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The effects of leuprorelin acetate, a Iuteinizing hormone-
releasing hormone agonist {LHRH-A), on prostate carcinogenesis
in probasin/SV40 Tag transgenic rat was investigated. Fifteen
weeks after administration of 0.28 and 2.8 mg/kg leuprorelin,
prostate weights and serum testosterone levels were significantly
decreased compared to values for ftransgenic controls,
Histopathological findings revealed that the incidence of
prostatic adenocarcinomas was significantly reduced in ventral,
dorsal and lateral lobes of the prostate, correlating with
decreased expression of SV40 Tag oncoprotein as well as
inhibition of DNA synthesis and proliferation of epithelial cells in
neoplastic lesions of the ventral prostate. Microarray analysis
further showed feuprorelin acetate to significantly inhibit testicular
steroidogenesis, suppressing the expression of SV40 Tag
oncoprotein and altering the expression of a large number of
genes which might be involved in the inhibition of prostate cancer
progression in this rat model. (Cancer Sci 2006; 97: 459-467)

P rostate cancer has become the most commonly
diagnosed malignancy in men, and the second commonest
cause of cancer death after lung neoplasms in the USA.W
Initial treatment of prostate cancer is usually androgen-ablative
therapy, radiotherapy or radical prostatectomy, and patients
with early stage disease respond well. However, in many
patients the therapy eventually fails and death occurs
from recurrent androgen-independent prostate cancer and
metastasis.

Luteinizing hormone-releasing hormone (LHRH), which is
synthesized in hypothalamic neurons and secreted directly
into the hypophyseal-portal blood circulation in a pulsatile
manner, binds to high-affinity receptors (LHRH-R) on the
gonadotrophic cells in the piiuitary, stimulating the synthesis
and release of luteinizing hormone (LH) and follicle-
stimulating hormone (FSH), which in tumn stimulate the synthesis
of sex steroids by the testes. Based on the hypothalamus-
pituitary-gonad hormonal relationship, LHRH analogs
have been developed and used to treat prostate cancer through
suppression of the pituitary release of gonadotropins to
achieve a chemical castration effect. The mechanism of action
is presumed to result from desensitization or downregulation
of LHRH receptors in the pituitary gonadotrophs after
chronic exposure to LHRH agonists and a consequent decline
of gonadotropin secretion and subsequent gonadal atrophy.@®
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However, the molecular mechanisms involved in the inhibition
of prostatic carcinomas by LHRH agonists are poorly defined.

Various studies have demonstrated that LHRH analogs
inhibit the proliferation of human prostate cancer cell lines
and prostate cancer xenografts, and also reduce the growth of
androgen-dependent and independent rat Dunning tumors,
suggesting that their effects are mediated by specific LHRH
receptors. This has been confirmed by detection of LHRH
receptor mRNA expression in human prostate cancer cell
lines and prostate cancer tissues. Therefore, activation of
LHRH receptors at the prostate tumor level may represent an
additional and more direct mechanism of action for antiturnoral
LHRH agonists.“?

Leuprorelin acetate is a highly superactive agonistic analog of
LHRH which is reported to inhibit pituitary gonadotropin
secretion and suppress testicular steroidogenesis when
administered chronically in therapeutic doses.” Leuprorelin
treatment is an established effective palliative measure in
men with previonsly untreated advanced prostatic caneer, and
is therefore a reasonable non-surgical alternative in patients
with prostatic disorders associated with aging.®

A rat transgenic model producing well-differentiated prostate
adenocarcinomas in all prostatic lobes and in a short period
(15 weeks of age) using the Simian virus 40 T antigen under
control of the probasin gene promoter (FB/SV40 Tag) has
been established in our laboratory.® This rat model of prostate
carcinogenesis, which is completely androgen-dependent,
provides a good tool to evaluate strategies for prevention and
treatment of prostate cancer in a relatively short-term.

