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Carotenoids: functions and fallacies

BY DAVID I. THURNHAM
Human Nutrition Research Group, Department of Biology and Biomedical Sciences,
University of Ulster, Coleraine BT52 1SA, Northern Ireland

Many epidemiological studies have demonstrated an association between a high intake of
fruits and vegetables and a low risk of diseases, particularly epithelial cancers
(Hennekens, 1986). Initially these foods were considered only as a source of retinol, that
is vitamin A, since vitamin A-deficient diets have been linked with cancer for almost 60
years (for review, see Moon, 1989). Furthermore, retinoids (compounds with a chemical
structure based on that of retinol) are well-established chemoprotective agents for
experimental carcinogenesis. In 1981, however, Peto et al. (1981) questioned the
assumption that vitamin A was the protective ingredient in plant material. Their main
argument was that most people in the Western World had satisfactory vitamin A status
and feeding more vitamin A whether in the form of plant material or preformed retinol
itself had very little, if any, effect on circulating vitamin A levels since the amount in
blood is endogenously regulated. The authors pointed out, however, that provitamin A,
that is B-carotene, was not similarly controlled. Circulating levels of B-carotene were
influenced by the dietary intake of plant foods and, therefore, 8-carotene might be the
cancer-preventive ingredient.

The reader will be forgiven for thinking that the only carotenoid of any importance is
B-carotene. Most nutritionists were weaned onto the subject of nutrition on the
understanding that the only carotenoid of any importance is PB-carotene. Indeed,
B-carotene is the major source of vitamin A for the majority of the world’s population
and although there may be fifty or so provitamin A carotenoids (Olson, 1989), none of
them is as effective or as important as B-carotene as a source of vitamin A.

The purpose of the present review is to discuss some of the other functions of
carotenoids and I hope to dispel some of the fallacies. In any discussion of function one
must consider the nature of the molecule and its localization within tissues and cells in
relation to possible physiological action. The carotenoids are compounds which,
although similar in structure, may well have quite different activities at the cellular level.
Therefore, it is important to know which carotenoids are found in man and what specific
properties these may have in relation to those functions which might be important.

STRUCTURE OF CAROTENOIDS

Approximately 600 naturally occurring carotenoids have been characterized. Most have
forty C atoms and most of them, known as xanthophylls, are oxygenated. Less than 10%
of them are hydrocarbons.

There are five well-characterized carotenoids (Fig. 1) in most blood samples (Bieri
et al. 1985; Thurnham & Flora, 1988; Cantilena et al. 1992) and others, particularly
xanthophylls, that have not yet been identified (Thompson et al. 1985). B-Carotene
comprises 10-15% of the total. It is a symmetrical molecule in which two B-ionone rings
are separated by a Cy, central unit containing nine conjugated double bonds and four
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Fig. 1. Structures of the principal identified carotenoids in human blood in order of descending concentrations.

side-chain methyl groups. a-Carotene differs from B-carotene in the position of one
double bond in one ring; it is a minor but regular component. The 4,4’'-dihydroxylated
xanthophyli derivatives of these carotenes are lutein and zeaxanthin respectively. Lutein
comprises between 10 and 40% of total carotenoids while zeaxanthin is a relatively minor
component except in people for whom yellow maize is a staple food. Lycopene, the red
pigment found in tomatoes, is a hydrocarbon but lacks the terminal ring structures of the
carotenes. It is also a major component in blood in Western countries. 3-Cryptoxanthin
is a monohydroxylated form of 3-carotene and the main dietary source is oranges. There
is very little evidence of diurnal changes in plasma carotenoids and, in spite of the
relationship between dietary intake and plasma concentrations, no seasonal changes
have been found either in America (Cantilena er al. 1992) or Britain except for
B-cryptoxanthin (Thurnham & Flora, 1988) which is higher in the early part of the year.

DISTRIBUTION OF CAROTENOIDS WITHIN THE TISSUE

Carotenoids have been determined in a variety of human tissues but the only tissue
where specific carotenoids appear to be located is the eye. Handelman and colleagues
reported that zeaxanthin is localized in macular pigment and lutein is dispersed
throughout the entire retina in humans (Handelman et al. 1988) and primate species
(Handelman et al. 1991). It is still not clear whether the function of these carotenoids is
protective against illumination or to act as filters for specific wave bands.

