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ABSTRACT

Epidemiological studies have consistently associated high intakes of lycopene or vitamin E with
a reduced prostate cancer risk. Both compounds were tested in the MatLyLu Dunning prostate
cancer model to gain insight into the in vivo action of lycopene and vitamin E. Supplementation
for 4 weeks with 200 ppm lycopene, 540 ppm vitamin E, or both led to plasma levels comparable
with those in humans. Both compounds also accumulated in tumor tissue. Macroscopic
evaluation of the tumors by magnetic resonance imaging showed a significant increase in
necrotic area in the vitamin E and the lycopene treatment groups. Microarray analysis of tumor
tissues revealed that both compounds regulated local gene expression. Vitamin E reduced
androgen signaling without affecting androgen metabolism. Lycopene interfered with local
testosterone activation by down-regulating 5-a-reductase and consequently reduced steroid
target genes expression (cystatin-related protein 1 and 2, prostatic spermine binding protein,
prostatic steroid binding protein C1, C2 and C3 chain, probasin). In addition, lycopene down-
regulated prostatic IGF-I and IL-6 expression. Based on these findings, we suggest that lycopene
and vitamin E contribute to the reduction of prostate cancer by interfering with internal autocrine
or paracrine loops of sex steroid hormone and growth factor activation/synthesis and signaling in
the prostate.

Key words: carotenoid ¢ steroid ¢ nutrigenomics ¢ magnetic resonance imaging
2000, 415,568 of the 542,990 prostate cancer cases diagnosed worldwide were diagnosed

in more developed countries, 211,950 of them in North America (1). For 2003, 220, 900
cases of prostate cancer (2) are expected to be diagnosed in the United States.

Prostate cancer represents a severe health problem, especially in the Western world. In

During recent years, considerable efforts have been made to find regimens for cancer
chemoprevention. Pharmacological drugs like flutamide, DFMO, bicalutamide (casodex),
celecoxib, sulindac sulfone (exisulind), GTx-006, and finasteride, as well as natural compounds
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such as selenium, soy/genistein, vitamin D, vitamin E and lycopene, are currently being tested in
clinical chemoprevention studies for their potential to prevent prostate cancer (3, 4).
Furthermore, a variety of additional natural compounds and food ingredients like omega-3 fatty
acids and EGCG are considered to have chemopreventive potential for prostate cancer (5) but
have not yet been studied clinically.

According to epidemiological studies, the intake of tomato sauce, tomatoes, or pizza is
significantly associated with lower prostate cancer risk (6), an effect thought to be mediated by
lycopene, the main carotenoid in tomatoes. The health function of lycopene has been linked
mainly to its potent antioxidant, singlet oxygen-quenching properties, which result in protection
of oxidative DNA damage in vitro and in vivo [reviewed in (7)]. Furthermore, both lycopene and
vitamin E can trap peroxynitrite, an important biological oxidant. Lycopene also inhibits cell
proliferation by interference with IGF-1 signaling (7).

Vitamin E functions as the major lipid-soluble antioxidant in cell membranes. a-Tocopherol
scavenges lipid peroxyl radicals, which are the chain-carrying species propagating lipid
peroxidation (8). In several studies, vitamin E was effective in reducing the growth of prostate
tumors in vitro (9) and in vivo (10). A study of 2974 subjects with a 17-year follow-up indicated
that low o-tocopherol levels were associated with higher prostate cancer risk (11). In the a-
Tocopherol B-Carotene (ATBC) Study, prostate cancer incidence was reduced in the vitamin E
supplemented group when compared with the control group (12).

Although a variety of effects of lycopene and vitamin E have been shown, the molecular mode of
action underlying the reduced risk for prostate cancer is less understood.

To gain insight into the in vivo mechanisms by which lycopene and/or vitamin E contribute to
prostate cancer risk reduction, we used the MatLyLu Dunning prostate cancer model. Animals
were pre-supplemented with diets containing lycopene or vitamin E, or a combination of both,
for four weeks until tumor induction. Thereafter, supplementation was continued for an
additional 18 days of tumor growth. Lycopene and vitamin E accumulation in plasma and tumor
tissue was followed by HPLC analysis, and the activities of lycopene and vitamin E in tumor
tissue were evaluated by in vivo MR imaging, as well as by GeneChip® analysis.

MATERIALS AND METHODS
Animals

30 male Copenhagen rats (8-10 weeks of age, 180-200 g; Charles River, Sulzfeld, Germany)
were randomly assigned to five groups according to their supplementation. The control group
received a basal diet consisting of Kliba diet #2019 (Provimi Kliba AG, Kaiseraugst,
Switzerland) with added 6% (w/w) coconut fat. This basal diet contained less than 5 ppm vitamin
E and a reduced vitamin A content (4000 iU/kg) and was devoid of phytosterols. The exact
composition of the five experimental diets is given in Table 1.

All animals were pre-supplemented for four weeks. Subsequently, 1 x 10°> MatLyLu Dunning
prostate cancer cells (13) were injected into the ventral prostate, and supplementation was
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continued until trial termination 18 days post-injection. At 14 days after tumor cell injection,
orthotopic tumors were examined by using magnetic resonance (MR)-imaging. Plasma samples
were taken before and after four weeks of supplementation, as well as at the end of the
experiment. Tumors were weighed at sacrifice. All procedures during the animal trial were
consistent with the German Animal Welfare Act.

