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SUMMARY

Chronic diseases such as cancer and cardiovascular diseases are the
major causes of deaths in North America. Dietary intake of fruits and
vegetables has been suggested to have protective effects against such
chronic diseases. Carotenoids are important plant pigments which are
thought to contribute towards the beneficial effects of fruit and
vegetable consumption. This review focuses on the role of carotenoids
and particularly lycopene in chronic diseases.
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1. INTRODUCTION

Cancer and cardiovascular diseases are the major causes of deaths
in North America. Although genetic factors and age are important in
determining the risk, dietary component is also a major risk factor
associated with the diseases /1/. The role of reactive oxygen species
(ROS) and oxidative damage to biomolecules is one of the main foci
of recent research related to cancer and cardiovascular diseases.
Oxidative stress has been widely postulated to be involved in the
causation and progression of several chronic diseases /2-8/. Dietary
antioxidants, which inactivate ROS and provide protection from
oxidative damage /2-8/, are being considered as important preventive
strategic molecules.

Recent dietary guidelines to combat chronic diseases recommend
an increased consumption of plant foods including fruits, vegetables,
cereals and legumes. Plant foods are rich sources of antioxidant
phytochemicals, such as the carotenoids. In laboratory animal, cell
culture, case control or cohort studies they appear to protect against
the development of cancer /9-11/. Carotenoids are plant pigments
commonly found in fruits and vegetables and are considered to be the
important micronutrients responsible for the protective effects. Their
ability to act as precursors of vitamin A and their antioxidant pro-
perties are thought to be responsible for their anticarcinogenic and
antiatherogenic activity. This review focuses on carotenoids and
particularly lycopene and human health and disease.
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2. OXIDATIVE STRESS AND CHRONIC DISEASES

There is convincing evidence to indicate that ROS generated both
endogenously and also in response to external factors such as diet and
life-style may be a significant factor in the etiology of several
degenerative diseases including cancer and cardiovascular disease
(CVD) /2-8/. ROS are generated endogenously as byproducts of
normal metabolic processes and cause oxidative damage to important
biomolecules such as lipids, proteins and DNA, which if unrepaired
accumulates and leads to physiological attrition and an increased risk
of several chronic diseases (Fig. 1).

Oxidation of low density lipoproteins (LDL) is an important factor
in atherosclerotic plaque formation leading to coronary heart disease
/5/. Intracellular protein oxidation results in functional changes modu-
lating cellular metabolism /6/. Oxidative modification of DNA bases
leads to mutation and altered gene function resulting in cancer /12,13/.
Oxidative damage and mutations in mitochondrial DNA lead to
mitochondrial dysfunctions resulting in a variety of pathological
disorders /14/. ROS induce the expression of a wide variety of
transcription factors, such as NFkB, API, and oncogenes, such as c-
fos and c-jun. Furthermore, ROS also induce conformational changes
in p53 protein which mimics the mutant phenotype. ROS, therefore,
by inducing these alterations, influence cell cycle mechanisms and
ultimately lead to the development of cancer /15-18/.

Several biomarkers of oxidized lipids, protein and DNA have been
found to be increased in the tissues and body fluids of patients with
cancer and cardiovascular disease, and also during aging /2-8/. Lipid
peroxidation products have been found to increase in a variety of
oxidative stress conditions /5/. Premenopausal women with high
mammographic tissue densities, a strong risk factor for breast cancer,
were found to excrete more malondialdehyde, a lipid peroxidation
product /19,20/. Increased oxidation of proteins and DNA was also
shown to be involved in the aging process /21,22/. About 20% higher
levels of lipid peroxides were found in prostate cancer patients
compared to their matched controls with retinoic acid therapy /23/.
Cancer tissues also show an increased amount of DNA adducts of
oxidative damage /13,24,25/.
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Fig. 1: Role of ROS and antioxidants in the chronic disease process.
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3. CAROTENOIDS

Carotenoids are important pigments synthesized by plants and
microorganisms but not by animals. They are present in the human
diet as micro-components of fruits and vegetables and are thought to
contribute to the inverse relationship between fruit and vegetable
consumption and the risk of CVD, cancer and other chronic diseases
126,27/. They are important dietary sources of vitamin A and are also
excellent antioxidants /26/. In plants, these pigments are part of the
photosynthetic machinery and are responsible for the yellow, orange
and red colors of fruits and vegetables. The importance of these
carotenoids in plants lies mainly in protection against photo-damage.

