,

3.79), a-carotene (OR 1.99, 95% CI 1.18, 3.34), and lutein (OR 2.08, 95% CI

1.11, 3.90) inversely associated with risk. In a recent small study that also relied

on prediagnostic serum carotenoids in the examination of the relationship

between these compounds and risk for breast cancer (67), a protective association

was found for serum b-carotene (OR 0.41, 95% CI 0.22, 0.79 for highest versus

lowest quintile, P ¼ 0.007 for trend), lycopene (OR 0.55, 95% CI 0.29, 1.06,

P ¼ 0.04 for trend), and total carotenoids (OR 0.55, 95% CI 0.29, 1.03, P ¼ 0.02

for trend), adjusted for potentially influencing variables. Similarly, a recent small

case-control study (153 cases, 151 controls) found significantly lower risk in

higher versus lower pretreatment serum concentrations of b-carotene (OR 0.47,

95% CI 0.24, 0.91) (68), adjusted for other factors known to influence risk for

breast cancer.

Thus, the observational epidemiological studies relating intakes of

carotenoids or vegetables and fruit to risk for primary breast cancer are

somewhat inconsistent and not entirely supportive. However, studies of

associations based on serological data are more consistently supportive, with

significant beneficial associations evident for several carotenoids, including

a-carotene, b-carotene, lutein, and lycopene, when these compounds are

examined.

An area of current interest is the potential effect of carotenoids or their

major food sources, vegetables and fruit, on overall survival following the

diagnosis of breast cancer. Despite encouraging 5-year survival rates, women

who have been diagnosed with breast cancer and have completed initial surgical

and medical treatments remain at considerable risk for recurrent cancer, new

primary breast cancers, and early death compared with women who have not

been diagnosed and treated for breast cancer.

The relationship between overall survival or recurrence and diet

composition has been examined in 13 studies involving cohorts of women who

had been diagnosed with breast cancer, and eight of these studies examined

associations between intake of vegetables and fruit and/or b-carotene (69). Of

these eight, three found a significant inverse association with risk of death, one

found a trend for an association, and one found a significant inverse association in
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women with node-negative disease, who comprised 62% of that cohort (but not in

the total group that included all stages of invasive breast cancer) (69,70). In the

studies that found an inverse relationship with survival and intakes of vegetables

and fruit and/or b-carotene, the magnitude of the protective effect was a 20–90%

reduction in risk for death.

Two large multicenter randomized controlled trials are currently testing the

effect of diet modification on survival following the diagnosis of breast cancer,

and one of them, the Women’s Healthy Eating and Living (WHEL) Study, is

specifically testing the effect of increased intake of vegetables and fruit that are

good sources of carotenoids and other phytochemicals and micronutrients on

recurrence and survival. The WHEL Study participants are 3088 women who

have been diagnosed with stage I (40%), stage II (55%), or stage IIIA (5%)

invasive breast cancer and who were randomized into an intervention group or

comparison group, following completion of initial therapies and within 48

months of diagnosis (71). Randomization was stratified by age, stage of tumor,

and clinical site, and two-thirds of the women were under 55 years of age at

randomization. The primary emphasis of the WHEL Study diet intervention is on

increased vegetable and fruit intake, with daily dietary goals that include five

vegetable servings, 16 ounces of vegetable juice, and three fruit servings. Plasma

carotenoids are being quantified in serial blood samples as a biomarker of

adherence to the high-vegetable and fruit diet. Feasibility study data demonstrate

significantly increased plasma concentrations of a-carotene, b-carotene, and

lutein in the intervention group (15,72,73). Participants will be followed in the

WHEL Study for an average of 8 years (through 2006), and the study has 82%

power to detect a 19% difference in breast cancer events over that time frame

(71). A notable characteristic of the WHEL Study is that biological samples are

collected from all study subjects at baseline and regular intervals, resulting in a

sample specimen bank that can be linked to a considerable amount of detail on

diet, lifestyle factors, and disease characteristics. An important and recognized

feature of breast cancer is the heterogeneity on a molecular level, and variable

cellular characteristics are anticipated to be among the determinants of response

to the diet intervention.

Of relevance, a randomized clinical trial of fenretinide, also known as N-(4-

hydroxyphenyl)retinamide (4-HPR), a synthetic retinoid with some metabolic

and tissue storage characteristics that are similar to those of carotenoids, has been

conducted to test for effects on risk for a second breast malignancy in

premenopausal and postmenopausal women with early stage breast cancer. For

the total group, the incidence of new cancers in the control and treatment arms

was not statistically significant; however, possible beneficial effects were

observed in the subgroup of premenopausal women (contralateral breast cancer:

adjusted hazard ratio [HR] 0.66, 95% CI 0.41–1.07; ipsilateral breast cancer:

adjusted HR 0.65, 95% CI0.46, 0.92) (74).
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Thus, current evidence suggests a possible role for carotenoids or

carotenoid-rich foods in reducing the risk and progression of breast cancer, with

the most consistently supportive evidence from studies in which prediagnostic

serological data are used to classify exposure. Results from a clinical trial that is

testing whether consuming a carotenid-rich, high-vegetable and fruit diet can

influence risk for recurrence and survival will be known within the next few

years.

IV. CAROTENOIDS AND COLORECTAL CANCER

Colon cancer is the third most common cancer in men and women and also the

third most common cause of cancer death in the United States and other

developed countries (2,3). Colon and rectal cancers have a well-established and

defined continuum of cellular changes and associated lesions that appear to occur

in the stepwise process of developing an invasive tumor (75). Few studies to

date have specifically examined the association between dietary factors, such

as carotenoids, and the distinct tumor mutations that characterize colon

carcinogenesis. However, cell culture studies have shown specific beneficial

biological effects of carotenoids in colon cancer cell lines, and the mechanisms

appear to involve both antioxidant and cell growth regulatory activities (76,77).

Adenomatous polyps are considered the precursors of most large-bowel cancers

(75), and the major clinical trials that tested the effect of dietary factors on the

development and progression of colon cancer have focused on this point in the

continuum, with the outcome being recurrent polyps. However, most adenomas

do not develop into colon carcinomas, and the point at which the most important

and modifiable molecular changes relevant to the biological activities of

carotenoids has not been established.

As previously reviewed (1,78,79), numerous observational epidemiolo-

gical studies have examined associations between intakes of carotenoids or

their major food sources (vegetables and fruit) and the risk for colon cancer.

The majority of the case-control studies, and studies based on prediagnosis

serum carotenoid concentrations, found intakes of carotenoids and/or
vegetables and fruit, and serum carotenoid concentration, to be associated

with reduced risk. Since the last published review (79), a few notable

observational epidemiological studies have examined the relationships between

risk for colon cancer and intakes of carotenoids, vegetables and fruit. A large

prospective study of the relationship between vegetable and fruit intake and

incidence of colon and rectal cancers (involving 88,764 women and 47,325

men) did not find this association to be significant (80). A large case-control

study addressed the relationship between estimated intakes of the specific

carotenoid and risk for colon cancer (1993 cases, 2410 controls) (81). In that
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study, lutein was found to be inversely associated with colon cancer in both

men and women (OR 0.83, 95% CI 0.66, 1.04 for upper versus lowest quintile,

P ¼ 0.04 for trend), while associations with the other carotenoids were not

significant.

Based on the strength of the early epidemiological evidence, the effect

of b-carotene supplementation on various possible biomarkers of colon

carcinogenesis was examined in small samples of subjects, and two large

randomized controlled trials tested the effect of b-carotene supplementation on

the risk for recurrence of adenomatous polyps (82,83). Results of these two large

placebo-controlled studies are summarized in Table 3. A significant beneficial

effect of b-carotene supplementation was not observed in either of these

trials.

Increased vegetable and fruit intake was among the dietary goals in the

Polyp Prevention Trial (PPT), a large multicenter study that aimed to test the

effect of multifaceted diet modification on the recurrence of colorectal adenomas.

In the PPT, 2079 men and women with a history of adenomatous polyps were

randomized to the diet intervention arm or control arm (84). The goals of the

intervention were a diet low in fat (,20% of energy), high in fiber (18 g/
1000 kcal/day), and high in vegetables and fruit (3.5 servings/1000 kcal/day).
At study end, the intervention group had increased vegetable and fruit intake by

an average of 1.1 servings/1000 kcal/day, and average reported intake of total

carotenoids increased by on average approximately 50% (85). However, total

plasma carotenoids were increased by only 5% by on average at study end, which

is considerably lower than has been observed in response to high-vegetable and

fruit diet interventions in other studies (14–18), including an intervention study

aimed at a similar population (17). No effect on adenoma recurrence was

observed in the PPT, when analyzed on the basis on study group assignment.

However, the limited effect of the intervention on circulating carotenoids

suggests that this study may not have adequately tested the effect of a high-

vegetable and fruit intake. Also, in a secondary analysis of a subcohort of study

participants (n ¼ 701), average serum a-carotene, b-carotene, lutein, and total

carotenoid concentrations at four time points during the study were found to be

associated with decreased risk of polyp recurrence (OR 0.71, 0.76, 0.67, and 0.61,

respectively, P , 0.05) (86).

Thus, whether intakes of carotenoids, vegetables, and fruit can influence

risk for colon cancer remains unresolved. Results from the clinical trials that

tested whether b-carotene supplementation can reduce risk for adenomatous

polyp recurrence do not indicate any efficacy for that strategy. Increased

knowledge of mechanisms, which would provide information about the stage at

which carotenoids might influence the development and progression of colon

cancer, would enable better interpretation of epidemiological studies and inform

the design of intervention studies.
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Table 3 Randomized Controlled Trials of b-Carotene Supplementation and Recurrence of Colorectal Adenomatous Polyps

Study

Subjects and key

characteristics Intervention

Dosage of

b-carotene

Years of

follow-up Key findings Comments

Greenberg

et al.,

1994 (82)

864 men and

women with

an

adenomatous

polyp

diagnosed

within 3

months and

removed

Factorial design

(2 � 2,

b-carotene,

vitamin C, and

vitamin E)

25 mg/day 4 years No treatment effect

of b-carotene on

incidence of

new adenomatous

polyps

MacLennan

et al.,

1995 (83)

306 men and

women with a

history of

adenomatous

polyps that

were removed

Factorial design

(2 � 2, dietary

fat reduction,

wheat bran

fiber, and

b-carotene)

20 mg/day 2–4 years No treatment effect

of b-carotene on

incidence of

new adenomatous

polyps

b-Carotene associated

with nonsignificant

higher incidence of new

polyps (OR 1.5, 95% CI

0.9, 2.5) and large

adenomas (OR 2.4, 95%

CI 0.8, 7.0), and fewer

adenomas with

moderate or severe

dysplasia (OR 0.6, 95%

CI 0.2, 1.6)

CI, confidence interval; OR, odds ratio.
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V. CAROTENOIDS AND CERVICAL CANCER

Cervical cancer is the second most common cancer for women worldwide (1).

However, death rates from this cancer in women in developed countries are lower

than many other common cancers due to the promotion and availability of

screening procedures (2,3). Nonetheless, the human suffering and costs linked to

this cancer remain high even in developed countries because for every case

of invasive cervical cancer there are an estimated 50 cases of abnormal cervical

smears that require monitoring, follow-up, and, often, ablative treatment proce-

dures (87). Invasive cervical cancer arises from a progression of epithelial cell

changes across a continuum of lesions classified as cervical intraepithelial

neoplasia (CIN) I, II, III, and carcinoma in situ, which are earlier stages of this

disease. HPV is now recognized as the causal agent for cervical cancer and the

precursor lesions, although a number of other factors, including dietary factors,

are believed to be important determinants of whether the HPV virus persists,

disrupts cellular function, and enables progression of disease in the exposed

individual.

Evidence for an association between carotenoids and risk for cervical

neoplasia or cancer is relatively consistent in the early observational

epidemiological studies, although HPV status was not considered in these

earlier studies. As reviewed in 1996 (88), dietary carotenoids were inversely

associated with risk for cervical neoplasia in five of 10 case-control studies,

serum carotenoids were inversely associated with risk in four of five studies, and

serum carotenoids were found to be protective in one cohort study. Recent

epidemiological studies, in which HPV status is considered in the assessment of

risk, have found mixed results. Ho et al. (89) did not observe a significant

relationship between plasma b-carotene and risk for CIN in a large case-control

study (378 cases, 366 controls), when adjusted for HPV status. In a smaller case-

control study (147 cases, 191 controls) in which plasma carotenoids were

quantified, adjusted plasma cryptoxanthin concentration was inversely associated

with risk for cervical dysplasia (adjusted OR 0.3, 95% CI 0.1, 0.8 for highest

versus lowest quartiles) (90). In a nested case-control study of dietary factors and

risk for cytological abnormalities of the cervix in HPV-positive women (251

cases, 806 controls), a nonsignificant lower risk with higher dietary b-carotene

intake was observed (91). A case-control study of Native American women (81

cases, 160 controls) revealed that increasing adjusted tertiles of serum a-carotene

(OR 0.46, 95% CI 0.21, 1.00), b-cryptoxanthin (OR 0.39, 95% CI 0.17, 0.91),

and lutein (OR 0.40, 95% CI 0.17, 0.95) were associated with increased risk of

CIN (92).

Another approach in the examination of the relationship between

carotenoid status and cervical cancer focuses on an earlier point in the cervix

cancer continuum. The relationships between persistent HPV infection (rather
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than cytological abnormalities of the cervix) and serum carotenoids was

examined in 123 low-income Hispanic women (93). In this cohort, adjusted mean

concentrations of serum b-carotene, b-cryptoxanthin, and lutein were on average

24% lower (P , 0.05) among women who were HPV positive at two time points

as compared with those who were HPV negative at both time points or positive at

only one time point. More recently, higher levels of vegetable consumption were

found to be associated with a 54% decreased risk of HPV persistence (adjusted

OR 0.46, 95% CI 0.21, 0.97 for highest versus lowest tertile, P ¼ 0.033 for trend)

in a prospective cohort study in which women were examined at three time points

(94). Also, a 56% reduction in risk for HPV persistence (adjusted OR 0.44, 95%

CI 0.19, 1.01 for highest versus lowest tertile, P ¼ 0.046 for trend) was found to

be associated with plasma cis-lycopene concentration in that study.

Based on the strength and consistency of the earlier observational studies,

five randomized controlled trials testing whether b-carotene supplements could

increase the rate of regression of cervical dysplasia were initiated, and all have

been completed (95–99). As shown in Table 4, none of these studies found a

beneficial effect compared with placebo.

A better test of the associations observed in epidemiological studies, in

which the carotenoids that are consumed are from food rather than supplements,

involves testing the effect of a carotenoid-rich diet, which would provide the

various carotenoids in addition to other micronutrients (e.g., vitamin C, folate). In

a randomized clinical trial testing this strategy, 149 women with cervical

dysplasia (63% CIN I, 37% CIN II) were enrolled and randomized to the diet

intervention arm or control arm and followed for one year (18). The diet

intervention efforts resulted in a substantial increase in plasma carotenoid and

peripheral tissue concentrations, with plasma concentrations of total carotenoids

increasing nearly twofold in the intervention group. This study was recently

completed, and analysis of response is currently underway.

An important issue in the interpretation of clinical trials targeting women

with CIN is that the stage at which carotenoids may influence the progression of

cervical cancer is unknown. In vitro studies suggest that carotenoids can induce

growth retardation in cervical dysplasia cell lines and apoptosis in HPV-infected

cells (100). However, a carotenoid-rich diet may have a more meaningful clinical

effect earlier in the HPV exposure and infection process, and thus, the earlier part

of the continuummay be a more appropriate target for intervention. Overall, most

intervention studies conducted to date in this area have been constrained by

limited statistical power. The spontaneous regression rate for this condition

typically falls in the range at which the number of subjects needed to detect a

treatment effect is very high.

In summary, results from observational epidemiological studies quite

consistently suggest a possible beneficial role for carotenoids and consumption of

vegetables and fruit in the risk and progression of cervical cancer. However,
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Table 4 Randomized Controlled Trials of b-Carotene Supplementation and Regression of Cervical Intraepithelial Neoplasia

Study

Subjects and key

characteristics Intervention

Dosage of b-

carotene

Months or years

of follow-up Key findings Comments

De Vet et al.,

1991 (95)

278 women

diagnosed with

CIN I, II, and

III

Compared

placebo to

b-carotene

10 mg/day 3 months No effect on

regression and

progression

Dietary b-carotene

included in secondary

analysis (NS)

Fairley et al.,

1996 (96)

111 women

diagnosed with

atypia, HPV,

CIN I and II

Compared

placebo to

b-carotene

30 mg/day 12 months No difference in the

regression rate,

cervical cytology,

or amount of HPV

DNA present

Romney et al.,

1997 (97)

69 women

diagnosed with

CIN I, II, and

III

Compared

placebo to

b-carotene

30 mg/day 9 months No effect on

regression and

progression

Outcome analysis adjusted

for severity of CIN and

type-specific persistent

HPV infection and

continual HPV infection

with a high viral load at

baseline and 9 months

Mackerras

et al., 1999

(98)

141 women

diagnosed with

atypia, CIN I

Factorial design

(2 � 2,

b-carotene and

vitamin C)

30 mg/day 2 years Regression rate was

nonsignificantly

higher in those

randomized to

b-carotene (HR

1.58, 95% CI 0.86,

2.93, P ¼ 0.14)

Possible interaction effect

of b-carotene and

vitamin C (P ¼ 0.052),

with 7 of the progressed

lesions in those receiving

both supplements versus

a total of 6 in the other

three study groups

Keefe et al., 2001

(99)

103 women

diagnosed with

CIN II and III

Compared

placebo to

b-carotene

30 mg/day 2 years Overall regression rate

was similar between

treatment groups

CIN regression was

negatively correlated

with serum retinol

concentrations

CIN, cervical intraepithelial neoplasia; HR, hazard ratio; HPV, human papillomavirus; NS, not significant.
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consistent evidence from b-carotene supplement trials indicates that this

approach is unlikely to affect rate of regression in women who present with a

preneoplastic lesion. Results from a clinical trial testing the effect of a high-

vegetable and fruit diet intervention on progression of abnormal cervical cell

cytology will provide additional information about this association.

VI. CAROTENOIDS AND OVARIAN CANCER

Ovarian cancer is the fifth most common cancer in U.S. women, but it is the

fourth most common cause of cancer death in this group, in part because it

is not typically diagnosed in the early stages (2,3). Compared with the number

of studies that have examined the associations between intakes of carotenoids,

vegetables, and fruit and risk for many other cancers, relatively few

epidemiological studies have addressed these associations in ovarian cancer.

Of the case-control studies in which the relationships between risk for ovarian

cancer and carotenoids (or their major food sources, vegetables and fruit) have

been examined, six studies found protective effects of vegetable and fruit

intake (101–106) and four studies found protective effects of carotenoid intake

(102,107–109).

The most recent case-control study (549 cases, 516 controls) that examined

the relationship between risk for ovarian cancer and dietary carotenoid intakes

was a population-based study in which intakes of the individual carotenoids were

estimated (109). Adjusted total carotenoid intake was significantly inversely

related to risk (OR 0.55, 95% CI 0.36, 0.84 for highest versus lowest quintile).

Among the individual dietary carotenoids examined, intakes of a-carotene (OR

0.60, 95% CI 0.39, 0.90 for highest versus lowest quintile), b-carotene (OR 0.58,

95% CI 0.38, 0.89), and lycopene (OR 0.53, 95% CI 0.35, 0.82) also exhibited

significant inverse relationships with risk.

To date, the relationship between serum carotenoids and ovarian cancer

risk has been examined in only one very small prospective study (110). In that

study, serum micronutrients from 35 women who had been diagnosed with

ovarian cancer over a 14-year period were compared with values from 67 control

subjects from the cohort. Serum carotenoids were not found to be significantly

associated with risk. No significant relationships between risk for ovarian cancer

and adult dietary intakes of b-carotene and fruits and vegetables were found in a

recent large cohort study (111), although adolescent intake of vegetables and fruit

was found to be protective (RR 0.54, 95% CI 0.29, 1.03 for women who

consumed �2.5 servings/day versus lower intakes). To date, no clinical trials

have tested whether carotenoid supplementation or dietary modification can

influence the risk and progression of ovarian cancer. Evidence linking intakes of
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carotenoids and their food sources to risk for ovarian cancer is limited, although

intriguing, and more data about this relationship would be useful and informative.

VII. CAROTENOIDS AND PROSTATE CANCER

Prostate cancer is the most common cancer among men in the United States (2,3),

accounting for 30% of the cancer diagnoses. Prostate cancer deaths currently

account for 11% of cancer deaths among U.S. men, and mortality rates are

currently declining (2). Due to the increasing interest in a possible role for

lycopene in the risk and progression of prostate cancer, a considerable amount of

evidence relating to that association has been collected and reported within the

past few years, and the reader is referred to Chapter 20 for review of that

relationship.

As recently reviewed (112–114), results from observational epidemiolo-

gical studies relating prostate cancer risk to intakes of carotenoids, vegetables,

and fruit have been notably inconsistent, with some studies actually finding a

positive association rather than a protective or null association. Approximately

nine studies to date have examined prostate cancer risk and total fruit and

vegetable intake (112–115), and a protective association with risk was found in

only two of these studies. The majority of the observational studies have

examined associations with intakes of selected vegetables and fruits or

carotenoids, with mixed results. Because lycopene is the major carotenoid in the

diets of U.S. men, it has been suggested that lycopene may serve as a proxy of

overall or total vegetable intake rather than indicating a specific role in prostate

cancer progression (113). In fact, when adjusted for total vegetable and fruit

intake, cruciferous vegetables, but not tomatoes and tomato products, were the

vegetable subtype found to be significantly associated with risk in a recent large

case-control study (628 cases, 602 controls) (115). In that study, the adjusted

odds ratio for total vegetable intake was 0.65 (95% CI 0.45, 0.94, P ¼ 0.01 for

trend) for �28 servings versus ,14 servings/week, and the adjusted odds ratio

for cruciferous vegetable intake was 0.59 (95% CI 0.39, 0.90, P ¼ 0.02 for trend)

for �3 servings/week versus ,1 serving/week. They also found a protective

effect for lutein þ zeaxanthin intake at a level of marginal significance (OR 0.68,

95% CI 0.45, 1.00 for.2000 mg/day versus,800 mg/day, P ¼ 0.09 for trend),

but intakes of other carotenoids were unrelated to risk.

Interestingly, a beneficial effect of b-carotene supplementation on prostate

cancer risk was observed in a subgroup of participants in one of the large placebo-

controlled supplement trials discussed earlier in relation to lung cancer

(43,116,117). In that study, men were administered 50 mg b-carotene every other

day and were followed for 12 years. Men in the lowest (versus highest) quartile

for plasma b-carotene at baseline had a marginally significant (P ¼ 0.07)
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increased risk for cancer over the trial period. When the men in the lowest

quartile for baseline plasma b-carotene concentration were compared according

to study group assignment, a significant beneficial effect on risk for prostate

cancer was observed in those administrated b-carotene versus placebo (RR 0.68,

95% CI 0.46, 0.99). In fact, those investigators are continuing to investigate the

effect of b-carotene supplementation (50 mg every other day, with or without

vitamin C, vitamin E, and a daily multiple vitamin formulation) in 15,000 U.S.

men aged 55 years and older, with total and prostate cancer among the outcomes

to be examined in the Physicians’ Health Study (PHS) II (117). PHS II has 80%

power to detect a 30% reduction in risk of prostate cancer for b-carotene and each

of the other agents under study (117).

Thus, the possible link between carotenoids other than lycopene and

prostate cancer risk remains an area of interest, although the early observational

epidemiological studies focused on b-carotene and total vegetable and fruit

intake have been fairly inconsistent. The results of PHS II should provide more

useful information about the effect of b-carotene supplementation on prostate

cancer risk.

VIII. CAROTENOIDS AND CANCER OF THE ORAL CAVITY,
PHARYNX, AND LARYNX (HEAD AND NECK)

In 2002, 28,900 cancers of the oral cavity, pharynx, and larynx were expected to

be diagnosed in the Unties States, and these cancers were expected to account for

7400 cancer deaths that year (2,3). Treatment failure for these cancers remains

common, despite earlier detection and some improvements in the initial

treatments, and the overall 5-year survival rate is approximately 56% (3). Thus, a

useful strategy for primary and secondary prevention of these cancers is sorely

needed.

As previously reviewed (112,118), substantial epidemiological, clinical,

and laboratory evidence has suggested a possible role for carotenoids in the risk

and progression of cancer of the oral cavity. To date, the majority of the case-

control and cohort studies that have examined the relationships between intake of

carotenoids, vegetables, and fruit and risk for these cancers have found a

protective effect (112,118), even among high-risk groups, such as tobacco users.

However, the most compelling evidence for a beneficial effect of b-carotene is

from studies that have tested the effect of administering this carotenoid on

intermediate end points relevant to these cancers (reviewed in Ref. 118). As

previously summarized, the majority of the clinical studies testing the effect of

b-carotene administration have shown significantly increased remission rates in

patients with oral leukoplakia, a preneoplastic lesion that indicates increased risk
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for squamous cancers of the oral cavity. In addition, b-carotene has been shown

to be protective in rodent models of oral carcinogenesis (31).

Based on the strength and consistency of the epidemiological and

laboratory evidence, a placebo-controlled trial testing the effect of b-carotene

supplementation on 264 men and women with a recent history of head and neck

cancer was conducted (119). Study participants received 50 mg b-carotene/day
or placebo and were followed for a median of approximately 4 years. The

intervention had no effect on risk for the primary outcome, which was second

primary tumors plus local recurrences (RR 0.90, 95% CI 0.56, 1.45), and no

effect on total mortality was observed (RR 0.86, 95% CI 0.52, 1.42). Other end

points examined were second head and neck cancer (RR 0.69, 95% CI 0.39, 1.25)

and lung cancer, a common site of second primary cancer in these individuals

(RR 1.44, 95% CI 0.62, 3.39). Although not significant, the point estimate for

lung cancer is in agreement with the adverse effect of high-dose b-carotene

supplements that was observed in the two b-carotene supplementation trials

aimed at primary prevention of lung cancer (41,42). In contrast, the point

estimate for head and neck cancer is in the direction of benefit, although the effect

was not statistically significant.

IX. CAROTENOIDS AND OTHER CANCERS

Although early observational epidemiological studies have fairly consistently

found a protective effect of dietary carotenoids, vegetables and fruits, and serum

b-carotene concentration on risk for esophageal and stomach cancer (1,112),

results from b-carotene supplement trials that focused on these cancers as

primary outcomes are inconsistent. A randomized placebo-controlled study

involving 3318 men and women with esophageal dysplasia (a precancerous

condition) in China, who were administered 15 mg b-carotene/day plus a

multivitamin and mineral formulation (versus placebo), found no beneficial

effect on incidence of cancer of the esophagus (RR 0.90, 95% CI 0.70, 1.16) or

stomach (RR 1.21, 95% 0.90, 1.64) (120). However, a population-based study

conducted in the same region found a significant reduction in risk for stomach

cancer (RR 0.79, 95% CI 0.64, 0.99), and a point estimate suggestive of a

protective effect on risk for esophageal cancer (RR 0.96, 95% CI 0.78, 1.18), in

29,584 men and women administered 15 mg b-carotene/day plus vitamin E and

selenium followed for a 5-year period (40). The effect of 30 mg b-carotene/day
with or without vitamin C or H. pylori treatment (versus placebo) also was

examined in 631 individuals in Columbia with a confirmed precancerous gastric

lesion (multifocal nonmetaplastic atrophy or intestinal metaplasia), who were

followed for 6 years (121). Regression rates were statistically significantly
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increased in association with b-carotene supplementation for both conditions

(RR 5.1, 95% CI 1.7, 15.0, and RR 3.4, 95% CI 1.1, 9.8, respectively).

Finally, results from early observational epidemiological studies suggested

that carotenoids could have a role in the prevention of skin cancer (1,112), which

also resulted in a trial testing the effect of b-carotene supplementation (122). The

randomized placebo-controlled trial tested the effect of b-carotene supplemen-

tation on recurrent nonmelanoma skin cancer in 1805 men and women with a

history of basal cell and squamous cell cancers of the skin (122). Study subjects

were administered 50 mg/day b-carotene or placebo and were followed for 5

years, but no beneficial effects of supplementation were observed.

X. SUMMARY AND CONCLUSIONS

A few themes are apparent in the current epidemiological and clinical evidence

relating carotenoids and their major food sources, vegetables and fruit, to cancer.

In most cases, the strongest and most consistent associations of reduced risk with

higher intakes of carotenoids are found in the observational epidemiological

studies, in which the protective effect is linked to food sources (and dosages and

tissue concentrations of these compounds that are achievable via foods). In

contrast, the clinical trials have largely involved high-dose b-carotene sup-

plementation. Current evidence from the supplement trials certainly does not rule

out a specific biological role for carotenoids in the risk and prevention of cancer,

although the strategy of b-carotene supplementation has generally not been

shown to be efficacious in reducing cancer outcomes in the vast majority of the

trials that have tested that approach.

It should not be surprising that compounds with the diverse and potent

biological activities of carotenoids could have differential effects across the

ranges of dosage and tissue concentration that are achieved via foods versus

highly concentrated (and often more bioavailable) formulations. Increased risk

for lung cancer among smokers and heavy drinkers as a result of high intakes and

tissue concentrations of b-carotene suggests a bell-shaped curve for the

relationship between carotenoids and cancer. This type of relationship also is

suggested by findings from animal model laboratory investigations.

More studies testing the effect of increased intake of carotenoid-rich

vegetables and fruit on cancer outcomes, in which substantial changes in

intake are achieved in the target population, would be informative and are

unlikely to be associated with increased risk or adverse effects. In addition to

being sources of the various carotenoids (b-carotene, a-carotene, lutein,

zeaxanthin, b-cryptoxanthin, and lycopene), these foods are good sources of a

variety of nutrients and non-nutrient constituents that either help to meet

nutritional requirements or are established as being beneficial in reducing risk for
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diseases, such as folate and dietary fiber. Furthermore, these foods have other

potential health benefits in the diet; for example, they are low in energy density, a

characteristic that may help to reduce total energy intake and thus facilitate better

weight control (another nutritional factor related to cancer risk).

Also, the point in the biological and cellular continuum of cancer at which

an effect of b-carotene, other carotenoids, or increased vegetable and fruit intake

has been tested in the clinical trials conducted to date is of necessity quite limited

and finite, due largely to the limitations in resources allocated to test for effects.

Increased knowledge of mechanisms and the identification of the stages of

carcinogenesis at which intervention could affect molecular activities would be

enormously useful in the interpretation of observational data and in designing

clinical trials.