MRI

MRI was performed at 1.5T (Magnetom Vision, Siemens, Erlangen, Germany). All images were
acquired with a heavily T1-weighted thin section spin-echo sequence with a total acquisition
time of 6.82 min. Images were obtained before and after intravenous injection of a conventional,
low-molecular-weight gadolinium-containing contrast medium (Gd-DTPA) at a dosage of 0.3
mm Gd/kg. Necrosis rates were determined from the cross-sectional view of the tumor and was
calculated as the percentage of necrotic area within the largest cross-sectional view. Differences
in necrotic areas were assessed by unpaired t-test.

Lycopene analysis

Tissue samples were homogenized in acetone plus magnesium sulfate. The acetone extract was
diluted with n-hexane and applied to an open magnesium sulfate column. Lycopene was eluted
with n-hexane, dried, and dissolved in n-hexane/acetone (99:1 v/v). For the analysis of plasma
samples, proteins were removed by ethanol precipitation. Lycopene was extracted by using n-
hexane, which was dried and re-dissolved in n-hexane/acetone (99:1 v/v).

Analysis of lycopene isomers was performed by HPLC chromatography using three Nucleosil
300-5 columns (250x4.6 mm; Macherey-Nagel, Oensingen, Switzerland) coupled to a stationary
phase of 750 x 4.6 mm. As mobile phase n-hexane/n-ethyldiisopropylamine (998.5:1.5 v/v) was
used. For the detection of all-trans lycopene, as well as cis-isomers, the absorption was measured
at472 nm.

Vitamin E analysis

The tissue was saponified in a methanolic potassium hydroxide solution. The solution was
diluted in 35% ethanol and extracted with hexane/toluol. a-Tocopherol was quantified by
isocratic HPLC analysis by using a Lichrosorb™ Si 60.5 pm, 20 x 4 mm precolumn coupled to a
Lichrosorb™ Si 60.5 pm, 125x4 mm column (Stagroma, Reinach, Switzerland) as stationary
phase, and 3% 1.4-dioxane in n-hexane as mobile phase. For detection, fluorescent emission was
measured at 330 nm after excitation at 295 nm.

RNA isolation

RNA isolation was performed by phenol-chloroform extraction (TRIzol Reagent, Invitrogen,
Basel, Switzerland). Phenol-chloroform-purified RNA was re-purified with RNeasy mini spin
columns (Qiagen, Basel, Switzerland) and an on-column DNase digest (RNase-Free DNase Set,
Qiagen), according to the manufacturer's description. The integrity of the isolated RNA was
tested on an agarose gel.
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Affymetrix GeneChip® hybridization

RNA (10 pg) was subjected to double-stranded (ds)-cDNA synthesis with T7-d(T),4 primers and
the Superscript™ 11 choice system (Invitrogen). The ds-cDNA was used as template in an in
vitro transcription reaction (T7 MegaScript kit, Ambion, Austin, TX) to generate the
hybridization probes. The cRNA was labeled by incorporation of biotin-11-CTP and biotin-16-
UTP (Roche Molecular Systems, Penzberg, Germany). cRNA (10 pg) was fragmented by
incubation in 40 mM Tris-acetate, pH 8.1; 100 mM KOAc; and 30 mM MgOAc for 35 min at
95°C.

Affymetrix Rat Genome U34A microarrays were hybridized as described in the Gene Chip
Expression Analysis Technical Manual (Affymetrix, Oxford, UK). Each tumor was represented
by one chip. Briefly, fragmented cRNA was hybridized overnight at a stringency of 1x MES, 1M
[Na'], and 0.01% Tween-20 at 45°C. The arrays were washed at a maximal stringency of 1x
MES, 0.1 M [Na'], and 0.01% Tween-20 at 50°C (Fluidics program EukGE-WS2).
Hybridization signals were detected by streptavidin-phycoerythrine staining (Molecular Probes,
Leiden, Netherlands), which was amplified by incubation with anti-streptavidin antibody (Vector
Labs, Orton Southgate, Great Britain) and a second staining with streptavidin-phycoerythrine.
Subsequently, the microarrays were subjected to laser scanning (Hewlett Packard, Palo Alto,
CA), and the hybridization signals were analyzed with the GeneChip® Analysis Suite MAS 5.0
(Affymetrix).

GeneChip® data analysis

The gene chip data analysis was performed by using RACE-A (Roche Affymetrix Chip
Experiment-Analysis), a Roche proprietary software package for differential expression analysis.
The workflow supported by RACE-A comprises the following steps: (i) selection and quality
assessment of probe arrays; (ii) reading probe set intensities reported by Affymetrix chip analysis
software; (iii) assignment of chip replicates to experimental conditions; (iv) comparisons of
experimental conditions; (v) filtering of comparison results based on a variety of attributes
calculated by RACE-A; and (vi) output to Excel® table format.