There are more than 600 carotenoids found in nature, about 40 of
which are present in a typical human diet, and about 20 have been
identified in blood and tissues. B-Carotene, a-carotene, lycopene, o-
cryptoxanthin and lutein account for over 90% of the carotenoids in
the diet and the human body /28/. All carotenoids posses certain
common chemical features: a polyisoprenoid structure, a long con-
jugated chain of double bonds in the central position of the molecules,
and a near bilateral symmetry around the central double bond /29/.
Modifications in the base structure by cyclization of the end groups
and by introduction of oxygen functions yield different carotenoids
(Fig. 2). Carotenoids are rich in conjugated double bonds and
therefore can undergo cis-trans isomerization. The trans form is more
stable and is the most common form in foods. Very little is known
about the specific roles and relative importance of cis-frans isomers of
carotenoids in humans.

4. DIETARY SOURCES, ABSORPTION AND METABOLISM

Carotenoids are present in several types of foods, but most
carotenoids in the diet are provided by deeply pigmented vegetables,
fruits and juices /30,31/. The carotenoid pattern of common fruits and
vegetables is shown in Table 1. In general, yellow-orange vegetables
and fruits provide most of the dietary B-carotene and a-carotene,
orange fruits provide a-cryptoxanthin, dark green vegetables provide
lutein and tomatoes and tomato products are a major source of
lycopene in the diet. Cooking and processing of foods affect caro-
tenoid contents. In general the most common household cooking
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Fig. 2:  Structures of major dietary carotenoids.

methods, such as microwave cooking, steaming and boiling in a small
amount of water, do not drastically alter the carotenoid contents of
vegetables. However, drying, extreme heat or excessive cooking time
results in oxidative destruction of carotenoids /32/. At present there is
no dietary reference intake (DRI) for carotenoids. Quantities of
carotenoids in diet are difficult to estimate, partially because the
methods used for the estimation are not sensitive and specific. In
addition, the given values do not always take into account variations
due to season.
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TABLE 1

Examples of major contributors of carotenoids

in North American diet /30,31/

Carotenoid Food Source Amount
(ng/100 g)
B-Carotene Apricot, dried 17,600
Carrots, cooked 9,771
Spinach, cooked 5,300
Green Collard 5,400
Canteloupe 3,000
Beet Green 2,560
Broccoli, cooked 1,300
Tomato, raw 520
a-Carotene Carrots, cooked 3,723
Lycopene Tomatoes, raw 3,100
Tomato Juice 10,000
Tomato Paste 36,500
Tomato Ketchup 12,390
Tomato Sauce 13,060
B-Cryptoxanthin  Tangerine 1,060
Papaya 470
Lutein Spinach, cooked 12,475
Green collard 16,300
Beet, green 7,700
Broccoli, cooked 1,839
Green peas, cooked 1,690
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Very little is known about the absorption and transport of major
carotenoids except for B-carotene. In humans, appreciable amounts of
carotenoids are absorbed intact by the mucosal cells and subsequently
appear unchanged in the circulation and peripheral tissues /33,34/.
Food processing and cooking operations such as mechanical homo-
genization or heating, which release carotenoids from the food matrix,
enhance their bioavailability /35,36/. In the intestine, they are incor-
porated into the micelles formed from dietary fat and bile acids, which
facilitates absorption via passive diffusion. The micellar carotenoids
are then incorporated into the chylomicrones, released into the
lymphatic system, and follow chylomicron metabolism. They are then
taken up by the liver, incorporated into lipoproteins and released into
the blood stream for transport to different tissues. Carotenoids are
taken up differentially by different tissues, but little is known of the
factors relating to this process. Adipose tissue is the primary storage
depot for these carotenoids /33,34/.

5. ROLE IN DISEASE PREVENTION

Although the chemistry of carotenoids has been studied extensively
their biological role remains unclear. Carotenoids play important
physiological roles in human health. Not all carotenoids clearly serve
as a dietary source of vitamin A. They also exhibit biological activity
as antioxidants, in gap junction communication, in cell growth
regulation, in modulating gene expression, in immune response and as
modulators of biotransformation reactions involving drug metabo-
lizing enzymes /26,27,37,38/. Carotenoids have been implicated as
protective agents against cancer, CVD, age related macular
degeneration (AMD) and cataract. Figure 3 summarizes the biological
role of carotenoids in disease prevention. Epidemiological evidence
has suggested a positive link between higher dietary intake and tissue
concentrations and reduced risk of cancer and CVD /26,27/. A recent
analysis of several epidemiological studies reported that people
consuming large amounts of tomatoes and tomato products, rich
sources of the carotenoid lycopene, or with high levels of circulating
lycopene in their body, are less likely to develop several types of
cancers than those consuming lesser amounts or having lower levels
/39/. However, recent intervention trials using high doses of B-
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Fig. 3: Role of carotenoids in the prevention of chronic diseases.

