Lycopene: Antioxidant and Biological
Effects and its Bioavailability in the Human
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Abstract. Lycopene is a non-provitamin A carotenoid present in human blood and
tissues. The major dietary sources of lycopene for the human are tomatoes and to-
mato products. Protective effects of a lycopene-rich diet on some types of cancer
were suggested on the basis of epidemiological studies. There are several biochemi-
cal mechanisms potentially underlying the protective effects of lycopene. These in-
clude antioxidant activity such as the quenching of singlet oxygen and the scavenging
of peroxyl radicals, induction of cell-cell communication, and growth control. In vitro
and in vivo studies support this assumption. Dietary lycopene is absorbed and dis-
tributed in the human organism, but its bioavailability depends on various factors
such as food processing or coingestion of fat. Little is known about the metabolism of
lycopene. Potentially biologically active oxidation products of lycopene have been

identified in human plasma.
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ycopene is the major carotenoid in the tomato and is

responsible for the red color of the fruit. It is found

in relatively high concentrations in all tomato prod-
ucts, the major source of lycopene for the human. Tomatoes
contain about 30 mg lycopene/kg raw fruit; even higher
amounts are found in some tomato products (e.g., up to 150
mg lycopene/l in tomato juice or about 100 mg lycopene/kg
in tomato ketchup.) Other sources of lycopene are water-
melon, guava, rosehips, and pink grapefruit (1).

Lycopene is an acyclic carotenoid that contains 11 con-
jugated double bonds arranged linearly in the all-trans
form. It belongs to the subgroup of carotenes that consist
only of hydrogen and carbon atoms. The blood level of
lycopene is in the same range as that of B-carotene. But in
contrast to B-carotene, lycopene exhibits no provitamin A
activity. However, it has been suggested that an increased
consumption of lycopene has beneficial health effects that
might be related to its pronounced antioxidant properties,
influences on the regulation of cell-cell communication, and
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cell growth or to yet other properties. Recent reviews on the
biological properties of lycopene are available (2, 3).

Antioxidant Activities of Lycopene

Most carotenoids are efficient antioxidants, quenching
singlet oxygen ('0,), and trapping peroxyl radicals (4). 'O,
and peroxyl radicals are reactive oxygen species formed
endogenously. Both species may react with biologically im-
portant macromolecules, such as DNA, proteins, or lipids,
impairing their physiological functions (5, 6). Such pro-
cesses are discussed as initial events in the pathogenesis of
several diseases including cancer, cardiovascular diseases,
or age-related macular degeneration.

Carotenoids inactivate singlet oxygen via physical or
chemical quenching. The efficacy of physical quenching
exceeds that of chemical quenching by far (>99.9%) and
involves the transfer of excitation energy from 'O, to the
carotenoid, resulting in ground state oxygen and excited
triplet state carotenoid. The energy is dissipated between the
excited carotenoid and the surrounding solvent to yield a
nonreactive ground state carotenoid and thermal energy. In
the process of physical quenching the carotenoid remains
intact, so that it can undergo further cycles of singlet oxygen
quenching. The rate constants for the reaction of carotenoids
with singlet oxygen are in the range of 10° M~! sec™ (7).

The quenching activity of carotenoids is closely related
to the number of conjugated double bonds. Lycopene is the
most efficient singlet oxygen quencher of the natural carot-
enoids exhibiting higher quenching rate constants than other
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C-40 carotenoids (7). It has been suggested that the in-
creased reactivity is related to the presence of the two ad-
ditional nonconjugated double bonds.

Chemical quenching contributes less than 0.05% to the
overall quenching of 'O, by carotenoids. However, this pro-
cess, known as photobleaching, is responsible for the final
decomposition of carotenoids. Some of the decomposition
products formed in the interaction of lycopene with singlet
oxygen have recently been identified (8). Irradiation of ly-
copene in the presence of a photosensitizer led to the for-
mation of 2-methyl-2-hepten-6-one and apo-6'-lycopenal as
the major reaction products.