Laboratory evidence suggests that carotenoids may indeed reduce risk and

progression of cancer, but differential genetic susceptibility is likely to result in

variable response and outcome among humans with similar dietary intakes.

Examination of the interactions between nutritional and genetic factors also

would substantially refine the conduct and interpretation of epidemiological

studies and clinical trials in this area.

Continued evaluation of the various carotenoids, including a-carotene,

b-cryptoxanthin, lutein, and lycopene, in addition to b-carotene, in both

observational epidemiological studies and clinical trials may help to identify

food choices or dietary patterns that may be specifically linked to lower risk of

cancer. Guidance toward increased vegetable and fruit intake as a prudent

measure to reduce risk and progression of cancer could be better refined on the

basis of these types of data (123,124). Results from ongoing clinical trials testing

effects of intakes of carotenoids, vegetables, and fruit also will help to inform and

refine the public health guidelines aimed at reducing cancer incidence and

mortality.
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I. INTRODUCTION

The belief that diet and nutrition contributes to cancer risk can be found in the

writings of ancient scholars more than 2000 years ago. However, only in the

last century did the application of the “scientific method” begin to provide

experimental insight into the origins of cancer. At the present time, prominent

investigators and expert committees continue to provide estimates, typically

between 35% and 70%, regarding the proportion of the cancer burden attribut-

able to diet and nutrition (1–3). Future research will likely confirm that many

nutrients and nonnutrient substances found in the diet, as well as patterns of

foods consumed, will modify cancer risk. The last decade has seen an emerging

interest in the potential health benefits of tomato products (4) and lycopene,

the carotenoid responsible for the familiar red color of tomatoes (5). Although

entrepreneurs have been eager to market lycopene supplements and pro-

ducts enriched in lycopene to consumers based on hypothesized benefits, the

scientific evidence has yet to establish a causal relationship between lycopene

intake and risk of malignancy (6). However, accumulating evidence is especially

suggestive that tomatoes may have cancer-preventive properties and that

lycopene may be one of many components of tomatoes that participates in

inhibiting carcinogenesis. It is imperative that funding agencies continue to

support well-designed human and laboratory studies that address hypotheses

focusing on tomatoes, lycopene, and carcinogenesis. This chapter will summarize
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the current state of knowledge regarding lycopene and cancer and serve as an

entry point for those interested in pursuing research in this field.

II. CHEMISTRY

Investigators considering mechanisms whereby lycopene may influence the

development of cancer must consider the unique chemical structure that

determines its physical properties, reactivity, and, ultimately, biological impact

(5). Lycopene is a highly unsaturated lipophilic 40-carbon carotenoid (C40H56)

with a molecular weight of 536.85. The linear array of 11 conjugated and

2 unconjugated double bonds contributes to its susceptibility to oxidative

degradation and isomerization by chemical and physical factors, including

exposure to elevated temperature, light, oxygen, extremes in pH, and active

surfaces (5,7,8). Lycopene lacks the b-ionone ring and therefore is devoid of

any vitamin A activity. Lycopene exists in tomatoes and processed food

predominantly in the all-trans configuration, i.e., the most thermodynamically

stable form. As a polyene, cis– trans isomerization is possible, and approximately

10–20 different cis isomers are typically observed in blood and tissues of

experimental animals (9,10) and humans (11,12). Isomerization to the cis

configuration results in lower melting points, smaller extinction coefficients

(which need to be considered during quantitative analysis of isomers to avoid

underestimation), decreased color density (important in quality perception), a

shift in lmax, and the appearance of a new maximum (so-called cis peaks; useful

in tentative identification of isomers) in the ultraviolet (UV) spectrum (13).

The cis isomers most commonly found in human serum and tissue are thought to

be 5-cis-, 9-cis-, 13-cis-, and 15-cis-lycopene, accounting for approximately

50–90% of total lycopene content in serum and tissue (11,12). While all-

trans lycopene can theoretically be arranged in 2048 different geometrical

configurations, steric hindrance allows only certain ethylenic groups of lycopene

molecules to participate in cis–trans isomerization, and only about 72 lycopene

cis isomers are structurally favorable (13,14). The biological significance of cis

isomerization relative to biological functions, such as carcinogenesis, remains

speculative, and the standardization of methods for the quantitative assessment of

isomers in biological samples has not yet been well established. Much remains

to be learned about lycopene digestion, absorption, intraorgan transport in

the circulation, mechanisms of uptake by cells, intracellular localization, and

the reactions that influence isomerization and degradation. The chemical

characteristics of lycopene have a profound effect on each of these processes

that will ultimately influence the role of dietary lycopene in the carcinogenic

cascade.
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III. LYCOPENE AND CANCER: ASSESSING THE
PUBLISHED LITERATURE

Data regarding the role of lycopene in cancer risk have been derived from

various types of investigations including epidemiological studies, human clinical

investigations, rodent models, and cell culture systems (5). Each of these

approaches has strengths and limitations, a review of which is beyond the scope

of this chapter. However, several key considerations relevant to lycopene should

be emphasized and considered as readers critically review the literature on

lycopene and cancer risk.

Much of the epidemiological data regarding lycopene and cancer risk

is derived from estimated consumption of lycopene containing foods reported

using a diet assessment instrument, such as a food frequency questionnaire.

Mathematically derived estimates of lycopene intake are calculated using a

carotenoid database, such as provided by the U.S. Department of Agriculture

(15). The average lycopene content of foods included in the database is derived

from a number of samples that are representative of the marketed product.

Unfortunately, the lycopene content of tomato-based food items can vary

substantially due to differences among tomato strains, growing conditions, and

food processing. In contrast to other major carotenoids, which are typically found

in a diverse array of fruits and vegetables, lycopene is derived from a relatively

limited number of foods. Thus, most diet assessment tools can include foods that

account for lycopene intake (5). Tomatoes and tomato products (such as tomato

soup, tomato juice, and tomato sauce) contribute to more than 85% of the dietary

lycopene in the North American diet (16). In the United States, the estimated

average daily lycopene consumption is approximately 3–4 mg/day and

contributes to about 30–50% of total carotenoids in the diet (17,18). We can

conclude that current diet assessment tools and techniques can provide an

estimate of lycopene intake but that precision for any individual is difficult to

achieve. Thus, large studies using well-tested instruments provide greater

statistical power and instill a degree of confidence among readers that the cohort

can categorize individuals into groups based on consumption of lycopene-

containing foods, such as quartiles or quintiles.

Unfortunately, the intake of lycopene is not a precise index of the

biologically relevant concentrations of lycopene in the blood or at a tissue,

particularly when evaluating individuals. Rodents and humans, when assigned to

consume specific amounts of lycopene, may show variable blood and tissue

concentrations (9,10,19,20). The complexity of estimating the biologically

relevant exposure to lycopene in epidemiological studies is due to the variability

in bioavailability that occurs in part due to issues relating to the food and host

factors. A detailed consideration of lycopene content of foods, absorption,

bioavailability, metabolism, and tissue distribution is beyond the scope of this
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chapter. However, each of these issues is relevant to understanding the role of

lycopene in carcinogenesis and should be considered as investigators review the

literature. Bioavailability of lycopene from a food will be influenced by food

processing, cooking techniques, and the presence of other components in the food

or the meal (21–25). In turn, poorly understood host factors relative to digestive

and absorptive processes, lipoprotein metabolism (critical transport vehicles for

lycopene), and metabolic enzymes will influence the concentrations of lycopene

that may reach a target tissue. Thus, it is not surprising that estimated lycopene

intake and blood concentrations are often weakly correlated (26,27). A number of

studies focus on the relationship between blood lycopene concentrations and

cancer risk. Typically, plasma concentrations of lycopene are measured at one

time point that may or may not represent long-term exposure. Within-person

variation may be a source of error and weaken epidemiological associations.

A recent study examined samples collected from 144 men collected 3–4 years

apart and determined that total lycopene demonstrated a significant (p , 0.001)

correlation of 0.63 over time (12). Thus, we feel that epidemiological studies

of blood lycopene are a reasonable reflection of stable dietary patterns and

metabolic processes over time in adults. However, readers should remain aware

that blood lycopene is a biomarker of tomato product intake and thus cannot

clearly differentiate between a mechanistic role of lycopene in cancer risk or

other components found in the tomatoes.

Animal models of carcinogenesis provide an opportunity to conduct

precisely controlled studies of dietary intake and risk of cancer. Interestingly, rats

and mice, the most common species employed as experimental models, absorb

lycopene poorly (9,10,28). However, increasing the dietary lycopene concentr-

ation to levels exceeding those found in typical human diets to overcome the poor

absorption allows investigators to achieve blood and tissue concentrations similar

to those found in humans (9–11). Recent studies in the ferret suggest that their

absorption of lycopene may be more similar to that of humans, but the lack of

carcinogenesis models in species other than rats and mice limits usefulness of

these data (29). Readers should consider these issues when reviewing the

literature, and investigators should carefully document lycopene content of the

diet and report blood or tissue concentrations in order to aid in the interpretation

of results.

The application of in vitro cell and organ culture systems are a valuable

approach for understanding molecular mechanisms whereby lycopene may

influence cancer cell biology. However, studies with carotenoids have technical

concerns that should be addressed by all investigators. Pure lycopene in

crystalline form is insoluble in aqueous media and each investigator must choose

from a variety of approaches to deliver lycopene to the cells. The variable uptake

of carotenoids by cells in culture should also be considered when different

vehicles are used for in vitro delivery such as organic solvents, beadlets, or
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liposomes (30). Although largely unknown at present, it is important that

future studies address the subcellular localization of lycopene within different

intracellular compartments and how this may influence biological events. The in

vivo physiological distribution of lycopene to cells most certainly is critically

linked to lipoprotein metabolism, and we should strive to develop techniques

that mimic this process with in vitro studies. In addition, the stability of the

carotenoids under in vitro conditions is a concern. Ideally, investigators will

consider the potential for degradation, oxidation, or metabolic conversion of

the carotenoids to forms that influence outcomes examined.

In general, investigations in humans, rodents, and in vitro systems will

benefit from including analytical studies of lycopene quantitation and meta-

bolism. Opportunities exist for productive collaborations between epidemiolo-

gists and cancer biologists with experts in analytical chemistry. Critical insight

into lycopene and cancer relationships will only be possible when biological

mechanisms are coupled with precise analysis of lycopene chemistry.

IV. LYCOPENE AND CANCER: CAUSALITY

Scientific publications regarding lycopene and cancer are rapidly accumulating.

This chapter is not an encyclopedic review of the literature but rather high-

lights the most intriguing and stimulating relationships that have emerged.

Interestingly, scientists, regulatory agencies, marketers of food and supplement

products, and organizations defining public health policy have differing opinions

regarding the strength of the accumulated data relative to inference and causality

(6). The discipline of public health policy continues to review criteria used to

judge scientific evidence regarding dietary components and health or disease

risk (31). In general, accepted categories of criteria that are used to assess a

component relative to cancer risk include the following: consistency of results

among studies, overall strength of the association, evidence for a biological

gradient (dose–response), temporality (exposure precedes event), specificity,

biological mechanisms, and, finally, experimental evidence from an intervention

trial (31). These criteria should be considered as readers review the lycopene and

cancer literature (6).

V. LUNG CANCER

The lung serves as a critical interface between the host and the ambient air and

thus is particularly at risk for oxidative and ozone stress (32). Thus, the

hypothesis that antioxidants may protect the lung from disease processes,

including cancer, is appealing to investigators. Multiple antioxidant defense
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systems, including vitamins E and C, appear to be present in the lung tissue and

secretions (32). The contribution of dietary carotenoids to the integrated host

defense remains poorly defined.

Several dozen epidemiological studies of varying design and statistical

power provide data relevant to tomato or lycopene intake and lung cancer

risk (1,32,33). In general, the majority of case-control and cohort studies suggest

a lower risk of lung cancer with greater exposure to lycopene or tomato products,

with several of the studies reporting statistically significant results (34–36). Few

studies in animal models of lung carcinogenesis have been completed with mixed

results (37–39). Interestingly, lycopene catabolism appears to be accelerated by

constituents in smoke (29,40). A recent study (29) where ferrets were exposed to

tobacco smoke showed that lycopene supplementation prevented smoke-induced

squamous metaplasia and positively impacted on other biomarkers associated

with risk. A randomized trial of placebo versus a tomato-based juice with 23 mg

of lycopene per serving consumed for 2 weeks demonstrated significant

protection against ozone-induced lung inflammation and toxicity (32). Additional

efforts should focus on lycopene interactions with tobacco/smoke constituents,

other major etiological factors such as asbestos exposure, histological subtypes

of lung cancer of varying etiology, and genetic polymorphisms influencing

carcinogen metabolism. Until more definitive data are available, we conclude

that diets rich in fruits and vegetables, particularly carotenoid-containing foods

(including tomatoes), is the best way to minimize risk of lung carcinogenesis in

parallel with avoidance of tobacco products (35).

VI. STOMACH/GASTRIC CANCER

Several studies have evaluated tomato products and lycopene in relation to

gastric carcinoma risk and the majority show a trend toward lower risk with

greater tomato product and lycopene exposure (1,33,41). However, these

relationships have not yet been carefully examined in laboratory animal models

or clinical studies. Lycopene interactions with etiological risk factors, such as

chronic gastritis, exposure to nitrates, or Helicobacter pylori infection, remain to

be addressed. Efforts should be directed to elucidating relationships between

carcinogenesis of the gastric cardia and noncardia that are distinct disease

processes and may demonstrate unique relationships with dietary variables.

VII. COLORECTAL CANCER

Although the results of epidemiological studies are mixed, the majority suggest a

protective relationship between estimated lycopene exposure, tomato product
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consumption, or serum lycopene and colorectal cancer risk (1,33,41,42). Several

rodent studies have examined colon carcinogenesis in response to lycopene treat-

ment. Interestingly, tomato juice, but not pure lycopene, reduced colon cancer

formation in the N-methylnitrosourea (MNU) model of colon carcinogenesis

(43). Inhibition of aberrant crypt foci formation, a putative premalignant lesion,

has been reduced in some studies (44–46). In general, the results are more sup-

portive of a protective role for tomato products rather than lycopene per se

although additional research is clearly necessary.

VIII. UPPER AERODIGESTIVE TRACT CANCER
(ORAL CAVITY, PHARYNX, LARYNX,
PROXIMAL ESOPHAGUS)

Collectively, these cancers are primarily related to tobacco and alcohol exposure

although the modulation of risk by dietary and nutritional factors is probably

a contributing variable (1). The majority of epidemiological studies support

a protective role for diets rich in fruits and vegetables, including tomato

products (1,33,47–49). Although fewer studies specifically examine a role for

lycopene in carcinogenesis of the upper aerodigestive tissues (41,47–49), a

recent representative study (50) reported a significant 33% lower risk of oral and

pharyngeal cancer risk between the lowest and highest quintiles of estimated

lycopene intake. Clarification of interactions between alcohol, constituents of

tobacco smoke, and lycopene biology is a critical area of future investigation.

IX. PANCREATIC CANCER

There have been very few studies of lycopene or tomato products in relation to

pancreatic cancer risk (1,33). Published research consists of three case-control

studies, two nested case-control studies, and one cohort study (33,51). Although

these studies support an inverse relationship between lycopene and risk of

pancreatic cancer, it is premature to draw conclusions from such a limited

portfolio of studies.

X. BLADDER CANCER

The majority of epidemiological studies fail to observe a relationship between

tomato products, lycopene, and bladder cancer risk (1,33). Interestingly, tomato

juice, but not lycopene, was shown to reduce bladder carcinogenesis in animal

models (52,53).
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XI. BREAST CANCER

Human studies investigating lycopene intake or blood concentrations and breast

cancer risk have produced inconsistent results (1,33,41,54–57). One case-control

report has been published investigating breast tissue concentrations of lycopene

and breast cancer risk (58). Breast adipose concentrations of lycopene were

significantly, inversely associated with risk (58). Two of three reported rodent

studies suggest an inhibition of mammary carcinogenesis in lycopene treated

animals (59–61). Several in vitro studies of human breast cancer cell lines

suggest inhibitory effects on proliferation and survival, perhaps in part via

alteration of insulin-like growth factor-1 (IGF-1) signaling pathways (62–66).

XII. CERVICAL CANCER

Cancer of the cervix is clearly related to human papilloma virus (HPV) infection.

The possibility that a diet including tomatoes or lycopene may influence the

response to the infection and modify risk is an intriguing hypothesis (1,33). Results

of serological examination have been fairly consistent, suggesting that higher serum

lycopene levels are associated with reduced risk of cervical premalignancy or

cervical cancer (67–69). Two studies have investigated the association between

serum lycopene concentrations or dietary lycopene consumption and risk of HPV

infection (70,71). Among women enrolled in the Young Women’s Health Study, a

56% reduction in risk of HPV persistence was reported in women with the highest

plasma cis-lycopene concentrations (OR ¼ 0.44, p ¼ 0.046), although the trend

did not attain statistical significance for dietary lycopene consumption (71).

Conversely, there was no significant association between serum lycopene

concentration and persistent HPV infection among a cohort of low-income

Hispanic women (70). Because so few studies are available, additional efforts

to address interrelationships between lycopene, other dietary variables, HPV

infection, and cervical cancer risk are warranted.

XIII. OVARIAN CANCER

A literature search revealed only five studies (two case-control, one nested

case-control, one meta-analysis, and one cohort study) that reported specific

data regarding tomatoes or lycopene and ovarian cancer with variable

conclusions (1,33,41,72–74). One recent, large case-control study reported that

estimated dietary lycopene, particularly from tomato sauce, significantly reduced

the risk of ovarian cancer, and the benefit was especially strong among

premenopausal women (73). The Nurses’ Health Study is the only prospective
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cohort study to evaluate estimated dietary lycopene consumption and risk of

ovarian cancer, and no association was found (72). Thus, it is premature to

conclude that tomatoes or lycopene influence ovarian cancer risk.

XIV. PROSTATE CANCER

Perhaps the strongest evidence for a relationship between lycopene and cancer

risk is found in the prostate cancer literature that has been the subject of detailed

reviews (5,6,75,76). The landmark reports from the prospective Health

Professional’s Follow-up Study (4,77) showed a significant association between

the consumption of tomato products and estimated lycopene intake and a reduced

risk of prostate cancer, and supported earlier, but less well-known, findings from

the Seventh Day Adventists cohort (78). Estimated intake of lycopene (80% of

which was derived from tomatoes and tomato products) was inversely related to

prostate cancer risk when the highest quintile (median 19 mg lycopene/day) was

compared with the lowest quintile (median 3 mg lycopene/day) (RR ¼ 0.84,

95% CI ¼ 0.73–0.96, p for trend ¼ 0.003) (cumulative results from the updated

analysis) (77). Several case-control studies also support a protective effect of

tomatoes or tomato products (79–85). Several (86–88), but not all (89–91),

studies suggest that higher plasma lycopene is associated with lower prostate

cancer risk. The largest analysis of prospectively collected blood carotenoid

patterns and risk of prostate cancer was conducted among the Physicians’ Health

Study cohort (86). Men in the highest quintile of plasma lycopene (.590 ng/mL)

had a nonsignificant trend toward a lower risk of prostate cancer than men in the

lowest quintile of plasma lycopene (OR, 0.75, p for trend ¼ 0.12). The trend

reached statistical significance when only prostate cancers with clinical stage C

or D or Gleason score �7 were included (OR, 0.56, p for trend ¼ 0.05). Overall,

the epidemiological data supporting a protective relationship for tomato products

and prostate cancer are fairly consistent, although not uniform (79,92), and

support a possible role for lycopene in prostate carcinogenesis.

The detection of lycopene in the prostate (11) adds to the biological

plausibility that lycopene may directly influence the malignant cascade. Two

intervention studies have been reported regarding men with prostate cancer

scheduled to undergo a prostatectomy. A 3-week food-based intervention

containing 30 mg of lycopene per day was associated with increased prostate

lycopene and a reduction in leukocyte and prostate tissue DNA damage

compared with baseline measures (93–95). Another study involved consumption

of 30 mg of lycopene per day as a tomato oleoresin supplement compared with a

normal diet. Postsurgical prostate tissue specimens showed that men consuming

the lycopene supplement had 47% greater prostatic lycopene and were less likely

to have involvement of surgical margins (73% versus 18% of subjects, p ¼ 0.02)
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than controls (96). Large rodent studies in models of prostate carcinogenesis

have not yet been published but are underway. Several in vitro studies suggest

that lycopene may suppress proliferation and reduce viability of prostate cancer

cells (97,98).

XV. LYCOPENE AND CARCINOGENESIS:
MECHANISMS OF ACTION

Unlike some nutrients where a specific molecular target can be identified that

mediates the biological events, lycopene will certainly have a much more

complex and diverse array of mechanisms whereby it acts to influence risk

of cancer. Indeed, the dominant theory regarding how lycopene may protect

against carcinogenesis is related to its antioxidant properties (99,100). The

oxidation of lipids, nucleic acids, and proteins is considered to be a component of

the initiation and progression of many chronic diseases of aging including cancer

and cardiovascular disease. It has been particularly challenging for investigators

to characterize reliable and specific biomarkers of oxidative stress and exposure to

antioxidants that can be employed in epidemiological, clinical, or animal studies

(101). Thus, defining a role of lycopene in protecting cells from damage to critical

macromolecules involved in the cancer cascade remains an elusive objective.

Other mechanisms whereby lycopene may influence cell biology related to

cancer have also been proposed (5,100). Studies in cell culture systems suggest

that exposure to lycopene may have antiproliferative and apoptotic effects or

induce differentiation (66,100). The ability of lycopene to modify the cellular

response to growth-promoting signals, such as IGF-I, has been considered

(66,100). Considerable interest has been generated regarding the ability of

carotenoids, including lycopene, to influence the expression of gap junctional

proteins that direct intercellular communication and perhaps contribute to

maintaining a differentiated cellular phenotype (96,102). Alterations in enzyme

systems involved in carcinogen activation and degradation by lycopene have

also been proposed (29). Although each of these concepts warrants continued

investigation, clear mechanisms whereby lycopene may alter cancer risk have yet

to be elucidated.

XVI. SUMMARY

The hypothesis that lycopene may demonstrate anticancer properties remains

viable and warrants continued investigation in epidemiological, clinical,

and laboratory studies. It is our opinion that the promotion of lycopene as a

cancer-preventive agent is premature. In contrast, the data supporting a protective
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effect for a diet rich in fruits and vegetables is strong and should continue to be

emphasized in current public health recommendations for cancer prevention.

Although we cannot make a definitive claim regarding tomato products and

cancer risk, the accumulated evidence supports consumption of tomato-based

foods as a component of a healthy diet to prevent cancer. Understanding the role

of lycopene in cancer will require additional investment in basic research devoted

to the understanding of lycopene chemistry in biological systems, absorption,

bioavailability, tissue distribution, metabolism, and mechanisms of action.
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Carotenoids and Eye Disease:
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I. INTRODUCTION

The biological mechanisms by which carotenoids could protect the human eye

against degenerative conditions of aging such as cataract and macular degene-

ration are described in chapter 22 (1). In the present chapter, epidemiologic

evidence to evaluate a protective influence on these common eye conditions of

aging and on other adult eye diseases is discussed. Epidemiology provides

perspective about whether the influence of carotenoids on eye pathology can be

generalized from the short term conditions used in experiments in culture dishes

and in animals to longer time periods in people under a variety of environ-

mental conditions and genetic make-ups. Further, results of epidemiologic

studies form the basis to predict how important these influences are likely to be,

relative to other general lifestyle or diet factors that influence disease risk.

Evidence from both clinical trials and observations in large populations will be

discussed.

II. AGE-RELATED MACULAR DEGENERATION

Age-related macular degeneration (AMD) is a degenerative condition of the

central retina, or macula, that affects the center of the field of vision and the

ability to see fine detail, such as is needed to read newspapers. Early signs of

age-related maculopathy (ARM) are common, present in one-quarter of people
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older than 65 (2), and increase the risk for developing late AMD (3). The late

form that affects vision is less common; about 7% of people 75 years of age and

older can expect to develop late AMD over 10 years (3). This suggests that the

process usually develops slowly over many years and that only some of the

people who have early signs will actually develop the condition associated

with severe loss of vision in their lifetime. Nevertheless, because medical

interventions are currently of limited value in delaying the progression and

cannot prevent the eventual loss of vision or provide a cure, AMD is the leading

cause of legal blindness among older people (4).

Over the past 10 years, diet has been considered as one of several possible

lifestyle changes (such as stopping smoking) that may delay the onset or

progression AMD. The recent observation that high-dose antioxidants delay

the progression from intermediate to late stages (5) heightens the interest in the

possibility that the nutritional milieu can impact the natural history of age-related

maculopathy. Carotenoids are one of several diet components previously

reviewed (6) that are theorized to slow or prevent ARM.

Epidemiologic studies have investigated relationships of ARM to

carotenoids that occur in eye tissues and the other most abundant carotenoids

in systemic circulation. First discussed will be those carotenoids present in eyes

[lutein and its structural isomer, zeaxanthin (9)] that compose macular pigment.

These may protect the macula by absorbing light in the blue range and/or
reducing free radical damage in rod outer segments (see Chapter 22) (1). People

with AMD appear to have lower concentrations of macular pigment (10,11).

These observations are consistent with lower levels of lutein and zeaxanthin

in autopsy specimens of people with and without AMD (12). However, from

these studies, it is not clear whether lower macular pigment contributes to or is a

result of AMD. Epidemiological studies of newly developed (incident) AMD or

early stages of age-related maculopathy can provide insights that strengthen or

weaken the possibility of a causal association.

The overall body of evidence from epidemiologic studies to suggest the

possibility that dietary lutein and zeaxanthin lower risk for AMD is inconsistent

(Fig. 1). In one large case control study of incident cases of one form of late-stage

AMD (neovascular and/or exudative macular degeneration), patients with this

condition had lower levels of lutein and zeaxanthin in the diet (13) and blood

(14). This comparison permitted the estimate that intake of lutein and zeaxanthin

in high compared to low quintiles reduced the risk of this type of macular

degeneration by more than twofold, and suggested that dietary lutein and/or
zeaxanthin might have a large influence on risk for developing AMD.

Inferring a protective influence of dietary lutein and zeaxanthin requires

consistent findings across epidemiological studies with different study samples

and study designs to reduce the possibility that observations were the result

of chance, of bias inherent in a particular study design, or of uncontrolled

428 Mares

Copyright © 2004 by Marcel Dekker, Inc.



confounding. To date, such evidence is lacking. Subsequently published

epidemiological studies in four different samples (13–17) fail to support this

initial observation of a protective relationship (Fig. 1) in the Eye Disease Case

Control Study. Associations between levels of lutein and zeaxanthin in the

blood and age-related maculopathy are also inconsistent across studies (Fig. 2)

(12,13,16,18,19).

However, it is too early in the epidemiological investigations of

relationships of lutein and zeaxanthin to project the lack of consistency as

evidence for the lack of an important protective influence in the development of

ARM. Inconsistency in study results at the early stages of developing

epidemiological evidence might reflect limitations of study designs that are

frequently employed in earlier stages of scientific investigation or limitations

of the protective relationships to certain stages or types of disease. There is

evidence to support the possibility that the inconsistency in results reflects several

of these.

One possibility for the inconsistency may be that the protective influence of

lutein and zeaxanthin may be limited to later stages of the disease, which are

poorly represented by available studies. A recent study of the relationship

between dietary lutein and zeaxanthin and ARM in a fifth population, the

Figure 1 Adjusted risk ratios and 95% confidence intervals for early and/or late age-

related maculopathy among people with dietary intakes of lutein and zeaxanthin in high

versus low quintiles. P indicates prevalent maculopathy (determined in cross-sectional or

retrospective studies) and I indicate incident maculopathy (determined in prospective

studies). SD indicates soft drusen and PA indicates pigmentary abnormalities. The data

are from the the Eye Disease Case-Control Study (EDCCS) (13), a case-control study

conducted in Nijmegen, the Netherlands (15), the Beaver Dam Eye Study retrospective

(17) and 5-year prospective analyses (18), the Third National Health and Nutrition

Examination Survey (NHANES III) (16), and the Blue Mountains Eye Study (19).
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Atherosclerosis Risk in Communities (ARIC) study, supports this possibility

(Mares-Perlman et al., unpublished manuscript). In this study, photographs of

the retinal fundus were taken approximately 6 years after the collection of food

frequency data, when subjects were between the ages of 45 and 65 years (22).

Higher intake of lutein and zeaxanthin was not associated with the more common

early sign of macular degeneration, soft drusen, the lipid- and mineral-rich

deposit that often accompanies the condition (Fig. 3). However, the intake of

lutein and zeaxanthin in high, compared to low, quintiles was associated with

40% lower odds for the presence of retinal pigment abnormalities, a less common

and probably later manifestation of early AMD. This association remained after

adjustment for other measured risk factors. There were too few cases of late

AMD in this young sample to permit evaluation of relationships with this severe

stage.

Associations of lutein and zeaxanthin intake by type of ARM across all

studies are given in Figure 4. High intake is more often related to lower risk for

late ARM and retinal pigment abnormalities, the less common of the two early

stages of ARM. In contrast, high intake is related to higher odds for soft drusen,

the most common early stage of ARM. These trends in data across many samples

suggest that lutein may protect the retinal pigment epithelium against later

degenerative changes but may not influence the accumulation of the lipid- and

Figure 2 Adjusted risk ratios for early and/or late stages of age-related maculopathy

among people with serum levels of lutein and zeaxanthin in high versus low quintiles. SD

indicates soft drusen and PA indicates pigmentary abnormalities. The data are from the

the Eye Disease Case-Control Study (EDCCS) (14); the Beaver Dam Eye Study nested

case-control analysis (20), a case-control study in the United Kingdom (21), and the Third

National Health and Nutrition Examination Survey (NHANES III) (18).
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mineral-rich drusen. Additional studies in which these conditions are evaluated

separately will permit more thoroughly investigation of this possibility.