Carotenoids are also found in other tissues including skin (Culling-Berglund et al.
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1989), erythrocyte membranes (Mathews-Roth, 1975), leucocytes (Mathews-Roth,
1978), buccal mucosa (Stich et al. 1984; Cooney et al. 1991), adipose (Parker, 1988) and a
variety of other tissues at autopsy (Kaplan er al. 1990; Schmitz et al. 1991). Enormous
variations in concentrations were noted between different organs and while some
workers report the only consistency in their findings was a qualitatively similar pattern of
carotenoids in serum and different tissues (Kaplan ez al. 1990), others suggest variability
may be related to state of health (Schmitz et al. 1991). The latter workers suggested that
liver contained high concentrations of carotenoids, compared with lung and kidney, and
the predominant carotenoid was either B-carotene or lycopene. These tissue levels reflect
American dietary patterns and may be different elsewhere but no reports on tissue
concentrations in other countries have yet been published.

FUNCTIONS OF CAROTENOIDS

There are two well-established functions of carotenoids in man. The first is that
compounds containing the [-ionone ring are potential sources of vitamin A, and the
second is a therapeutic role which B-carotene has been shown to have in patients with
erythropoietic protoporphyria and is linked to the number of conjugated double bonds in
the molecule.

In addition, experimental and epidemiological evidence suggests that carotenoids may
be protective against cancer, particularly lung cancer, and heart disease.

Synthesis of vitamin A

There are two possible mechanisms by which carotenes are converted to vitamin A;
central or excentric cleavage. (3-Carotene is stoichiometrically equivalent to two
molecules of retinol and the product of central cleavage of B-carotene would be two mole
equivalents of retinal. Cleavage of B-carotene excentrically produces several B-apo-
carotenals of different chain lengths (12'-,10'-,8'-) and this is less efficient than central
cleavage. Numerous in vivo studies have shown that the efficiency of B-carotene
conversion to retinol is low and in many studies is only 40-60% . The B-carotene-15,15'-
dioxygenase (EC 1.13.11.21) is capable of cleaving both B-carotene and B-apo-carotenals
to produce vitamin A but very little of the B-apo-carotenals have been detected,
although the in vitro activity of the cleavage enzyme can be quite high. In the rabbit gut
the activity of the enzyme is approximately 200-fold greater than that required to meet
nutritional needs (for review, see Olson, 1989). Recently, however, Wang et al. (1991)
found significant amounts of P-apo-carotenals after incubation of B-carotene with
intestinal homogenates from four species, including man. In addition, reported rates of
formation of the apo-carotenals were 7-14-fold greater than that of retinal suggesting
that excentric cleavage may be the more physiologically important mechanism.

Photoprotective properties of B-carotene

Carotenoids are well known to protect plant cells from light, O> and photosensitivity but
it was Foote & Denny (1968) who were first to explain why carotenoids had photoprotec-
tive properties when they demonstrated that carotenoids could quench excited singlet O.
The maximum quenching effect was obtained from pigments having nine or more
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conjugated double bonds. Strictly speaking it is not an oxidative process but a transfer of
excitation energy. Carotenoids interact with singlet O to give a triplet state carotenoid
and ground state O and the excitation energy within the molecule is dissipated as heat.
This mechanism protects plant chlorophyll from oxidative damage and may also be
relevant to the function of B-carotene in the treatment of certain skin diseases with
carotenoids. Mathews-Roth ez al. (1974) showed that erythropoietic protoporphyria
responds to B-carotene therapy and, in addition, that the response was only a feature of
carotenoids with nine or more conjugated bonds.

The use of B-carotene therapy in patients with erythropoietic protoporphyria has been
shown to be highly effective but the doses required are often in excess of 180 mg/d and
clearly indicate a pharmacological effect (Mathews-Roth et al. 1977). B-Carotene in
excess of 15 mg/d will cause carotenodermia in most people but evidence for a protective
effect of carotenes against solar irradiation in persons without skin disease has been
lacking. It was recently shown, however, that doses of B-carotene bordering on the
physiological (30 mg/d) were effective in lowering erythema, delaying the erythemal
response and accelerating recovery times in young women exposed to intense solar
radiation over 12 d (Gollnick ez al. 1993). Whether an intake of 30 mg B-carotene/d can
ever be regarded as moderate as the authors suggest, when the average intake in Western
countries is 2 mg (Gregory ef al. 1990), is questionable.

Other work has also shown that B-carotene (50 mg/d) did not protect against skin
cancer when administered over 5 years in a randomized double-blind trial to high-risk
subjects who had a recent non-melanoma skin cancer before starting in the trial
(Greenberg et al. 1990).