During step (iii), probe arrays were normalized against the mean signal intensity of each chip.
Outlier genes, as defined by a Nalimov outlier test at 95% confidence level (14), were removed
in step (iii). Changes of expression levels are reported as "fold induction” relative to the placebo-
treated control.

For each gene analyzed, changes in gene expression in each comparison were considered
significant when the expression level represented by the mean”®°-value of the gene in one or
both groups compared was greater than 10 (switched on or off, or modulated above expression
minimum), and the fold induction was above 1.5 or below 0.66.

TagMan™ real time RT-PCR analysis

cDNA was synthesized by using random hexamer oligonucleotides and Superscript |1l
(Invitrogen). Synthesis reactions were performed at 42°C, followed by enzyme inactivation at
70°C and RNase H (Invitrogen) digestion.
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Real-Time-PCR was performed with a TagMan ABI PRISM 7700 Sequence Detector System
(PE Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. The
housekeeping gene 18 S RNA served as calibrator gene. All primer and probe sets were tested
for their amplification as recommended by Applied Biosystems.

For analysis, data were transferred to Excel®, where “fold inductions” were calculated as
described in User Bulletin #2 (Applied Biosystems). To maintain consistent data quality, the
inclusion criteria for the statistical analyses were defined by the detection of signals of minimal
template concentrations as determined by a standard curve. Induction of gene expression within a
treatment group was calculated as the geometric mean +/— standard error of the single fold
induction values. Statistical analysis was performed with the Statview® software package. Non-
parametric statistical tests, which are distribution-independent and thus more conservative, were
applied to determine the significance levels, as recommended by Miller et al. (15).

RESULTS
General health status

There was no difference in the development of body weight between the groups during the first
four weeks. Following tumor cell injection, rats were increasingly less active and stopped
gaining weight, as their food consumption dropped due to continuous tumor growth.

Lycopene and vitamin E uptake

All plasma samples, as well as prostate tumor tissue samples, were analyzed for their lycopene
and vitamin E content to evaluate the uptake of lycopene and vitamin E (Table 2).

After 28 days of pre-supplementation, plasma vitamin E concentrations of 21.67 uM and 26.38
uM in the vehicle and in the lycopene group were comparable with physiological levels of 25
uM in un-supplemented humans (16). At the same time, the vitamin E and the co-treated animals
showed elevated serum vitamin E levels of 47.98 uM and 46.44 uM, which were in the same
range as seen in humans after three years of supplementation in the ATBC study (17).

Lycopene supplementation for 28 days led to plasma concentrations of 1.02 and 0.92 uM. These
concentrations correspond to the average plasma concentrations of 0.95 and 1.29 uM found in
people who live in the Mediterranean region (18).

At late stages of tumor growth, the feed intake dropped, resulting in decreasing plasma levels of
lycopene and vitamin E in all supplementation groups. This was especially evident for lycopene
due to its short half-life in blood. However, lycopene levels in tumor tissue analyzed at Day 46
reached 0.38 and 0.42 uM, respectively, in the two lycopene-treated groups. At the same time,
vitamin E increased two- to threefold in tumor tissues of supplemented animals and reached an
average of 61.53 uM in the two vitamin E treated groups.
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In vivo examination of MatLyLu tumor tissue by MR-imaging

On Day 14 after tumor cell injection, the tumors were examined in vivo by MR-imaging. As a
result, both lycopene or vitamin E increased the percentage of necrotic area in the tumors (Table
3). Tumor volumes 14 days after tumor cell injection and tumor weights after 18 days of tumor
growth (Day 46) were not significantly different between study groups (Table 3).

Vitamin E treatment increased the mean necrotic areas to 36.37% (P=0.0062), and lycopene
increased it to 35.97% (P=0.0223). This finding compares with 19.98% necrosis in untreated and
23.27% in vehicle-treated animals. In the lycopene/vitamin E co-treated group, the percentage of
necrotic area was non-significantly increased to 28.47%.

GeneChip® analysis of MatLyLu prostate tumor tissue

To establish the mechanisms by which lycopene and vitamin E had increased tumor necrosis
rates, we analyzed tumor tissue for changes in gene regulation elicited by these compounds. The
expression level of each gene in the three treatment groups was compared with the expression
level in the vehicle group.

Vitamin E treatment alone up-regulated 90 genes and down-regulated 119 genes. In the
lycopene-treated group, 101 genes, and in the lycopene/vitamin E co-treated group, 71 genes
were up-regulated, while 261 and 260 genes, respectively, were repressed. This dominant
suppression points to a general inhibitory effect of lycopene on tumor tissue gene expression.

Lycopene interferes with autocrine loops in tumor tissue

Most changes in gene expression by lycopene treatment were moderate. Only 25% of all genes
affected by lycopene showed fold inductions >2 or <0.5.