carotene supplements did not show protective effects /40-42/. On the
other hand, pharmacological supplementation with B-carotene
increased lung cancer incidences in smokers in the Alpha-Tocopherol
Beta-Carotene (ATBC) trial /43/, and increased mortality from CVD
in a group of smokers, former smokers and asbestos exposed
individuals in the B-Cartotene and Retinol Efficiency Trial (CARET)
/44/. Tt appears that B-carotene induces a biphasic response by
promoting health when taken at dietary levels, but may have adverse
effects when taken in high amounts. Of all the carotenoids, lycopene
has received most attention in recent years.

6. LYCOPENE

Lycopene is a natural pigment synthesized by plants and micro-
organisms but not by animals. Some red fruits and vegetables,
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including tomatoes, watermelons, pink grapefruit, apricots and pink
guavas, are rich sources of lycopene /45/. It is a carotenoid, an acyclic
isomer of B-carotene, with no vitamin A activity /46/. Lycopene is one
of the most potent antioxidants /47-50/ and its singlet oxygen quen-
ching ability is twice that of B-carotene and 10 times that of a-toco-
pherol /50/. It is a highly unsaturated hydrocarbon containing 11
conjugated and two non-conjugated double bonds. As a polyene, it
undergoes light-, thermal energy- or chemical reaction-induced cis-
trans isomerization (Fig. 4) /45,51/.

Processed tomato products, such as juice, ketchup, paste, sauce and
soup, are all rich sources of lycopene. In a recent study /52/, the
average daily dietary lycopene intake levels were assessed by adminis-
tering a food frequency questionnaire and were estimated to be 25
mg/day with processed tomato products accounting for 50% of the
total intake. Lycopene from processed tomato products appears to be
more bioavailable than from raw tomatoes /36,53/. The release of
lycopene from the food matrix due to processing, presence of dietary
lipids and heat induces a trans to cis transformation which enhances
lycopene bioavailability /54/. The bioavailability of lycopene is also
affected by the dose and presence of other carotenoids such as B-
carotene /55/. However, the comparative bioavailabilities of lycopene
from different tomato products, such as paste, juice, ketchup, sauce
and soup, are not known.

Lycopene is the most predominant carotenoid in human plasma and
its level is affected by several biological and lifestyle factors /54/.
Owing to their lipophilic nature, lycopene and other carotenoids are
found to concentrate in LDL and VLDL fractions of the serum /56/.
Lycopene is known to accumulate in human tissues but its distribution
is non-uniform. Lycopene is also found to concentrate and be the most
prominant carotenoid in adrenal gland, testes, liver and prostate /57-
61/. The tissue-specific lycopene distribution may exert unique bio-
logical effects in some tissues but not in others.

7. ISOMERIZATION OF LYCOPENE
AND ITS POSSIBLE BIOLOGICAL SIGNIFICANCE

Lycopene from natural plant sources exist predominantly in trans
configuration, the most thermodynamically stable form /45.51/. In
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Fig. 4:  Structures of cis and trans isomers of lycopene.

human plasma, lycopene is an isomeric mixture containing 50% of the
total lycopene as cis isomers. All-trans, 5-cis, 9-cis, 13-cis and 15-cis
are the most commonly identified isomeric forms of lycopene (Fig. 4)
/62/. The relative biological significance of the various geometric
isomers of lycopene is unclear.

Lycopene, ingested in its natural trans form found in tomatoes, is
poorly absorbed. Recent studies have shown that heat processing of

199

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 6:28 AM



Vol. 17, No. 1-4, 2000 Carotenoids and Chronic Diseases

tomatoes and tomato products induces isomerization of lycopene to
predominantly the cis form which in turn increases its bioavailability
/53/. Epidemiological studies have supported the hypothesis that
consumption of tomatoes and heat processed tomato products, such as
in the Mediterranean diet, may reduce the risk of coronary heart
disease by preventing the oxidation of LDL. Giovannucci et al. /63/
also suggested that only the intake of processed tomato products was
related to a reduced risk of prostate cancer, probably because of their
high cis isomer content of lycopene. However, Sakamoto et al. /64/
observed that ingestion of canned tomato juice, containing mainly
trans lycopene, increased the cis isomers of lycopene in serum. They
concluded that isomerization reactions may be taking place in the
body. High concentrations of cis isomers were also observed in human
serum and prostate tissue /62/, suggesting that tissue isomerases might
be involved in in vivo isomerization of lycopene from all-trans to cis
form.