A second reason for the inconsistency in early epidemiological studies

could be that several of the study designs were cross-sectional (15,18,20,21) or

retrospective (17), in which subjects’ diets and eye photographs were obtained at

the same time. If people have made changes in diet so that the diet assessed in the

study reflects recent changes, rather than diet over the lifetime during which

ARM may have slowly developed, then including such subjects would make

associations between diet carotenoids and ARM hard to detect. If people with

ARM or related conditions, such as cardiovascular disease or hypertension

(which are related to higher risk of ARM in some studies), were more likely than

those without these conditions to increase their intake of lutein-containing fruits

and vegetables, then the risk ratios could be biased closer to unity. About half of

people between the ages of 65 and 75 are likely to have encountered three or more

chronic conditions. Therefore, they are more likely than middle-aged people to

have made recent changes in diet to an attempt to improve health. Also, older

people who survive long enough to be included in the sample are also likely to

have better diets than those who have died. Therefore, a selective mortality bias

is more likely to occur in cross-sectional studies that include older people. One

strategy to evaluate whether bias as a result of diet change or selective mortality

Figure 3 Quintile (lowest ¼ referent) odds ratios and 95% confidence intervals for two

types of early age-related maculopathy: (A) Soft drusen (494 cases) and (B) retinal

pigmentary abnormalities (281 cases) in 1993–1996 among persons with dietary intakes

of lutein and zeaxanthin in high versus low quintiles 6 years earlier (1988–1990) by

median intake in quintiles in the Atherosclerosis Risk in Communities Study, after

adjustment for age and energy intake (adjustment for blood pressure, blood cholesterol,

and smoking did not influence the odds ratios) (Mares-Perlman et al., 2003, unpublished

manuscript).
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is likely to be influencing the risk ratios is to evaluate the associations in the

youngest groups who are at risk for ARM.

When this was done in the Third National Health and Nutrition

Examination Survey (18), associations of late ARM and pigmentary abnor-

malities were stronger and statistically significant in the youngest age groups at

risk for these conditions, as observed in the younger cohort of the ARIC study.

The distinctly higher risk for drusen among persons with high intake only in the

oldest age group suggests that this association may be due to bias rather than a

causal factor. High intake was also significantly related to lower odds for late

ARM among people at earliest risk for this severe stage, after excluding persons

older than 80 years (Fig. 5). This suggests that the biases may have contributed to

an inability to observe protective associations in older people.

A third reason for inconsistency in relationships of dietary carotenoids to

ARM in studies reported to date may be either that very low intakes may be needed

to increase risk or that very high intakes are needed to decrease risk. Also, if the

Figure 4 Odds ratios and 95% confidence intervals for late ARM and two types of early

ARM among persons with dietary intakes of lutein and zeaxanthin in high versus low

quintiles. The data include only studies that indicate risk ratios by type of ARM. They are

from the the Eye Disease Case-Control Study (EDCCS) (11), a case-control study

conducted in Nijmegen, the Netherlands (15), the Third National Health and Nutrition

Examination Survey (NHANES III) (18), the Beaver Dam Eye Study retrospective

analyses (R) (17), and 5-year prospective analyses (P) (16).
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associations are modest, a wide range in intakes may be needed in order to detect the

association above the noise due to measurement error or uncontrolled confounding.

In support of this possibility, the intake of lutein and zeaxanthin is always associated

with lower risk for late ARM or pigmentary abnormalities in those studies in which

a substantial number of subjects had high intakes: at least 10% of the sample had

lutein plus zeaxanthin intakes that were greater than about 3.5 mg/day (Fig. 6).

A fourth reason for inconsistency across studies may be the large number

of physical attributes and lifestyles that might modify the ability to accumulate

lutein and zeaxanthin. If unknown and not adjusted for, the noise may blur

associations. While current studies indicate an ability to influence levels of macular

pigment by increasing levels taken in from foods (23) or supplements (24,25), a

large variability in levels in macular pigment is unexplained (25,26). Higher body

fatness, which is related to lower macular pigment density in some studies (27–29),

is an example. Body fat may influence the distribution of carotenoids in the body

and the ability to accumulate carotenoids in the eye. Measurement and adjustment

for body fat mass may clarify associations between lutein intake and AMD. The

factors that influence the absorption and distribution of lutein and zeaxanthin

are largely unknown. Clearly, a better understanding of factors that influence the

absorption of lutein and zeaxanthin and accumulation in the retina will enhance our

ability to measure and adjust for the factors that modify the relationship of dietary

Figure 5 Adjusted risk ratios and 95% confidence intervals for early and/or late age-

related maculopathy among people with dietary intakes of lutein and zeaxanthin in high

versus low quintiles by type of maculopathy and age group. Data are from the Third

National Health and Nutrition Examination Survey (NHANES III) (18) in the

Atherosclerosis Risk in Communities Study (ARIC) (Mares-Perlman, unpublished data).
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lutein and zeaxanthin to ARM. Because it is possible to measure levels of macular

pigment in vivo noninvasively, ongoing studies using this technique may provide

more clues about the determinants of macular pigment. These determinants can be

measured and adjusted for to improve future studies of associations of lutein and

zeaxanthin intake to disease. Studies of levels of dietary carotenoids needed to

increase macular pigment will also provide insights about the levels of intake that is

needed to protect against macular degeneration (if it is, indeed, protective).

In summary, while the epidemiological evidence does not strongly support

the idea that the intake of lutein plus zeaxanthin lowers the risk for developing

AMD, the inconsistent observations may reflect bias or limitations of the

protection to later stages of ARM or to very high intakes. Continued study of

these associations in large prospective studies and/or other study designs that

Figure 6 Adjusted risk ratios and 95% confidence intervals for late age-related

maculopathy and pigmentary abnormalities among people with dietary intakes of lutein

and zeaxanthin in high versus low quintiles by level of lutein intake at the 90th percentile

cutpoint. Data presented are limited to incident cases (EDCCS) or, in cross-sectional

studies, to the earliest age groups at risk (late ARM: 60–70 years); pigmentary

abnormalities (40–59 years in NHANES III and 45–65 years in ARIC). Data include only

studies that present estimates of nutrient level and odds ratios by type of age-related

maculopathy and are from the the Beaver Dam Eye Study retrospective analyses (17) for

late ARM (A) and pigmentary abnormalities (B) or prospective analyses for pigmentary

abnormalities (C) (16), the Atherosclerosis Risk in Communities Study (Mares-Perlman,

unpublished data) for pigmentary abnormalities (D), the Eye Disease Case-Control Study

(E) (13), and the Third National Health and Nutrition Examination Survey (18) for late

ARM (ages 60 and older) (F) and pigmentary abnormalities (ages 40–59 years) (G).
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address these possibilities is expected to provide new insights about the

possibility that higher intakes of these carotenoids may prevent or delay AMD.

Epidemiological studies have, also, not yet been able to address the

possibility that the protective influence is limited to or is more marked with either

the lutein or the zeaxanthin isomer. The scarcity of data on food composition of

these two isomers precludes such investigations presently. Some insights may be

provided when blood samples are used to estimate the relative intake of these two

isomers from foods.

Several carotenoids that are absent in the eye but present in the blood may

influence the oxidant load from environmental exposures such as cigarette smoke

or inflammatory conditions. These may indirectly influence the development of

macular degeneration by lowering the oxidation of low-density lipoprotein

particles for which receptors exist in the retina (30). However, current evidence in

epidemiological studies does not support this notion. While the dietary intake of

one or more provitamin A carotenoids (b-carotene, a-carotene, b-cryptoxanthin)

was related to lower prevalence of age-related maculopathy in a representative

sample of the U.S. population (31) and to lower incidence (13,16) of various

stages of ARM in some past studies, in the two latter studies this was no

longer significant after control for the intake of carotenoids that are found in the

retina (13) and fruits and vegetables, in general, in the other (16). Several studies

find no associations with pro-vitamin A carotenoids in the diet (16,19,32) or

blood (21,33–36). Moreover, retinol or preformed vitamin A, has not been

related to ARM (13,16–18,30). Beta-carotene was one of several antioxidant

nutrients in a supplement that was shown to lower the progression of intermediate

to late-stage ARM, and may or may not have contributed to this benefit (5).

Overall, there is not strong support in epidemiologic studies that pro-vitamin A

carotenoids or vitamin A lower risk for ARM or slow its progression.

Lycopene, which has been detected in small quantities in the retina by some

investigators (7) but not others (8,9), might protect against ARM because of its

high ability to quench single oxygen (37). Low blood levels have been related

to higher rates of ARM in two studies (33,35) but not others (14,21). Dietary

levels have not been observed to be related to ARM (17,19,32). Therefore,

epidemiological evidence to support a protective role of lycopene is not strong.

III. INHERITED RETINAL DEGENERATION

The possibility that eye carotenoids, lutein and zeaxanthin, may improve vision or

slow other types of inherited retinal degeneration has only begun to be investigated.

It is hypothesized that lutein and/or zeaxanthin may slow degeneration of vision in

patients with retinitis pigmentosa, Usher’s syndrome, or choroideremia, for the

same reasons that they may protect against other degenerations in the eye.

Carotenoids and Eye Disease 435

Copyright © 2004 by Marcel Dekker, Inc.



However, only preliminary data in a small number of patients suggest that lutein

supplementation slows vision loss in retinitis pigmentosa (37). This was not

confirmed in a separate 6-month supplementation trial (38). Lutein supplemen-

tation for 6 months in patients with choroideremia also did not influence central

vision (39). Differences in the effectiveness of lutein across studies might reflect a

varied ability of people to accumulate retinal carotenoids in response to sup-

plementation. The two latter studies indicated varied response of supplementation

to macular pigment density enhancement following supplementation.

The influence of lutein and zeaxanthin from diet or supplements on the

long-term natural history of inherited retinal degenerations is unknown. In one

study (38) disease expression tended to be more severe in patients who had lower

levels of macular pigment at the beginning of the study. This could reflect either

a protective influence or a consequence of the disease. Because of the low

prevalence of these conditions in the general population, epidemiological studies

have a limited ability to gain insights about the magnitude of influence of intake

of these carotenoids over the long term and the attributes that modify this

influence. However, large multicentered studies that assess both past exposure

to carotenoids and, prospectively, response to levels of carotenoids in the diet

and in the macular pigment could provide better estimates.

IV. CATARACT

With age there is an increased propensity to develop opacities in the lens that

eventually form cataracts, a condition that is present in over 50% of people older

than 75 years (40). Carotenoids are some of several food components that may

slow the development of cataracts, a condition for which surgery in the United

States accounts for the largest single item cost in the Medicare budget (41).

As in the retina, lutein and zeaxanthin are the only detectable carotenoids in

the lens (see Chapter 22). There is a small but consistent body of epidemiological

evidence from prospective cohort studies that suggests that intakes of these

carotenoids in high, compared with low quintiles, lowers risk for cataract surgery

(42,43) or the incidence of nuclear cataract (44) the most common type of

cataract for which cataract surgery is performed (45). These results (summarized

in Fig. 7) are consistent with earlier studies of a lower prevalence of nuclear

cataract among women (46) and men (47) with higher intake of lutein or

zeaxanthin. They are also consistent with the finding of lower odds for cataract

extraction associated with the intake of spinach in an Italian study (48). More-

over, there are two separate observations of higher lens density among people

who have lower levels of these carotenoids in macular pigment (49,50).

Associations with blood levels have been investigated in only a few smaller

studies. The incidence (51) or prevalence (52) of nuclear cataract was lower
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among people with higher blood levels of these carotenoids, but in neither of

these studies was this statistically significant. In two other studies, higher levels

of lutein and zeaxanthin were associated with higher risk for prevalent cataract

(53,54). However, temporal confounding is a possible explanation for direct

associations, and this is supported by different associations between carotenoid

intake at the time of cataract assessment and in earlier time periods (53).

Despite the results of several epidemiological studies that suggest a

protective influence of lutein and zeaxanthin on lowering risk for cataract, there

are no animal studies or clinical trials of lutein or zeaxanthin supplements that

prove a protective effect of these carotenoids in the lens. The lower risk for

cataract among people with high levels of lutein in the diet or retina may reflect

other dietary attributes or lifestyles that are associated with high intake these

carotenoids. Thus, more scientific evidence is needed that suggests a benefit of

these carotenoids, independent of other aspects of diet that are more common in

people who obtain them from food sources.

As with AMD, it is possible that carotenoids present in the blood, but not the

lens, could influence cataract by lowering the oxidant burden in systemic

circulation and, therefore, retaining blood antioxidants that are available to tissues.

Figure 7 Risk ratios and 95% confidence intervals for nuclear cataract or cataract

extraction in prospective cohort studies among persons with dietary lutein and zeaxanthin

in high versus low quintiles. Data are from the Beaver Dam Eye Study (44) (using dietary

estimates for the time period 10 years before baseline), the Male Health Professionals’

Study (42), and the Nurses’ Health Study (43).
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High plasma concentrations of total carotenoids or b-carotene, the most abundant

blood carotenoid, were associated with lower prevalence of some types of cataract

in one study (55), but not several others (52,53,56–58). However, blood levels of

carotenoids may not be good markers for levels of carotenoids in the diet or eye, as

they are influenced by many factors that are poorly understood (59). Nevertheless,

supplementation with b-carotene alone (60–62) or in combination with other

nutrients (63,64) has not been associated with lower rates of cataract or cataract

extraction, except in a subsample of subjects from one of two regions in one study

(65), as part of a broad multinutrient supplement in an undernourished region of

China (64) and among U.S. physicians who smoke (62). This could reflect a lack of

influence of carotenoids that are not present in the lens except among persons

exposed to high levels of oxidative stress or poor diets. Alternatively, the influence

of carotenoids and other nutrients on lens opacities that develop over many years

may require longer than the length of most clinical trials (up to 6 years) to observe.

In summary, a consistent body of evidence suggests that lutein and

zeaxanthin may lower the risk for cataract extraction or the type of cataract

that most often leads to extraction (nuclear cataract). There is not consistent

evidence for a protective influence of b-carotene, but there is a possibility for a

protective influence in limited subgroups of the population. Because of the high

prevalence of cataracts and the aging population, even a modest lowering of risk

of cataract with higher intakes of lutein and zeaxanthin could have a large impact

on eye health and health care costs. The degree of risk reduction can be better

estimated in long-term prospective studies across a variety of people. Also

needed is evidence for a specific effect of these carotenoids rather than other

dietary attributes that may protect against cataract, in clinical trials or even in

animal experiments. The current evidence for associations of the status of other

carotenoids that are not contained in eye tissues to the occurrence of cataract is

inconsistent and, therefore, unsupportive to date.

V. DIABETIC EYE DISEASES

Common ocular complications of type I and type II diabetes involve the

development of retinopathy and cataract of the lens. Carotenoid levels may be

lower among people who develop diabetes and increase risk for these eye con-

ditions, but the data needed to evaluate this possibility are limited. In a

representative sample of the U.S. population, people with newly diagnosed

diabetes had lower levels of serum carotenoids than those without this condition

(66). Data to describe the relationship of carotenoid status to eye diseases

commonly associated with diabetes are lacking.

In the only cross-sectional study of relationships between diabetic retino-

pathy and dietary carotenoids, people taking insulin who had a higher intake of
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b-carotene were more likely to have retinopathy (67). However, because of the

cross-sectional nature of this study, this result may be explained by increases in the

intake of b-carotene or fruits and vegetables as a result of disease worsening, which

also increases the risk for the development of diabetic retinopathy.

There are no published studies that describe the relationship of dietary

carotenoids to cataracts in people with diabetes. However, in a small case-control

study, patients with diabetes mellitus had higher lens optical density than controls

(68), which may increase risk for cataract development. Patients with diabetes

were also observed to have lower levels of macular pigment density (68).

This may reflect lower availability of retinal carotenoids among people with

diabetes or a compromise in the ability to take up retinal carotenoids. Data

describing relationships of macular pigment density to the occurrence of both

cataract and retinopathy in people with diabetes are needed to support the

hypothesis that these or other dietary carotenoids correlated with their intake

protect against these common complications of diabetes mellitus.

VI. SUMMARY AND CONCLUSIONS

In summary, there is evidence from epidemiological studies to support the

possibility that lutein and zeaxanthin, the predominant carotenoids in the eye

tissue, protect against the most common age-related eye conditions, i.e., macular

degeneration and central cataract. Some studies suggest a large influence on risk

but additional studies, particularly long-term prospective studies, are needed to

better estimate the overall impact on risk. Continued research is also needed to

rule out the possibility that what appear to be protective influences of lutein and

zeaxanthin on risk for age-related macular degeneration and cataract do not

reflect other aspects of diet or lifestyles of people with high levels of these

carotenoids in their diets. Both clinical trials and large prospective studies (where

the consistency of these patterns can be observed across groups of people who

have and do not have other explanatory attributes) will be helpful. While

clinical trials will provide definitive evidence of protection in specific, short-

term circumstances, long-term prospective studies will contribute insights about

protection over the long term and under a variety of circumstances. Ongoing

studies of the determinants of levels of carotenoids in the eye, as reflected by

macular pigment density, will also provide a greater understanding of the

personal attributes that may influence the absorption of these carotenoids and

uptake by eye tissues. This will improve risk estimates made in epidemiological

studies and provide insights needed to recommend appropriate levels of intake

based on individual characteristics.

There is a possibility that carotenoids may slow the progression or improve

vision in people with less common inherited retinal degenerations, but this area of
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research is in its infancy. There is also the possibility that carotenoids may lower

risk for the eye diseases of cataract and retinopathy that accompany diabetes

mellitus. Yet the evidence is extremely limited and these possibilities have not

been well investigated. The recent advances in ability to perform noninvasive

measurements of retinal carotenoids will advance our understanding of the

influence of predominant eye carotenoids on these eye diseases as well as

the more common age-related eye diseases.
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John T. Landrum and Richard A. Bone
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I. INTRODUCTION

The existence of the macula lutea, or “yellow spot,” in the human retina has been

known since the end of the 18th century (1). The nature and identity of macular

pigment carotenoids is now well established (2–8). It was recognized very early

that the macula lutea filtered the light entering the eye prior to perception and

thereby affected color matching (9). Walls suggested in the 1930s that the

macular pigment might be responsible for reduction of chromatic aberration and

improved visual acuity (10,11). In the early 1980s, it was postulated that the

macular pigment might protect the structures of the retina lying posterior to itself

by absorbing excess blue light (1,12). Our developing understanding of the

etiologic development of age-related macular degeneration is further illuminating

the significant role of the macular carotenoids in ocular health (13). The presence

of carotenoids in lens and other ocular tissues is now also recognized (14).

Whether it will be possible to establish a functional relationship between the

presence of these carotenoids and maintenance of the health of the eye presents

an unfinished challenge. This chapter will focus on carotenoids of the retina and

lens where an evolving body of epidemiological data supports the premise that

they play a role in maintaining ocular health (see Chapter 19).

II. ANATOMY OF THE EYE

The primate eye is a deceptively simple arrangement of optical components

whose microanatomical architecture and physiological sophistication rival any
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biochemical/physiological system known. Figure 1A illustrates the major

structures of the eye. Many diseases of the eye are associated with the functional

health of individual localized structures (15).

A. Lens

The lens is principally composed of crystalline proteins formed as the living

epithelial cells on the anterior face migrate radially and elongate during lens

growth. A human lens has a typical volume of about 250 mL. A single layer of

epithelial cells covers the front surface of the lens. The central, inner-most part of

the lens is called the nucleus. A softer region, the cortex, surrounds this hard

central region. The nuclear and cortical regions increase in size throughout life.

The living, nucleated epithelial cells continually divide on the anterior face of the

Figure 1 Anatomy of the human eye (A); the lens (B); the macula (C).
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lens and the older epithelial cells are continually pushed toward the edges of the

lens where they elongate, become anuclear, and add to the cortical layers.

The inner cortical layers become more compact and harder with age and increase

the inner nucleus of the lens (Fig. 1B). Lutein (L) and zeaxanthin (Z) are known

components of the lens, but they are present at low concentrations, about

1 � 1028 M (about 4 ng/lens) (14,16,17). There is evidence that about 75% of

these carotenoids are found in the epithelial/cortical layers (18).

B. Retina

The neural retina contains the light-sensitive photoreceptors and lines the pos-

terior, inner surface of the eye. The retina (about 1095 mm2) extends from

the posterior pole eccentrically forward to a junction with the ora serrata near

the ciliary body. The retina is approximately 200–250 mm in thickness and

has several distinct layers. The inner layers include the neural axons. The outer

portion of the retina is composed of three interacting layers: the photo-

receptors (rods and cones), the retinal pigment epithelium, and the chorioca-

pillaris. The retina contains, on average, a total of 150–200 ng of carotenoids.

Between 80% and 90% of these are the xanthophylls L and Z. Minor meta-

bolites of L and Z have also been identified, but there is a striking absence of

carotenes and the other carotenoids commonly detected in other human tissues

(14,19).

1. Macula

The primate retina is distinguished from that of other vertebrates by the

yellow pigmented fovea (the foveal pit is a well-known feature in birds but

there is no pigmentation of the inner retinal layers) (Fig. 1C). The fovea is

characterized by thinning of the inner retinal layers (about 150 mm) and a

marked increase in the density of photoreceptors (193,000 cones/mm2, or

about 30,000 total foveal cones) compared to the peripheral retina (20). This

contributes to both the high resolution and the visual acuity associated with

this part of the retina. The color-sensitive cones dominate in number relative

to rods in the fovea and a small central region is rod free (21–23). The human

macula is about 1.5 mm in diameter, corresponding to a visual angle of 3.28.
By way of illustration, the image of the full moon occupies a visual angle of

about 0.58 and produces an image on the retina approximately 0.15 mm

across.

2. Peripheral Retina

The peripheral retina is dominated by rods (20). Whereas the inner retinal layers

of the macula are visibly colored by carotenoids, the peripheral retina has no
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discernible coloration. Modern analytical methods demonstrate that this region of

the retina also contains the same two carotenoids, L and Z, found to dominate the

macula, although at much lower concentrations (3,24).

3. Retinal Pigment Epithelium/Choroid

The retinal pigment epithelium (RPE) is an extremely important tissue

composed of a single layer of cells whose villi project inward and embrace the

photoreceptor outer segments (Fig. 2). The RPE performs many essential tasks

in support of photoreceptor visual function. All nutrients and oxygen must pass

into the photoreceptors from the RPE, which is itself supported by the highly

vascular capillary bed of the choroid. Typically, each RPE cell supports about

50 photoreceptors. The RPE functions actively in the visual cycle and is the

site of trans-to-cis isomerization of retinal. The RPE villi phagocytose the

older photoreceptor disks from the rods and cones, recycling membrane lipids,

vitamin A, and other essential components. Loss of integrity between the

photoreceptors and RPE, or direct damage to the RPE cells, results in loss of

visual function. Throughout life, RPE cells accumulate increasing amounts of

granular inclusions containing the autofluorescent age pigment lipofuscin (13).

Analysis of the whole combined RPE/choroid for carotenoids shows that L and

Z are present but at levels somewhat lower than those of the peripheral neural

retina (14). Since higher levels of L and Z exist in the retina, it may be that the

carotenoids in the RPE/choroid are a reflection of the transport process.

However, recent reports suggest that L and Z may have a function in the RPE

itself (13).

Figure 2 Photoreceptors and retinal pigment epithelium.
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III. PHYSICAL AND CHEMICAL NATURE OF LUTEIN AND
ZEAXANTHIN

Carotenoids may differ from one another in the length of the polyene chain, the

structure of the end group, and the extent and nature of substitution on the end

group (Fig. 3). The dominant ocular carotenoids, L and Z, are structural isomers

having the formula C40H56O2. They are remarkably similar to one another both in

structure and in chemistry. L is more abundant in nature than Z. Despite their

similarity, L and Z are not functionally equivalent, at least in the plant systems

where they are synthesized (25). This may be true as well for the macular

pigment. Understanding the separate roles that these carotenoids may have in

ocular metabolism will depend on recognition of subtle differences in the

topographic and/or electronic nature of these two molecules.

In addition to L and Z, minor carotenoids are present in certain ocular

tissues (14). Some of these are metabolites of L and Z, and their formation may

provide chemical insight into the nature of the processes that are occurring in the

local environment where they are formed.

A. Carotenoid Structures

1. Zeaxanthin

Zeaxanthin is readily seen to be a structural relative of b-carotene (Fig. 3). The

polyene chain contains nine conjugated double bonds, to which the b end groups

are attached. Each b end group has an internal double bond between C-5 and C-6.

This double bond is constrained by steric interactions from adopting a planar,

fully conjugated conformation. In the X-ray structures of b-carotene and

canthaxanthin, a dihedral angle of 40–538 is observed, and a similar geometry is

thought to exist for Z (26,27). This nonplanar conformation has multiple

consequences. It prevents significant p2p overlap between the cyclohexene and

the polyene chain, thereby influencing spectral properties, and it affects the

relative orientation of the C-3 and C-30 hydroxyl groups. Thus, the preferred

orientation of the OH can be expected to be a factor affecting the binding of the

carotenoid with proteins and/or membranes (28,29) (see Chapter 7).

2. Lutein

Lutein possesses the 1-cyclohexene ring analogous to that seen in a-carotene

(Fig. 3). The L molecule lacks the symmetry present in Z having one 1 and one b

ring. The 1 ring of L is characterized by the presence of a double bond between

the C-4 and C-5 carbons, and C-6 is a tetrahedral stereocenter. The cyclohexene

ring can rotate about the C-6 to C-7 bond to assume a minimal energy

conformation. The preferred conformation at the 1-ring/polyene chain junction is
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Figure 3 Structures of the principal carotenoids found in the human retina and the aging

pigment, A2E, isolated from lipofuscin.
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thought to be different from that adopted by the b ring and should direct the C-30

hydroxyl group differently in L than in Z. It is the orientation of the hydroxyl

groups of L or Z that is most likely to distinguish these molecules, modifying

their ability to interact with xanthophyll-binding proteins (XBPs) and in their

already noted preference for different average environments within bilipid

membrane structures (28).

B. Spectroscopic Properties

The number of conjugated p bonds controls the absorption of visible light by

alkenes. The greater the number of conjugated double bonds in a polyene system,

the lower will be the transition energy and the longer the wavelength at maximal

absorbance. L and Z have an extended chain of conjugation consisting of nine

double bonds. Z contains two b rings and absorbs visible light at a somewhat

longer wavelength than L. The spectra for L and Z, seen in Figure 4, are

characteristic of the a- and b-carotene-bonding framework. Each carotenoid has

three clearly discernible vibrational envelopes. The absorption envelope of Z

extends significantly to longer wavelengths in comparison with L.

C. Solubility in Biological Tissues

The distinct difference between the polarities of the xanthophylls and the

carotenes may be an important factor in their biological transport. It arises from

Figure 4 The UV/visible spectra of lutein (dashed) and zeaxanthin (solid) in ethanol.
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the presence of the polar 3 and 30 hydroxyl groups. The xanthophylls are evenly

distributed between the high-density and low-density lipoprotein fractions in

human serum whereas the carotenes are found in greater amounts in the low-

density lipoprotein fraction (30). Hydrophobic organic molecules, including

carotenoids, are carried to the tissues in the blood by water-soluble lipoproteins.

Once inside cells, they must be solubilized in membranes or lipid vesicles, or

bound to proteins. Their movement within cells is consequently restricted to

carrier vehicles that are hydrophobic in nature. Because of these factors and the

high concentration of L and Z in the retina, the transport and localization of L and

Z are thought to be regulated by specific transport proteins.

IV. CAROTENOIDS IN THE RETINA

Carotenoid occurrence in the human and primate eye is dominated by L and Z

(31). The almost exclusive presence of these xanthophylls stands out in

comparison to other tissues in the human body (19). The human retina is the

single richest site of carotenoid accumulation in the human body. The total

xanthophyll concentration of the human macula can vary by about one order of

magnitude in the general population and is approximately 1023 M in the

central fovea. Fundus photographs that demonstrate the absence of macular

pigmentation in carotenoid-depleted rhesus monkeys are solid experimental

evidence that the macular pigment is of dietary origin (32). L and Z are

specifically accumulated in this part of the eye by regulated active transport. An

almost 10,000-fold higher concentration of carotenoids is present in the retina

than in the blood. In addition to the L and Z, other minor carotenoid components

are found in the retina. These too are xanthophylls, and evidence suggests that

they are produced by metabolism of L and/or Z (14). A complete explanation of

the mechanism by which L and Z are transported to the retina remains unknown,

but such high concentrations strongly support the presence of specific XBPs

capable of transporting carotenoids and possibly assisting in their cellular

localization. A candidate for the XBP has recently been isolated (33).

A. Identity and Characterization of Retinal Carotenoids

1. Lutein

The identity of the two principal carotenoids present in the macula is now well

established (2,7). L is the most abundant of the xanthophylls in the human diet

and serum, and represents about 50% of the accumulated carotenoids in the

retina. Full characterization of the macular carotenoids now includes high-

performance liquid chromatography (HPLC) retention times of the macular
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components and their derivatives on several different chromatography stationary

phases, comparison to authentic standards by co-injection, UV/visible spectro-

scopy, and mass spectroscopy (7,34,35).

The carotenoid concentration in the central macula is sufficiently high that

it is clearly visible in the dissected retina. Its position within the inner layers was

demonstrated by microspectrophotometry (1,36). The concentration of the

carotenoids in the retina surrounding the macula is more than 100 times lower but

is readily detectable even in the peripheral sections using HPLC (3,24). A striking

characteristic of the carotenoid distribution is that L and Z are not present in

identical proportions throughout the retina (Fig. 5) (3,8,24). The proportion of Z

increases dramatically in the central macula, and Z is the dominant carotenoid in

this part of the retina. In the peripheral regions of the retina, L is the dominant

carotenoid.

2. Zeaxanthin and meso-(R,S)-zeaxanthin

L and Z exist in several stereoisomeric forms. Both L and Z are produced

as a single stereoisomer by most higher plants (37,38). The consequence

of the specificity of xanthophyll biosynthesis in plants is that the human

diet includes, almost exclusively, (3R,30R)-b,b-carotene-3,30-diol (zeaxanthin)

and (3R,30R,60R)-b, 1-carotene-3, 30-diol (lutein). Minor sources of L and Z

Figure 5 When plotted versus eccentric position (mm) relative to the fovea, the total

carotenoid concentration is seen to peak at the fovea reaching a value 100 times that of the

peripheral retina, whereas the lutein-to-zeaxanthin ratio exhibits a sharp minimum

indicating the reversal of the dominance of lutein and zeaxanthin at the same location.
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stereoisomers exist in the human diet (38). The central region of the macula

contains a high proportion (about 30%) of the meso isomer of Z [(3R,30S)-meso-

b, b-carotene-3, 30-diol, MZ] (34). MZ, whose UV-Vis spectrum is identical to

that of Z, is not consistently detectable in other tissues or the serum. Current

hypotheses to explain the presence of MZ suggest that it is converted from L

within the eye (8,34,39,40). One hypothesis suggests that isomerization occurs by

direct migration of the L 1-ring double bond with preservation of the

configuration of the 30 carbon (39). An alternate pathway suggests that oxidation

of the allylic L 30-hydroxyl with loss of stereochemical configuration is followed

by a reduction step leading to MZ formation (41).

3. Minor Carotenoids

Several other minor carotenoids present in the retina include dehydrolutein

(Fig. 3), 1,1-caroten-3,3-dione, and epilutein (14,39). While the significance of

these carotenoids is unknown, they are thought to be products of L and/or Z

oxidation within the retina. It is possible that they are absorbed from the blood

where they are also observed.

