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There are relatively few reports on the cancer chemopreventive
effects of lycopene or tomato carotenoids in animal models.
The majority, but not all, of these studies indicate a protective
effect. Inhibitory effects were reported in two studies using ab-
errant crypt foci, an intermediate lesion leading to colon cancer,
as an end point and in two mammary tumor studies, one using
the dimethylbenz(a)anthracene model, and the other the spon-
taneous mouse model. Inhibitory effects were also reported in
mouse lung and rat hepatocarcinoma and bladder cancer mod-
els. However, a report from the author’s laboratory found no
effect in the N-nitrosomethylurea-induced mammary tumor
model when crystalline lycopene or a lycopene-rich tomato ca-
rotenoid oleoresin was administered in the diet. Unfortunately,
because of differences in routes of administration (gavage, in-
traperitoneal injection, intra-rectal instillation, drinking water,
and diet supplementation), species and strain differences, form
of lycopene (pure crystalline, beadiet, mixed carotenoid sus-
pension), varying diets (grain-based, casein based) and dose
ranges (0.5-500 ppm), no two studies are comparable. it is clear
that the majority of ingested lycopene is excreted in the feces
and that 1000-fold more lycopene is absorbed and stored In the
liver than accumulates in other target organs. Nonetheless,
physiologically significant (nanogram) levels of lycopene are
assimilated by key organs such as breast, prostate, ilung, and
colon, and there is a rough dose-response relationship be-
tween lycopene intake and blood levels. Pure lycopene was
absorbed less efficiently than the lycopene-rich tomato carot-
enoid oleoresin and blood levels of lycopene in rats fed a grain-
based diet were consistently lower than those in rats fed lyco-
pene In a casein-based diet. The latter suggests that the matrix
in which lycopene is incorporated is an important determinant
of lycopene uptake. A number of issues remain to be resolved
before any definitive conclusions can be drawn concerning the
anticancer effects of lycopene. These include the following: the
optimal dose and form of lycopene, interactions among lyco-
pene and other carotenoids and fat soluble vitamins such as
vitamin E and D, the role of dietary fat in regulating lycopene
uptake and disposition, organ and tissue specificity, and the
problem of extrapolation from rodent models to human popu-
lations. Exp Biol Med 227:864-868, 2002
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everal retrospective and prospective epidemiological

studies indicate that tomato consumption (1-3), lyco-

pene intake (4, 5), and serum lycopene (6, 7) levels
are associated with decreased risk of cancers, most notably
prostate and lung cancer. These epidemiological leads have
stimulated a number of animal model and cell culture stud-
ies designed to test this hypothesis and to establish its bio-
logical plausibility.

As of the present, eight animal model studies have been
published (Table I). Positive results have been reported in
mouse lung (8), rat urinary bladder (9), and rat colon cancer
models (10). In addition, positive results have been reported
in rat aberrant colon crypt formation (11, 12) and the rat
hepatic preneoplasia model (13). However, with regard to
mammary tumorigenesis, results have proven ambiguous.
Supplementing a semipurified diet with extremely low lev-
els 5 x 107°% (0.5 ppm) of pure lycopene, Nagasawa e al.
(14) reported significant inhibition of spontaneous mam-
mary tumor development. Using the dimethylbenz (a) an-
thracene (DMBA) model, Sharoni et al. (15) reported that
intraperitoneal (ip) injections (10 mg/kg bw, twice per
week) of a tomato carotenoid mixture 2 weeks before
DMBA administration to termination resulted in the inhibi-
tion of tumor multiplicity but had no effect on tumor inci-
dence, volume, or latency. Cohen et al. (16), using the
N-nitrosomethylurea (NMU) model, reported no inhibitory
effect on any parameter of tumor growth when a lycopene-
rich tomato carotenoid oleoresin (TCO) or pure lycopene
was fed in the diet to rats 250 and 500 ppm (mg/kg)
throughout the experimental period. The discrepancies be-
tween the two latter studies could be due to different routes
of administration (ip injection, versus diet) and/or differ-
ences in carcinogens used (host-activated DMBA versus
direct-acting NMU), and strain differences (outbred Spra-
gue-Dawley [SD] versus inbred F-344). It is of interest that
our null result in the rat model are supported by three pro-
spective human cohort studies by Howe et al. (17), Kushi ef
al. (18), and most recently by Smith-Warner et al. (19),
which showed no association between intake of fruits and
vegetables and breast cancer risk. A major problem with the
published animal model studies is that no two are compa-
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Table I. Lycopene and Cancer Animal Model Studies

Rat colon cancer

Narisawa et al.