Cuarotenes and cardiovascular disease

Diets rich in fruit and vegetables are generally associated with a lower risk of
cardiovascular disease but evidence that B-carotene directly may give protection against
vascular disease has recently been reported from the Physicians Health Study in America
(Gaziano et al. 1990). In an analysis on a subgroup of participants who had previously
had a cardiovascular event (stable angina or coronary revascularization), those on
B-carotene (50 mg every other day) experienced almost 50% fewer subsequent events
than those receiving the placebo (Gaziano et al. 1990).

Free-radical damage is implicated in the aetiology of cardiovascular disease. Oxidized
LDL is avidly scavenged by macrophages and the latter may subsequently convert to
foam cells in the arterial intima where they form fatty streaks and later atherosclerotic
plaques (Esterbauer et al. 1990). Furthermore, in vitro susceptibility of LDL to oxidation
has been shown to correlate with clinical severity in persons recently having a heart
attack (Regnstrom et al. 1992).

Antioxidants such as Probucol have been shown to be important experimentally in
preventing atherosclerotic lesions (Carew et al. 1987) but the relative importance of the
factors determining lipoprotein oxidizability are not known. Vitamin E is the pre-
dominant antioxidant in lipoproteins but in unsupplemented population studies there is
no correlation between vitamin E levels and LDL susceptibility to oxidation (Dieber-
Rotheneder et al. 1991). Oxidative resistance, therefore, probably depends on the
combined oxidative defences within the LDL particle which include carotenoids,
ubiquinol and other antioxidants.
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Table 1. Correlations between cholesterol and fat-soluble micronutrients in plasmat

Partial correlation coefficients
with cholesterol

Micronutrient Women (n 459) Men (n 455)
a-Tocopherol 0-48* 0-61*
Lutein 0-30* 0-27*
B-Cryptoxanthin 0-14 0-12
Lycopene 0-07 0-09
a-Carotene 0-03 0-08
B-Carotene 0-02 0-02

* pP<0-01.
1 Data are obtained from adult British subjects surveyed during 1986-7 in England, Wales and Scotland
(Gregory et al. 1990). Plasma lutein was measured only during the second half of the survey.

We have been particularly interested in lutein in lipoproteins since it would appear to
be more evenly distributed within the different lipoprotein classes than the other
carotenoids (Krinsky et al. 1958; Thurnham ef al. 1993). In addition, plasma lutein is
correlated with cholesterol, which is also a characteristic of vitamin E (Horwitt et al.
1972) but not of other plasma carotenoids (Table 1; Thurnham, 1989), and this may
indicate a separate role for lutein within lipoproteins.

Currently, evidence is conflicting with respect to the role of carotenoids in lipo-
proteins. In the case of B-carotene, two in vitro studies reported no effect (Morel et al.
1983; van Hinsberg et al. 1986) while two others reported increased LDL resistance to
oxidation in the presence of B-carotene (Jialal & Grundy, 1991; Lavy et al. 1992). We
have recently reported the in vitro incorporation of lutein within LDL and its effect on
the susceptibility of LDL to oxidation. By increasing the concentration of lutein 10-fold,
the lag phase following Cu-stimulated LDL oxidation was more than doubled (109%;
Chopra et al. 1993a). This increase in lag phase is ten times greater on a molar basis than
that produced by the in vitro incorporation of vitamin E (137% ; Esterbauer et al. 1991)
since the extra amount of vitamin E incorporated into the LDL was eleven times greater
than that of lutein (8-78 compared with 0-814 nmol/mg; Table 2). If a similar increase in
resistance to oxidation follows the in vivo incorporation of lutein into LDL, then this
could suggest that some carotenoids can exert antioxidant effects similar to those of
vitamin E, in spite of the lower concentrations of carotenoids compared with vitamin E
in lipoproteins (Esterbauer et al. 1990).

Two in vivo B-carotene-feeding studies have been reported; one involving adult
smokers (Princen et al. 1992) and the other in patients with cystic fibrosis (CF;
Winklhofer-Roob et al. 1993). With the smokers there was a significant increase in
LDL-B-carotene (0-22-3-66 nmol/mg LDL) but no increased resistance to oxidation.
With the CF patients, however, LDL-B-carotene increased (0-008-0-108 nmol/mg LDL)
and there was a 38% increase in oxidative resistance. The difference between these
studies may reflect the fact that CF patients had abnormally low B-carotene and low
resistance of LDL to oxidation and both increased to the normal range following
supplementation. With the smokers, B-carotene and susceptibility of LDL to oxidation
were within the normal range at the outset.
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Table 2. Influence of antioxidant incorporation into LDL on oxidative resistance*