B. Location of the Macular Carotenoids

1. The Inner Axons

The carotenoids found in the central region of the fovea are most concentrated in

the photoreceptor axons of the Henle fiber layer. Microspectrophotometry of a

retinal cross-section provides a clear image of the position of greatest carotenoid

accumulation (Fig. 1C) (36). It is thought that the carotenoids are transported to this

site from the choroid, passing across the RPE and the outer segments. The dichroic

properties of carotenoids, which arise from their linear structure, gives some clue

about the site they may occupy in these axons (42). The macular pigment, lying

within the inner retinal layers, preferentially absorbs plane-polarized light that has a

polarization perpendicular to the radially directed nerve axons. This gives rise to

the entoptical phenomenon known as Haidinger’s brushes (35,42). It can be

deduced that the carotenoids are preferentially ordered, occupying sites within the

nerve that are oriented perpendicularly to the nerve axon axis. The extent of this

preference, while significant, has been determined to be a modest effect, (about

7%). It has been suggested that the carotenoids may either be concentrated in the

bilipid membranes of the axons or be bound to proteins within the cell itself (42,43).

2. The Perifoveal Rods

Careful study of the carotenoid content of isolated rod outer segments has been

independently accomplished in two research groups (44,45). Both groups have
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shown that L and Z are present in these structures in the perifoveal region. The

L/Z ratios found in the outer segments maps the variation known to exist in the

inner retinal layers (44). To date, the comparable analysis of the cone disks from

the central macula has not been reported. These observations are consistent with

the hypothesis that L and Z act as antioxidants when present in the photoreceptor

outer segments.

3. Membranes

A membrane location is one possible site where L and Z may be accumulated in

the nerve fibers. There is a growing body of knowledge about the preference for

carotenoids to dissolve in membranes and their effects on membrane properties

and structure (46,47). Z is incorporated into membranes, adopting a per-

pendicular orientation and spanning the bilipid layers. In contrast, L appears

capable of occupying a wider range of environments within the membrane, and

measurements indicate that the average angle of the L polyene axis to the plane of

the membrane is nearly 238 (28). It remains to be established what significance

these differences in membrane behavior have in the ocular distribution and

functions of L and Z (29,46).

C. Xanthophyll-Binding Protein

The existence of a specific XBP that transports and possibly binds the carotenoids

within the cells of the macula is widely accepted. Bernstein’s report of a

detergent-extractable XBP provides a solid basis for further investigation into the

molecular mechanism of transport of the macular carotenoids (33). The XBP has

a high affinity for carotenoids with hydroxylated cyclohexene ring end groups. A

full understanding of the binding site and the factors influencing the expression

of XBP will provide significant insight into the mechanism of carotenoid

accumulation. Binding of L and Z to other cell proteins, most notably tubulin, has

also been noted (43). The possibility exists that abnormalities in the expression of

the XBP gene may be a cause or risk factor in retinal pathology.

D. Measurement of the Distribution of Carotenoids with
Eccentricity

1. HPLC Postmortem Analysis

Using HPLC it has been possible to measure L and Z at various eccentricities

across the retina. The total L and Z concentration drops by a factor of about 100

from the central fovea to the peripheral retina. As noted earlier, the proportion of

Z plus MZ increases within the macula apparently due to an interconversion of

L to MZ that occurs in this region. The role of MZ to retinal health is not
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established, but the consistent observation of its presence is supportive of the

suggestion that it has a significant function.

2. Mature Retina

The average quantity of carotenoids in the mature retina has been separately

measured by several groups (2,14,24,39). HPLC postmortem analysis and in vivo

measurements using heterochromatic flicker photometry, the scanning ophthal-

moscope, or other techniques have shown the amount of macular pigment to be

either approximately constant or decreasing slightly with age (24,48–52). The

measurement by resonance Raman spectroscopy shows a striking decrease in

macular pigment with age (53). It will be important for further research to be

completed that determines unambiguously the relationship that exists between

age and macular pigment levels.

3. Neonatal Retina

An understanding of the development of the macular pigment during early life is

lacking. A small number of fetal and neonatal retinas have been examined by

HPLC (24). These studies indicate that macular pigmentation is not well

developed until 2–3 years of age. The carotenoid content of the macula in the

very young retina is dominated by L. This may indicate that the increase of foveal

Z and specifically MZ is associated with developmental changes that take place

early in life. The absence of MZ is consistent with the proposed slow formation of

MZ from L, possibly including an oxidative process and keto intermediates.

Because of the limited number of data available, it is not known to what extent

accumulation of carotenoids occurs in the macula prior to foveal development. A

careful mapping of the carotenoid distribution in neonates may provide useful

insight into macular development and the process of carotenoid accumulation.

V. CAROTENOIDS IN THE LENS

The presence of carotenoids in the human lens was first reported by Yeum and

has been confirmed by at least two other groups (16–18,54). The carotenoids L

and Z are exclusively observed in almost equal amounts. The total mass of L

and Z in the lens is typically about 4 ng (16). The concentration is an important

factor influencing the potential function and role that a species may have in a

physiological system. Based on the total analyzed mass of L and Z, the carotenoid

concentration in the human lens is about 10 nM (1028 M), assuming a

homogeneous distribution. In vitro investigations of the antioxidant ability of

carotenoids indicate that significant antioxidant function is not observed until

carotenoid concentrations exceed about 100 times this value, approximately
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10–100 mM (55,56). It is probable that the distribution of carotenoids in the lens

is not uniform. In fact, the cortical layers contain as much as 75% of the

carotenoids present in the lens (18). The living epidermis of the lens is a

single cell layer having a thickness of approximately 15 mM (57). If the lens

carotenoids are present chiefly in the epithelial cell layer, then carotenoid

concentrations between 1025 and 1026 M exist within these cells. These are

sufficiently high concentrations for physiological antioxidant function. Further

study of the distribution of L and Z in lens is needed to determine what the

epithelial concentration may be.

A. Light, Oxygen, and Generation of Reactive Oxygen Species

Where high oxygen levels and light are both present, as in the retina, the potential

for photo-oxidation is very great. UV or blue light can be absorbed by highly

conjugated, naturally occurring pigments, such as heme or A2E (Fig. 3),

producing a triplet excited-state pigment molecule that efficiently transfers

energy to molecular oxygen. The singlet oxygen and peroxyl species that result

from photoactivation are highly reactive oxidants capable of damaging cellular

structures and components (56,58,59). This mechanism is the underlying cause of

erythema or sunburn of the skin, photokeratitis of the cornea, photic induction of

cataract in the lens, and photochemical lesion on the retina (60,61) (see Chapter

22). Generally, photochemical processes require high-energy, short-wavelength

light. Sunburn is caused by UV light [UVA (400–320 nm) and UVB (320–

290 nm)]. UV light is a source of injury to the cornea and a risk factor for cataract

in the lens (61). It is essentially all absorbed by the cornea and lens so that only

visible blue light reaches the retina. Visible blue light with wavelengths ranging

from 400 to 500 nm can also cause photochemical damage. Ham and Mueller

determined that blue light, between 430 to 470 nm, poses the greatest hazard for

the retina (62). The photochemistry of blue light also includes the activation of

oxygen. Biological defenses against the reactive oxygen species (ROS) generated

by light are well known. Singlet oxygen and other ROS can be intercepted by a

variety of antioxidants at the cellular level when they are present in adequate

concentrations (55,63–65). A rich arsenal of antioxidants is present in ocular

tissues: vitamin C, vitamin E, glutathione peroxidase, and superoxide dismutase,

in addition to the carotenoids L and Z (66).

B. Evidence of Photic Damage in the Eye

Evidence of the harmful effects of light on the eye and its tissues is abundant (61).

Photokeratitis is the result of acute UV damage to the cornea; in the presence of

high levels of oxygen, greater damage is observed than at low oxygen levels

(61,67). Significant evidence has also accumulated demonstrating the deleterious
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effects of oxygen and light exposure on the lens and retina (68–72). The

illumination of the eye during surgery can be of critical concern (73–75). High-

intensity white light used during surgery has resulted in the production of

photochemical lesions on the retina (76–81).

1. Cataract

The prevalence of cataract is greatest among aging individuals but can also be

brought on by injury and/or steroid use (82). Three types of cataract are

commonly described clinically: nuclear cataract (the most common), cortical

cataract, and posterior subcapsular cataract (83–86). Cataract risk is related to

exposure to UV radiation, a primary cause of ROS (87). That cataract occurs most

commonly in the nuclear region of the lens is possibly due to lower levels of

antioxidants in this region (18). The higher antioxidant levels in the cortical (as

opposed to the nuclear) layer may scavenge ROS that initiate protein damage

leading to cataract formation (18). Epidemiological studies have shown an

association between the level of intake of the antioxidant vitamins C and E, the

xanthophylls L and Z, and reduced risk of cataract (84,88,89). Recently, intake of

L and Z were related to an approximately 20% lower risk of cataract extraction in

men and women and a 50% lower risk of the development of nuclear cataract

over 5 years (90–92) (see Chapter 19).

2. Age-Related Macular Degeneration

The single most prevalent disease of the retina is age-related macular

degeneration (AMD) (93). Retinopathy is also associated with diabetes, and

there are other diseases of the retina as well, including choroideremia and retinitis

pigmentosa. Best’s disease and Stargardt disease are genetically acquired

maculopathies similar to AMD and occur early in life (15,94,95). The cause of

early macular degeneration (Stargardt or Best’s disease) is thought to be

accelerated damage to the RPE (see below) that results from inadequate

expression of proteins essential for the regulation of physiological events tied to

oxidative metabolism (96). The occurrence of AMD is dependent on genetic (sex,

race, eye color, and family history) and environmental factors (nutrition, light

exposure, smoking) (93). Studies have shown that antioxidants can reduce the

risk for the occurrence or progression of AMD (97). In addition, some studies

have shown that there is a correlation between the intake and serum level of the

xanthophylls, L and Z, and reduced odds ratios for neovascular AMD (98–100).

Other studies have not revealed the same relationships, but this may be

attributable to the relatively low intakes of L and Z by the subjects in these studies

(101) (see Chapter 19). Macular pigment levels, as measured by HPLC, are

associated with reduced odds for AMD (102). In a clinical trial, Richer has
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reported improvements in vision in patients consuming high levels of L and Z (in

spinach) (103).

Despite a fundamental difficulty in assessing lifelong blue light exposure

accurately, support for a relationship between light and AMD has developed

(66,104,105). AMD is characterized by the appearance of structures called

drusen that develop in the macular region of the retina. Drusen are the result of a

buildup of insoluble, lipophilic material between the RPE cell layer and Bruch’s

membrane, the limiting barrier dividing the choriocapillaris from the retinal

layers. In early stages of AMD, the drusen are small (,63 mm) and referred to as

small, hard drusen, but in later stages the drusen are larger (.125 mm) and are

referred to as confluent or soft drusen (106). [The terms “hard” and “soft”

are observational terms and not intended to describe the physical nature of the

deposits (107).] Microscopic study reveals that, due to the presence of drusen, the

overlying RPE cell layer deforms and thins as it spreads to cover the resulting

bulge. This thinning of the melanin-containing RPE layer results in an increase in

the reflected light from the fundus and visible observation of the drusen

(107,108). More importantly, deformation of the RPE cell layer damages the

integrity of the contact between the microvilli of the RPE and the outer segments

of the photoreceptors. Ultimately, complete separation between the photo-

receptors and the RPE can occur. Photoreceptor cell death follows, resulting in

permanent loss of vision. The time frame for this process is not well established

and may vary significantly among individuals (107). The fundamental cause of

the buildup of the drusen material may be the inability of the RPE cells to

catabolize oxidized nonpolar membrane components present in the shed

photoreceptor disks, e.g., polyunsaturated fatty acids. Monkeys raised on

carotenoid-depleted diets show an absence of macular pigment and signs of

retinal aging typical of early macular degeneration that are consistent with photic

damage and drusen buildup (32).

In some AMD cases, the disruption of the RPE–photoreceptor integrity

and the buildup of the drusen deposits are associated with neovascular intrusion

of capillaries into the subretinal space. Fluid from these capillaries can

accumulate between the choroid and the retina. There is a growing body of

experimental evidence that supports the argument that AMD occurs, in part, due

to the effects of the lipofuscin-associated chromophore, A2E (see Fig. 4), which

specifically requires light exposure for its formation (109,110). The blue light–

absorbing nature of the macular pigment can attenuate the amount of light

reaching the RPE by as much as 40–90%. In turn, this should reduce the rate of

formation of A2E and ROS. It has been demonstrated that L and Z reduce

lipofuscin formation in cultured RPE cells (111). A2E is toxic and appears to

damage mitochondrial function and integrity (112). When exposed to blue light

A2E exhibits a phototoxic behavior that results in apoptotic cell death in cultured

RPE cells (113,114). This phototoxicity is dramatically lowered by both
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phosphatidylglycerol and L (13,115). This observation suggests that at least some

of the protective effects of L and Z may occur directly at the level of the RPE and

are in addition to the ability of L and Z to absorb blue light. Experiments

supplementing Japanese quail with Z also demonstrate that photoreceptors are

protected in vivo from photic-induced apoptosis (116,117).

Further evidence of the protective function of the macular pigment exists in

the pattern of photoreceptor loss. The greatest losses of photoreceptors occur in

the region just beyond the fovea from 1.58 to 108 eccentricity. The region of

highest pigmentation produces a protected zone in the central macula (20).

Haegerstrom-Portnoy has shown that loss of short-wavelength cones is reduced

in the region where macular pigment is most concentrated (118). Similar

protection is observed for acute light exposure where the resulting lesion is less

pronounced in the central macula (72,81). A condition known as Bull’s eye

maculopathy, associated with photosensitizing drugs, is characterized by a

pattern of degeneration in which the macula is spared (75,119).

C. AMD and Blue Light

As described earlier, it appears that as A2E and lipofuscin build up within the

RPE cells, blue light absorbed by this molecule may initiate the formation of

singlet oxygen and ROS (72). Normal oxygen metabolism also generates ROS,

even in the absence of light. It is probable that “dark” ROS production also

contributes to AMD (120). ROS may damage any number of essential structures

in RPE cells and the retina generally. However, the most noticeable result appears

to be damage to the unsaturated lipid components of the shed photoreceptor

disks, which are eliminated from the RPE through exocytosis and produce

the extracellular deposits called drusen. The drusen, as they become suffi-

ciently large, produce a mechanical barrier to nutrient and oxygen flow into the

retina resulting in photoreceptor and RPE cell death and the secretion of vascular

growth factors which in turn trigger the neovascular intrusion into the macula

(108).

If this view of the disease process is correct, then retarding the oxidative

events occurring in photoreceptor disks may have a dramatic influence on the

development AMD. Reduction in the amount of blue light reaching the retina is

one mechanism to accomplish this objective. Any factor that compromises the

ability of the RPE to reduce the damage due to ROS might also be anticipated to

contribute to development of AMD, e.g., smoking. Dietary changes altering the

available vitamin E and C might be expected to be significant (97,121–123).

Genetic defects, which result in incompetent or inadequate levels of the

antioxidant proteins superoxide dismutase and glutathione peroxidase might be

important contributors of AMD (124). Two forms of macular degeneration that

are morphologically similar to AMD, Best’s disease and Stargardt disease, are
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caused by genetic defects (95). In Stargardt disease the defect is known to occur

in the ABCR gene responsible for transport of retinal to retinal dehydrogenase for

conversion to retinol and subsequent transport from the disks in the photoreceptor

to the RPE. Mice lacking a functional ABCR gene produce A2E at greatly

accelerated rates (125).

VI. CAROTENOID SUPPLEMENTATION AND POTENTIAL
THERAPEUTIC BENEFITS

Canthaxanthin (b,b-caroten-4,40-dione), accumulation occurs in the retina when

individuals consume large doses of this keto carotenoid (126,127). The

carotenoid also accumulates in skin, resulting in a tanned appearance when high

doses are consumed. High levels of carotenoids in the skin are known to be

protective against erythema caused by light exposure (the mechanism for this is

widely accepted to involve photogenerated singlet oxygen and free radicals), and

canthaxanthin has been used as a treatment for erythropoietic porphyria

(60,65,128). Accumulation of canthaxanthin can be accompanied by formation

of carotenoid microcrystals within the retina which are noticeable during

ophthalmic examination and lead to the term “gold dust retinopathy” (128,129).

While there is no evidence that canthaxanthin causes a permanent deleterious

effect in the retina, its use as a pharmaceutical has been curtailed. Canthaxanthin

accumulation in the retina provided early evidence that retinal accumulation of

carotenoids might be altered by dietary availability.

A. Range of MP Levels in the Normal Population

In normal Western populations, L and Z are consumed in relatively small

amounts, 0–3 mg/day (130,131). Individuals whose diet is largely vegetarian

may consume considerably greater amounts, and total L consumption can reach

very high levels in some groups. Twenty six milligrams per day was estimated for

some South Pacific Islanders (132). The upper quintile of consumption in a cohort

of subjects in one major U.S. dietary study was estimated to be 6 mg/day (98).

Since macular pigment is dietary in origin we expect that a relationship must exist

between total dietary intake and macular pigment optical density (MPOD) values

(133). Several studies have now been conducted in which MPOD values were

measured for subjects whose dietary intake of carotenoids was assessed.

The average MPOD in the Western populations is in the range of 0.30–0.45

au (133–136). Dietary intake of L/Z and serum levels of these carotenoids

correlate modestly with MPOD (137). Other factors in addition to intake or serum

level may influence MPOD. Several supplementation trials of L and/or Z in

humans have now been conducted (103,136, 138–154). Many have measured
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MPOD levels in vivo, and the clear evidence that MPOD can be increased by

supplements has emerged (133–137,139–141,144). We showed that the MPOD

increases slowly during supplementation (140). This result is consistent with a

process involving transport of the relatively large, lipophilic carotenoid molecule

from the vascular choroid across the avascular neural layers of the fovea. Data

now appear to support the hypothesis that the average rate of increase in the

MPOD is related to serum concentration of L and Z (133,137). Comparison of

results of different studies is complicated by a number of variables, including

carotenoid source (food or commercial supplement), formulation, dosage, period

of supplementation, and method of measurement of macular pigment. While

nearly all subjects show a clear serum response to supplementation with L or Z,

an MPOD response is not always observed, especially in short-term studies.

L supplements have been studied as potentially useful in a number of ocular

pathologic conditions other than AMD, including choroideremia, retinitis

pigmentosa, and cataract (144,145,153,155,156). Short-term supplementation in

these studies has not had a dramatic effect.

B. Dietary Sources

Human dietary sources of the xanthophylls L and Z are primarily the dark green

vegetables (157). L from vegetable sources is in the free, or unesterified, form.

When present in fruits and flowers, the xanthophylls are primarily in the form of

fatty acid diesters (158,159). The bioavailability of the xanthophylls depends on

the availability of modest levels of fat consumed in the diet with the carotenoids.

The fat is presumably needed to assist in solubilization of the carotenoids but may

also influence lipase secretion and esterase activity thought to be required for

cleavage of xanthophyll diesters (148). Currently L and Z are commercially

available as dietary supplements. Commercial L is obtained by a hexane

extraction of marigold blossoms (Tagetes erecta). L is sold either as a fatty acid

diester or as an unesterified diol. Synthetic Z is also currently available.

VII. CONCLUSIONS

Carotenoids present in the retina are important contributors to long-term ocular

health. The role of L and Z in reducing the rate of photo-oxidative stress in

acute exposure to high-intensity light is clear, and the evidence that chronic or

long-term photo-oxidative stress is involved in AMD continues to accumulate.

A diet rich in L and Z can increase their concentration in the macula and may

therefore have an influence on the rate of development of retinal damage

associated with photo-oxidation and even the occurrence of AMD. Similarly,

risk of cataract appears to be lowered by the presence of L and Z in the lens.
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This epidemiological association has remained unsupported by direct study of

the carotenoid content of the lens where only very low concentrations of the

carotenoids have been detected. Further work is needed to determine whether a

local concentration of L and Z in the lens epithelium could have a significant

impact on the rate of photo-oxidation in the lens.

A number of other important questions must be answered to establish the

details of L and Z function in the eye. These include the mechanisms of

transport of L and Z into the eye, characterization of the proteins associated

with this process, and the nature of the site(s) where L and Z are localized

within cellular components of the eye. On a larger scale, clinical trials of L and

Z are needed to determine the degree of protection they may provide against

the onset of AMD.
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I. INTRODUCTION

One of the more consistent findings in nutritional epidemiology research is that

those who consume higher amounts of fruits and vegetables tend to have lower

rates of heart and vascular diseases, including coronary heart disease and

stroke (1–5). Data from short-term dietary intervention trials largely confirm

these findings, suggesting that diets emphasizing fruit and vegetable intake lead

to improvements in coronary risk factors and reduce cardiovascular mortality

(6–8). For example, use of the Dietary Approaches to Stop Hypertension

(DASH) diet, in part emphasizing increases in fruit and vegetable intake, resulted

in improvements in blood pressure (6) and possibly high-density lipoprotein

(HDL) cholesterol (9). The precise mechanisms for these apparent protective

effects are not entirely clear; however, much attention has been focused on the

notion that micronutrients with antioxidant properties might be responsible for

the associated lower rates of chronic diseases.

Carotenoids are plant derived fat-soluble pigments efficient in quenching

singlet oxygen and free radicals (10). Carotenoids are stored in the liver or adipose

tissue, and are lipid-soluble by becoming incorporated into plasma lipoprotein

particles during transport (11). For these reasons, carotenoids are considered to

fall into the antioxidant family of dietary factors through which may reduce the

risk of chronic diseases such as heart and vascular disease, cancer, and diabetes.

In this review of carotenoids and vascular diseases, we will initially discuss

some of the proposed biological mechanisms through which carotenoids may be

associated with heart and vascular diseases. We will then provide a summary of
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the epidemiological evidence concerning the effect of both dietary and blood

carotenoids—including a-carotene, b-carotene, lycopene, lutein/zeaxanthin,
and b-cryptoxanthin—on the risk of heart and vascular disease. Next, the

evidence from the primary and secondary prevention trials of b-carotene

supplementation using heart and vascular disease as an end point will be provided.

Finally, we will summarize the evidence on carotenoids and the risk of heart and

vascular disease, suggesting some future directions for research in this area.

II. BIOLOGICAL MECHANISMS

Basic research provides a plausible mechanism by which dietary antioxidants,

including carotenoids, might reduce the risk of atherosclerosis through inhibition

of oxidative damage. Data from in vitro and in vivo studies suggest that oxidative

damage to low-density lipoprotein (LDL) promotes several steps in atherogenesis

(12), including endothelial cell damage (13,14), foam cell accumulation (15–17)

and growth (18,19), and synthesis of autoantibodies (20). In addition, animal

studies suggest that free radicals may directly damage arterial endothelium (21),

promote thrombosis (22), and interfere with normal vasomotor regulation (23). In

vitro data have demonstrated the possible role of these antioxidants in preventing

or retarding various steps in atherogenesis by inhibiting oxidation of LDL or

other free radical reactions.

Another mechanism by which carotenoids may reduce the risk of heart and

vascular diseases includes inflammation. In recent years evidence has begun to

accumulate that C-reactive protein is associated with the carotenoids. Data from the

cross-sectional Third National Health and Nutrition Survey showed that

nonsmoking subjects in the upper 15% of C-reactive protein distribution had

significantly lower serum a-carotene, b-carotene, lutein/zeaxanthin, b-cryptox-
anthin, and lycopene levels (24). In a study of elderly nuns, aged 77–99 years, the

authors also found that elevated C-reactive protein levels were associated with

significantly lower plasma a-carotene (p ¼ 0.02), b-carotene (p ¼ 0.02), lycopene

(p ¼ 0.03), and total carotenoid (p ¼ 0.01) concentrations (25). Additional data

on how elevated carotenoid levels may reduce atherosclerotic progression and

clinically manifested heart and vascular diseases remain to be elucidated.

III. TOTAL CAROTENOID INTAKE AND RISK OF HEART AND
VASCULAR DISEASES

The promising results for fruit and vegetable intake and the association with heart

and vascular diseases have led to the assumption that total or individual dietary

carotenoid intake must also be inversely associated with the risk of coronary heart
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disease and stroke. The abundance of carotenoids in a wide array of fruits and

vegetables supports this claim; however, several other dietary factors found in

many fruits and vegetables may also explain these results.

Early evidence of the potential benefits of dietary carotenoids on the risk of

vascular disease came from several studies. Rimm et al. (26) examined data in a

large cohort of men in the Health Professionals’ Follow-up Study, finding an inverse

association between total dietary carotenoid intake and a lower risk of coronary

artery disease. The multivariate relative risks for increasing quintiles of carotene

intake were 1.00 (ref.), 0.92, 0.91, 0.86, and 0.71 (p, trend ¼ 0.03). Upon

stratification by smoking status, the inverse association strengthened among former

and current smokers. In a cohort study of 5133 Finnish men andwomen aged 30–69

years, a similar inverse association was noted for dietary carotenoid intake,

particularly in the highest tertile (27). A community-based study of 1299 elderlymen

andwomen inMassachusetts had a follow-up of 4.75 years (28). Using a score based

on the intake of carotene-containing fruits and vegetables, the multivariate relative

risks of cardiovascular death for increasing quartiles of carotene-containing fruits

and vegetables were 1.00 (ref.), 0.77, 0.63, and 0.59 (p, trend ¼ 0.014). Finally, in a

cohort study of 747Massachusetts residents age 60 and older, the combined intake of

the five primary dietary carotenoids was associated with a possible lower risk of

coronary heart disease mortality after up to 12 years of follow-up (29). Subjects in

the upper quintile of dietary carotenoid intake had a nonsignificant 36% reduction in

coronary heart diseasemortality comparedwith those in the lowest quintile of intake.

More recent studies on dietary carotenoids and vascular disease have

tended to calculate a total dietary carotenoid value, typically summed from

intake estimates of a-carotene, b-carotene, lycopene, lutein/zeaxanthin, and
b-cryptoxanthin. Two separate papers analyzed data from more than 34,000

postmenopausal women in the Iowa Women’s Health Study for the association

between dietary carotenoid intake and coronary heart disease death or stroke

death over 7 years (30,31). Dietary carotenoid intake was not associated with the

risk of coronary heart disease death, with multivariate relative risks for increasing

quintiles of 1.00 (ref.), 1.26, 1.18, 1.04, and 1.03 (p, trend ¼ 0.71) (30). For

stroke death, there was a similar lack of association for dietary carotenoids in

multivariate models (p, trend ¼ 0.88), but it was attenuated from age-adjusted

models in which a suggestion of a decreased risk of stroke death for higher

quintiles of carotenoid intake was present (31).

IV. SERUM AND PLASMA CAROTENOIDS AND RISK OF HEART
AND VASCULAR DISEASES

Additional support for the hypothesis that carotenoids and vascular diseases are

associated comes from a multitude of studies examining plasma or serum levels
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of carotenoids and the subsequent risk of cardiovascular disease. The nested case-

control study, in which cases and controls are selected and matched from an

existing cohort study, is the preferred study design to efficiently examine this

hypothesis because it uses prospective data. Traditional case-control studies have

also been instrumental in building the literature on this hypothesis, but tend to be

more vulnerable to bias and error.

We next provide details on some of the more recent studies that have been

published examining the relation between plasma and serum carotenoids and the

risk of vascular disease. The Rotterdam Study was a nested case-control study

examining major serum carotenoids in 108 pairs of Dutch subjects with an

average follow-up of 5.8 years for cases of aortic atherosclerosis (32). Although

no significant linear trends were found for each carotenoid of interest, likely due

in part to the small number of cases in each quartile, there was a possible

association with serum lycopene and aortic atherosclerosis. Compared with

the lowest quartile of serum lycopene, higher quartiles had multivariate relative

risks of 0.89, 0.78, and 0.66 (p, trend ¼ 0.28).

A case-control study of 104 cases of myocardial infarction and 106

unmatched controls revealed lower levels of lycopene and b-cryptoxanthin

among cases, although the result was only adjusted for plasma cholesterol (33).

A small cohort study of 638 initially elderly (aged 65–85 years) Dutch men and

women found that b-cryptoxanthin and lutein were inversely associated with

all-cause mortality (34). Ford and Giles published data from a large cross-

sectional analysis of serum carotenoids and the prevalence of angina pectoris

using data from the National Health and Nutrition Examination Survey III (35).

Among 11,327 middle-aged and older men and women, higher quartiles of

a-carotene, b-carotene, and b-cryptoxanthin were all inversely associated with

the prevalence of angina (all p, trend ,0.05). Finally, D’Odorico et al. (36)

examined plasma carotenoids and risk of atherosclerosis in the carotid arteries in

392 middle-aged Italian men and women followed for approximately 5 years.

Of the five major carotenoids, only a combined measure of a- and b-carotene was

associated with a lower incidence of atherosclerotic lesions in the carotid arteries

(p ¼ 0.04).

V. INDIVIDUAL CAROTENOIDS AND RISK OF HEART AND
VASCULAR DISEASES

Most of the promising initial observational studies of carotenoids focused on

dietary, serum, and plasma b-carotene, ultimately leading to the initiation of

several large primary and secondary prevention trials of heart and vascular

disease using b-carotene supplementation (detailed in Section VI below).

However, following the disappointing results from trials of b-carotene
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supplementation, research has focused on other specific major carotenoids that

may be in part responsible for the apparent benefit supported by high levels of

fruit and vegetable intake.

A limited number of epidemiological investigations have simultaneously

considered the major carotenoids and risk of heart and vascular disease. A recent

study examined multiple dietary carotenoids and the risk of coronary artery

disease among 73,286 women in the Nurse’s Health Study, with 12 years of

follow-up (37). In overall multivariate models, potential inverse associations

were noted for a-carotene and b-carotene, but not for lutein/zeaxanthin,
lycopene, or b-cryptoxanthin. The relative risks of coronary artery disease for

increasing quintiles of a-carotene were 1.00 (ref.), 0.89, 0.69, 0.89, and 0.74

(p, trend ¼ 0.05); for b-carotene the relative risks were 1.00 (ref.), 0.93, 0.91,

0.80, and 0.80 (p, trend ¼ 0.04). Results stratified by baseline smoking status for

each carotenoid did not appear to mediate the overall associations. In a

parallel cohort of 43,738 male health professionals followed for approximately

8 years, during which 328 strokes occurred (210 ischemic, 70 hemorrhagic, 48

unclassified), there was generally no association between a-carotene, b-carotene,

and lycopene with the risk of stroke (38). However, the pattern of relative risks

for increasing quintiles of b-carotene intake suggested a possible non-linear

association that was not explored in greater detail, with relative risks of 1.00

(ref.), 0.75, 0.83, 0.76, and 0.77 (p, trend.0.2). Higher quintiles of dietary lutein

were associated with lower risks of total stroke, with multivariate relative risks of

1.00 (ref.), 0.89, 0.88, 0.87, and 0.70 (p, trend ¼ 0.06). Results were similar for

lutein and the risk of ischemic stroke.