A recently completed study /65/ demonstrated that serum and
tissue total lycopene levels of prostate cancer patients were signifi-
cantly lower than in their age-matched controls. It is hypothesized that
cancer patients perhaps lack the ability to isomerize dietary lycopene
and therefore do not absorb lycopene efficiently. A possibility also
exists that due to increased oxidative stress in cancer patients,
lycopene is utilized rapidly, resulting in lower levels. A combination
of both decreased absorption and increased utilization may also be
responsible for the low levels of lycopene observed in prostate cancer
patients. A similar situation may also result in impaired lycopene
absorption in other population groups.

8. TOMATO LYCOPENE AND CANCER RISK

Lycopene may play an important protective role in several human
cancers. As early as 1959, lycopene was demonstrated to provide
radioprotection and stimulate nonspecific resistance towards bacterial
infections in animals /66,67/. Levy et al. /68/ showed that lycopene
inhibited the growth of human endometrial, mammary and lung cancer
cells grown in cultures, and was more effective than o- and -
carotene. Similar results have also been reported in rats and mice
developing either carcinogen-induced or spontaneous tumors in
mammary gland, liver, colon and bladder /69-72/.
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The Mediterranean diet, which is rich in fruits and vegetables
including tomatoes, has been suggested to be responsible for the lower
cancer incidences in that region /73/. Dietary intake of tomatoes and
tomato products have been found to be associated with a lower risk of
a variety of cancers in a number of epidemiological studies /39/. High
intake of tomatoes was linked to protective effects against digestive
tract cancers in a case control study /74/ and 50% reduction in
mortality from cancers at all sites in an elderly American population
/75/. The most impressive results came from the US Health
Professionals Follow-up Study which evaluated the intake of various
carotenoids and retinol, from a food frequency questionnaire, in
relation to prostate cancer risk /63/. The estimated intake of lycopene
from various tomato products and not any other carotenoid, was
inversely related to the risk of prostate cancer. A risk reduction of
almost 35% was observed for a consumption frequency of 10 or more
servings of tomato products per week and the protective effects were
even stronger for more advanced or aggressive prostate cancer /63/.
Serum and tissue levels of lycopene were inversely associated with
breast cancer /76/ and prostate cancer risk in recent studies /65,77/. No
significant association with other major carotenoids including f-
carotene was observed in these studies /65,77/.

Giovannucci /39/ recently reviewed epidemiological studies,
including ecological, case-control and dietary studies, and blood
specimen based investigations on tomatoes, tomato-based products,
lycopene and cancer. Among 72 studies, 57 reported an inverse associ-
ation between tomato intake or circulating lycopene levels and risk of
several types of cancers, and 35 of these inverse associations were
statistically significant /69/. About half the studies analyzed reported a
relative risk of 0.6 or less when comparing high and low intakes of
tomatoes or levels of lycopene. These results were consistent for a
variety of cancers across numerous diverse populations and with the
use of several different study designs. None of the studies analyzed
reported any adverse effects of high tomato intake or high lycopene
levels /69/.

Although there is convincing epidemiological evidence on the role
of lycopene in cancer prevention, this evidence is only suggestive
rather than proof. To date a very limited number of human inter-
vention trials have been performed investigating the bioavailability, in
vivo antioxidant properties and the efficacy of lycopene intake in
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lowering the risk of cancer. Loss of serum lycopene with an increase
in lipid oxidation was observed in human subjects ingesting a
lycopene-free diet for two weeks /33/. In a small clinical intervention
trial, one week dietary supplementation with lycopene from tomato
sauce and juice decreased oxidative damage to lipids, lipoproteins,
proteins and DNA /78-80/. Oxidative damage to critical biomolecules
has been suggested to be involved in the causation and progression of
cancer /2-8/. Consumption of vegetable juices and tomato juice
containing lycopene has been shown to reduce DNA strand breaks
/79,80/. There are indications that tomato extract supplementation in
the form of capsules lowered the PSA levels in prostate cancer
patients /81/.