The hallmark of both the lycopene and the vitamin E effect was suppression of genes involved in
steroid metabolism and signaling. Lycopene reduced steroid 5-a-reductase 1 expression in the
lycopene [fold induction (fold) 0.36] and in the co-treated group (fold 0.48). This finding is of
relevance because testosterone is converted to the more potent 5aDHT by 5-a-reductase in
normal prostate development (19), as well as in prostate cancer development (20). Consequently,
a set of androgen target genes (cystatin related protein 1 and 2, prostatic spermine binding
protein, prostatic steroid-binding protein C1, C2 and C3 chain, probasin) was consistently down-
regulated in both lycopene-treated groups with fold up to 0.04 (prostatic steroid-binding protein
C1 chain) in the lycopene group, and up to 0.02 (prostatic steroid-binding protein C1 chain) in
the co-treated group (Table 4). This was confirmed by TagMan™ real-time RT-PCR analysis
with three androgen target genes (Fig. 1).

Additionally, lycopene treatment significantly reduced local expression of IL-6, an autocrine
growth factor in prostate cancer (21). Importantly, insulin and IGF-1 were also significantly
reduced by lycopene on the mRNA level. Epidemiological data indicate that IGF-I signaling is a
factor involved in prostate carcinogenesis (22). Two reactive oxygen species (ROS) generating
enzymes, inducible nitric oxide synthase (iINOS) and p22-phox, a subunit of the NADPH
oxidase, were down-regulated by lycopene. Arylamine n-acetyltransferase 2 (GenBank accession
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no U01348) was also down-regulated by lycopene. In the sequence of 171 basepairs represented
by the Affymetrix probe set for NATZ2, the sequences specific for n-acetyltransferase type 1 or
type 2 differed by 3 basepairs. Thus, the probe sets will detect both NAT1 and NAT2. Recently,
Hein et al. suggested that a low n-acetyltransferase 2 activity in the liver and a high n-
acetyltransferase 1 activity in the prostate contribute to the prostate cancer risk due to
heterocyclic amines (23).

Vitamin E affects androgen target genes

Vitamin E supplementation of rats led to changes in expression of 209 genes in the prostate
tumor tissue. Similar to lycopene treatment, the major effect was observed on steroid signaling
(Table 4), resulting in the decreased expression of a set of androgen target genes. As for the
lycopene-treated group, this finding was confirmed by TagMan™ real-time RT-PCR (Fig. 1).

In contrast to lycopene supplementation, vitamin E treatment did not influence steroid 5-a-
reductase expression in the prostate tumors. Vitamin E, however, significantly reduced
aromatase expression, suggesting reduced estrogen synthesis. Also, in contrast to lycopene
treatment, neither IGF-1 nor the ROS generating iNOS or NADPH oxidase were affected by
vitamin E.

Effects in the lycopene/vitamin E co-treated group are characterized by the inhibitory
action of lycopene

Lycopene/vitamin E co-treatment affected 331 genes, of which 71 genes were induced (Table 4).
The effect of co-treatment is therefore mainly dominated by lycopene’s inhibitory features, with
the strongest effect seen in steroid metabolism and signaling. As in the vitamin E group, the
estrogen-metabolizing enzymes aromatase and 17(-estradiol inactivating estradiol 17p-
dehydrogenase 4 (24) were significantly down-regulated. Furthermore, androgen activation was
reduced, similar to the findings for the lycopene group. In line with the inhibitory effect on
steroid metabolism, the same set of androgen target genes was affected as in the lycopene group.
In comparison with the groups treated with vitamin E and lycopene alone, the inhibitory
activities on androgen target gene expression seemed to be additive in the co-treated group. This
additive effect can be explained by lycopene acting on the autocrine/paracrine 5SaDHT synthesis
and by vitamin E acting downstream of androgen metabolism by inhibiting transduction via the
androgen receptor (25).

In addition to steroid metabolism and signaling, the expression of Jun-D, C-Jun, and Jun
dimerization protein 2 (JDP2) was significantly reduced by co-treatment, while the single
treatment led only to an insignificant reduction. Jun-D, C-Jun, and JDP2 all participate in INK
signaling, which is known to be induced by oxidative stress and is involved in the regulation of
apoptosis in response to oxidative stress (26). The stronger decrease in JNK signaling by
lycopene/vitamin E co-treatment can be explained by a cooperative reduction in oxidative stress
due to the combination of the two antioxidants.
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The reduction of IGF-I, insulin, INOS, and arylamine n-acetyltransferase 2 (GenBank accession
no U01348) were comparable with the changes seen in the lycopene group, which indicates that
these changes in gene expression were induced by lycopene.

Separation of lycopene and vitamin E effects: Lycopene causes 5-a-reductase and IGF-I
reduction in MatLyLu tumor tissue

It has to be noted that the lycopene formulation, and accordingly the placebo, contained low
amounts of vitamin E as stabilizer (Table 1). Therefore, the lycopene effect could not be
separated from that of vitamin E, and changes in gene expression might have been the result of a
joint lycopene/low vitamin E action. To distinguish the lycopene effect from the vitamin E
effect, the data were re-grouped in correlation to the actual vitamin E concentration in the
tumors. The re-organized groups were analyzed for the lycopene activity in the presence of very
low (<15 mg/l), low (15-25 mg/l) or high (=25 mg/l) vitamin E levels (Table 5). Within each of
the three defined vitamin E concentration ranges, we compared the gene expression of the
lycopene-free samples with the gene expression of those samples containing detectable amounts
of lycopene.