Methylene blue was used as a sensitizer to study the
consumption of carotenoids during photooxidation of hu-
man plasma and LDL (9). Lycopene and B-carotene were
more resistant to photooxidation in blood plasma than lutein
and zeaxanthin. Upon exposure of blood plasma to a water-
soluble 'O, generator, the levels of the lipophilic antioxi-
dants lycopene, 3-carotene, and a-tocopherol remained un-
changed (10). The data suggest that carotenoids contribute
to the prevention of lipid peroxidation via singlet oxygen
quenching.

Carotenoids are efficient scavengers of peroxyl radi-
cals, especially at low oxygen tension (11, 12). The inter-
action of carotenoids with free radicals has been studied
using 2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonic acid-
diammonium salt (ABTS) as a radical source (13). Lyco-
pene was the most efficient scavenger of the ABTS-radical
followed by cryptoxanthin, lutein, zeaxanthin, and (-
carotene. Astaxanthin and canthaxanthin showed only mi-
nor effects. The radical scavenging effect of lycopene ex-
ceeded that of trolox, a water-soluble analog of vitamin E,
by a factor of three.

Protective effects of lycopene toward oxidative stress—
mediated damage of the skin were suggested following a
study on carotenoid levels in human skin upon irradiation
with UV light (14). When skin was subjected to UV light
stress, more skin lycopene was destroyed than B-carotene.
Because carotenoids are consumed in the process of radical
quenching, a preferential protective role of lycopene has
been suggested.

Biological Effects of Lycopene

Lycopene was shown to exhibit moderate curative ef-
fects by increasing the survival rate of X-irradiated mice,
and it also increased the resistance of mice toward bacterial
infections and the development of ascites tumors (15, 16).
Lycopene was found to be superior to B-carotene in sup-
pressing cell proliferation as determined by the thymidine
incorporation assay (17). The proliferation of human cancer
cells from endometrium (Ishikawa), mammary gland
(MCF-7) and lung (NC1-H226) was strongly inhibited by
lycopene at pM concentrations of 1-2 M. In contrast, hu-
man fibroblasts were less sensitive.

In vivo studies have shown a tumor-suppressive activity
of lycopene. The development of spontaneous mammary
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tumors in a high-tumor strain of SHN virgin mice was sig-
nificantly diminished in the group of mice on a diet enriched
in lycopene (18). The suppression of tumor incidence was
associated with a decrease in mammary gland activity of
thymidylate synthetase and diminished serum levels of free
fatty acids and prolactin. In a dimethyl benzanthracene
(DMBA)-induced mammary tumor model in mice, intra-
peritoneal injections of lycopene-enriched tomato extracts
led to a significantly lower number of tumors and smaller
tumor areas in comparison to controls (19). B-Carotene
showed no protective effect. The mechanisms underlying
these effects of lycopene are not yet known.

Carotenoids are capable of inducing intercellular com-
munication via gap junctions, which have been associated
with inhibiting proliferation of transformed cells (20, 21).
Non-provitamin A carotenoids such as canthaxanthin were
also shown to be active (22). The ability of lycopene to
increase gap junctional communication is less pronounced
(23).

The intake of carotenoids and retinol in relation to the
risk of prostate cancer was evaluated based on a food-
frequency questionnaire obtained from participants of the
Health Professionals Follow-up Study (24). Analyses of the
data from 773 prostate cancer cases revealed that an in-
creased lycopene intake was associated with a diminished
risk. a- and B-Carotene intake as well as the consumption of
food rich in lutein and cryptoxanthin were not associated
with a lower prostate cancer risk. The number of servings of
lycopene-rich food, such as tomatoes, tomato sauce, and
pizza significantly correlated with a lower risk for prostate
cancer. However, no correlation was found for tomato juice,
potentially due to the lower bioavailability of lycopene from
juice.

Bioavailability of Lycopene

Carotenoid intake is usually evaluated on the basis of
food frequency questionnaires. In Great Britain the daily
consumption of lycopene-rich food was equivalent to a ly-
copene intake of about 1.1 mg/d (25). In a study from the
United States a daily intake of lycopene of about 3.7 mg/d
was seen which is in about the same range as (3-carotene
intake, with each of these contributing about 30% of total
carotenoids in the diet (26).