9. TOMATO LYCOPENE AND RISK OF CARDIOVASCULAR DISEASE

Cardiovascular diseases are one of the leading causes of mortality
in North America. A large body of scientific evidence indicates that
oxidation of LDL which carry cholesterol into the blood stream may
play an important role in the causation of atherosclerosis, the under-
lying disorder leading to heart attack and ischemic strokes /5,82,83/.
Antioxidant nutrients are believed to slow the progression of athero-
sclerosis because of their ability to inhibit damaging oxidative pro-
cesses /83-85/. Several controlled clinical trials and epidemiological
studies have provided evidence for the protective effect of vitamin E
which has been ascribed to its antioxidant properties /86-88/. Recent
studies indicate that consuming tomatoes and tomato products con-
taining lycopene reduces the risk of cardiovascular diseases. Lycopene
also appears to have powerful antioxidant properties and the reduction
in cardiovascular disease risk was attributed to the antioxidant effect
of lycopene /78,89/.

Lower blood lycopene levels were found to be associated with
increased risk and mortality from coronary heart disease in a
population study comparing Lithuanian and Swedish populations
showing divergent mortality rates from coronary heart disease /90/. A
recent multicenter case-control study (EURAMIC) evaluated the
relationship between antioxidant status and acute myocardial in-
farction /89/. Patients were recruited from ten European countries to
maximize the variability in exposure within the study. Adipose tissue
antioxidant levels, which are good indicators of long-term exposure,
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were used as markers of antioxidant status. Adipose tissue biopsies
were taken directly following the infarction and were analyzed for
carotenoids and vitamin E. After adjusting for a range of -dietary
variables, only lycopene, and not B-carotene levels, was found to be
protective /89/.

Since lycopene, a lipid soluble antioxidant, is transported in the
blood mainly in the lipoproteins, a single oral dose of lycopene along
with B-carotene, lutein, cathaxanthin and vitamin E prevented the ex
vivo oxidation of isolated LDL /91/. In tissue culture studies, lycopene
was found to suppress cholesterol synthesis with a simultaneous
increase in LDL receptor activity in macrophages leading to a faster
clearance of LDL from plasma /92/. In the same study, dietary
supplementation with tomato lycopene in healthy male subjects also
lowered the plasma LDL levels by 14%, thus confirming the in vitro
results /92/. In a recent study on healthy human subjects /78/,
supplementation of the diet with lycopene from tomato products for
one week increased serum lycopene levels and significantly lowered
the levels of oxidized LDL. The results of this study suggest that
consumption of tomato products inhibits oxidative damage to serum
LDL and thus may be helpful in reducing the risk of heart disease. In
this study, the tomato products were consumed as one or two servings
per day for one week. This consumption level is easily achievable and
is consistent with current dietary guidelines for healthy eating.

10. LYCOPENE AND OTHER HEALTH BENEFITS

Tomato lycopene has been implicated in several other diseases,
including HIV infections, cataract and diseases of the central nervous
system. HIV positive women as well as HIV infected children were
found to have lower serum lycopene levels compared to controls
/93,94/. Age related macular degeneration (AMD) is believed to be, at
least partly, promoted by oxidative stress due to exposure of retinal
pigment to light and oxygen. Although the human retina contains very
little or no lycopene, low serum lycopene levels were found to be
associated with a high risk of AMD /95/. In a recent Austrian Stroke
Prevention Study /96/, lower serum lycopene and a-tocopherol levels
were also found to be related to a high risk of microangiopathy-related
cerebral damage, a risk factor for cerebrovascular disease, in the
elderly population. Children with cystic fibrosis were also found to
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have significantly lower levels of serum lycopene and other caro-
tenoids than healthy children /97/.

11. CONCLUDING REMARKS

Dietary guidelines for the prevention of cancer and coronary heart
disease recommend increased consumption of plant foods including
fruits, vegetables, cereals and legumes. The presence of micronutrient
phytochemical compounds is now being recognized as playing an
important role in the disease prevention properties of plant foods.
Epidemiological evidence is compatible with a possible protective role
of carotenoids and particularly lycopene against the risk of cancer and
cardiovascular disease. However, epidemiological evidence is sug-
gestive and not conclusive. Moreover, the underlying mechanisms are
also not clear. To date the emphasis has been on B-carotene and
lycopene. The roles of other carotenoids such as lutein in macular
degeneration, canthaxanthin in cancer and CVD are beginning to be
addressed. Since a balanced diet provides a variety of carotenoids,
further research is critical in understanding the role of these carote-
noids for formulation of dietary guidelines for healthy eating and
prevention of disease.
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