The statistical analysis of samples containing <15 mg vitamin E/L (“very low E") was not
possible, as there were only two tissue samples containing lycopene. In the two resulting
comparisons, "low E" (15-25 mg vitamin E/L) and "high E" (>25mg vitamin E/L), the changes
in gene expression induced by lycopene addition were calculated, and the genes were filtered
according to former analysis.

This analysis confirmed the findings described above. The down-regulation of 5-a-reductase |
(fold 0.33) as well as the reduction of androgen target gene expression and IGF-1 expression
were more pronounced in the presence of a high vitamin E concentration (Table 4). The
reduction in IL-6 expression was stronger in the presence of a moderate vitamin E concentration.
However, the analysis revealed that both in presence of a low, and in presence of a high vitamin
E value lycopene was responsible for the reduction in androgen target gene expression in
prostate tumors.

DISCUSSION

In our study, we demonstrate that lycopene and vitamin E increase tumor necrosis in the
Dunning prostate cancer model. By gene expression analysis of tumors we provide two major
mechanisms by which this effect is likely mediated: (1) reduction in tissue internal androgen
activation and thereby a reduction in steroid signaling, and (II) reduction in local IGF-1 and IL-6
expression, which interferes with the endocrine loop of local synthesis and signaling.

The orthotopic Dunning tumor model used in this study represents the most widely studied
animal model for prostate cancer (27). In this model, prostate cancer cells are injected into the rat
ventral prostate and grow in their natural environment. Among the characterized Dunning
prostate cancer cell lines, the MatLyLu cell line used in our study represents the most aggressive
subline showing the shortest doubling time and being highly metastatic (28). The informative
doses are reported to be 10% MatLyLu cells subcutaneously injected to test immune response (29)
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and 2x10° cells intravenously injected for skeletal metastasis induction (30). In our experiment,
we used 10° cells injected into the ventral prostate lobe as the dose reported to be informative for
prostate cancer induction (31).

Pre-supplementation with lycopene and vitamin E for 4 weeks until tumor cell injection led to
physiologically relevant plasma concentrations of both compounds. Within 18 days of tumor
growth, lycopene and vitamin E were accumulated in the tumor tissue.

At 14 days after tumor cell injection, tumors were evaluated macroscopically by in vivo MR-
imaging, a method frequently used to evaluate the therapeutic efficacy in tumor models (32). We
found no difference in tumor volume between the different treatment groups. However, we did
find a significant increase in necrotic area of tumors from animals supplemented with lycopene
or vitamin E. Such an increased necrosis rate represents a remarkable effect in this aggressive
model, especially for nutritional intervention. In several cancer models, it has been shown that
treatment can increase tumor internal cell death without affecting the tumor volume. For
example, RIF-1 tumors treated with cyclophosphamide resulted in an estimated tumor cell kill of
67% with no changes in tumor volume (33). Moreover, the treatment of rat intracranial 9L
gliomas with BCNU led to an estimated 90% cell kill within a week, whereas tumor volume
doubled over time (34). However, although this effect would suggest therapeutic activity, caution
should be taken to promote lycopene for therapy, unless further research has proven the efficacy
as strong enough for therapeutic use.

We further investigated the effect of treatment on gene expression level by GeneChip® analysis.
The expression data were filtered with low stringency regarding the minimum expression
intensity on the mRNA level and changes in expression. This was done under the assumption
that nutrition-based cancer prevention is mediated by chronic exposure to moderately active
ingredients. The second reason for the low stringency was the short time frame of 18 days
between tumor cell injection and sacrifice for accumulation and action within the tumor tissue.

Unexpectedly, we found steroid hormone synthesis and signaling being most strongly affected in
MatLyLu tumors. In 1986, this cell line was reported to be androgen insensitive (28). This
statement was based on the finding that authors saw no difference in androgen receptor content
of cytosolic fractions between tumor tissue samples of uncastrated tumor-bearing rats and tumor-
bearing rats, which were castrated 24 h earlier. Furthermore, in cells grown in vitro, authors
could not detect androgen receptor or estrogen receptor expression (28). The GeneChip® data
and TagMan™ analysis from the current study showed the presence of androgen receptor
MRNA, although at a low level (data not shown). Estrogen receptor o was undetectable, but
estrogen receptor B (ERB) mRNA was clearly present (data not shown). This discrepancy
concerning steroid receptor expression can be explained by sensitivity differences in the methods
used and by different growth conditions.

In our hands, changes in androgen target gene expression in the MatLyLu tumor clearly indicate
a response to androgen signaling. A massive down-regulation was seen in all three treatment
groups. Steroid 5-a-reductase 1 expression was reduced in both groups receiving lycopene.
Consequently, a set of androgen target genes was consistently and profoundly down-regulated.
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Comparisons based on the vitamin E and lycopene concentrations in tumor tissue showed that
the reduction of both steroid 5-a-reductase and androgen target genes was mediated by lycopene.