Jpn J Cancer Res 1998 (10)

Model Investigators Journal, year, and reference
(1) Mouse lung cancer Kim et al. Cancer Lett 1997 (8)
g; Rat urinary bladder cancer Okajima et al. Jpn J Cancer Res 1998 (9)
(4)

Rat coion ACF

(5) Hepatic preneoplasia
(6) Spontaneous mouse mammary tumor
(7) Rat mammary tumor
(8) Rat mammary tumor

Narisawa et al.
Wargovich et al.
Astorg et al.
Nagasawa et al.
Sharoni et al.
Cohen et al.

Cancer Lett 1996 (11)
Carcinogenesis 2000 (12)
Nutr Cancer 1997 (13)

Anti Cancer Res 1995 (14)
Cancer Detect Prev 1997 (15)
Nutr Cancer 1999 (16)

rable because in each case different lycopene preparations,
doses, and routes of administration were used, including
intra-rectal instillation gavage, drinking water (dissolved in
DMSO) ip injection, as tomato juice, and in the from of
10% water-soluble lycopene-coated beadlets.

Only one of the earlier studies (14) analyzed tissue
levels (colon) of lycopene to assure that physiologically
meaningful concentrations were achieved. Therefore, in our
laboratory we embarked on a study to determine the uptake
and disposition of lycopene in various tissues and serum,of
F-344 rats before performing out the NMU tumor study
(20). The study design was predicated on the hypothesis that
analysis of the effect of the entire complement of tomato
Carotenoids on tumorigenesis was preferable to that of pure
lycopene. The rationale for this was that epidemiological
evidence suggests that tomato consumption rather than ly-
Copene intake per se (1) is associated with decreased cancer
tisk and the fact that, in nature, lycopene is always found in
association with other carotenoids (21). In addition, because
lycopene is ingested in the diet and is absorbed by the small
intestine and transported via chylomicrons (21), it was de-
cided to incorporate the lycopene-rich TCO in the diet so as
10 mimic human exposure to lycopene more closely.

The carotenoids present in the tomato carotenoid con-
Centrate used in this study consisted of lycopene, B-caro-
tene, phytoene phytofluene, and a small amount of « and
{-carotene and an oxidative metabolite of lycopene, 2,6 cy-
clolycopene-1,5-diol (Table II). Six groups of 20 F-344 rats
(10 males/10 females) were fed AIN-76A diets containing
1YC0pene at 1240, 496, 248, 124, 50, and 0 mg/kg diet for a
Period of 10 weeks. The dose ranged from a low of 280 to
a high of 7000 g lycopene/day. Lycopene concentrations

Table Il. Carotenoid Composition of Lycopene-Rich
Tomato Oleoresin?®

[—

Carotenoid mg/g Percent
Lycopene 1240 3.7
B-carotene 280 1.2
Phytofluene " 70 0.3
Phytoene 60 0.28
2,6-Cyclolycopene-1,5-diol 2 0.04

°As 5.7% suspension in MCT (Cognis Corp., La Grangg, IL) After
Zhao et al. (20). '

in selected organs and blood were then analyzed by the
method of Zhao et al. (20) using reversed-phase high-
performance liquid chromatography. It was found that more
than 50% of ingested lycopene was excreted in the feces. As
expected, lycopene concentrations were highest in the liver
(42-120 ng/g). However, physiologically relevant levels,
similar to those found in humans (1-4, 6, 7) were detected
in prostate (47-97 ng/g), lung (134-227 ng/g), and mam-
mary gland (174-309 ng/g) and these levels varied in a
dose-related fashion (Table III). Serum lycopene concentra-
tions varied from 160 to 285 ng/ml but exhibited a nonlinear
relationship to dose (Table IV). Similar results were re-
cently reported by Ferreira et al. (22) in a feeding study in
ferrets and F-344 rats,