Uptake and distribution of carotenoids in the human
organism have been examined (27, 28). In the small intes-
tine, ingested carotenoids including lycopene are incorpo-
rated into micelles formed from dietary lipids and bile acids,
which facilitate absorption into the intestinal mucosa cell, a
process suggested to occur via passive transport. The intact
carotenoids are incorporated into chylomicrons, which are
released into the lymphatic system. In blood plasma, carot-
enoids appear initially in the chylomicron and VLDL frac-
tion, whereas the levels in other lipoproteins such as LDL
and HDL rise at later time points with peak levels at 2448
hr. The major vehicle of hydrocarbon carotenoids such as
lycopene and B-carotene is the LDL fraction.



Regarding absorption of lycopene from dietary sources,
surprisingly no increase in lycopene serum levels are ob-
served after the single intake of large amounts of tomato
juice (29). After ingestion of 180 g or even 700 g of tomato
juice corresponding to a single dose of 12 or 80 mg of
lycopene, respectively, no change in serum lycopene levels
was observed. However, in subjects ingesting 2-3 cans of
tomato juice daily over a period of 4 weeks, the lycopene
serum levels increased 3-fold; a doubling of B-carotene se-
rum levels was also detected, although the B-carotene con-
tent in the juice was only about 3% that of lycopene (30).

In contrast to unprocessed tomato juice, lycopene levels
increased significantly in human serum when processed
juice was consumed. Boiling for 1 hr in the presence of 1%
corn oil increased the bioavailability of lycopene from to-
mato juice significantly (29).

Differences in lycopene bioavailability are also ob-
served when raw tomatoes (versus tomato paste) are used as
a source (31). After ingestion of fresh tomatoes or tomato
paste, both containing 23 mg of lycopene, the lycopene
levels in chylomicrons and responses measured as area un-
der the curve (AUC) were compared. Consumption of to-
mato paste led to 2.5-fold higher lycopene peak levels in
chylomicrons as compared to the fresh tomatoes; AUC val-
ues were 3.8-fold higher. Possible factors improving lyco-
pene availability from processed tomato products might be
the release of the carotenoid by thermally induced rupture of
the cell walls or heat-improved extraction of lycopene into
the oily phase of the mixture, using corn oil as a vehicle.

Lycopene in Blood and Tissues

The mean plasma levels of lycopene range from 0.22—
1.06 nmol/ml (2). Lycopene contributes between 21% and
43% of total carotenoids. In some studies lycopene ex-
ceeded the levels of all the other carotenoids. In a Japanese
study, including 923 subjects, significantly higher lycopene,
B- and a-carotene serum levels were detected for females
than for males (32). However, very similar lycopene serum
levels for men and women were described in other studies;
significantly lower carotenoid levels associated with male
gender were only detected for a-carotene (~31%), -
carotene (—35%), and cryptoxanthin (-31%). Lower lyco-
pene levels were found with older age.

Hydroxylated derivatives of lycopene have been de-
tected in human serum (33). Tomatoes and tomato-based
products are the major source of these compounds. They
contain lycopene 5,6-epoxide, which might be enzymati-
cally or chemically modified in the organism.

Lycopene in human plasma consists of an isomer mix-
ture with the cis-isomers contributing about 50% to total
lycopene. The most prominent geometrical isomers are all-
trans and 5-cis lycopene (34).

Rather high levels of lycopene and B-carotene were
found in liver, adrenals, and testes, whereas other tissues
such as lung and kidney contained less (35-37). In the stud-
ies from the United States, the lycopene levels exceeded that

of B-carotene in almost every tissue except the ovary (35,
36). Higher B-carotene values than lycopene were reported
in liver, adrenals, and kidney in a study from Germany; but
the lycopene levels in testes exceeded that of B-carotene
(37). The lycopene level in skin also was somewhat higher
than that of B-carotene, 0.25 and 0.13 nmol/g, respectively
(38). Higher values have been reported with lycopene and
B-carotene levels of 1.6 and 1.4 nmol/g skin tissue (14).
Carotenoid levels were also measured in the prostate gland.
Lycopene and B-carotene are the major carotenoids in this
tissue with mean levels of about 0.8 and 0.54 nmol/g,
respectively (39).
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