In the vitamin E-treated group, the reduced androgen target gene expression is in agreement with
studies demonstrating that vitamin E inhibits the androgen receptor (25). In addition, vitamin E
affected estrogen metabolism by down-regulating aromatase expression. Weihua and co-workers
have recently shown that the major endogenous estrogen in the prostate is not 173-estradiol, but
5a-androstane-33,173-diol (3pAdiol; 35). The latter is synthesized from the 5-a-reductase
product 5aDHT by 3B-hydroxysteroid dehydrogenase activity. Thus, down-regulation of 5-a-
reductase in combination with aromatase reduction, as seen in the lycopene/vitamin E co-treated
group, affects the local synthesis of both estrogenic steroids in the prostate. A complete block of
both androgen and estrogen signaling leads to atrophic luminal epithelial cells with no secretory
activity (36). Thus, it is conceivable that lycopene's beneficial impact on prostate cancer,
especially in combination with vitamin E, is at least in part due to a local reduction of the
autocrine/paracrine loop of steroid synthesis and signaling within the prostate.

Additionally, the changes in gene expression in the co-treated group indicated an interaction
between lycopene and vitamin E on oxidative stress reduction. The down-regulation of JDP2, C-
Jun, and Jun-D, indicative of reduced JNK signaling, was stronger in the co-treated group than in
the individually treated groups and was paralleled by weaker necrosis rate as determined by MR-
imaging. Oxidative stress is known to activate JNK and p38 pathways (26). In prostate cancer
cells, INK signaling was recently shown to contribute to apoptosis induction (37). Both lycopene
and vitamin E are known to have antioxidative properties. Therefore, the concerted action of
lycopene and vitamin E on JNK signaling indicates a stronger reduction in oxidative stress in the
co-treated group and might explain a weaker necrosis rate. In healthy tissue, reduction of
oxidative stress is desired in terms of prevention as radicals/reactive oxygen species are involved
in the process of initiation and promotion of neoplastic diseases (38, 39).

Ample evidence from preclinical studies (9), epidemiological observations (11, 40), and
controlled trials (12, 17) indicates that vitamin E prevents the development or progression of
prostate cancer. Compelling data supporting the use of vitamin E in this setting comes from
secondary analyses of the ATBC study, a large, randomized, double-blind, placebo-controlled
trial (41). Based primarily on these and other research results, a new Phase Ill, randomized,
double-blind, placebo-controlled intervention trial, the SELECT study, was recently launched, to
test the efficacy of vitamin E and selenium, alone and in combination, in the prevention of
prostate cancer (42). Consistent with the evidence of vitamin E as effective preventive agent in
the development of prostate cancer, our findings suggest that vitamin E acts via suppression of
estrogen metabolism and androgen signaling in prostate.

Epidemiologically, the intake of lycopene in the form of tomato-based products is associated
with a reduced prostate cancer risk (6, 43). In addition, lycopene also prevented the progression
of existing tumors. In a nested case-control study (44), embedded in the Physicians' Health
Study, and in a case-control study in Americans of different ethnic origin (45), serum lycopene
was inversely associated with prostate cancer risk, particularly for the late stages, the aggressive
forms of the disease. Our finding that lycopene affects the very rapid growing and highly
metastatic MatLyLu tumor agrees with these epidemiological data.
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Another important finding was the reduction of IGF-I expression by lycopene. Although
epidemiological data draw an inconclusive picture about the role of systemic IGF-1 levels in
prostate cancer, IGF-1 is regarded as a risk factor for prostate cancer (22). Over-expression of
IGF-1 in prostate basal epithelial cells leads to spontaneous hyperplasia (46), and in a transgenic
adenocarcinoma of mouse prostate (TRAMP) model, the prostate cancer progression is
associated with increased IGF-1 expression (47). Insulin receptors, which have been
characterized on prostate epithelial cells (48), and IGF-I receptor both converge in their signaling
by activating insulin receptor substrate 1 (49, 50), and induce proliferation of primary prostate
epithelial cells (51). Therefore, down-regulation of local IGF-1 production in prostate tumors by
lycopene might interfere with the autocrine or paracrine action of IGF-I on prostate tumor
progression.

The expression of IL-6 and its receptor in benign and in neoplastic prostate tissue is known to
build paracrine and autocrine loops (52), which contribute to prostate cancer growth in vivo (53).
In our study, lycopene interfered with the autocrine loop of local IL-6 expression and signaling.
Reduced expression of the proinflammatory cytokine IL-6 expression is beneficial, as a history
of prostatitis is epidemiologically associated with an elevated prostate cancer risk (54).
Furthermore, focal prostatic atrophy lesions (also termed “proliferative inflammatory atrophy”)
are often associated with chronic inflammation, and they are discussed as being an intermediate
stage, which may progress to prostatic intraepithelial neoplasia and/or adenocarcinoma (55, 56).