In terms of other observational data, b-carotene and lycopene have

generated a large proportion of interest for their respective roles in the prevention

of heart and vascular diseases, whereas other carotenoids—lutein/zeaxanthin,
a-carotene, and b-cryptoxanthin—have been studied less extensively. Studies

often consider these three carotenoids as part of a larger study of dietary or

plasma carotenoids in relation to heart and vascular diseases, but few have

exclusively focused on these specific carotenoids. In certain respects, this is not

surprising given the strong correlations among the major carotenoids in the diet

and blood (39). We now detail some of the observational studies focusing on

specific major carotenoids in the diet and the blood for their associations with

heart and vascular diseases.

A. b-Carotene

For decades b-carotene has been the most widely studied individual carotenoid

for its possible association with heart and vascular disease risk. This has not been

without reason, as b-carotene is one of the most abundant carotenoids and has

provitamin A activity (40). Initial studies examining b-carotene, often in the
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context of fruit and vegetable intake, provided compelling evidence for a

potential inverse association with the risk of heart and vascular diseases (41–44).

Prospective epidemiological data continue to emerge in support of b-carotene.

For example, data in 4802 men and women free of baseline cardiovascular

disease from the Rotterdam Study indicated that those in increasing tertiles of

dietary b-carotene intake had multivariate relative risks of 1.00 (ref.), 0.72, and

0.55 (p, trend ¼ 0.013) (32).

B. Lycopene

While the majority of research to date regarding dietary, plasma, and adipose

lycopene has focused on its potential role in the prevention of prostate cancer

(45), burgeoning support has emerged for an additional role in the prevention of

heart and vascular diseases. Because lycopene is found in high concentrations in

a relatively small number of plant foods (tomato, watermelon, pink grapefruit,

papaya, apricot), it may have greater appeal for targeted prevention efforts since

tomato-based foods are the predominant food source. More than 80% of lycopene

intake in the United States is from tomato products, including ketchup, tomato

juice, and tomato sauces (46). Lycopene has significant antioxidant potential in

vitro and has been hypothesized to play a prominent role in preventing

cardiovascular disease (47–49).

Two reports from the EURAMIC study suggest that intimal wall thickness

and the risk of myocardial infarction are reduced in persons with higher

adipose tissue concentrations of lycopene (50,51). Another study of 520 middle-

aged Finnish men and women as part of the Antioxidant Supplementation in

Atherosclerosis Prevention study noted similar significant decreases in intimal

wall thickness among men with higher plasma lycopene, but not among women

(52). Finally, a recently published study among 1028 middle-aged Finnish men

found that those in the lowest quartile of serum lycopene had a significantly

greater mean intima–media thickness of the common carotid artery, with a trend

across quintiles (53). Other studies report possible inverse associations of higher

serum lycopene levels and a reduced risk of myocardial infarction (54,55),

cardiovascular disease (55–57), carotid atherosclerosis (58,59), and aortic

atherosclerosis (32).

To date, data are particularly lacking in women with regard to plasma

lycopene levels and the risk of heart and vascular disease. In a prospective, nested

case-control study of 483 cases of cardiovascular disease and 483 age- and

smoking-matched controls free of cardiovascular disease during an average of

7 years follow-up, plasma lycopene was measured (60). The multivariate relative

risks of total cardiovascular disease for women in increasing quartiles of plasma

lycopene were 1.00 (ref.), 0.94, 0.62, and 0.67 (p, trend ¼ 0.05). This pattern in

relative risks suggested a threshold effect in which women in the upper half of
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plasma lycopene had a significant 34% reduction in cardiovascular disease risk.

For cardiovascular disease excluding angina, an L-shaped association was

apparent as women in the upper three quartiles had a significant multivariate 50%

risk reduction compared with those in the lowest quartile of plasma lycopene.

In addition to the data on dietary lycopene and other carotenoids presented

earlier, more recent data also exist on the association between dietary lycopene

and the risk of cardiovascular disease in the Women’s Health Study, a cohort of

more than 39,000 female health professionals with 7.2 years of follow-up (61).

Women in increasing quintiles of lycopene had multivariate relative risks of

cardiovascular disease of 1.00 (ref.), 1.11, 1.14, 1.15, and 0.90 (p, trend ¼ 0.34).

For the consumption of tomato-based products, women consuming 1.5 to fewer

than 4, 4 to fewer than 7, 7 to fewer than 10, and 10 or more servings per week

had relative risks (95% CIs) of cardiovascular disease of 1.02, 1.04, 0.68, and

0.71 (p, trend ¼ 0.029) compared to women consuming fewer than 1.5 servings

per week. Results from this study indicate that although dietary lycopene was not

strongly associated with the risk of cardiovascular disease, the possible inverse

associations noted for higher levels of tomato-based products suggest that dietary

lycopene may still have a role in heart and vascular disease prevention.

Small-scale human dietary intervention studies demonstrate the ability of

various tomato products to increase plasma lycopene levels in middle-aged,

healthy subjects (49,62,63). Some (49,63), but not all (62), of these studies with

either lycopene-containing foods or lycopene supplementation have demon-

strated potential short-term improvements in LDL oxidation. However, lycopene

supplementation over the course of several weeks did not result in reductions of

LDL cholesterol levels, despite improvements in LDL oxidation (49). Whether

these apparent short-term benefits translate into long-term improvements in

health, manifested by a reduction in the risk of heart and vascular diseases,

remains unknown.

C. Lutein/Zeaxanthin

Lutein/zeaxanthin is found in a wide variety of fruits and vegetables, including

cooked spinach, lettuce, broccoli, peas, lima beans, oranges and orange juice,

celery, string beans, and squash (64). Lutein, contained mostly in dark green

vegetables (64,65), has been found to protect against the development or

progression of atherosclerosis. Studies have shown that lutein is effective in

reducing the impact of adhesion molecules along aortic endothelial cells,

reflecting a possible role in the development of atherosclerosis (66). Data from

the Health Professionals’ Follow-up Study, consisting of 43,738 male health

professionals followed for approximately 8 years, reported that higher quintiles

of dietary lutein were associated with lower risks of total stroke, with multivariate

relative risks of 1.00 (ref.), 0.89, 0.88, 0.87, and 0.70 (p, trend ¼ 0.06) (38).
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The authors reported results for ischemic stroke that closely paralleled the overall

stroke data.

Two other key studies have provided support for a role of lutein/
zeaxanthin. First, 480 men and women aged 40–60 years from the Los Angeles

Atherosclerosis Study were followed for 18 months for the progression of

intima–media thickness of the common carotid arteries (67). Subjects in

increasing quintiles of plasma lutein had a smaller progression of atherosclerosis

(p, trend ¼ 0.0007). A second observational study that examined carotid intima–

media thickness included 231 case-control pairs from the Atherosclerosis Risk in

Communities study cohort (58). Both lutein/zeaxanthin (odds ratio per standard

deviation increase: 0.76, 95% CI: 0.59–0.95) and b-cryptoxanthin (odds ratio per

standard deviation increase: 0.75, 95% CI: 0.59–0.94) were significantly and

inversely associated with carotid intima–media thickness.

D. a-Carotene and b-Cryptoxanthin

The food sources of a-carotene tend to closely parallel those for b-carotene.

Carrots alone—whether raw or cooked—accounted for a whopping 55% of

a-carotene intake in the Framingham Heart Study (68). In contrast, carrots were

responsible for 37% of b-carotene intake. Based the foods and beverages listed in

the Willett semiquantitative food frequency questionnaire, there are only three

major food contributors to dietary b-cryptoxanthin intake: orange juice (46.8%),

oranges (32.4), and peaches (14.2%) (68). This presents a unique advantage

similar to that for lycopene intake, with a limited number of food sources

allowing for an improved ability to isolate whether b-cryptoxanthin itself or

some other dietary component in oranges and/or peaches may be important in the

prevention of heart and vascular diseases. However, comprehensive data are not

yet available on the association of either a-carotene or b-cryptoxanthin with

heart and vascular diseases.

VI. TRIALS OF b-CAROTENE SUPPLEMENTATION

Based on a strong evidence base from observational studies detailed earlier,

several large clinical trials, such as the Physicians’ Health Study (PHSI)

(69), were initiated and completed in examining the effect of b-carotene

supplementation. Many of these clinical trials were designed to study the promise

of b-carotene supplementation for reducing the risk of other diseases (e.g.,

cancer, eye disease), with heart and vascular disease a secondary outcome. Other

ongoing primary [Physicians’ Health Study II (70) and the Supplementation en

Vitamines et Mineraux Antioxydants (SUVIMAX) study (71)] and secondary

[Women’s Antioxidant Cardiovascular Study (72)] prevention trials continue to
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test b-carotene supplementation and the risk of heart and vascular diseases.

Therefore, we now focus our discussion on the completed primary and secondary

prevention trials that have included b-carotene either as an individual study agent

or as part of an antioxidant cocktail for the risk of heart and vascular disease.

A. b-Carotene: Primary Prevention Trials in Subjects Without
Heart and Vascular Disease

Results from large-scale randomized trials of b-carotene in the primary

prevention of heart and vascular disease have largely been disappointing,

indicating either no association or a weak positive association. The results from

three clinical trials suggest that b-carotene supplementation was not associated

with the risk of heart and vascular diseases. The Skin Cancer Prevention Study

randomized 1805 men and women with a history of skin cancer to 50 mg of

b-carotene daily or placebo (73). After a median follow-up of 8.2 years, there was

no association of b-carotene supplementation with cardiovascular mortality

(relative risk, 1.15; 95% CI, 0.81–1.63). Next, the Alpha-Tocopherol, Beta-

Carotene (ATBC) Cancer Prevention Study was a large-scale randomized trial of

antioxidant vitamins in a well-nourished population. This 2 � 2 factorial trial

tested the effect of synthetic vitamin E (50 mg/day) and b-carotene (20 mg/day)
among 29,133 Finnish male smokers aged 50–69 years. There was a possible

increase in ischemic heart disease mortality (relative risk, 1.12; 95% CI,

1.00–1.25) and no association with the risk of angina (relative risk, 1.06; 95% CI,

0.97–1.16) among those assigned to b-carotene (74).

Two other primary prevention trials examining b-carotene as an individual

study agent reveal a null association with the risk of heart and vascular diseases.

First, the PHS I was a randomized, double-blind, placebo-controlled trial of

b-carotene (50 mg on alternate days) and low-dose aspirin among 22,071 U.S.

male physicians aged 40–84 years (75). After 12 years, there were no differences

in cardiovascular mortality (relative risk, 1.09; 95% CI, 0.93–1.27), myocardial

infarction (relative risk, 0.96; 95% CI, 0.84–1.09), stroke (RR, 0.96; 95% CI,

0.83–1.11), or a composite of the three end points (relative risk, 1.00; 95% CI,

0.91–1.09) associated with b-carotene assignment. A trial complementing the

PHS I, the Women’s Health Study, evaluated the effect of b-carotene (50 mg

on alternate days), vitamin E, and low-dose aspirin on the development of

cardiovascular disease in 39,876 healthy female health professionals (76). While

the vitamin E and aspirin components of the trial are continuing, the b-carotene

arm was terminated after just over a mean of 2 years follow-up, largely in

response the null findings on b-carotene reported in the PHS I. b-Carotene

supplementation had no effect on cardiovascular mortality (relative risk, 1.17;

95% CI, 0.54–2.53), myocardial infarction (relative risk, 1.08; 95% CI,
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0.56–1.27), stroke (relative risk, 1.42; 95% CI, 0.96–2.10), or a composite of

these endpoints (relative risk, 1.14; 95% CI 0.87–1.49). Smoking status did not

modify the null association between b-carotene supplementation and the risk of

heart and vascular diseases.

B. b-Carotene: Secondary Prevention Trials in Subjects with
Heart and Vascular Disease

b-Carotene supplementation has been less well studied in secondary prevention

than in primary prevention settings. Although no data are yet available from

randomized trials specifically designed to answer whether b-carotene supple-

mentation alone (as opposed to in combination with other antioxidants) is

effective in secondary prevention of heart and vascular diseases, subgroup

analyses in some of the aforementioned primary prevention trials allow an

empirical examination of this issue.

In the ATBC trial, 1862 men had a baseline history of myocardial

infarction and were randomized to b-carotene supplementation for 6 years.

Among this subgroup of men, b-carotene was associated with a potential

reduction in the risk of nonfatal myocardial infarction (relative risk, 0.67; 95%

CI, 0.44–1.02), but a nonsignificant increased risk of fatal coronary heart disease

(relative risk, 1.58; 95% CI, 1.05–2.40) (77). In PHS I, 333 men reported a

history of chronic stable angina or a coronary revascularization procedure prior to

randomization. Among those in the b-carotene group, a reduction (relative risk,

0.46, 95% CI 0.24–0.85) in the risk of major cardiovascular events was observed

after 5 years, and a persistent though attenuated reduction was also found after 12

years (relative risk, 0.71, 95% CI 0.47–1.07) (78).

C. b-Carotene as Part of a Combination Intervention

Other primary prevention trials have considered b-carotene as part of a nutrient

combination. While informative, it is difficult to extrapolate the findings for a

mixture of several nutrients to the individual effects of b-carotene supplemen-

tation. There are three primary and three secondary prevention trials of heart and

vascular disease that have been completed and published.

First, the Cancer Prevention Trial was a primary prevention trial conducted

in a poorly nourished population in China that was at high risk for upper

gastrointestinal cancers, presumably due to a low intake of micronutrients (79).

Nearly 30,000 men and women were randomized to a cocktail of synthetic

vitamin E (30 mg daily), b-carotene (15 mg daily), and selenium (50 mg daily).

Participants taking this antioxidant cocktail had a relative risk of 0.90 (95% CI,

0.76–1.07) for cerebrovascular mortality and 0.91 (95% CI, 0.84–0.99) for total

mortality compared with those on placebo. Second, the b-Carotene and Retinol
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Efficacy Trial (CARET) evaluated a combined treatment of b-carotene (30 mg/
day) and retinol (25,000 IU/day) among 18,314 men and women at elevated risk

of lung cancer due to cigarette smoking and/or occupational exposure to asbestos
(80). After 4 years, there was a borderline significant increased risk of cardio-

vascular death (relative risk, 1.26; 95% CI, 0.99–1.61) among individuals

assigned to b-carotene and retinol. Finally, the Age-Related Eye Disease Study

Group (AREDS) reported that an antioxidant cocktail of b-carotene, vitamin C,

and vitamin E randomized to 4757 middle-aged and older subjects was not related

to the risk of cardiovascular disease (relative risk, 1.06; 95% CI, 0.84–1.33) (81).

The HDL-Atherosclerosis Treatment Study (HATS) (82), the Heart

Protection Study (HPS) (83), and the Multivitamins and Probucol (MVP) study

(84) are each secondary prevention trials investigating b-carotene supplementation

as part of a mixture of antioxidants, with results favoring no association between

b-carotene and the risk of secondary events. In HATS, 160 men and women with

coronary artery disease were randomly assigned in a 2 � 2 factorial design to

simvastatin plus niacin, or to an antioxidant combination (800 IU of vitamin E,

1000 mg of vitamin C, 25 mg of natural b-carotene, and 100 mg selenium). After a

mean follow-up of 14 months, 21% of subjects taking the antioxidant combination

developed cardiovascular disease versus 24% in the placebo group (p . 0.05) (82).

In the Heart Protection Study (HPS), a 2 � 2 factorial design tested a daily

antioxidant cocktail (600 mg of synthetic vitamin E, 250 mg of vitamin C, and

20 mg of b-carotene) and simvastatin (40 mg) among 20,536 men and women with

angina, stroke, claudication, or diabetes. Main-effects analyses showed neither a

beneficial nor a deleterious effect of the antioxidant cocktail on cardiovascular

outcomes over 5 years of follow-up (83). Finally, in the MVP study, a combina-

tion of vitamin C (1000 mg/day), vitamin E (1400 IU/day), and b-carotene

(100 mg/day) had no effect on the rate and severity of restenosis (84).

VII. CONCLUSIONS

Although more than 600 carotenoids have been identified (85), the majority

of research in nutrition has focused on the five most common carotenoids:

a-carotene, b-carotene, lycopene, lutein/zeaxanthin, and b-cryptoxanthin.

Carotenoids may prevent heart and vascular disease in a number of ways. In

addition to the established antioxidant mechanisms, other explanations include an

association between carotenoids and inflammatory markers such as C-reactive

protein or other biomarkers of vascular disease. Studies that examine fruit

and vegetable intake have overwhelmingly supported a cardioprotective role.

Recently published observational studies continue to support total carotenoids

and individual carotenoids—measured from dietary intake, supplement use,

plasma, and serum—in the prevention of heart and vascular diseases.
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b-Carotene is the most studied carotenoid, whose early promising results

spawned several large primary and secondary prevention trials that have provided

null results for heart and vascular diseases. Two possible explanations for the

discrepancy between the observational and trial evidence are an insufficient

duration or dose of b-carotene supplementation, limiting its effects on the

development of heart and vascular disease. Meta-analyses of b-carotene supple-

mentation must be considered in the context of all studies indicated in Section

VI above, carefully differentiating between trials that examine individual b-

carotene supplementation versus those that include b-carotene as part of an

antioxidant cocktail. More research is needed to understand how b-carotene,

other carotenoids, vitamins, and minerals all interact when consumed either as a

supplement or in the diet.

Significant progress has been made in the last decade on the other major

carotenoids besides b-carotene—a-carotene, lycopene, lutein/zeaxanthin, and
b-cryptoxanthin—in support of a possible inverse association with the risk of

heart and vascular diseases. In particular, more studies are needed on lycopene

and lutein/zeaxanthin in terms of their potential roles in the prevention of heart

and vascular disease. Lycopene (tomatoes) and b-cryptoxanthin (oranges) have a

limited number of food sources compared with their carotenoid counterparts.

This makes lycopene and b-cryptoxanthin promising carotenoids whose intake

can be increased with relatively simple dietary recommendations. Additional

data from interventions of dietary approaches focused on increasing total or

specific carotenoid intake can provide critical information on the biological

mechanisms supporting the observational findings for carotenoids and a possible

reduced risk of heart and vascular disease.
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Carotenoids in Systemic Protection
Against Sunburn
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I. INTRODUCTION

Directly and indirectly, the sun provides the energy supporting life on earth. All

foods and fuels are ultimately derived from plants using solar energy in the

process of photosynthesis. The sun releases the majority of its energy as visible

light, but infrared (IR) and ultraviolet (UV) rays are also significant parts of

the solar spectrum (1). According to the range of wavelengths, UV light is

divided into UVA (320–400 nm), UVB (280–320 nm), and UVC (100–280 nm).

The spectrum of visible light ranges from 400 to 700 nm. While UVC light is

mainly absorbed by the ozone layer, UVB and UVA rays reach the terrestrial

surface. Exposure to visible and UV light may interfere with essential bio-

chemical functions in living organisms and damage biologically important

structures like DNA, lipids, and proteins (2–4). In DNA, UV radiation leads to

the formation of thymidine dimers, photo-oxidation products, and single-strand

breaks. Animals and plants have developed various strategies of defense against

light-induced damage (5). Photosynthetic organisms make use of carotenoids for

photoprotection of reaction centers and pigment–protein antennae via energy

dissipation (6). Absorption and reflection of light provide other mechanisms of

defense (7). An adaptive response of human skin toward irradiation with

sunlight is pigmentation and thickening of the stratum corneum. The epidermal

pigment melanin provides protection, lowering the radiant energy by the

absorption of UV light.

Light-induced damage in exposed tissues is involved in the pathobioche-

mistry of several human diseases of skin and eye (4,8). Sun exposure may cause

491

Copyright © 2004 by Marcel Dekker, Inc.



skin disorders including premature aging, photoallergic and phototoxic reac-

tions, and skin cancer (9–12). Polymorphous light eruption (PLE) is the most

common sun-induced skin disorder with an estimated prevalence of 10–20%,

characterized by an intermittent skin reaction to UVA irradiation (9,13). The

formation of reactive oxygen species following UV radiation, which may

interfere with signal transduction pathways involved in the regulation of

proinflammatory genes, is considered to be one of the causes of PLE.

Chemical substances including certain active ingredients of sunscreen and

skin care products may trigger photoallergic and phototoxic reactions (14). Sunlight

affects the immune status not only of the skin but of the entire organism. Visible

light (400–700 nm) can penetrate epidermal and dermal layers of the skin and may

directly interact with circulating lymphocytes, modulating immune function. In

contrast to visible light, in vivo exposure to UVB and UVA radiation can alter

normal human immune function only by a skin-mediated response (3,15).

II. SUNBURN

The most common adverse reaction to solar radiation is the so-called sunburn

reaction or solar erythema. Sunburn is defined as an injury to the skin with

erythema, tenderness, and sometimes painful blistering following overexposure

to UV radiation (16). The erythema starts to develop a few hours after irradiation,

culminating about 18–24 h following irradiation. It should be noted that

“erythema” is a nonspecific term generally used to define the redness of the skin

that may result from a variety of causes. Thus, UV-induced erythema should be

correctly used to describe the sunburn reaction, which is caused by an increased

blood flow in the affected area. Direct and indirect damage due to photochemical

reactions ultimately leads to vasodilation and edema. DNA damage and the

activation of inflammatory pathways are involved in activation of the response.

UVB rays are considered to be the major cause of sunburn, DNA damage,

and development of skin cancer. Irradiation with the highly erythematogenic

UVB induces a series of complex events including the production of inflam-

matory mediators, alteration of vascular responses, and an inflammatory cell

infiltrate. Damage to proteins and DNA accumulates within skin cells, and

characteristic morphological changes occur in keratinocytes and other skin cells.

When a cell becomes irreversibly damaged by UV exposure, cell death follows

via apoptotic mechanisms leading to the appearance of so-called sunburn cells in

the epidermis (17,18). Enzymatic and nonenzymatic antioxidants effectively

suppress sunburn cell formation, suggesting that reactive oxygen species play a

role in the progression of UVB-induced apoptosis.

UVB radiation acts as a local immunosuppressant damaging the

Langerhans cells in the epidermis. Immunological studies on individuals
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subjected to extended UVB irradiation show additional systemic immunosup-

pression (3,19).

The UV dose required to produce UV-induced erythema varies depending

on the skin type; different skin types are often categorized following the

Fitzpatrick skin type scale (20). This system denotes six different skin types

classified according to skin, hair, and eye color, and reaction to sun exposure.

It ranges from skin type I, with white or freckled skin, green or light blue eyes,

red hair, and high sensitivity to sunlight, to skin type VI with black skin, dark

brown eyes, and black hair experiencing sunburn almost never. Recent studies

have shown that skin response to UV rays can also be predicted, to a good

approximation, by skin colorimetry (45).

Interindividual differences also determine the minimal erythema dose

(MED). The MED is the lowest dose of UV radiation that will produce a barely

detectable erythema 24 h after exposure (21). Its value differs between indi-

viduals and depends on the skin type and the actual endogenous protection by

melanin (tanning). There are several strategies for sun protection, including

avoidance of sun exposure, use of protective clothing and sunscreens, and tanning

by increasing the content of melanin in the epidermis (22).

III. CHEMISTRY AND ANTIOXIDANT ACTIVITY OF
CAROTENOIDS

Reactive oxygen species are generated in the skin following UV exposure.

Subsequent structural damage by oxidation and interferences with cellular sig-

naling pathways are thought to contribute to the adverse effects of sun exposure

(9,24). There is evidence from in vivo and in vitro studies that antioxidants

may be useful in protecting the skin against this type of damage (22,23,25).

Hydrophilic and lipophilic antioxidants have been applied topically for sun

protection. For systemic sun protection, vitamins C and E as well as carotenoids

were investigated.

The physicochemical and biochemical properties of carotenoids make them

suitable candidates for endogenous sun protection (26). Carotenoids contain an

extended system of conjugated double bonds that makes them efficient

scavengers of singlet molecular oxygen (1O2) via physical or chemical quenching

(27–30). Physical quenching is the dominating process in the interaction of

carotenoids with singlet oxygen. It involves the transfer of excitation energy from
1O2 to the carotenoid, which is subsequently dissipated as thermal energy. In the

process of physical quenching, the carotenoid remains intact and can undergo

further cycles of singlet oxygen quenching. Carotenoids are the most efficient

natural 1O2 quenchers. Among the natural carotenoids present in human blood

and skin, lycopene exhibits the highest quenching rate constant (30).
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Most carotenoids also efficiently scavenge peroxyl radicals, especially at

low oxygen tension (26,31,32). The intermediate radical is stabilized via the

system of conjugated double bonds. The interaction of carotenoids with

free radicals has been studied in various model systems. Mixtures of carotenoids

are more effective than single compounds (33). Such a synergistic effect was

most pronounced when lycopene or lutein was present in the mixture. Under

specific conditions carotenoids may also act as pro-oxidants (34–36). Pro-

oxidant properties have been discussed in the context of adverse effects observed

upon b-carotene supplementation at high levels (37,38).

In homogeneous solutions carotenoids tend to isomerize and form a

mixture of all-trans, mono- and poly-cis isomers (39). The predominant con-

figuration in nature is all-trans, but several cis isomers have been identified in

human blood and skin (43). It should be noted that cis isomers of carotenoids with

absorption maxima in the visible range of the spectrum exhibit an additional

absorption maximum in the UV range. The extent of absorption depends on the

position of the cis double bond within the molecule.

IV. SKIN CAROTENOIDS

At present, our knowledge of transport and distribution of intact carotenoids

in skin is limited. The carotenoid pattern in human skin is similar to that found in

blood and most tissues and is dominated by b-carotene, lycopene, lutein,

zeaxanthin, and cryptoxanthin (40–42). Xanthophylls carrying a hydroxyl group

can occur as carotenol fatty acid esters, but only small amounts of carotenol esters

have been detected in human skin and blood (43,44). Carotenoids contribute

measurably and significantly to normal human skin color, in particular the

appearance of “yellowness” as defined objectively by means of chromametry

using the three-dimensional color system (L, a, and b values) (45). The L value is

a parameter for lightness of skin, and the b value (blue/yellow axis) is indicative

of pigmentation. Such measurement of skin color, in particular of the b value,

may potentially be an additional tool for monitoring the carotenoid status.

Positive a values (red/green axis) are a measure for redness of the skin.

Consuming high amounts of carotenoids may result in a discoloration of the skin

that turns orange or yellow. Such a condition is known as carotenodermia and is

accompanied by hypercarotenemia (increased blood carotene levels). It affects

the palm, sole, tip of the nose and nasolabial fold, extending gradually over the

entire body. Carotenodermia has been reported after excessive ingestion of

carotene-rich foods or carotenoid-containing supplements and was associated

with an increased uptake of b-carotene, lycopene, and canthaxanthin (23,46,47).

The levels of carotenoids vary in different areas of the skin. By means of

reflection spectroscopy, higher basal values were measured in the skin of the

494 Stahl and Sies

Copyright © 2004 by Marcel Dekker, Inc.



forehead, palm of the hand, and dorsal skin, while lower levels were found in the

skin of the arm and back of the hand (48). Upon treatment with b-carotene in

doses of 24 mg/day, increases in carotenoid skin levels were detected in all areas.
In facial skin, mean b-carotene values of about 0.1–0.3 nmol/g wet tissue were

measured by means of HPLC; lutein and a-carotene concentrations were lower.

Higher levels at about 1.5 nmol/g wet tissue were found when subcutaneous fat

was included in sample analyses. Interestingly, b-carotene plasma levels and

content in oral mucosal epithelium are skin type associated (49). Lowest

levels were determined in skin type I, highest in skin type IV. A similar skin

type-dependent increase in b-carotene was measured in oral mucosa epithelium.

The reasons for these differences are not known.

V. INTERVENTION STUDIES IN HUMANS TO PREVENT
SUNBURN (SOLAR ERYTHEMA)

Specific carotenoid supplements that mainly contain b-carotene are widely used

as so-called oral sun protectants. It has been claimed that an increased supply

with carotenoids contributes to the prevention of UV-dependent diseases. There

is increasing evidence from human studies that an elevated intake of carotenoids,

even from different sources, ameliorates a primary reaction of the skin after

exposure to sunlight, namely, sunburn or the UV-induced erythema. However,

the studies available are limited in number and differ in study design, making

comparison difficult. Although most of the studies revealed moderate protection

upon intervention with carotenoids, no beneficial effects were described in

other reports. Facing safety concerns regarding the application of high doses

of b-carotene, the discussion about suitable dose levels for prevention is still

controversial.

b-Carotene has successfully been introduced as a photoprotectant in the

management of erythropoietic protoporphyria by Mathews-Roth (50), who was

also among the first researchers to investigate sun-protective effects of this

compound in healthy individuals. In a clinical trial, the effects of oral b-carotene

on the responses of skin to solar radiation were investigated (51). Over a period of

10 weeks healthy volunteers received 180 mg of b-carotene per day. After

intervention the participants were exposed to natural sunlight for up to 2 h; the

MED and the degree of erythema were evaluated as an indicator of protection.

Compared to the placebo control, the threshold MED was significantly higher in

the group that received b-carotene; no signifcant difference between groups was

found in the degree of erythema.

Light-protective effects of b-carotene in combination with canthaxanthin

were tested in patients with light-sensitive psoriasis and PLE; patients with

vitiligo but otherwise normal light sensitivity were used as controls (52). MED
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was used as a measure for sensitivity. In all groups MED was increased after

treatment, although the effect was most pronounced in patients with psoriasis and

PLE. The authors (52) noted that maximal serum concentrations of carotenoids

were reached after 2–6 weeks of treatment but the maximal protection factor was

not estimated before 8–16 weeks of intervention.

Several other studies, different in dosing and duration of treatment,

investigated the effects of carotene supplementation against UV-induced

sunburn. It is interesting to note that in the studies in which protection was

observed, supplementation with carotenoids lasted for at least 10 weeks. In the

studies reporting no protective effects the treatment period was only 3–4 weeks

(53,54).

Supplementing b-carotene for 3 weeks at a dose of 90 mg/day led to

elevated levels of this carotenoid in plasma and skin. However, the treatment

provided no clinically or histologically detectable protection when skin was

irradiated with 3 MED to provoke a sunburn reaction (53). No protection against

UV-induced erythema was found when volunteers received 150 mg/day of an

carotenoid mixture that contained b-carotene and canthaxanthin over 4 weeks

(54). Erythema was challenged with UVA, UVB, or psoralen UV treatment.