Antioxidant (nmol/mg LDL) Lag phase (min)
Before After Before After
supplemen-  supplemen- supplemen-  supplemen-
tation tation Increase tation tation Increase
Vitamin E 3.27 12-15 878 80 190 110 (137%)
Lutein 0-078 0-982 0-814 104 217 113 (109%)

* The data shown are from two publications in which a-tocopherol (1000 wmol/l; Esterbauer et al. 1991) or
lutein (50 wmol lutein/l plasma: Chopra & Thurnham, 1993) were incubated with plasma at 37° for 3 h after
which LDL were separated by ultracentrifugation. LDL were prepared by the same method (Dieber-
Rotheneder et al. 1991) in both experiments and oxidized using either 1-66 wmol CuCl; or CuSOJ/1 as
prooxidant respectively. Lipid peroxidation was measured continuously by measuring diene absorption at 234
nm. Results show the a-tocopherol and lutein concentrations in LDL prepared from blood before and after
supplementation and the corresponding lag phases (min) following exposure of LDL (0-25 mg/mi) to the Cu
salt in vitro.

B-Carotene and cancer

Epidemiologically, the most consistent evidence that carotenes may be protective against
cancer is the findings from five prospective case—control studies all of which reported that
low plasma B-carotene levels were associated with an elevated risk of lung cancer (see
Connett et al. 1989). In addition, several intervention trials with 8-carotene have shown
promising results against precancerous conditions of the upper aerodigestive tract, which
includes the head, neck and throat (Stich ez al. 1988; Garewal & Shamdas, 1991).

Even in healthy tissues, there is evidence that DNA may be subjected to continuous
attack and damage by free radicals. DNA repair mechanisms exist for all known types of
damage but some of these are relatively slow processes; thus, where there is concurrent
inflammation and/or hyperplasia, replication may occur before repair is completed, and
damage, which might initiate cancer, can be replicated. Thus, antioxidant properties of
carotenoids may protect specific tissues by modulating free-radical activity and by
reducing the level of damage (Thurnham, 1993). For example, in vitro, B-carotene will
prevent increased sister chromatid exchanges and malignant transformation in cultured
cells and in animal models B-carotene and canthaxanthin protect against u.v.-induced
skin cancer as well as some chemically-induced cancers (for review, see Krinsky, 1991).

Two possible mechanisms are being investigated; (1) protection via the antioxidant
properties of carotenoids and/or (2) a direct influence on immune function.

CAROTENOIDS AS ANTIOXIDANTS

Burton & Ingold (1984) showed that B-carotene had unusual antioxidant properties.
These workers suggested that at low O pressures the lipid peroxyl radical attached itself
to the conjugated chain and the unpaired electron was delocalized through the chain.
More recently, it has been suggested that the value for mol O: consumed:mol initial
B-carotene consumed was about 6 (Mordi, 1993). Burton & Ingold (1984) also suggested
that other carotenoids would also have antioxidant properties. This was later confirmed
by Terao (1989), using a similar peroxyl radical-generating system, who reported that the
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Fig. 2. Peroxyl radical-quenching properties of lutein, B-carotene and Trolox (water-soluble form of vitamin E;
Aldrich Biochemicals). Lipid peroxidation was initiated in a Clark O; electrode with 133 mmol 2,2-azo-bis(2,4-
dimethyl) valeronitrile (A) or 13-3 mmol methyl linoleic acid (X)/1 ethyl alcohol at 50° or both (O) alone or in
the presence of 10 pM-B-carotene (A), 10 pM-(@- - -@) or 25 pm-(@-—=@) lutein or Trolox () as shown. All
concenttations shown are final ones. Oz consumption was used to monitor the reaction rates (Chopra er al.
19935).

xanthophyll carotenoids appeared to be more efficient antioxidants than $-carotene and
active at ambient O, pressures. Terao (1989) used zeaxanthin, astaxanthin and cantha-
xanthin which are relatively minor carotenoids in human blood. However, our own work
principally on lutein (Fig. 2), but also lycopene and B-cryptoxanthin, suggests that these
xanthophyll carotenoids are all better antioxidants than B-carotene in quenching lipid
peroxy radicals and more efficient in vitro than a-tocopherol (Chopra et al. 19935).