In summary, we have shown that lycopene and vitamin E are accumulated and act locally in
prostate tumor tissue. We have successfully identified signaling events in prostate tumor tissue
affected by nutritional intervention. Assuming that lycopene and vitamin E interact with the
same signaling pathways in healthy prostate tissue and throughout prostate cancer development,
we consider our results a plausible mechanistic explanation for the epidemiologically observed
risk reduction for prostate cancer by lycopene and vitamin E. To prove our concept, further
studies are needed to confirm that lycopene and vitamin E perform their activities via the
identified mechanisms in healthy prostate tissue.
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Table 1

Diet composition for the five supplementation groups

Basal diet" supplements

final

final

Supple- Powder  Lycopene Lycopene Vitamin E Vitamin E
mentation | cellulose” beadlet”  beadlet  beadlet’  beadlet | Vitamin E  Lycopene
placebod placebof content content
Control 5 g/kg <5 ppm 0
Vehicle 4 g/kg 1 g/kg 40 ppm 0
Vitamin E 4 g/kg 1 g/kg 540 ppm 0
Lycopene 4 g/kg 1 g/kg 40 ppm 200 ppm
Lyc + Vit 4 g/kg 1 g/kg 540 ppm 200 ppm
E

“ Basal diet: Kliba #2019 (Provimi Kliba AG, Kaiseraugst, Switzerland) + 6% (w/w) coconut fat.

» Sanacel 300 (Schneider+Co. AG, Winterthur, Switzerland) to compensate the volume of the supplements.

“ Lycopene 5% TG (DSM Nutritional Products, Basel, Switzerland).

 Lycopene 5% TG placebo formulation (DSM Nutritional Products, Basel, Switzerland).

¢ Rovimix® E-50 SD (DSM Nutritional Products, Basel, Switzerland).

fRovimix® E-50 SD placebo formulation (DSM Nutritional Products, Basel, Switzerland).
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Table 2

Lycopene and vitamin E concentrations in plasma and prostate tumor tissue during the
supplementation period

Lycopene Vitamin E

Plasma Prostate Plasma Prostate
Day 0| Day 28 | Day 46 Day 46 Day 0 | Day 28 | Day 46 | Day 46

Diet UM | pM UM uM* % 5cis | pM UM UM uM*

Control ND ND ND ND NM 9.29 7.74 23.99
(+-0) (+-134) (+/-3.79)

Vehicle ND ND ND ND NM 21.67 15.48 55.34
(+/—3.55) (+/~1.34) (+/-7.69)

Vitamin E ND ND ND ND NM 47.98 20.12 75.46
(+-7.09) (+-134) (+/-9.71)

Lycopene ND 1.02 0.004 0.38 38.9 23.22 26.31 12.38 44.89
(+/-0.30)] (+/-0.01) (+/-0.11) (+/~1.58) (+/-2.32) (+/-1.34) (+/-1.34) (+/-3.75)

Lyc+ VitE ND 0.92 0.051 0.42 39.0 23.99 46.44 21.67 47.60
(+/-0.22)| (+/-0.068) (+/-0.18) (+/-1.64) (+/-1.34) (+/-6.97) (+/-3.55) (+/-34.77)

Average concentration (+/—stdev)

ND not detected

NM not measured

“Iumol/kg tissue corresponds to 1uM
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Table 3

Percentage of necrotic area in a cross-sectional view of prostate tumor tissue determined by in vivo MR-
imaging, and tumor weight

% Necrotic area  [Tumor weight (g)
Treatment Mean Stdev P Mean  Stdev
Control 19.98 4.66 11.46 1.98
Vehicle 23.27 10.47 11.60 2.68
Control/Vehicle| 21.25 8.20 1 1152 2.25
Vitamin E 36.37 11.92 0.0062 | 12.08  1.47
Lycopene 35.97 16.53 0.0223 | 11.35 1.73
Lyc/VitE 28.47 10.82 0.1448 | 1169 1.73

Page 19 of 23
(page number not for citation purposes)



Table 4

GeneChip® analysis of MatLyLu prostate tumor tissue: changes in gene expression

Fold induction
Grouping by:  Supplementation” Prostate tissue

concentrations”
Reference condition: Vehicle group Lycopene free
prostate samples
AFFY_ID DESCR Lyc VitE Lyc/VitE [Low E High E
JO5035_g_at Steroid 5-alpha-reductase 1 (ec 1.3.99.5) 0.88 0.67 0.48 1.04 0.50
J05035_at steroid 5-alpha-reductase 1 (ec 1.3.99.5) 041 1.03 0.64 0.39 0.33
S81448 s _at steroid 5-alpha-reductase 1 (ec 1.3.99.5) 0.36 1.01 0.85 1.33 0.52
M33986mRNA_at cytochrome p450 19 (aromatase) (ec 1.14.14.1) 0.70  0.57 0.65 0.90 0.33
rc_AI101743_s_at estradiol 17 beta-dehydrogenase 4 (ec 1.1.1.62) 0.73  0.98 0.63 0.74 0.51
U56853_s_at rattus norvegicus 21-hydroxylase mrna, complete cds 032 0.78 0.48 0.52 0.52
U89280_at oxidative 17beta hydroxysteroid dehydrogenase type 6 0.73  0.71 0.65 0.95 0.52
713993 _f_at cystatin related protein 1 precursor (crp-1) 0.32  0.37 0.13 0.84 0.34
M58169_f_at cystatin related protein 2 precursor 0.27 0.09 0.03 0.27 0.10
M58169_1_at cystatin related protein 2 precursor 0.23  0.13 0.08 0.27 0.11
rc_AlI639100_at  crp2 gene for cystatin related protein 2 0.39 0.39 0.24 0.44 0.58
J02675_at prostatic spermine-binding protein precursor (sbp) 0.13  0.23 0.04 0.13 0.11

rc_AI639036_f_at best hit: rat prostatic spermine-binding protein (sbp) 0.74 043 0.47 0.79 0.83
JO0774cds_s_at  prostatic steroid-binding protein cl chain precursor 0.07 0.05 0.02 0.07 0.13