MED values before and after carotenoid supplementation did not significantly

differ although the serum levels of carotenoids increased during the study.

In several other investigations with longer duration of supplementation,

protective effects against sunburn were observed. After pretreatment with 30 mg

of b-carotene per day for 10 weeks, and an additional 13 days during sun

exposure, the development of erythema induced by natural sunlight was lower

under supplementation with b-carotene than in a placebo control group (55).

Additional protection was achieved in the b-carotene group by the application of

a topical sunscreen cream. The authors concluded that presupplementation with

b-carotene before and during exposure to sunlight in combination with a topical

sunscreen is more efficient than the sunscreen alone.

Lee et al. (56) reported a modest protective effect against UVA- and

UVB-induced erythema when supplementing a natural carotenoid mixture. The

carotenoid mix, which contained mainly b-carotene and only small amounts of

a-carotene, cryptoxanthin, zeaxanthin, and lutein, was given for 24 weeks. At the

beginning of the experiment a dose of 30 mg carotenoids per day was applied; the

dose was increased every 8 weeks to reach a final dose of 90 mg/day. The MED

after treatment was 1.5-fold higher than the MED before treatment, which

indicates a protective effect mediated by carotenoids. During the study the serum

levels of a- and b-carotene increased. The amount of lipid hydroperoxides in

serum decreased during the study in a dose-dependent manner: compared to the

starting level, it was about 40% lower at a dose of 90 mg carotenoids per day.

A similar carotenoid mixture was applied in a study where the protec-

tive effects of carotenoids alone or in combination with tocopherol were
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investigated (57). Carotenoids were supplied with an algal product (Betatene

from Dunaliella) which contained mainly b-carotene (all-trans and 9-cis isomers)

but also small amounts of a-carotene, cryptoxanthin, zeaxanthin, and lutein.

The carotenoid supplement delivering 25 mg total carotenoids per day and a

combination of the supplement (25 mg carotenoids per day) with vitamin E

(R,R,R-a-tocopherol; 500 IU/day) was ingested over 12 weeks. At day 0, week 4,
8, and 12, erythema was induced with a solar-light simulator; b-carotene and a-

tocopherol serum levels and carotenoid levels in skin were determined at the

same time. Light-induced erythema was significantly diminished from week 8

on; suppression of erythema formation was more pronounced when the com-

bination of carotenoids and tocopherol was applied. However, the difference

between carotenoid treatment and application of the antioxidant mixture was

statistically not significant. Serum levels of b-carotene and a-tocopherol

increased during supplementation and reached a plateau after 4 weeks of

treatment. Other mixtures of antioxidants, including b-carotene as a constituent,

have also been investigated (58). An antioxidant combination supplying 4.8 mg

b-carotene, 20 mg vitamin E, 120 mg vitamin C, 50 mg selenium (25 mg

selenium yeast), 50 mg standardized tomato extract, and 50 mg standardized

grape seed extract per day was given to 8 volunteers for 16 weeks. Light

sensitivity was assessed by determining the MED. No difference regarding light

sensitivity between the antioxidant supplement and the placebo group was found

in this study. However, treatment with antioxidants slowed down both

development and grade of UVB-induced erythema.

Based on the results of two intervention trials in individuals at high risk for

lung cancer, concerns about the safety of supplementation with higher doses of

b-carotene have been raised (59,60). In these studies, b-carotene was applied in

doses of 20 and 30 mg/day alone or in combination with a-tocopherol or retinol

for several years. Thus, it was investigated whether a high dose of b-carotene can

be substituted by a mixture of carotenoids in sun protection (61). The erythema-

protective effect of b-carotene (24 mg/day from an algal source) was compared to

that of a 24-mg carotenoid mix composed of b-carotene, lutein, and lycopene

(8 mg/day each) and a control group. Supplementation lasted 12 weeks and

carotenoid levels in serum and skin, as well as erythema intensity, were measured

before and 24 h after irradiation with a solar light simulator, both at baseline

and after 6 and 12 weeks of treatment. b-Carotene serum levels increased in the

b-carotene group, whereas in the mixed-carotenoid group the serum levels of all

three carotenoids were elevated after treatment; no change was found in the control

group. The intake of either b-carotene or a mixture of carotenoids led to similar

increases in total carotenoids in skin from week 0 to week 12; no change of total

carotenoids in skin was determined in the control group. The intensity of erythema

24 h after irradiation was diminished in both groups receiving carotenoids; it was

significantly lower than baseline after 12 weeks of supplementation. Based on the

Systemic Protection Against Sunburn 497

Copyright © 2004 by Marcel Dekker, Inc.



results of this study (61), it was concluded that long-term supplementation for

12 weeks with 24 mg of a carotenoid mix supplying similar amounts of b-carotene,

lutein, and lycopene ameliorates UV-induced erythema in humans, and that this

effect is comparable to the treatment with 24 mg of b-carotene alone.

VI. PROTECTION BY DIETARY INTERVENTION

Protective effects may also be achieved employing dietary sources rich in

carotenoids. Tomato contains high amounts of carotenoids, and the major

carotenoid pigment in the tomato is lycopene. Lycopene is the acyclo analog of

b-carotene and a very efficient antioxidant. Processed tomato products contain

even higher amounts of carotenoids than tomatoes; therefore, tomato paste was

selected for an intervention with a natural dietary source rich in carotenoids to

protect against UV-induced erythema in humans (62).

Volunteers ingested tomato paste (40 g/day, equivalent to 16 mg lycopene/
day) together with olive oil to improve bioavailability over a period of 10 weeks;

controls received olive oil only. Serum levels of lycopene and total carotenoids in

skin increased after the intake of tomato paste; no changes were observed in the

control group. Erythema was induced by irradiation of dorsal skin with a solar

light simulator at day 0, week 4, and week 10 of the study. At week 10, erythema

formation was significantly lower in the group consuming the tomato paste than

in the control group. No significant difference was found at week 4 of treatment.

This study demonstrates that protection against UV light-induced erythema can

be achieved by ingestion of a commonly consumed dietary source of lycopene. In

addition to lycopene, other carotenoids are present in the tomato, e.g., phytoene

and phytofluene. The levels of both these compounds increase in serum upon

consumption of tomato products. They have characteristic absorption maxima in

the UVA and UVB range (39) wich might contribute to UV-protective effects of

tomato products.

VII. CONCLUSION

Oral supplementation with b-carotene and combinations of carotenoids pro-

vides moderate protection against UV-induced erythema (sunburn reaction).

Apparently, intake for several weeks is required to obtain measurable protection.

In the studies where protection was observed, treatment with carotenoids was for

at least 10 weeks, whereas only a 3- to 4-week supplementation was applied in

the studies showing no effects. Carotenoids may be used to increase the basal

protection and thus increase the defense against UV light-mediated damage to

skin. The protective effect is not sufficient to prevent damage following extensive
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sun exposure (sunbathing, skiing, etc.); here the additional use of a topical

sunscreen is recommended. However, more than 70% of the average erythemal

UV exposure does not occur during vacation time (63). Thus, systemic sun

protection is a valuable concept in long-term protection against skin damage from

solar radiation (64).
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23
Carotenoids and Immune
Responses

David A. Hughes
Institute of Food Research, Norwich, Norfolk, England

Previous chapters in this volume have described numerous epidemiological

studies, in vitro experiments, animal studies, and clinical trials that show a pro-

tective role for carotenoids in protecting against cancer. One suggested mecha-

nism for this effect is that they can enhance immune function and, therefore, the

body’s tumor surveillance mechanisms.

I. OXIDATIVE STRESS AND THE IMMUNE SYSTEM

In plants, carotenoids serve two essential functions: as accessory pigments in

photosynthesis, and in photoprotection. These functions are achieved through the

chemical structure of carotenoids, which allows the molecules to absorb light and

to quench singlet oxygen and free radicals.

Oxidative stress, arising from cumulative damage caused by reactive

oxygen species (ROS), is present throughout life and is believed to be a major

contributor to the aging process (1). The immune system is especially vulnerable

to oxidative damage because many immune cells produce these reactive

compounds as part of the body’s defense mechanisms to destroy invading

pathogens. Higher organisms have evolved a variety of antioxidant defense

systems either to prevent the generation of ROS or to intercept any that are

generated. Enzymes such as catalase and glutathione peroxidase can safely

decompose peroxides, particularly hydrogen peroxide produced during the

“respiratory burst” involved in killing invading microorganisms, whereas

superoxide dismutase intercepts or “scavenges” free radicals. However, the food
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we eat provides us with a large amount of our body’s total supply of antioxidants

in the form of various essential micronutrients and “nonnutrients,” including the

carotenoids.

The immune system appears to be particularly sensitive to oxidative stress.

Immune cells rely heavily on cell–cell communication, particularly via

membrane-bound receptors, to work effectively. Cell membranes are rich in

polyunsaturated fatty acids (PUFAs), which, if peroxidized, can lead to a

loss of membrane integrity, altered membrane fluidity (2), and alterations in

intracellular signaling and cell function. It has been shown that exposure to ROS

can lead to a reduction in cell membrane receptor expression (3). In addition, the

production of relatively large amounts of ROS by phagocytic immune cells,

resulting from respiratory burst activity, can damage the cells themselves if they

are not sufficiently protected by antioxidants (4).

II. ANIMAL STUDIES

As stated above, because the immune system has a major role in preventing the

development of cancer it has been suggested that b-carotene, and possibly other

carotenoids present in the diet, may enhance the function of immune cells

involved in detecting and eliminating tumor cells. Indeed, as stated in an earlier

review on this topic by Bendich (5), the possibility that carotenoids could

enhance immune function was first put forward in the 1930s. Green and

Mellanby (6), using vitamin A-deficient rats, showed that dietary carotenoids

could overcome bacterial infections, and in 1931 it was reported that dietary

supplementation with carotenoids could reduce the number and severity of

respiratory infections in children (7). At the time it was concluded that these

beneficial effects were due to vitamin A derived from the carotenoids, and it was

not until the 1950s that this was refuted. Investigators at the Karolinska Institute,

who were attempting to extract an antibacterial substance from nonpathogenic

bacteria, discovered that the tomato juice being used in the culture media

contained an effective antibacterial agent, which transpired to be lycopene (8).

These workers showed that both synthetic all-trans lycopene and natural, tomato-

extracted lycopene could increase the resistance of mice infected with Klebsiella

pneumoniae, whereas vitamin A was ineffective. b-Carotene was effective, but

not as potent as lycopene or other non-provitamin A carotenoids such as crocetin,

bixin, and crocin (8). Because of an inability to determine the mechanisms of

action of the carotenoids at that time, the research was abandoned (5), and it was

not until the publication of the major review article on b-carotene and cancer in

Nature by Peto and colleagues in 1981 (9) that researchers returned to examine

the influence of carotenoids on immune responses in earnest.
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In 1986 Bendich and Shapiro examined the effect of dietary supple-

mentation with placebo, b-carotene, or canthaxanthin (used as a non-provitamin

A carotenoid comparator) on the ex vivo mitogen-stimulated T-cell (the cell type

involved in orchestrating adaptive immune responses) and B-cell (the cell type

involved in antibody production) proliferative responses in rats. The proliferation

of both cell types was enhanced when the diets contained either of the carote-

noids (10), despite the fact that the animals were well nourished, healthy, and

presumably immunocompetent. Serum and tissue analysis showed that the

canthaxanthin was not converted to vitamin A, and it was therefore concluded

that the immunoenhancement seen was due to a carotenoid effect separate from

any provitamin A activity. More recently, it has been shown that lycopene can

increase T helper cell numbers (CD4þ, which stimulate immune responses) and

normalize T-cell differentiation caused by tumorigenesis in mice (11).

Animal studies have also shown that b-carotene can influence aspects of

tumor surveillance. There is now ample evidence that b-carotene has cancer-

preventive activity in experimental animals, based on models of skin carcino-

genesis in mice and buccal pouch carcinogenesis in hamsters (12). Natural killer

(NK) cells can kill virally infected cells and tumor cells. Homozygous mice,

genetically deficient in NK cell activity, grow tumors and develop leukemia more

rapidly than do heterozygous littermates with normal NK cell function. In

athymic mice where, in the absence of T lymphocytes, NK cells have a greater

responsibility, it has been shown that b-carotene can induce a significant

activation of NK cells, resulting in an increased cytolysis of tumor cell targets

(13). Macrophages detect tumor cells and present tumor antigens to lymphocytes,

and in hamsters pretreated with or given b-carotene or cryptoxanthin following

tumor induction, the tumoricidal properties of macrophages and secretion of the

macrophage cytokine tumor necrosis factor-a were increased (14,15).

There has been some recent interest in the possibility that carotenoids

might provide a supportive treatment in Helicobacter pylori infection (16). Mice

fed meals rich in astaxanthin, a carotenoid found in seafood, particularly salmon,

showed significantly lower colonization levels and had lower inflammation

scores compared with untreated mice and astaxanthin also inhibited the in vitro

growth of H. pylori (17). It is thought that the host immune response to this

infection might be of importance with regard to the clinical outcome, e.g., to

explain why only a proportion of infected individuals develop peptic ulcers.

Neutrophil infiltration results in excessive free radical generation, which initiates

a membrane peroxidation cascade that leads to mucosal damage. The immune

response is polarized to a T helper type 1 (Th1) cell response (these cells are

involved in stimulating cell-mediated immune responses) with release of the

proinflammatory cytokine, interferon-g, which activates phagocytic cells and

also contributes to mucosal damage (18). It has been shown that mice treated with

astaxanthin showed a significant increase in interleukin (IL)-4 release, suggesting
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a shift to a Th2 cell response (these cells are involved in enhancing antibody

production). It was suggested that the observed shift of the Th1/Th2 balance

following treatment was probably the result of the down-regulation of Th1 cells

and up-regulation of Th2 cells by astaxanthin; although another possible

mechanism of action is that it neutralizes reactive free oxygen metabolites in

the mucosa (19). Further studies are required both to elucidate the relative

importance of Th1 versus Th2 cells in the immune response to H. pylori and to

describe the effect and mechanism of action of carotenoids in this condition.

III. HUMAN STUDIES

A. Effects of b-Carotene

Repeated exposure to ultraviolet (UV) light markedly suppresses immune

function (20). Because photoprotection is one of the major functions of

carotenoids in nature, several studies have assessed the ability of b-carotene to

protect the immune system from UV-induced free radical damage. In one study, a

group of young males were placed on a low-carotenoid diet (,1.0 mg/day total

carotenoids) and given either placebo or 30 mg b-carotene/day for 28 days prior

to periodic exposure to UV light. Delayed-type hypersensitivity (DTH) responses

were significantly suppressed in the placebo group after UV treatments and the

suppression was inversely proportional to plasma b-carotene concentrations in

this group (21), but no significant suppression of DTH responses was seen in the

b-carotene-treated group. In a later study, the same research team studied a group

of healthy older males, again given either 30 mg b-carotene or placebo for 28

days prior to periodic exposure to UV light. They again observed a suppression of

DTH response following UV exposure, but in this age group the extent of the

protective effect of b-carotene appeared less than had been observed with the

younger men (22). The authors suggest that this might have been due either to a

reduced plasma response to supplementation in the older age group and/or to

higher plasma vitamin E levels than was observed in the younger men. These

workers also observed that stronger DTH responses were associated with

higher plasma b-carotene concentrations in both UV- and non-UV-exposed

individuals. The ability of b-carotene to protect against the harmful effects of

natural UV-sunlight has also been demonstrated by exposing healthy female

students to time- and intensity-controlled sunlight exposure; a Berlin-based study

involved taking volunteers to the Red Sea and exposing areas of their skin to

the sunlight by lifting discretely placed flaps in their specially designed swim-

suits (23)!

A number of studies have examined the effect of b-carotene on immune

function by measuring changes in the numbers of lymphocyte subpopulations and

on the expression of cell activation markers. However, because of the large
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variation in intakes of b-carotene and the duration of supplementation, a variety

of results have been obtained and it is extremely difficult to make adequate

comparisons between the different studies. Indeed, doses ranging from dietary

achievable levels of 15 mg/day up to pharmacological doses of 300 mg/day

have been provided over periods of 14 days to 12 years. What seems common to

many studies, however, is that more marked changes are observed in those

involving older individuals. This might be predicted, given that a reduction in the

body’s ability to mount an immune response is a recognized feature of ageing—

“immunosenescence” (24). For example, there have been reported increases in

the numbers of CD4þ lymphocytes (T “helper” cells that stimulate cell-mediated

immune responses) or in the ratio of CD4þ to CD8þ cells (T “suppressor” cells

that inhibit responses), and in the percentages of lymphocytes expressing markers

of cell activation, such as IL-2 receptors and transferrin receptors (25,26),

particularly in older individuals. The potential for increasing the numbers

of CD4þ cells led to the suggestion that b-carotene might be useful as an

immunoenhancing agent in the management of human immunodeficiency virus

(HIV) infection. Preliminary studies have shown a slight but insignificant

increase in CD4þ numbers in response to b-carotene (60 mg/day for 4 weeks)

in patients with acquired immune deficiency syndrome (AIDS) (27), but

long-term effectiveness in managing HIV infection or AIDS has not been

reported.

Other studies have been unable to confirm the increase in T-cell-mediated

immunity in healthy individuals following b-carotene supplementation. Santos

and colleagues (28) have recently reported the results of two studies in the

elderly: a short-term, high-dose study (90 mg/day for 21 days) in women and a

longer term, lower dose trial (50 mg/alternate days for 10–12 years) in men.

The conclusion of both studies was that there was no significant difference in

T-cell function as assessed by DTH response, lymphocyte proliferation,

IL-2 production, and composition of lymphocyte subsets. However, these

investigators also examined the effect of b-carotene supplementation on NK cell

activity in the longer term trial with male volunteers. Supplementation with

b-carotene resulted in significantly greater NK cell activity compared with

subjects of a similar age given placebo treatment (Fig. 1) (29). This study

also highlighted the reduction in NK cell activity that is observed with age

but, interestingly, the increase in NK cell activity observed in older men

(65–86 years) following b-carotene supplementation restored it to the level seen

in a group of younger males (51–64 years). The mechanism for this remains

unknown, but it was not due to an increase in the percentage of NK cells or to an

increase in IL-2 production. The authors suggest that b-carotene may be acting

directly on one or more of the lytic stages of NK cell cytotoxicity, or on NK cell

activity-enhancing cytokines other than IL-2, such as IL-12. This suggestion still

awaits confirmation.
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Figure 1 Natural killer cell activity in different age groups of subjects consuming

placebo or b-carotene. Natural killer cell activity was determined at several effector to

target cell ratios (E :T ) using effector cells from subjects consuming placebo (n ¼ 17 for

51–64 y and n ¼ 13 for 65–86 y) or b-carotene (n ¼ 21 for 51–64 y and n ¼ 8 for

65–86 y). Data are expressed as % target cell lysis; * ¼ p , 0.05. (Reprinted from Santos

et al. (29) # American Journal of Clinical Nutrition, American Society for Clinical

Nutrition.)
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Since antigen-presenting cells initiate cell-mediated immune responses, we

have investigated whether b-carotene supplementation can influence the function

of human blood monocytes, the main antigen-presenting cell type present in

the bloodstream. A prerequisite for this function is the expression of major

histocompatibility complex (MHC) class II molecules (HLA-DR, HLA-DP, and

HLA-DQ) (30), which are present on the majority of human monocytes. The

antigenic peptide is presented to the T helper lymphocyte within a groove of the

MHC class II molecule (Fig. 2). Since the degree of immune responsiveness of an

individual has been shown to be proportional to both the percentage of MHC

class II-positive monocytes and the density of these molecules on the cell surface

(31), it is possible that one mechanism by which b-carotene may enhance

cell-mediated immune responses is by enhancing the cell surface expression of

these molecules. In addition, cell-to-cell adhesion is critical for the initiation

of a primary immune response, and it has been shown that the intercellular

Figure 2 Cell surface molecules involved in initiating cell-mediated immune responses.

LFA, leukocyte function-associated antigen; ICAM-1, intercellular adhesion molecule-1;

HLA, human leukocyte–associated antigen; MHC, major histocompatibility complex.
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adhesion molecule-1 (ICAM-1) leukocyte function-associated antigen (LFA)-1

ligand-receptor pair is also capable of costimulating an immune response (32),

enhancing T-cell proliferation and cytokine production.

To assess the effect of b-carotene supplementation on the expression of

monocyte surface receptors we undertook a randomized double-blind cross-over

study of middle-aged nonsmoking men, who took part in two dietary intervention

periods of 26 days, during which they were provided with a daily capsule of either

15 mg b-carotene, a dietary achievable intake (equivalent to 150 g of cooked

carrots), or placebo. Following dietary supplementation, there were significant

increases in plasma levels of b-carotene and in the percentages of monocytes

expressing the MHC class II molecule, HLA-DR, and the adhesion molecules,

ICAM-1 and LFA-3 (33). These results suggest that moderate increases in the

dietary intake of b-carotene can enhance cell-mediated immune responses in

a relatively short period of time, providing a potential mechanism for the

anticarcinogenic properties attributed to this compound. The increase in surface

molecule expression could also, in part, account for the ability of b-carotene to

prevent the reduction in DTH response following exposure to UV radiation, since

the latter can inhibit both HLA-DR and ICAM-1 expression in human cell lines.

As well as preventing oxidative damage, it has also been suggested that

b-carotene can influence immune cell function by modulating the production

of prostaglandin E2 (PGE2). This eicosanoid is the major PG synthesized by

monocytes and macrophages and is known to possess a number of immunosup-

pressive properties. It has been suggested that b-carotene might enhance immune

responses by altering the activation of the arachidonic acid cascade (from which

PGE2 is derived), since it has been shown to be capable of suppressing the generation

of arachidonic acid products in vitro from nonlymphoid tissues (34).

B. Effects of Other Dietary Carotenoids

Very few studies have examined the influence of other carotenoids on human

immune function, even though there is strong epidemiological evidence to suggest

that lycopene (found in tomatoes) and lutein (found in spinach, peas, watercress,

and other vegetables) can protect against the development of prostate and lung

cancer, respectively. In addition, tomato intake has been found to be inversely

associated with the risk of diarrheal and respiratory infections in young children

in the Sudan (35). In order to compare the relative ability of different dietary

carotenoids to influence the expression of monocyte surface molecules involved

in antigen presentation we undertook comparable studies to the one we had

previously carried out with b-carotene, this time providing the same daily intake of

lycopene or lutein (15 mg/day) to our middle-aged male volunteers. The results

suggest that the latter carotenoids have less of an influence than b-carotene, at least

in respect to this particular parameter of immune cell function (36). The less
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striking effect of either lycopene or lutein supplementation on monocyte surface

marker expression that was seen following b-carotene supplementation might be

related to the lower plasma levels achieved following supplementation. We

previously observed that there might be a threshold effect of plasma b-carotene

concentration on the expression of ICAM-1 and LFA-3 (33), and it is possible that

the plasma levels of lycopene or lutein achieved following supplementation were

not high enough to cause a significant change in the expression of most of the

monocyte surface molecules examined. The reason for the difference in plasma

levels of these carotenoids following the same level of supplementation is uncer-

tain, but it could reflect differences in their uptake, metabolism, and excretion, or to

selective sequestration of different carotenoids to specific sites in the body. It is

unlikely that absorption of lycopene from the supplements provided is a problem,

since it has recently been shown that the bioavailability of lycopene from tomato

juice and dietary supplements is very similar (37). However, lycopene is known to

be found in higher concentrations in the prostate (38) than in serum, and this might

contribute to the reduced prostate cancer risk associated with the consumption of

tomato-based foods (39). Indeed, one possible factor to explain the different effects

seen with different carotenoids might be the preferred location of these compounds

within the cell and within the body. Carotenoids are lipid soluble; thus, it is thought

that most will be concentrated in the lipid-rich membranes of the cell. However,

their exact location may influence their effectiveness in modulating specific

cellular events. At the whole-body level, it is also possible that not all beneficial

effects bestowed by carotenoids might be observed systemically, but only at

specific locations in the body, suggesting that there might be “hidden” benefits

associated with certain dietary components that we have yet to discover. Carotenoid

concentrations vary considerably from tissue to tissue, although the mechanism for

this remains poorly understood. For instance, the carotenoids lutein and zeaxanthin

are found in high concentrations in the macular region of the eye, suggesting the

presence of a binding protein within this specific area of the eye (40).

In another intervention study, we again gave dietary achievable levels of

carotenoid supplements, this time to a group of older volunteers (older than 65

years) living in Ireland. We gave these individuals (n ¼ 52) either placebo,

b-carotene (8.2 mg), or lycopene (13.3 mg) daily for 12 weeks and examined

changes in various parameters of cell-mediated immunity. We observed no

significant changes in T-cell subset numbers, lectin-stimulated lymphocyte

proliferation, or surface molecule expression following any of these interventions

(41), in spite of significant increases in the plasma levels of the carotenoids. We

concluded that in well-nourished, free-living, healthy individuals, supplemen-

tation with relatively low levels of b-carotene or lycopene is not associated with

beneficial or detrimental effects on cell-mediated immunity. Another group has

also shown recently that enriching the diet with lycopene (by drinking 330 mL of

tomato juice daily) for 8 weeks does not appear to modify cell-mediated immune
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responses in well-nourished elderly men and women (42). These investigators

have also shown an apparent opposing effect of lycopene and lutein, in regard

to T-lymphocyte proliferation, with lycopene enrichment (by tomato juice)

enhancing and lutein enrichment (by spinach powder) inhibiting this activity

(43). These results emphasize further that different carotenoids can affect

immune cell function in different ways. Therefore, in a diet containing a good

mixture of fruits and vegetables, the influence of the combination of carote-

noids they contain on immune function may represent the sum total of these

different effects and, indeed, the potential for synergistic effects remains to

be investigated. The same investigators raised another point of interest in that

mononuclear cells obtained from volunteers, following the lycopene supplemen-

tation period, had lower endogenous levels of DNA strand breaks, suggesting that

tomato juice consumption might induce protective mechanisms in these cells

(44). This finding has been also shown by others (45). It raises the question of

whether enhanced antioxidative protection of DNA in immune cells is in some

way related to the immunomodulatory effects of carotenoids.

IV. CAROTENOID INTAKE, IMMUNE FUNCTION,
AND CANCER RISK

The now well-reported failure of three major intervention trials to show a

protective effect of b-carotene in the prevention of lung cancer (46–48), with

two of the studies showing a statistically significant increase in lung cancer

in smokers receiving b-carotene supplementation, was initially a surprising

disappointment to study participants, investigators, supplement manufacturers,

and researchers in the area. In addition to impacting on the health of smokers

involved in these studies, the negative effects have also had an impact on the

availability of funds to undertake further studies on the health effects of this

compound. The mechanism for the increased lung cancer risk associated with the

supplementation is unclear, but several suggestions have been made. Since the

participants in these studies could be classified as “high risk” for developing lung

cancer (long-term smokers or individuals previously exposed to asbestos), it is

possible that many of them had undetected tumors prior to the commencement

of supplementation. The stage (or stages) of carcinogenesis against which

b-carotene might be effective is unclear, but if the effect is mediated via the

immune system it is likely to occur during the promotional stages preceding the

formation of a malignant tumor. A recent analysis of the Cancer Prevention Study

II, a prospective mortality study of more than 1 million U.S. adults, investigated

the effects of supplementation with multivitamins and/or vitamins A, C, and/or

E on mortality during a 7-year follow-up period. The use of a multivitamin plus

vitamins A, C, and/or E significantly reduced the risk of lung cancer in former
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smokers and in never-smokers, but increased the risk of lung cancer in persistent

smokers in men who had used a multivitamin plus vitamins A, C, and/or E,

compared with men who had reported no vitamin supplement use. Interestingly,

in this study, no association with smoking was seen in women (49).

A major unresolved dilemma of research into b-carotene is what intake is

required to help optimize immune function and provide other health benefits?

One of the most likely causes of the failure of the prospective studies is the level

of supplementation provided. Most studies of this compound have been

undertaken at levels that are not achievable within a normal healthy diet and that

are certainly above the intakes associated with benefits in the epidemiological

studies. Several authors have suggested that supradietary levels of b-carotene

may exhibit pro-oxidant activity, particularly in the presence of high oxygen

tensions, as occurs in the lungs (reviewed in 50). It is still unclear whether

different intakes are associated with different outcomes or, in mechanistic

studies, with different effects on various aspects of immune function. Ongoing

clinical trials, such as the Physicians’ Health Study II, may provide more insight

into the effects of b-carotene supplementation, good or bad.

Of course, the probability remains that the apparent protection of

consuming a diet rich in fruits and vegetables is the result of a multifactorial

effect of a number of components of these foods. In support of this, two of the

prospective studies mentioned above found that higher plasma b-carotene

concentrations upon entry into the trials, resulting from dietary consumption as

opposed to taking supplements, were associated with a lower risk of lung

cancer (51). This emphasizes the need for more studies investigating the effects

of enriching the diet with carotenoids in real foodstuffs rather than by

supplementation, as is discussed elsewhere in this volume.

V. CONCLUSIONS

Since the immune system is critically dependent on accurate cell–cell

communication in order to mount an immune response, immune cell integrity

is essential. It is thought that carotenoids might help to maintain this integrity,

reducing the damage caused by ROS to cell membranes and their associated

receptors, as well as modulating immune cell function by influencing the activity

of redox-sensitive transcription factors and the production of cytokines and

prostaglandins. However, the results of the prospective studies with b-carotene in

smokers remind us that caution must still be taken in making recommendations

regarding the taking of supplements that provide a greater intake than can be

achieved by eating a diet rich in fruits and vegetables. Further research needs to

be undertaken to examine the interaction between different carotenoids, and

indeed between combinations of carotenoids and other antioxidant nutrients such
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as vitamin E and dietary flavonoids, and to establish the levels of intake required

to optimize immune responsiveness in different sectors of the population (e.g.,

the elderly, cigarette smokers). In the “post genomic” era, using the new

technologies available in genomics, proteomics, and metabolomics, we can hope

to see major advances in our understanding both of the influence of carotenoids

on human immune function and of the way that different genotypes within

the population respond to dietary intakes of these compounds. In addition,

further studies should be undertaken to compare the effects observed following

enrichment of the diet with antioxidants via real foodstuffs with those seen

following dietary supplementation using pills or capsules, since these real foods

undoubtedly contain beneficial compounds that we have yet to discover.

ACKNOWLEDGMENT

This work was supported by the Biotechnology and Biological Sciences Research

Council of the United Kingdom.

REFERENCES

1. Drew B, Leeuwenburgh C. Aging and the role of reactive nitrogen species. Ann NY

Acad Sci 2002; 959:66–81.

2. Baker KR, Meydani M. Beta-carotene in immunity and cancer. J Optim Nutr 1994;

3:39–50.