In the above studies, we did not explore the issue of
cis-trans isomerism. Lycopene is an acyclic ‘hydrocarbon
with 11 conjugated double bonds in the all-trans configu-
ration (23). Interestingly, as Clinton (2) and others (see
Boileau et al. this volume) have reported, although lycopene
in food is found primarily in the all-trans form, a variety of
cis forms are commonly found in tissues and serum. In a
recent rat study (24) it was shown that as dietary all-trans
lycopene levels were increased the relative proportion of cis
lycopene increased, particularly the 5 cis isomer. Moreover,
in androgen-depleted (castrated) rats, liver cis-lycopene lev-
els rose 2-fold compared with intact rats (no other tissue or
blood levels were affected), suggesting interactions between
lycopene isomers and sex-steroids. At present, the biologi-

Table Hil. Distribution of Lycopene in' Rat Prostate
and Mammary Gland Tissue®?

Group Lycopene Prostate Mammary gland

in diet (ppm) ng/g wet wt

1 1250 100 (17)° 320 (130)

2 500 95 (48) 200 (30)

3 250 50 (37) 215 (62)

4 125 52 (26) 229 (54)

5 50 47 (16) 174 (57)

6 0 0 0

2 Dose-response trend: prostate P < 0.002; breast, P < 0.09

b1 ycopene fed as tomato carotenoid concentrate in AIN-76A diet.
After Zhao et al. (20)

¢Mean (SD).
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Table IV. Rat Serum Lycopene Levels®?

In diet Serum®

(PPM) Mean (SD) Median Range
Control - - - -
Lycopene 250 6 (4)° 7 0-10
Lycopene 500 10 (3) 12 6-13
Tomato carotenoids 250 63 (14) 60 47-85
Tomato carotenoids 500 94 (30) 87 58—148

@ Female SD rats fed lycopene in Teklad (7001) grain-based diet

b Female F-344 rats fed lycopene-rich TCO in casein-based diet,
mean (SD) = 170 (42) After Zhao et al. (20).

°ngs/mi

IN-6

cal significance of lycopene cis isomer accumulation in
blood or tissue remains unknown.

Interestingly, in rats consuming the lycopene-rich
TCO, levels of a-tocopherol and retinol in liver were el-
evated in a dose-related fashion along with lycopene (Table
V). Alpha-tocopherol is known to be present in tomatoes
(1); hence, the 3-fold increase in a-tocopherol levels in this
study could be due to the increased intake of a-tocopherol
in the supplemental group or to selective absorption and
deposition in the presence of tomato carotenoids. The strik-
ing 10-fold increase in liver retinol concentrations (high
dose versus controls) may be due to the [3-carotene present
in the tomato oleoresin but may also be due to selective
absorption of B-carotene resuiting from the presence of ly-
copene followed by enzymatic cleavage of B-carotene to
retinol by dioxygenase. These findings underline the impor-
tance of interactions between the different carotenoid com-
ponents of tomatoes, that may have important implications
with regard to cancer prevention and that would not have
been seen in studies using isolated lycopene.

Several intervening variables were inadvertently dis-
covered as a result of this experiment. The tumor study was
conducted using the out-bred SD rat fed a 4% corn oil,
grain-based diet (Teklad 7001). However, the feeding study
was performed using the in-bred F-344 rat fed casein-based
semi-purified AIN-76A diet (5% corn oil). It was found that

Table V. Lycopene, Retinol, and a-Tocopherol
Levels in Rat Liver (ug/g)®—~

Lycopene in .
Group diet (ppm) Lycopene Retinol a-Tocopherol
1 1250 120 1300 47
2 500 64 770 38
3 250 - 66 860 39
4 125 49 890 46
5 50 22 555 32
6 0 0 120 13