V01255_at prostatic steroid-binding protein c1 chain precursor 0.04 0.05 0.02 0.04 0.17
JOO776¢cds_s_at  prostatic steroid-binding protein c2 chain precursor 0.28  0.09 0.04 0.28 0.08
X05034_at prostatic steroid-binding protein c2 chain precursor 0.23  0.20 0.05 0.24 0.09
JOO777_at prostatic steroid-binding protein ¢3 chain precursor 0.47 0.18 0.09 0.25 0.19
JO0772_s_at prostatic steroid-binding protein ¢3 chain precursor 0.25 0.10 0.04 0.25 0.07
M27156_g_at probasin precursor (pb) (m-40) 0.61 0.30 0.21 0.89 0.39
M27156_at probasin precursor (pb) (m-40) 0.50 0.27 0.14 0.78 0.39
M26744_at interleukin-6 precursor (il-6) 0.58 1.05 0.79 0.62 0.83
M15481_at insulin-like growth factor ia precursor (igf-ia) 0.63 0.80 0.56 0.73 0.26
D00698_s_at insulin-like growth factor ia precursor (igf-ia) 0.50 0.90 0.49 0.52 0.61
M15481_g_at insulin-like growth factor ia precursor (igf-ia) 0.74  1.02 0.74 0.77 0.58
AF050159_at rattus norvegicus insulin receptor substrate 2 (irs-2) 092 1.03 0.53 1.10 0.50
M31837_at insulin-like growth factor binding protein 3 precursor 1.16 1.04 1.46 1.11 1.50
rc_AI014020_f_at insulin 2 precursor 0.61 0.63 0.37 0.58 0.53
M25584 at insulin 1 precursor 0.64 0.76 1.01 0.93 1.18
E00001cds_f_at  dna coding for rat pro-insulin 0.37 1.09 0.60 0.62 0.68
D26307cds_at transcription factor jun-d 0.75 0.95 0.64

rc_AA944014_at rat c-jun oncogene mrna for transcription factor ap-1 0.81 0.93 0.61

U53449_at rattus norvegicus jun dimerization protein 2 (jdp-2) 0.93  0.92 0.55

AF006619_s_at  nitric oxide synthase, inducible (ec 1.14.13.39) (inos) 0.67 0.73 1.08
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D44591_s_at nitric oxide synthase, inducible (ec 1.14.13.39) (inos) 0.81 1.21 0.60
rc_AA817764_at best hit: rat mrna for endothelial p22-phox 0.53 0.95 0.78
rc_AA892382_at putative n-acetyltransferase camello 1 1.70 1.22 1.27
rc_AI639293_at  gene for choline acetyltransferase, exon 1 (non coding) 1.46 1.83 1.03
D86373 s_at sterol o-acyltransferase 1 0.70 0.91 0.66
U01348_g_at arylamine n-acetyltransferase 2 (nat-2) (at-2) 046 0.82 0.47

“Samples were grouped and analyzed according to supplementation.

The samples were grouped according to lycopene and vitamin E concentrations in tumor tissue (15-25mg/l or >25mg/l vitamin E)
resulting in sample groups with comparable vitamin E contents, but differing in lycopene. Calculated changes in gene expression represent
the effect of lycopene addition in the presence of different vitamin E concentrations.
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Table 5

Lycopene and vitamin E prostate tumor tissue concentrations in re-grouped samples (Thresholds: 15 mg
vitamin E/I, 25mg vitamin E/l and 0 pg lycopene/l)

New groups Vit E (mg/l) Lyc (ug/l) Comparison
Very low E 10.33 (+/-1.63) ND
(Very low E)

Lyc very low E 2.50 (+/-3.54) 277.00 (+/-100.41)
Low E 22.00 (+/-2.16) ND

Low E
Lyc low E 21.50 (+/-2.07) 186.00 (+/-83.02) (see Table 4)
High E 31.25 (+/-4.23) ND

High E
Lyc high E 32.33 (+/-4.51) 248.67 (+/-37.87) (see Table 4)

average concentration (+/-stdev); ND not detected
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Figure 1. Confirmation of androgen target gene expression by real-time quantitative RT-PCR. TagMan™ real-time
RT-PCR of selected candidate genes was used to confirm the results obtained with the GeneChip® arrays. A) Treatment-
induced changes of gene expression are given as fold induction relative to the expression in the vehicle-treated group (+/—
standard error). B) Samples were re-grouped according to the tissue lycopene and vitamin E concentration (see Table 5),
and the changes in gene expression were re-calculated according to the new grouping. Please note that the expressions
within the “low E” and in the “high E” groups were individually set as 100% for the comparison with “lyc low E” or “lyc
high E*, respectively. (¥ = P<0.05; Mann-Whitney).
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