3. Gruner S, Volk HD, Falck P, Baehr RV. The influence of phagocytic stimuli on the

expression of HLA-DR antigens; role of reactive oxygen intermediates. Eur J

Immunol 1986; 16:212–215.

4. Anderson R. Antixidant nutrients and prevention of oxidant-mediated diseases.

In: Bendich A, Deckelbaum RJ, eds. Preventive Nutrition. 2d ed. Totowa, NJ:

Humana Press, 2001:293–306.

5. Bendich A. Beta-carotene and the immune response. Proc Nutr Soc 1991;

50:263–274.

6. Green HN, Mellanby E. Carotene and vitamin A: the anti-infective action of

carotene. Br J Exp Pathol 1930; 11:81–89.

7. Clausen SW. Carotenemia and resistance to infection. Trans Am Pediatr Soc 1931;

43:27–30.

8. Lingen C, Ernster L, Lindberg O. The promoting effect of lycopene on the non

specific resistance of animals. Exp Cell Res 1959; 16:384–393.

9. Peto R, Doll R, Buckley JD, Sporn MB. Can dietary beta-carotene materially reduce

human cancer rates? Nature 1981; 290:201–208.

10. Bendich A, Shapiro SS. Effect of beta-carotene and canthaxanthin on the immune

responses of the rat. J Nutr 1986; 116:2254–2262.

514 Hughes

Copyright © 2004 by Marcel Dekker, Inc.



11. Kobayashi T, Iijima K, Mitamura T, Toriizuka K, Cyong JC, Nagasawa H. Effects of

lycopene, a carotenoid, on intrathymic T cell differentiation and peripheral CD4/
CD8 ratio in a high mammary tumor strain of SHN retired mice. Anticancer Drugs

1996; 7:195–198.

12. Vainio H, Rautalahti M. An international evaluation of the cancer preventive

potential of carotenoids. Cancer Epidemiol Biomark Prev 1998; 7:725–728.

13. Fernandes-Carlos T, Riondel J, Glise D, Guiraud P, Favier A. Modulation of natural

killer cell functional activity in athymic mice by beta-carotene, oestrone and their

association. Anticancer Res 1997; 17:2523–2527.

14. Shklar G, Schwartz J. Tumor necrosis factor in experimental cancer regression with

alpha-tocopherol, beta-carotene, canthaxanthin and algae extract. Eur J Cancer Clin

Oncol 1988; 24:839–850.

15. Schwartz JL, Shklar G. A cyanobacteria extract and beta-carotene stimulate

an antitumor host response against an oral cancer cell. Phytother Res 1989;

3:243–248.

16. Akyon Y. Effect of antioxidants on the immune response of Helicobacter pylori. Clin

Microbiol Infect 2002; 8:438–441.

17. Wang X, Willen R, Wadstrom T. Astaxanthin-rich algal meal and vitamin C inhibit

Helicobacter pylori infection in BALB/cA mice. Antimicrob Agents Chemother

2000; 44:2452–2457.

18. Lindholm C, Quiding-Jarbrink M, Lonroth H, Hamlet A, Svennerholm AM. Local

cytokine response in Helicobacter pylori-infected subjects. Infect Immun 1998;

66:5964–5971.

19. Bennedsen M, Wang X, Willen R, Wadstrom T, Andersen LP. Treatment of H. pylori

infected mice with antioxidant astaxanthin reduces gastric inflammation, bacterial

load and modulates cytokine release by splenocytes. Immunol Lett 1999;

70:185–189.

20. Rivers JK, Norris PG, Murphy GM, Chu AC, Midgley G, Morris J, Morris RW,

Young AR, Hawk JL. UVA sunbeds: tanning, photoprotection, acute adverse effects

and immunological changes. Br J Dermatol 1989; 120:767–777.

21. Fuller CJ, Faulkner H, Bendich A, Parker RS, Roe DA. Effect of beta-carotene

supplementation on photosuppression of delayed-type hypersensitivity in normal

young men. Am J Clin Nutr 1992; 56:684–690.

22. Herraiz LA, Hsieh WC, Parker RS, Swanson JE, Bendich A, Roe DA. Effect of UV

exposure and beta-carotene supplementation on delayed-type hypersensitivity

response in healthy older men. J Am Coll Nutr 1998; 17:617–624.

23. Gollnick PM, Hopfenmuller W, Hemmes C, Chun SC, Schmid C, Sundermeier K,

Biesalski HK. Systemic beta-carotene plus topical UV-sunscreen are an optimal

protection against harmful effects of natural UV-sunlight: results of the Berlin–

Eilath study. Eur J Dermatol 1996; 6:200–205.

24. Lesourd B, Mazari L. Nutrition and immunity in the elderly. Proc Nutr Soc 1999;

58:685–695.

25. Watson RR, Prabhala RH, Plezia PM, Alberts DS. Effect of beta-carotene on

lymphocyte subpopulations in elderly humans: evidence for a dose-response

relationship. Am J Clin Nutr 1991; 53:90–94.

Carotenoids and Immune Responses 515

Copyright © 2004 by Marcel Dekker, Inc.



26. Murata T, Tamai H, Morinobu T, Manago M, Takenaka H, Hayashi K, Mino M.

Effect of long-term administration of beta-carotene on lymphocyte subsets in

humans. Am J Clin Nutr 1994; 60:597–602.

27. Fryburg DA, Mark RJ, Griffith BP, Askenase PW, Patterson TF. The effect of

supplemental beta-carotene on immunological indices in patients with AIDS: a pilot

study. Yale J Biol Med 1995; 68:19–23.

28. Santos MS, Leka LS, Ribaya-Mercado JD, Russell RM, Meydani M, Hennekens CH,

Gaziano JM, Meydani SN. Short- and long-term beta-carotene supplementation do

not influence T cell-mediated immunity in healthy elderly persons. Am J Clin Nutr

1997; 66:917–924.

29. Santos MS, Meydani SN, Leka L, Wu D, Fotouhi N, Meydani M, Hennekens CH,

Gaziano JM. Natural killer cell activity in elderly men is enhanced by beta-carotene

supplementation. Am J Clin Nutr 1996; 64:772–777.

30. Bach FH. Class II genes and products of the HLA-D region. Immunol Today 1985;

6:89–94.

31. Janeway CA, Bottomly K, Babich J, Conrad P, Conzen S, Jones B, Kaye J, Katz M,

McVay L, Murphy DB, Tite J. Quantitative variation in Ia antigen expression plays a

central role in immune regulation. Immunol Today 1984; 5:99–104.

32. Springer TA. Adhesion receptors of the immune system. Nature 1990; 346:425–434.

33. Hughes DA, Wright AJA, Finglas PM, Peerless ACJ, Bailey AL, Astley SB, Pinder AC,

Southon S. The effect of beta-carotene supplementation on the immune function of

blood monocytes from healthy male non-smokers. J Lab Clin Med 1997; 129:309–317.

34. Halevy O, Sklan D. Inhibition of arachidonic acid oxidation by beta-carotene, retinol

and alpha-tocopherol. Biochim Biophys Acta 1987; 918:304–307.

35. Fawzi W, Herrera MG, Nestel P. Tomato intake in relation to mortality and

morbidity among sudanese children. J Nutr 2000; 130:2537–2542.

36. Hughes DA, Wright AJ, Finglas PM, Polley AC, Bailey AL, Astley SB, Southon S.

Effects of lycopene and lutein supplementation on the expression of functionally

associated surface molecules on blood monocytes from healthy male nonsmokers.

J Infect Dis 2000; 182(suppl 1):S11–S15.

37. Paetau I, Khachik F, Brown ED, Beecher GR, Kramer TR, Chittams J, Clevidence BA.

Chronic ingestion of lycopene-rich tomato juice or lycopene supplements

significantly increases plasma concentrations of lycopene and related tomato

carotenoids in humans. Am J Clin Nutr 1998; 68:1187–1195.

38. Gerster H. The potential role of lycopene for human health. J Am Coll Nutr 1997;

16:109–126.

39. Clinton SK, Emenhiser C, Schwartz SJ, Bostwick DG, Williams AW, Moore BJ,

Erdman JW Jr. Cis-trans lycopene isomers, carotenoids, and retinol in the human

prostate. Cancer Epidemiol Biomark Prev 1996; 5:823–833.

40. Yemelyanov AY, Katz NB, Bernstein PS. Ligand-binding characterization of

xanthophyll carotenoids to solubilized membrane proteins derived from human

retina. Exp Eye Res 2001; 72:381–392.

41. Corridan BM, O’Donoghue M, Hughes DA, Morrissey PA. Low-dose supplemen-

tation with lycopene or beta-carotene does not enhance cell-mediated immunity in

healthy free-living elderly humans. Eur J Clin Nutr 2001; 55:627–635.

516 Hughes

Copyright © 2004 by Marcel Dekker, Inc.



42. Watzl B, Bub A, Blockhaus M, Herbert BM, Luhrmann PM, Neuhauser-Berthold M,

Rechkemmer G. Prolonged tomato juice consumption has no effect on cell-mediated

immunity of well-nourished elderly men and women. J Nutr 2000; 130:1719–1723.

43. Watzl B, Bub A, Brandstetter BR, Rechkemmer G. Modulation of human

T-lymphocyte functions by the consumption of carotenoid-rich vegetables. Br J Nutr

1999; 82:383–389.

44. Pool-Zobel BL, Bub A, Muller H, Wollowski I, Rechkemmer G. Consumption of

vegetables reduces genetic damage in humans: first results of a human intervention

trial with carotenoid-rich foods. Carcinogenesis 1997; 18:1847–1850.

45. Riso P, Pinder A, Santangelo A, Porrini M. Does tomato consumption effectively

increase the resistance of lymphocyte DNA to oxidative damage? Am J Clin Nutr

1999; 69:712–718.

46. The Alpha-tocopherol Beta-carotene Cancer Prevention Study Group. The effect of

vitamin E and beta-carotene on the incidence of lung cancer and other cancers in

male smokers. N Engl J Med 1994; 330:1029–1035.

47. Hennekens CH, Buring JE, Manson JE, Stampfer M, Rosner B, Cook NR, Belanger C,

LaMotte F, Gaziano JM, Ridker PM, Willett W, Peto R. Lack of effect of long term

supplementation with beta carotene on the incidence of malignant neoplasms and

cardiovascular disease. N Engl J Med 1996; 334:1145–1149.

48. Omenn GS, Goodman GE, Thornquist MD, Balmes J, Cullen MR, Glass A, Keogh JP,

Meyskens FL, Valanis B, Williams JH, Barnhart S, Hammar S. Effects of a

combination of beta carotene and vitamin A on lung cancer and cardiovascular

disease. N Engl J Med 1996; 334:1150–1155.

49. Watkins ML, Erickson JD, Thun MJ, Mulinare J, Heath CW, Jr. Multivitamin use

and mortality in a large prospective study. Am J Epidemiol 2000; 152:149–162.

50. Palozza P. Prooxidant actions of carotenoids in biological systems. Nutr Rev 1998;

56:257–265.

51. McDermott JH. Antioxidant nutrients: current dietary recommendations and

research update. J Am Pharm Assoc 2000; 40:785–799.

Carotenoids and Immune Responses 517

Copyright © 2004 by Marcel Dekker, Inc.



24
Therapeutic Uses of Carotenoids in
Skin Photosensitivity Diseases

Micheline M. Mathews-Roth
Harvard Medical School and Brigham and Women’s Hospital, Boston,
Massachusetts, U.S.A.

One of the functions of carotenoid pigments in green plants and photosynthetic

microorganisms is to protect these organisms against photosensitization by their

own chlorophyll. The author used this protective function of carotenoids to

develop a treatment for the photosensitivity associated with the rare genetic

disease erythropoietic protoporphyria (EPP). How this treatment was developed,

as well as the use of carotenoids in the management of EPP and certain other

photosensitivity diseases of the skin, will be reviewed here.

I. STUDIES OF CAROTENOID PROTECTIVE FUNCTIONS
IN BACTERIA

Sistrom et al. (1) found that when the wild type of the photosynthetic bacterium,

Rhodospirillum spheriodes, and a mutant of this bacterium that lacked colored

carotenoids were grown in the presence of light and air, the mutant was killed, but

the wild type, with its normal component of carotenoid pigments, survived.

They showed that the cells’ bacteriochlorophyll was responsible for the lethal

photosensitization of the mutant, that both oxygen and light were necessary

for the destructive reaction to occur, and that the carotenoid pigments were

functioning as protective agents against this lethal photosensitization. Their

findings that carotenoids can protect against chlorophyll photosensitization have

been confirmed in other strains of photosynthetic bacteria, as well as in algae and

green plants (2).
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The nonphotosynthetic bacterium Corynebacterium poinsettiae contains

colored carotenoid pigments. Kunisawa and Stanier (3) found that a mutant of

this organism that lacked the colored carotenoids is killed in the presence of the

exogenous photosensitizer toluidine blue, light, and air, whereas the wild type

with its colored pigments was not affected by this exposure. They could not

demonstrate the presence of an endogenous photosensitizer in this organism.

Sistrom and I (4,5) showed that nonphotosynthetic carotenoid-containing

bacteria do indeed contain endogenous photosensitizers. When we exposed the

wild type and a colorless mutant of Sarcina lutea, another nonphotosynthetic

carotenoid-containing organism, to natural sunlight in air for 4 h, we found that,

at these high light intensities with no added photosensitizer, the mutant was killed

and the wild type was not, and that, here also, oxygen was needed for killing to

occur. Other workers have since confirmed the protective function of carotenoid

pigments in nonphotosynthetic bacteria (6).

II. A CLINICAL APPLICATION?

Since carotenoid pigments can prevent photosensitization by porphyrins, it

seemed to the author that perhaps the administration of carotenoid pigments

could prevent photosensitization in patients with diseases in which the photo-

sensitizer had some resemblance to the endogenous photosensitizer in plants,

such as those porphyrias characterized with symptoms of light sensitivity,

where the excess porphyrins produced by the genetic defect are similar to the

porphyrin group of chlorophyll. Preliminary studies in porphyria patients done in

the summer of 1961 with Dr. L. C. Harber at New York University School of

Medicine suggested that the onset of erythema to artificial light could be delayed

by the oral administration of b-carotene. A search of the literature up to that time

revealed that Kesten (7) had been able to delay the onset of erythema in a patient

with urticaria solare, a disease whose photosensitizer is unknown, with the use of

b-carotene.

III. STUDIES IN ANIMALS

It was necessary to develop an animal model to test more thoroughly the

hypothesis that carotenoids could protect against photosensitization. Eighteen to

24 h before light exposure, a suspension of 3 mg of b-carotene in Tween-80 (8)

or the equivalent volume of Tween-80 alone was administered intraperitoneally

to groups of mice. Just prior to light exposure, every mouse in both groups

received 1 mg of hematoporphyrin derivative (9) intraperitoneally. Significantly

more animals that receivedb-carotene survived the treatment with hematoporphyrin
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and light than did those that had not received b-carotene (10). Thus, b-carotene

was effective in preventing the lethal photosensitivity induced by injection of

hematoporphyrin and exposure to visible light in mice.

IV. CLINICAL STUDIES OF A HUMAN PHOTOSENSITIVITY
DISEASE

The successful photoprotection studies in animals suggested that we should

determine if the administration of b-carotene could prevent or reduce photo-

sensitivity in patients. The disease chosen for study was EPP. In EPP, ferro-

chelatase, the enzyme that inserts iron into protoporphyrin to make heme, is

defective, resulting in the accumulation of protoporphyrin in blood and other

tissues. Leakage of protoporphyrin from blood cells leads to a cascade of

reactions resulting in itching, burning, and ulceration of skin on exposure to

visible light (11).

The first patient with EPP who was treated, a 10-year-old girl, could

tolerate only brief exposures to sunlight. Exposure to a carbon arc lamp

(340–640 nm) produced erythema in 2 min. In June 1968, she was given a

preparation of concentrated carrot oil in doses approximately equivalent to 30 mg

b-carotene per day. After a month of carrot oil ingestion, she could tolerate at

least 30 min of carbon arc light and more than 1 h of natural sunlight. By the

middle of the summer she could play outdoors in the afternoon without

experiencing any symptoms of photosensitivity. In the summer of 1969, she

and two other patients were given b-carotene in the form of 10% b-carotene

“beadlets” (Hoffman-La Roche). Here also, all three were found to have

improved tolerance to sunlight exposure (12,13). In 1970, the author set up a

collaborative study to include all the patients of Dr. Harber and those of other

physicians who had contacted us concerning the use of b-carotene since the

published report of our first three cases. By the summer of 1975, we had treated

133 patients suffering from EPP with b-carotene, using a standard protocol

adhered to by all participating physicians (14,15). In July 1975, the U.S. Food and

Drug Administration (FDA) approved the use of b-carotene for the management

of EPP and we terminated the collaborative study at that time.

In the collaborative study we used the following starting dosage schedule

for b-carotene (14,15) and we still recommend it today:

1–4 years of age: 60–90 mg/day

5–8 years of age: 90–120 mg/day

9–12 years of age: 120–140 mg/day

13–15 years of age: 150–180 mg/day

16 years and older: 180 mg/day
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The average dose for the patient’s age should be administered for 4–6 weeks,

and the patient should be instructed not to increase sun exposure either for 4

weeks or until some yellow discoloration of the skin, especially of the palms of

the hand, is noted. Then exposure can be increased cautiously and gradually

until the patient determines the limits of exposure to light that can be tolerated

without the development of symptoms. If the degree of protection is not

sufficient, the daily dose of carotene should be increased by 30–60 mg per day

for children younger than 16, and up to a total of 300 mg per day for those older

than 16. If after 3 months of therapy at these higher doses (blood carotene levels

should reach at least 800 mg/dL) no significant increase in tolerance to sunlight

exposure has occurred, it can be concluded that b-carotene therapy will not be

effective for that patient, and the medication should be discontinued. We found

that 84% of the patients increased by a factor of 3 or more their ability to tolerate

sunlight exposure without the development of symptoms (14,15). On average, it

took between 1 and 2 months for the patients who received benefit from carotene

therapy to notice increased tolerance to sun exposure. The majority of patients

reported that with b-carotene therapy they could engage in outdoor activities that

they were unable to do before therapy started. Children who previous to carotene

therapy could not play outdoors to any great extent could now spend hours

outside with their friends. Many patients stated that they were able to develop a

suntan for the first time in their lives, some feeling that the acquisition of the tan,

plus the b-carotene, added to their protection from the sun’s effects. The majority

of the patients noted that while they were taking b-carotene, reactions from the

sun that did occur were less severe in intensity and duration than before therapy,

and that they also developed fewer cutaneous lesions during their increased

exposure time.

We found that the patients’ blood and stool porphyrin levels were not

affected by the ingestion of large amounts of b-carotene. Thus, treatment with

b-carotene ameliorates photosensitivity in EPP but has no effect on the bio-

chemical lesion in this disease.

Because of the difficulties in the subjective evaluation of therapeutic effect

and of setting up a controlled double-blind study in the particular case of

b-carotene and EPP, we decided to use phototesting with polychromatic light

from 380 to 560 nm (as opposed to monochromatic light) as an objective measure

of clinical improvement. Using exposure to xenon arc lamp under the conditions

we have developed (14,16), we found that tolerance to xenon arc light exposure

increased in those patients who reported benefit from b-carotene therapy, but

no increased tolerance to this radiation has been found in patients reporting no

improvement. Other workers have also noted increased tolerance to polychro-

matic xenon arc light after treatment with b-carotene (17,18). Thus, phototest-

ing with polychromatic xenon arc light can serve as an objective method of

determining improvement in tolerance to light.
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V. CONFIRMATION OF RESULTS

In previous reviews (19–23) I list 63 studies, and here I list two additional studies

(24,25) reporting increases in tolerance to sunlight in a majority of patients with

EPP treated with high doses of b-carotene, either alone or in combination with

canthaxanthin, another naturally occurring carotenoid pigment. In some of these

series, as well as in other reports (26–30), there are patients who do not benefit

from carotenoid therapy, in spite of adequate pigment dosage. This is most likely

due to either poor absorption of pigment, or the use of a b-carotene preparation

with low bioavailability, or the patient having markedly elevated blood porphyrin

levels. One controlled study of b-carotene therapy in EPP reported little or no

improvement in the subjects’ photosensitivity (31); unfortunately, these workers

used a lower dosage of b-carotene than we had recommended as effective. Later,

some of the patients from this unsuccessfully treated study were given higher

doses of b-carotene by another investigator, and the patients noted some

increased tolerance to sun while taking the higher dose (32). These results

emphasize the importance, as mentioned above, of individualizing dosage to each

patient and increasing the dose until the patient reports some improvement. The

problem of individualizing treatment is especially important to the conduct of a

controlled trial and makes double-blinded designs almost impossible. At a

minimum, such trials should use a dose of b-carotene large enough to produce

amelioration of symptoms in the majority of patients (a minimal period of 3

months’ treatment at doses giving blood levels of at least 800 mg/dL; for adults at

least 180 mg/day of b-carotene should be given). As also mentioned, another

important factor is the form of b-carotene used; we recommend the use of the

Roche 10% b-carotene beadlets (Lumitene, Tishcon), as this preparation has the

high level of bioavailability necessary to deliver the elevated blood levels of b-

carotene needed for effective photoprotection. In summary, in spite of the

occasional treatment failure, from our results and those of the other workers listed

above it can be concluded that b-carotene, when administered in sufficiently high

doses and using the bioavailable “beadlet” preparation, can be effective in

ameliorating photosensitivity in most patients with EPP.

VI. CAROTENOID USE IN OTHER PHOTOSENSITIVITY
DISEASES

Since b-carotene appeared to be effective in preventing photosensitivity in EPP,

it seemed logical to determine if it could be an effective treatment for other

photosensitivity diseases. We reported previously (23) that there have been nine

reports of some success in treating with carotenoids patients suffering from

congenital porphyria (Gunther’s disease). New lesions were significantly
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decreased in number and severity, and the patients have been somewhat able to

increase their sun exposure. In most cases, other treatment modalities, such as

transfusions, and meticulous management of skin infections must continue.

As we also reported (23), several groups, including the author’s, have used

carotenoids to prevent photosensitivity in polymorphic light eruption. Reports of

improvement range from one-third to two-thirds of patients tolerating light

exposure without developing new lesions. Usually, sunscreens had also to be

used to get a beneficial effect from carotenoid intake; sunscreens by themselves

did not provide relief for these patients.

Several studies reported that carotenoid treatment was effective in the

photosensitivity diseases porphyria cutanea tarda, porphyria variegata, actinic

reticuloid, solar urticaria, and hydroa aestivale; however, other studies found

carotenoids to be ineffective (23). We would recommend trying b-carotene in

these conditions only after the treatment modalities used in these conditions

have failed or to enhance their effectiveness if they are having minimal

effect.

VII. HOW DO CAROTENOIDS PROTECT AGAINST SKIN
PHOTOSENSITIZATION?

Other chapters discuss in detail the various chemical and physical reactions

carotenoids can undergo. Some of these are involved in the mechanism of

photoprotection. Krinsky (2) suggested four possible ways that carotenoid

pigments could exert their protective functions: 1) a filter system in the cell

envelope to filter out potentially harmful light; 2) systems that can interact with

and quench photosensitizer triplet states; 3) systems that can serve as preferred

substrates for photosensitized oxidations; and 4) systems that can stabilize

membranes or repair damaged membranes. Since that time, additional evidence

has indicated that only the second suggested mechanism, now extended to

include quenching of singlet oxygen by carotenoids, seems to be significantly

associated with the pigments’ protective function (6). Mechanism (a) may have

some function in certain plants, although it may not be the sole explanation for

the pigments’ protective effects in these organisms. This mechanism is also

unlikely to be involved in carotenoid protection in humans, as the amounts

deposited in skin are not sufficient to act as a physical sunscreen (33,34). In

addition, the photoprotective effect of the carotenoids seems to be independent of

their absorption spectrum. The findings in photosynthetic organisms that led

to the suggestion of mechanism (c) by several groups of workers are thought to

be connected with reactions involved with photosynthesis rather than with

the protective function of carotenoids (6). The author and Krinsky showed that
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the presence of carotenoids does not seem to be involved with membrane stability

in Sarcina lutea (35), thus suggesting that mechanism (d) may not be of wide

significance in the protective function of carotenoids.

Thus it would seem that the quenching of excited species is the most widely

applicable mechanism for the carotenoids’ protective effects. Since the first

demonstration of the ability of carotenoids to quench the triplet state of

chlorophyll (36) and to quench singlet oxygen (37), many workers, including

ourselves, have confirmed that porphyrins form these excited species when

illuminated, and that carotenoids can quench them.

Studies on the photoprotective action of carotenoids at the cellular level

have also been performed. Using a method of detecting photochemical reactions

in epidermis, the author has shown that the carotenoids present in the skin of mice

made porphyric by the ingestion of collidine, and also receiving supplementation

of either b-carotene or canthaxanthin, could quench photochemical reactions

occurring in isolated epidermis (38). In nonporphyric mice supplemented with

either of these carotenoids, or with the colorless carotenoid phytoene, the

pigments could also quench excited species formed in skin on exposure to UVB

(290–320 nm) radiation (39). Although more work needs to be done to determine

the actual molecular mechanisms of photosensitization and photoprotection in

humans, it is conceivable that carotenoids prevent the porphyrin-induced per-

oxidation and lipid oxidation of cellular components of endothelial and immune

system cells, thereby preventing the release of mediators that give rise to

the symptoms associated with photosensitization in EPP and possibly other

photosensitivity diseases.

VIII. LACK OF TOXICITY OF CAROTENOIDS IN EPP

The most predominant side effect of carotenoid therapy is carotenodermia, which

is most obvious on the palms of the hands and the soles of the feet of people

ingesting large amounts of carotenoids, but is only occasionally seen on other

parts of the body. This condition disappears within a few weeks after b-carotene

intake stops.

We found no abnormalities in blood chemistry or hematology tests that

could be attributed to b-carotene intake, nor has it been reported by other

workers. A review of the literature found only one instance of any biochemical

abnormalities reported from b-carotene use in EPP. Warren and George (40)

report that a patient who, starting at age 11 years, was treated with b-carotene

alone, then with a mixture of b-carotene and canthaxanthin, and then again with

b-carotene alone, was found on routine liver function tests after about 9 years

of carotenoid treatment to have an elevated aspartate transaminase (AST) level,

but his bilirubin level and other enzyme levels remained within normal limits.
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Withdrawal of b-carotene brought the AST back to normal; readministration

again caused the AST elevation. Unfortunately, the authors did not state which

brand of b-carotene was used at the time the abnormality was found, or if there

had been a change in brand used during the period of b-carotene administration,

or even if the patient had started taking any other medications, or possibly

drinking alcoholic beverages, around the time that the abnormality was

discovered. Apparently the b-carotene caused no serious damage, as all liver

chemistries including AST remained within normal limits for at least the five

years of follow-up covered by this paper (40).

Some patients report gastrointestinal disturbances when they first start

taking supplemental b-carotene. Usually these discomforts clear up spon-

taneously, but some patients require that the dose be lowered. On very rare

occasions, a patient may have to stop b-carotene intake to obtain relief.

As discussed elsewhere in this book, carotenoids, including b-carotene,

have been investigated for anticancer activity. During the course of two placebo-

controlled intervention trials of b-carotene and lung cancer prevention in

high-risk individuals (heavy smokers, some of whom were also asbestos workers

and heavy drinkers) the group randomized to b-carotene intake had an increase in

lung cancer rate as compared with placebo (41,42). However, in another large

intervention trial studying b-carotene prevention of all cancers, no increase in

any kind of cancer was found in the group taking b-carotene (43). It is possible

that alcohol or cigarette smoke may have been a factor in generating some kind of

toxic product. Studies by Lieber’s group (44) suggest that ethanol reacts with

b-carotene and vitamin A (which was also given in one of the cancer studies but

not by us), and that smoking can exacerbate this, which may explain why the

increase in lung cancers developed in the smokers’ study. As we and others

have found in EPP patients, b-carotene intake does not seem to pose a risk to

people who do not smoke and drink in excess. In fact, people with EPP are

warned not to drink, or take medications and hormones, including estrogen and

testosterone, which cause cholestasis, as such intake can increase their risk of

developing potentially fatal liver disease caused by the excess protoporphyrin

which accumulates in their livers.

Canthaxanthin, which has been used in conjunction with b-carotene in

Europe, is also effective in preventing photosensitivity, but ingestion of large

doses leads to the deposition of pigmented granules in the retinas of

some patients, which occasionally may have some effect on night vision (45).

The granules have been found to disappear several months after cessation of

canthaxanthin ingestion, with return of any visual changes to normal (45). No

such granules seem to form from b-carotene ingestion (46). It should be noted

that canthaxanthin, although approved by the FDA as a food coloring agent,

has not been approved for use as a therapeutic agent for EPP, or for other

indications.
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IX. SUMMARY

Studies in bacteria, animals, and humans have demonstrated that carotenoid

pigments can prevent or reduce skin photosensitivity by endogenous photo-

sensitizers such as chlorophyll or porphyrins, as well as by exogenous photo-

sensitizers such as dyes (e.g., toluidine blue) or porphyrin derivatives. The

carotenoids b-carotene and canthaxanthin have been found very effective in

the treatment of the photosensitivity associated with EPP and to a lesser extent in

the management of certain other photosensitivity diseases. No serious toxicity has

been reported as a result their use, although canthaxanthin is not recommended

because of its propensity to form retinal granules. The pigments most likely

perform their protective function by quenching excited species formed by the

interaction of porphyrins or other photosensitizers, light and air, thereby

preventing the cellular damage that leads to the symptoms of photosensitivity.
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Cigarette Smokers and Heavier
Drinkers
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I. INTRODUCTION

As reviewed in detail elsewhere in this volume, abundant epidemiological evidence

supports an association between reduced risk of cancer, particularly lung

cancer, and higher b-carotene and other carotenoid intake, or higher carotenoid

biochemical status. The observed associations are relatively strong and consistent,

and led to the initiation and conduct of controlled intervention trials of b-carotene

supplementation beginning in the 1980s. The latter studies did not substantiate a

protective role for b-carotene supplementation in cancer but instead demonstrated

relatively small adverse effects of b-carotene supplementation on cancer incidence

and mortality in cigarette smokers. Increased cancer risk was also observed

among heavier drinkers in some of the trials. Subsequent experimental evidence

supported the trial findings, particularly with respect to a harmful interaction

between b-carotene supplementation and tobacco smoke, and provided important

leads regarding the biological mechanisms through which b-carotene acted.