2 Six Female F-344 rat livers pooled/group

® Dose-respone trend: P < 0.01 for lycopene, retinol, and a-tocoph-
erol

¢ Lycopene fed as lycopene-rich TCO in AIN-76 diet After Zhao et al.
(20).

female F-344 rats fed the lycopene-rich TCO at 500 ppm in
the diet for 10 weeks exhibited significantly higher levels of
serum lycopene (170 % 42 ng/ml) than female SD rats fed
the same amount of lycopene for 18 weeks (94 + 30; P <
0.05; Table 1V). This difference could be due to the longer
feeding period but it is more likely due to strain-specific
differences in absorption or differences in the diets used.
For example, the grain-based (Teklad) diet contains a wide
variety of plant-based components that are not present in the
AIN-76A diet and has 20% less fat (4 vs 5%), which could
influence the absorption of the highly lipophilic carotenoids
(21). Another intriguing observation in the tumor study was
that pure lycopene, incorporated at the same levels as the
tomato carotenoid mixture in the diet, resulted in signifi-
cantly lower serum levels of lycopene. The reasons for this
finding are unclear; however, the result could be due to the
fact that lycopene, in the presence of other carotenoids, may
be absorbed more efficiently than in the absence of other
carotenoids (25).

In vitro studies, despite their relatively artificial nature,
provide valuable insights into the mechanisms by which
carotenoids such as lycopene exert their cellular and intra-
cellular effects. Cell culture studies have shown that lyco-
pene inhibits neoplastic cell growth in lung (26, 27), breast
(26), prostate (28), melanoma (29), and HL-60 cells (30—
32). Various mechanisms have been proposed to explain the
inhibitory effects of lycopene, including cell cycle arrest via
insulin growth factor 1 signaling (33), enhanced gap-
junction communication (34), induction of apoptosis, and
EGF receptor downregulation (35, 36) and differentiation
(31, 37) but none has been proven definitively. Cell culture
studies have the disadvantage that the concentrations of ly-
copene used are often supraphysiological and that in vitro
the O, partial pressures are higher than under in vivo con-
ditions, which may influence the anti-oxidant properties of
lycopene. Also, because transformed neoplastic cells are
used in vitro, such studies provide little insight into the
chemopreventive effects of lycopene. (One exception to this
is the report by Bertram e al. (38), which demonstrated that
lycopene inhibited ir vitro neoplastic cell transformation.)
Another problem with in vitro approaches lies in the ex-
treme lipophilicity of lycopene."Most studies require either
DMSO or tetrahydrofuran as solvents, both of which can be
highly toxic in themselves to cultured cells. The use of
water-soluble formmulations such as cyclodextrans (cyclic
carbohydrates which form water-soluble complexes with or-
ganic molecules), and water-soluble beadlets may provide a
solution to this methodological problem.

In summary, animal model studies, although generally
supportive of the anti-cancer activity of lycopene, have
brought to light several important methodological issues
relevant to future studies on the chemopreventive effects of
lycopene. These include strain-specific and diet-specific ef-
fects, differences in-uptake and distribution depending on
whether lycopene is incorporated in the diet as pure lyco-
pene or as a tomato carotenoid mixture, influences of to-
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mato carotenoid supplements on the uptake and storage of
other components of tomatoes or their metabolites such as
B-carotene/retinol and a-tocopherol, and differential effects
resulting from varying routes, doses, and methods of ad-
ministration. Not considered in any detail this discussion,
but worth noting with regard to future studies, is the pos-
sible contribution of other antioxidants present in tomatoes
including vitamin C (160-240 mg/kg) and vitamin E (5-20
mg/kg; 39) and a variety of flavonoids such as naringenin,
and phenolic acids such as chlorogenic acid (40).

Despite the problems associated with extrapolating
from animal models to humans, controlling for these vari-
ables in future feeding studies should provide more defini-
tive answers to the question of the anticancer effects of
lycopene. Lastly, animal model studies, together with epi-
demiologic observations, suggest that tomato consumption
may have organ-specific chemopreventive effects with ly-
copene exerting protective effects on prostate and lung but
not on breast cancer.
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