The antioxidant mechanism of carotenoids contrast with that of a-tocopherol.
a-Tocopherol donates an H atom to the lipid radical to produce a semi-stable lipid
hydroperoxide and becomes a semiquinone radical. The latter is relatively stable and will
stop the autocatalytic chain of lipid peroxidation, while it is reduced back to its active
form. Its efficiency as an antioxidant depends, however, on being regenerated. If
regeneration does not take place then its maximum peroxyl radical-quenching capacity
will only be 2 mol O»/mol tocopherol and it will then be irreversibly oxidized.

Smoking is one of the principal external sources of oxidative stress to which man is
exposed and the habit is strongly associated with lung cancer. Some interesting
relationships exist between smoking and blood carotene concentrations. Smoking is
associated with a reduced intake of fruits and vegetables (Gregory et al. 1990) but also
smokers have lower circulating levels of B-carotene than are found in non-smokers con-
suming the same level of dietary carotene (Fig. 3; Thurnham, 1990). In the British Adult
survey, similar observations were made for lutein, B-cryptoxanthin and a-carotene but
not for lycopene (Thurnham & Tyler, 1990). Smoking appears to have no influence on
blood levels of lycopene in either men or women (Fig. 3) and similar findings have been
reported both from Canada (Thompson ez al. 1985) and America (Stryker ef al. 1988).
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Fig. 3. Influence of smoking on plasma concentrations of B-carotene and lycopene in men and women in
relation to dietary intake of B-carotene equivalents. The regression lines shown are obtained from data
collected from adult British subjects who provided blood samples and 7 d weighed dietary intake data (Gregory
et al. 1990). In the case of B-carotene the correlation coefficients for the non-transformed data were all
significant (P<<0-001). The significance of the differences between the slopes and elevations was calculated
using logarithms base ten of carotene intakes by tests of parallelism. Within the sexes the difference between
the slopes of the regression lines for smokers (—) and non-smokers (- - -) was significant for women (O;
P<0-005) but not for men (M), but the elevation of the plasma B-carotene regression line was significantly
higher for non-smokers than for smokers (men P<0-02, women P<0-001). Analysis of the data on R-carotene
by smoking habits between men and women showed that the slopes were different for non-smokers (P<0-01)
but not for smokers and the elevations in both smokers (P<0-005) and non-smokers (P<0-001) were higher in
the women than the men. In the case of lycopene, there were no significant differences in any of the
comparisons mentioned (D. I. Thurnham and H. A. Tyler, unpublished results). Numbers in parentheses are
the numbers of subjects in the respective groups.

CAROTENOIDS AND IMMUNE FUNCTION

This subject has been reviewed recently by Bendich (1991) and Krinsky (1991). There is
both experimental and some human evidence of effects of various carotenoids on
bacterial resistance, lymphocyte proliferation, T-helper cells, macrophage and natural
killer cell cytotoxicity and readers should consult these two papers for further details.

CONCLUSIONS

Many carotenoids are present in nature but only a small number are found in appreciable
quantities in the blood and tissues. These include «- and B-carotene, B-cryptoxanthin,
lycopene, lutein and several other xanthophyll carotenoids which have not yet been
identified. In the majority of tissues the distribution of these carotenoids is qualitatively
similar to that found in the blood. The exceptions are the eye and HDL where
xanthophyll carotenoids predominate.

B-Carotene is the major plant source of vitamin A and recent evidence would appear
to confirm that excentric cleavage of the molecule is the major route of retinol formation.
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Singlet O-scavenging properties of carotenoids are important in the plant, and the same
mechanism may be responsible for the therapeutic usefulness of B-carotene in the
treatment of erythropoietic protoporphyria. There is evidence to suggest that B-carotene
(30 mg/d) may provide some protection against sunburn but B-carotene has not proven
useful in protecting against non-melanomatous cancers in high-risk persons.

The long chain of conjugated double bonds is primarily responsible for the singlet O
and peroxy radical-quenching properties of carotenoids but quantitative difference exists
between the carotenoids. Several xanthophyll carotenoids are more efficient than
B-carotene in scavenging peroxy radicals in vitro and lutein may be especially useful in
protecting LDL from oxidation ex vivo.

There is evidence to suggest that carotenoids are important in preventing cardio-
vascular disease and some cancers. In particular lung and upper aerodigestive tract
cancers appear to be influenced by carotenoids. Likewise, B-carotene supplements may
reduce the risk of cardiovascular events particularly in those with previous problems.
The precise mechanism(s) involved in these effects are not known but the main ones
under investigation are antioxidant protection and influences on immune function.

The author thanks the Ministry of Agriculture, Fisheries and Food for permission to use
unpublished material in Fig. 3.
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