This chapter reviews the original controlled trial data regarding the adverse

effects of b-carotene supplementation among smokers and heavier drinkers, and

outlines the experimental data that may explain the trial findings. As the majority

of relevant investigations relate to lung carcinogenesis, we focus on this cancer

site and refer to observed interactions with other end points.
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II. TRIALS OF b-CAROTENE SUPPLEMENTATION: EVIDENCE
OF INTERACTIONS WITH CIGARETTES AND ALCOHOL

The results of several supplementation trials of b-carotene provide evidence for

adverse effects in cigarette smokers and heavier drinkers (Table 1). Such effects

were apparent in the Skin Cancer Prevention Study that tested b-carotene

supplementation (50 mg/day) in 1805 patients with a previous basal cell or

squamous cell skin cancer (1). Following 5 years of intervention, the occurrence

of first new nonmelanoma skin cancer did not differ significantly by intervention

arm [relative risk (RR) for the b-carotene arm ¼ 1.05; 95% confidence interval

(CI): 0.91–1.22]. However, evaluation of the intervention effect across sub-

groups of the population revealed a marginally significant 44% risk elevation

for those supplemented with b-carotene who were current smokers, with no

b-carotene effect in nonsmokers and former smokers. This finding of a b-

carotene–smoking interaction was recently reported by the investigators as being

statistically significant (p ¼ 0.04) (2).

Adverse interactions between b-carotene supplementation and both

cigarette smoking and alcohol consumption in humans were first clearly

demonstrated in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention

(ATBC) Study. This randomized, double-blind, placebo-controlled trial of

29,133 male cigarette smokers in Finland tested the prevention of lung cancer and

other cancers through supplementation with a-tocopherol (50 mg/day) and

b-carotene (20 mg/day) for 5–8 years. The ATBC Study Group reported its initial

trial intervention findings in 1994 (3) and final lung cancer results in 1996 (4).

The data provided no evidence for benefit of b-carotene in the prevention of lung

or other cancers, but showed a 16% relative excess of lung cancer for the

b-carotene arm (482 versus 412 cases, 95% CI: 2–33% increase in incidence).

There were no other statistically significant increases in the incidence of other

cancers for the b-carotene arm, although there was a small excess of cases for

some sites including prostate and stomach. Overall mortality was also 8% higher

in the b-carotene arm (95% CI: 1–16%), and while no adverse interaction was

seen with alcohol, most of the excess mortality was observed among men who

smoked 20 cigarettes or more daily (RR ¼ 1.11; 95% CI: 1.01–1.16). More

detailed subgroup analyses showed that the relative risk of lung cancer for the

b-carotene arm was elevated primarily among smokers of 20 cigarettes or more

daily (RR ¼ 1.25; 95% CI: 1.07–1.46) compared with lighter smokers in whom

no adverse effect was evident (RR ¼ 0.97; 95% CI: 0.76–1.23) (Table 1). There

was no further dose–response within the 20þ cigarettes category, and the

overall test for trend of the b-carotene intervention effect across smoking

categories was not statistically significant (p ¼ 0.15) (4). The effect of b-carotene

supplementation on lung cancer risk also increased with alcohol consumption.

Among men who drank at least 11 grams of ethanol (or slightly less than one
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Table 1 Intervention Trials of Supplemental b-Carotene (Alone or in Combination with Other Micronutrients) in

Which Modification by Cigarette Smoking and/or Alcohol Consumption Was Observed

Trial Intervention End point

Smoking and/or
drinking status

Multivariate RR

(95% CI)a p interaction

Skin Cancer Prevention b-carotene Nonmelanoma skin Nonsmoker 0.97 (0.82–1.15) 0.04b

Study (1) (50 mg/d)
or placebo

cancer (incidence) Current smoker 1.44 (0.99–2.09)

Alpha-Tocopherol, b-carotene Lung cancer 5–19 cigs/d 0.97 (0.76–1.23) 0.15

Beta-Carotene (20 mg/d), alone (incidence) 20–29 cigs/d 1.25 (1.07–1.46)

Cancer Prevention or in combination �30 cigs/d 1.28 (0.97–1.70)

(ATBC) Study (4) with vitamin E,
,11 g ethanol/d 1.03 (0.85–1.24) 0.05

or placebo
�11 g ethanol/d 1.35 (1.01–1.81)

Beta-Carotene and

Retinol Efficacy Trial

(CARET) (6)

b-carotene

(30 mg/d) þ
retinyl palmitate

(25,000 IU/d)
or placebo

Lung cancer

(incidence)

Former smokerc

Current smokerc

Nondrinker

,Median alcohol

3rd-quartile

alcohol

0.80 (0.48–1.31)

1.42 (1.07–1.87)

1.07 (0.76–1.51)

1.71 (0.92–3.17)

0.79 (0.50–1.26)

0.03

0.01

4th-quartile

alcohol

1.99 (1.28–3.09)
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Table 1 Continued

Trial Intervention End point

Smoking and/or
drinking status

Multivariate RR

(95% CI)a p interaction

Antioxidant Polyp

Prevention

b-carotene

(25 mg/d), and/or
Colorectal

adenoma

Nonsmoker/
nondrinker

0.56 (0.35–0.89) 0.008 (BC �

smoke)

Study (2) vitamins C and E

in combination,

(recurrence) Smoker/nondrinker 1.36 (0.70–2.62) 0.022 (BC �

alc)

or placebo Drinker/nonsmoker 1.13 (0.89–1.43) 0.059 (BC �

smoke �

alc)

Smoker/drinker 1.33 (0.81–2.17)

Smoker/heavy
drinker

2.07 (1.39–3.08)

aRR (relative risk) and 95%CI (confidence interval) of active intervention to placebo. In ATBC, RR of b-carotene versus no b-carotene. In Antioxidant Polyp

Prevention Study, RR of b-carotene versus placebo, adjusted for supplementation with vitamins C and E.
bFrom Ref. 2.
cNon-asbestos-exposed.
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drink) daily, the b-carotene intervention relative risk was 1.35 (95% CI: 1.01–

1.81), compared to those with lower intake (RR ¼ 1.03; 95% CI: 0.85–1.24; p

value for interaction ¼ 0.05). Nondrinkers (11% of the men) showed a reduced

risk of lung cancer with b-carotene supplementation, although this was not

statistically significant (RR ¼ 0.93; 95% CI: 0.65–1.33). This pattern was

suggested for all alcoholic beverage types, and the b-carotene-alcohol interaction

was not altered by level of smoking.

The Beta-Carotene and Retinol Efficacy Trial (CARET) studied 18,314

men and women and provided similar evidence for increased lung cancer

incidence and total mortality resulting from its daily intervention of b-carotene

(30 mg) and retinyl palmitate (25,000 IU) (5). The study was similar to the ATBC

Study in that its population was at high risk for lung cancer, being composed of

both current (60%) and former (39%) heavy smokers, including asbestos-exposed

smokers (22%). After an average of 4 years of intervention, 388 lung cancers

developed, with a 28% increase in lung cancer incidence among participants who

received the b-carotene/retinyl palmitate combination daily compared with the

placebo arm. Overall mortality was also 17% higher in the supplemented group.

Subgroup analysis showed higher lung cancer risk elevations among the current

smokers (RR ¼ 1.42; 95% CI: 1.07–1.87) and in the highest quartile of alcohol

consumption (RR ¼ 1.99; 95% CI: 1.28–3.09), with both results representing

statistically significant modifications of the intervention effects (Table 1) (6). The

findings in the CARET therefore corroborated those in the ATBC Study, with

somewhat greater increases in lung cancer incidence and total mortality in the

intervention arm.

Until these results from the CARET were published in early 1996, the

ATBC Study findings were viewed cautiously. Thereafter, however, the

concordant data from the ATBC Study and CARET represented a striking

contradiction to the previous observational epidemiology and provided clear

evidence of adverse effects from b-carotene supplementation. Both the

ATBC Study and the CARET randomized persons at high risk for lung cancer

from cigarette smoking, asbestos exposure, or both, and very high serum

concentrations of b-carotene were achieved in response to the daily

supplementation. CARET differed from the ATBC Study in that it tested a

b-carotene–vitamin A combination and included women and both current and

former smokers as well as a large group of workers exposed to asbestos.

The Antioxidant Polyp Prevention Study randomized 864 men and women

with a previously removed colorectal adenoma to 25 mg/day of b-carotene

(alone or in combination with other micronutrients) or placebo, and showed

that the b-carotene intervention conferred no benefit or harm with respect to

adenoma recurrence (RR ¼ 1.01; 95% CI: 0.85–1.20) (2,7). Cigarette smoking

and alcohol consumption substantially modified the intervention effects for

this end point, with a significant 44% reduction in adenoma recurrence in the
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nonsmoking/nondrinking group, and a greater than twofold increase among

smokers who also consumed more than one alcoholic drink daily (Table 1) (2).

Nonsignificant increases in risk associated with the b-carotene supplement were

also observed in smokers/nondrinkers (RR ¼ 1.36) and drinkers/nonsmokers

(RR ¼ 1.13); each of these risk estimates was significantly different from the

effects in those who abstained from alcohol use and cigarette smoking (p value for

interaction for b-carotene–smoking ¼ 0.008 and for b-carotene–alcohol ¼ 0.02).

In the Carotene Prevention Trial, allocation of 264 patients with first

primary head or neck cancer to 50 mg/day of b-carotene or placebo for an

average of 4 years did not result in significantly reduced risks of local recurrence

and second primary cancers of the head and neck, esophagus, and lung (RR for

b-carotene versus placebo ¼ 0.90; 95% CI: 0.56–1.45) (8). Although the inter-

vention did not impact these events or overall mortality, there was significant

heterogeneity in survival distributions across four treatment groups defined by

intervention assignment and baseline smoking status (p ¼ 0.03). However, these

differences were largely driven by smoking. Site-specific analyses of second

primary tumors revealed an increased, albeit nonsignificant, risk of lung cancer in

the intervention group (RR ¼ 1.44; 95% CI: 0.62–3.39), which is consistent with

previous trial findings. Stratification of this result by smoking status was not

undertaken due to small case numbers.

In contrast to the findings in the ATBC Study and the CARET, the

Physicians’ Health Study (PHS) of 22,071 male, primarily nonsmoking

physicians in the United States showed no difference in lung cancer (or other

cancer) incidence after 12 years of supplementation between its b-carotene

(50 mg on alternate days) and placebo arms (9). For lung cancer, this was based

on only 82 cases versus 88 cases in the two study arms, respectively, and

represented a nonsignificant 7% reduction in risk. No adverse or beneficial effects

were observed in the b-carotene arm, with the relative overall mortality being

1.01 (nonsignificant), and all the cancer sites showing similarly null results.

Furthermore, the PHS demonstrated no intervention arm differences in cancer

rates (total, lung, prostate, colon, or nonmelanoma skin incidence) by smoking

status or level of alcohol consumption (10,11). For example, the relative risks of

lung cancer for the b-carotene arm for nonsmokers, former smokers, and current

smokers were 1.0, 0.9, and 1.0, respectively, but only 11% of participants were

current smokers. Similar results for total cancer incidence were obtained from

the Women’s Health Study, whose b-carotene intervention was, because of the

aforementioned b-carotene findings, prematurely terminated after up to 3 years,

showing neither a significant increase in rates (RR for intervention group ¼ 1.03)

nor an interaction with smoking (12).

The Nutrition Intervention Trial (NIT) in Linxian, China tested whether

daily supplementation with a combination of b-carotene (15 mg), a-tocopherol

(30 mg), and selenium (200 mg) could prevent esophageal and other cancers in a
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cohort of 29,546 men and women (13). The study showed efficacy for b-carotene

supplementation for stomach and overall cancer mortality, and slightly fewer

lung cancer deaths based on few cases (11 deaths in the supplemented group

versus 20 in the placebo group) who received b-carotene, a-tocopherol, and

selenium. However, a companion trial among persons with esophageal dysplasia

showed no benefit for daily supplementation with a multiple vitamin–multiple

mineral preparation that included b-carotene (15 mg) (14). In these trials of

nutritionally at-risk persons who were primarily nonsmokers, no modification of

the intervention findings by smoking or alcohol consumption was reported.

Results from these trials provide evidence for a relatively small increase in

lung cancer incidence in cigarette smokers and heavier drinkers who were

supplemented with b-carotene, and make it unlikely that supplementation with

such pharmacological doses of b-carotene for several years is beneficial in the

prevention of most cancers. Observations of increased risk of nonmelanoma

skin cancer and colon adenomas for smokers and drinkers with b-carotene

supplementation suggest that such interactions may not be restricted to lung

carcinogenesis. It should be noted that these effects were detectable because

of the controlled experimental design of these studies, which minimized or

eliminated the impact of confounding. Had these studies not been conducted,

interpretation of the observational research would likely have continued in favor

of b-carotene being the primary beneficial carotenoid, and the potential downside

for higher-dose supplementation in specific high-risk populations may never have

been observed or considered. As described below, subsequent experimental

investigation of the trial results has led to a greater understanding of the tissue-

specific biochemical and molecular effects of carotenoids, particularly with

respect to carcinogenesis.

III. EPIDEMIOLOGICAL EVIDENCE FOR INTERACTIONS

Observational studies have shown a range of findings with respect to modification

by smoking and alcohol consumption of dietary and biochemical carotenoid

associations with cancer. However, few studies are consistent with the controlled

trial results outlined above, and most, including many of the trial cohorts

reviewed above, show beneficial associations between nonsupplement carotenoid

exposure and cancer. For example, from among the prospective studies of lung

cancer reviewed in Chapter 17, approximately one-third show stronger inverse

associations with carotenoids among current smokers, but an equal number show

stronger inverse associations for never or former smokers, or no differences

based on smoking status. Relatively few studies specifically reported effect

modification by alcohol consumption, but one occupational cohort of tin miners

in China at high risk for lung cancer found increased risk for high serum
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carotenoid concentrations (including b-carotene, lutein-zeaxanthin, and

b-cryptoxanthin) among drinkers and suggested inverse associations among

nondrinkers (15). For example, miners who reported consuming alcohol and who

were in the high tertiles of serum b-carotene and lutein-zeaxanthin experienced

RRs of 7.6 and 2.3, respectively (95% CIs: 3.1–18.6 and 1.2–6.6, and significant

dose–response trends). This study did not report subgroup findings for smoking

status, possibly because of the high prevalence of smoking within the cohort, but

the serum carotenoid–alcohol interaction supports the effect modification of

b-carotene supplementation observed in the ATBC Study and the CARET.

IV. EXPERIMENTAL DATA REGARDING b-CAROTENE
SUPPLEMENTATION, CIGARETTE SMOKING AND
ALCOHOL CONSUMPTION

Toxicities associated with concomitant exposure to cigarette smoke and high

doses of b-carotene have been observed not only in large-scale human trials but

also in smaller human feeding experiments, in animals, and in in vitro systems.

These studies support the clinical trial findings described above and also provide

important mechanistic insights into potential cocarcinogenic properties of these

exposures. When subgroup analyses from the two major lung cancer prevention

trials—the ATBC Study and CARET—were published, Mayne and colleagues

advanced several hypotheses to explain the adverse interactions between

b-carotene supplementation and cigarette smoking (16). These included b-carotene

(a) exerting prooxidant effects at ambient and high (albeit, nonphysiological)

oxygen pressures, (b) acting as a tumor promoter and causing progression of

latent lung cancers rather than initiating carcinogenesis, and (c) causing adverse

effects through its conversion to retinol, which had been postulated to

promote carcinogenesis. Another theory proposed that high doses of b-carotene

might deplete serum and tissue concentrations of other potentially beneficial

substances, such as other carotenoids and vitamin E, making the lung tissue

more susceptible to oxidative insults associated with cigarette smoking. For

example, two separate human feeding studies demonstrated that ingestion of

pharmacological doses of b-carotene in combination with large doses of other

carotenoids attenuated absorption and serum concentrations of the latter micro-

nutrients (17,18). However, when the effect of b-carotene supplementation on

serum carotenoid levels was examined within the context of several human

intervention trials, increases in serum levels of a-carotene (19–22), lycopene [in

men only; (19)], and b-cryptoxanthin (20), or no changes in non-b-carotene

carotenoids (23), were observed. Furthermore, in one of these studies, supple-

mentation-related differences in serum carotenoid levels did not differ according

to smoking status or the amount of alcohol consumed (20).
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A recent series of experiments conducted in ferrets—an animal that

absorbs, accumulates, and metabolizes b-carotene similarly to humans—has

provided the strongest leads to date regarding the mechanism of interaction

between smoking and b-carotene, and has yielded a potential biological

explanation for the aforementioned clinical trial findings (Fig. 1). In these studies,

animals were supplemented with b-carotene at doses that mimicked those of

chemoprevention trials (equivalent to 30 mg/day in humans) and simultan-

eously exposed to tobacco smoke for several months. Cigarette smoke exposure

significantly reduced the elevated levels of b-carotene in both plasma and

lung tissue of supplemented animals (24). Levels of b-carotene metabolites

(b-apocarotenoids), however, were threefold higher in smoke-exposed versus

nonexposed ferrets following incubation of cultured lung tissue fractions with all-

trans b-carotene (24). These results demonstrated that increased formation of

oxidized b-carotene metabolites and concurrent decreases in the parent molecule

are likely to occur in the free radical–rich and antioxidant-poor environment of

smokers’ lungs. In the same study, lower concentrations of retinoic acid—a

Figure 1 Possible mechanism(s) of effect of cigarette smoke and high-dose b-carotene

supplementation on lung cell proliferation. (From Ref. 25.)
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compound essential for normal cell growth and regulation—were found in the

lung tissues of supplemented ferrets (0.4 + 0.2 pmol/100 g) compared to

controls (1.7 + 0.7 pmol/100 g) (24). Retinoic acid was not detected in the

lungs of the smoke-exposed or smoke-exposed/b-carotene-supplemented

groups. Reductions in expression levels of the putative tumor suppressor gene

retinoic acid receptor b (RARb) and increases in markers of activator protein-1

(AP-1) gene expression, which promotes cell proliferation, were also observed in

all three treatment groups (24). This was particularly apparent in supplemented

ferrets exposed to cigarette smoke (compared to controls, expression of RARb

down-regulated by 73% and expression of AP-1 encoding genes increased

threefold to fourfold). Interestingly, in smoke-exposed ferrets consuming doses

of b-carotene that more closely approximated physiological concentrations

achieved through diet (equivalent to 6 mg/day in humans), much smaller

decreases in retinoic acid concentrations and RARb expression were observed

when compared with animals exposed to cigarette smoke and high doses of

b-carotene (25). In another experiment, no adverse effects were observed in

smoke-exposed ferrets consuming low or high doses of lycopene (equivalent to

15 mg/day and 60 mg/day in humans, respectively) (26). Instead, supplemen-

tation with this carotenoid at either dose appeared to exert protective effects

against smoke-induced lung carcinogenesis. It should be noted, however, that

the lung tissue concentration of b-carotene (26 mmol/kg) achieved with the

human equivalent of 30 mg/day supplementation was much greater than the

corresponding concentration of lycopene (1.2 mmol/kg, based on the 60 mg/day
human equivalent), which may partially explain the divergent findings obtained

with these two carotenoids.

Induction of specific cytochrome P450 (CYP) enzymes may provide the

link between increased concentrations of b-carotene metabolites, altered retinoic

acid profiles in the lungs of supplemented smokers, and enhanced carcinogenesis.

b-Carotene and its oxidation products can induce a multitude of CYPs (reviewed

in Chapters 8 and 9), whose subsequent activation interferes with normal retinoid

signaling (reviewed in Chapter 14). An ancillary study that utilized lung

microsomal fractions from the ferrets described above linked cigarette smoke

exposure and/or high doses of b-carotene with increased catabolism of retinoic

acid by induction of CYP1A1 and CYP1A2 (27). CYPs also have an important

role in converting procarcinogens, including those found in cigarette smoke, to

their genotoxic forms. Therefore, ingestion of large doses of b-carotene may

indirectly enhance the effective exposure of the lung to the carcinogens in

tobacco smoke via CYP activation. Increases in oxidative stress, including

overproduction of the superoxide anion, have been shown to accompany

b-carotene-induced CYP activation in rat lungs (28). These findings offer

additional explanations for the increased morbidity and mortality associated with

high-dose b-carotene supplementation in smokers.
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Simultaneous administration of supplemental b-carotene and ethanol also

produces adverse effects in animals and in tissue culture. Since the liver is the

primary site of ethanol metabolism, most studies have specifically examined the

hepatocellular toxicity associated with coexposure to ethanol and pharmaco-

logical doses of b-carotene. However, it is unknown whether the resulting

mechanisms can be extrapolated to carcinogenicity in the liver and other organs.

Results from an early experiment in which baboons received daily supplements

of b-carotene indicated that animals fed extremely high levels of alcohol (50% of

total energy) had substantially higher plasma and liver b-carotene levels, slower

blood clearance of this carotenoid, and increases in markers of hepatic injury than

those not receiving alcohol as part of their diet (29). Increased hepatic b-carotene

levels and associated liver injury was also demonstrated in rats consuming

b-carotene supplements and ethanol (36% of total energy) (30). The authors

postulated that the adverse effects might be due to an ethanol-induced blockage in

the conversion of b-carotene to retinol. Accumulation of b-carotene could

exacerbate ethanol-induced oxidative stress and/or contribute to localized

vitamin A deficiency, both of which may lead to hepatic and extrahepatic

carcinogenesis. Since b-carotene and acetaldehyde (a toxic metabolite of

ethanol) appear to share a common metabolic pathway, it has also been suggested

that each inhibits the other’s metabolism via competitive inhibition of relevant

enzymes (31). Induction of specific P450 enzymes may also contribute to the

toxicity and carcinogenicity associated with coadministration of b-carotene and

ethanol. In a recent study, hepatocytes from rats fed b-carotene and ethanol had

significantly higher expression levels of CYP2E1 than hepatocytes from animals

fed each agent alone (CYP2El content, densitometric units, less than 100

in controls and in b-carotene fed rats, 317 in ethanol-fed rats, and 442 in

b-carotene þ ethanol-fed rats, p interaction ¼ 0.012) (32). Furthermore, consump-

tion of b-carotene independently increased the expression of CYP4A1 in liver

microsomes (CYP4A1 content, densitometric units, 158 in controls and 328 in

b-carotene fed rats, p ¼ 0.01). Induction of both of these P450 enzymes could

potentially contribute to carcinogenesis. Although the precise mechanisms

underlying the adverse interactions between high-dose b-carotene and ethanol

consumption remain less well characterized than corresponding interactions

between b-carotene and cigarette smoking, animal and in vitro studies continue

to provide important gains in our understanding of this complex process.

V. SUMMARY AND CONCLUSIONS

Given the overwhelming epidemiological data pointing to a beneficial role in

many cancers for higher carotenoid intake and status within the normal

dietary range, the opposite conclusions derived from two large b-carotene
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supplementation trials (ATBC Study and CARET) were unanticipated and

disappointing. At the same time, they were instrumental in advancing our

understanding of the true interrelationships among cancer risk, carotenoid intake

(dietary and supplemental) and biochemistry, and vegetable and fruit consumption,

and intensified the focus of epidemiological investigations on the range of

carotenoids, improved dietary assessment and nutrient data, and increased control

of confounders. Data from most other trials and nearly all of the epidemiological

studies contradict findings from the two high-risk and some other trial cohorts,

which has led to two important conclusions. First, persons at high risk for lung

cancer by virtue of cigarette smoking or other high-risk exposures should avoid

using b-carotene supplements, as should heavy drinkers, based on the observed

interactions. Laboratory studies have substantiated the toxicity resulting from

combining high-dose b-carotene supplementation with cigarette smoking or high

alcohol intake through direct effects in the lung, liver, and other tissues, including

induction of cytochrome P450 enzymes and down-regulation of retinoic acid

signaling and RARb expression. Second, the evidence for a beneficial dietary and

biochemical association for b-carotene, lycopene, and other carotenoids remains

convincing, and the range of such observed associations continues to be delineated.

Whether lower dose carotenoid supplements might afford benefits against cancer or

other diseases similar to those derived from higher dietary intake and resulting

elevated circulating concentrations remains to be determined through further study.
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The preceding twenty-five chapters are comprehensive reviews of the carotenoid

literature up to, in many cases, the middle of 2003. Most of these chapters deal

with the role that carotenoids may play in human health and disease, including

diseases such as cancer, heart disease, eye diseases such as age-related macular

degeneration and cataracts, skin photosensitivity diseases, and the impact of

carotenoids on the immune system. In several diseases, such as cancer, the

available data are ambiguous, but these ambiguities are dealt with and logical

explanations are presented.

The ambiguities about carotenoid supplementation in cancer prevention

arose when two of the three large scale b-carotene intervention trials evaluating

any change in the risk of developing lung cancer in high-risk populations

observed an unexpected increase in the incidence of lung cancer (1, 2). The third

study, using a relatively healthy population, showed no effect of such treatment,

i.e., neither an increase nor a decrease in the incidence of lung cancer (3). The

publication of these three studies had a profound effect on our assessment of the

role of carotenoids in human health. In the first place, they brought us to a better

understanding of the role of individual nutrients in food, as opposed to the effect

of whole food. The epidemiological studies published prior to these intervention

trials overwhelmingly indicated a positive association between the ingestion

of foods rich in b-carotene and a decrease in the incidence of lung cancer. In

fact, the effects were frequently strongest among smokers. Based on these
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observations, along with results of animal studies of beta-carotene and short-term

intervention trials in humans, hypotheses were formulated that one of the active

ingredients in the diet was b-carotene (4). With the benefit of hindsight, we can

now question that hypothesis, but at the time, it seemed reasonable. Then a series

of careful studies were carried out, with the results described above. Many people

were disappointed with these results, but that is the nature of the scientific

enterprise, and should not be construed as “the b-carotene fiasco” (5). Prevention

trials are only undertaken when the evidence supporting a benefit of an

intervention is supportive but not overwhelming; otherwise, it would be unethical

to withhold an agent with acknowledged benefit. Results of clinical trials have

opened a new area of carotenoid investigation that involves studying the

biological effects of metabolites (other than vitamin A) of b-carotene and other

carotenoids.

There are other areas of carotenoid research that will continue to develop,

including the use of newer technologies. Research progress in a field is often

greatly stimulated by new technologies. One such area involves novel uses of

technology for noninvasive determination of carotenoids. The use of resonance

Raman spectroscopy for eye carotenoids, and Raman and reflectometric

techniques for skin carotenoids, has been described in this volume (6, 7). One

may look forward to the day when noninvasive techniques will be able to identify

individual carotenoids.

The role of carotenoids as potential antioxidants (8) or prooxidants (9) in

vivo is still debatable. Newer assays are being developed that will be able to

differentiate the antioxidant capacity of both the lipophilic as well as the aqueous

compartments of tissues and body fluids, and thus be able to resolve whether

carotenoids have in vivo antioxidant capacity (10). This antioxidant/prooxidant
activity may be related to the action of carotenoids on various signal transduction

systems (8). As reviewed in this volume (11), carotenoids have been

demonstrated to influence various signaling pathways in cell culture systems,

and we look forward to studies indicating the importance of these observations in

animals and humans.

There are several areas of human nutrition that remain fruitful as far as

future advances are concerned. If the reports of nonabsorbers of carotenoids can

be carefully validated, this might suggest that carotenoid absorption is not merely

a passive process, but may depend on carrier proteins to facilitate their uptake.

Such findings would also raise the question as to whether such carrier proteins

exhibit cis-trans specificity, or structural specificity for the various carotenoids

found in the human diet. Another nutritional issue that remains to be resolved is

whether, either through selective breeding or by means of genetic modification,

new food species can be developed that would increase the availability of

provitamin A to nutritionally deprived populations. What comes to mind is the

development of golden rice, yellow cauliflower, and other modified foods.
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Research on the metabolism of carotenoids is in a renaissance period, with

the cloning of the 15, 150-monooxygenase that converts b-carotene to vitamin A,

as described in this volume (12). In addition, there are other monooxygenases that

either cleave other carotenoids or cleave at excentric double bonds. All of this

leads to the suggestion that these enzymes have been conserved because of the

products that they produce, many of which are similar to oxidation products

described earlier (13). Again, we can look forward to the characterization of these

new products, as well as their potential metabolites, and whatever biological

actions they may demonstrate when tested in cells and in animals. Since it has

been reported that humans ingest up to 48 different carotenoids in their diet, there

will be much work ahead to learn which of these dietary carotenoids serve as

substrates for the known monooxygenases or for enzymes still to be found.

This volume has been dedicated to describing the relationships between

carotenoids and human diseases. Yet still much remains to be discovered. For

example, despite the strength of the epidemiological evidence linking lutein and

zeaxanthin to reduced risk of eye diseases such as age-related macular

degeneration (14, 15), we still have not uncovered a causal relationship between

the onset of this disease and relative lack of these two xanthophylls.

Heart and vascular diseases are in a similar position to age-related macular

degeneration. There is overwhelming epidemiological evidence that diets rich in

carotenoid sources such as fruits and vegetables are cardioprotective, but when an

individual carotenoid such as b-carotene has been studied in intervention trials,

the results have been null, i.e., neither a positive nor negative effect (16). This

observation would suggest that either b-carotene alone is not the active

component in fruits and vegetables, or that some other component(s) of the diet

might act in a synergistic fashion with b-carotene, or other carotenoids in the diet,

to result in the cardioprotection. Much work remains to be done to resolve this

issue.

And then there is cancer and carotenoids. At least in this area, significant

cell culture work is being accomplished to warrant a continued interest in the

potential for the use of carotenoids or their metabolites either in prevention or

treatment of some types of cancer (17). In particular, the work on lycopene and

cancers such as prostate cancer holds great promise (18). Much work remains to

be done to determine if the cell effects are due to lycopene alone, one of its

metabolites, or a combination of products found in tomatoes along with lycopene.

So for example, do tomatoes that synthesize primarily other carotenoids such as

b-carotene, or have a block in the final steps in lycopene synthesis, also exhibit

any biological action in tumor cells grown in culture or in animals used as a

model for prostate cancer?

Another area that deserves further investigation is the relationship between

inflammatory diseases and carotenoids, particularly with respect to the fact that

inflammation produces the same types of oxidizing species that have been shown
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to oxidize carotenoids to shorter chained molecules. Again, we must identify the

biological activities of breakdown products of the dietary carotenoids, in

particular b-carotene, a-carotene, b-cryptoxanthin, lutein, and zeaxanthin. These

carotenoids constitute the vast bulk of our dietary carotenoids (19), yet with the

exception of b-carotene, little is known about their metabolites and whether these

metabolites have any biological action. Thus, while it is still too early to make

any recommendation regarding the intake of carotenoids, it would be

inappropriate to ban the intake of b-carotene as it still supplies a significant

portion of the daily intake of vitamin A in many parts of the world. We can look

forward to this field expanding rapidly in the near future.
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