The present study was undertaken to investigate the effects
of leuprorelin acetate on prostate carcinogenesis using our
PB/SV40 Tag transgenic rats, with special attention to
molecular changes in response to leuprorelin treatment, assessed
by microarray analysis.

Materials and Methods

Animals
Heterozygous probasin-SV4( large T antigen (PB/SV40 Tag)
transgenic male rats for this study were obtained by mating

*To whom correspondence should be addressed,
E-mail: tshirai@med.nagoya-cu.ac.jp
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heterologous transgenic males and wild-type Sprague Dawley
female rats (Clea, Tokyo, Japan). Rats weighing 110-150 g
and aged 5 weeks at the commencement were used. They were
ear-tagged and housed three rats per plastic cage on wood-chip
bedding in an air-conditioned specific pathogen-free (SPF)
animal room at 22 % 2°C and 55 £ 5% humidity with a2 12h
light/dark cycle. The animals had free access to food (Oriental
MF, Orental Yeast, Tokyo, Japan) and water. All animal
experiments were performed under protocols approved by the
Institutional Animal Care and Use Commitiee of Nagoya
City University School of Medicine.

Screening of transgenic rats

DNA samples were obtained from rat tails by the proteinase
K/phenol/chloroform method. Polymerase chain reaction
(PCR) was performed using Taq polymerase (TaKaRa, Japan)
to amplify a 300 bp fragment of SV40 Tag. Primers used
were 5-AGCCCTGTCCTCCTGCAGGAT-3" (upper primer)
and 5-GGCCAGCCTCACGGGGTTCA-3" (lower primer)
(Hokkaido System Science, Japan).

Chemicals
Leuprorelin acetate (Leuplin) was kindly donated by Takeda
Chemical Industries (Osaka, Japan) in a white powder form
as a microcapsule sustaiped-release preparation (microspheres
of 20 um diameter). The molecular weight is 1269.47 and the
chemical comprises nine amino acids and has the empiric
formula of Cy,H,,N,0,,.C,H,0,.00

Stock leuprorelin solution (1.875 mg/mL) was freshly
prepared by suspending a vial of leuprorelin (3.75 mg
leuprorelin acetate, 33.1 mg DL-lactic and glycolic acids
copolymer [3:1], 0.65 mg purified gelatin and 6.6 mg D-mannitol)
into 2 mL of diluent (100 mg D-mannito]l, 10 mg sodium
carboxymethyl cellulose and 2 mg polysorbate-80) from which
two doses (high-dose; 2.8 mg/kg and low-dose; 0.28 mg/kg)
were prepared and subcutaneousty administered to the back
of rats once every 4 weeks for a total of four injections.!?

Study design

A total of 36 heterozygous transgenic male rafts were
alocated into four equally sized groups so that there were no
significant differences in mean bodyweights. Group I
{controls) comprised ransgenic rats with the probasin/$V40
Tag serving as the reference group. Group II (vehicle)
comprised PB/SV40 Tag transgenic animals which received a
subcutaneous injection of the diluent (1.5 mL/kg) once every
4 weeks for a total of four injections. Group I (low-dose)
comprised transgenic animals that received a subcutaneous
injection of leuprorelin at 0.28 mg/kg once every 4 weeks for
a total of four injections. Group IV (high-dose) comprised
fransgenic animals which received a subcutaneous injection
of leuprorelin at 2.8 mg/kg once every 4 weeks for a tota] of
four injections. Animal weights were recorded weekly
throughout the experimental period (15 weeks).

Blood collection and tissue sampling

At the end of the treatment period (15 weeks), animals in all
groups were intraperitoneally injected 1 h before being killed
with 2% 5-bromo-2'-deoxyuridine solution (BrdU) at a dose
of 100 mg/kg bodyweight.*® Blood was collected from the
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abdominal aorta under ether anesthesia into 10 mL plastic
vacuum tubes, kept on ice to clot and centrifuged. Serum
samples were then analyzed for total festosterone with a
direct radicimmunoassay (RIA) kit (Diagnostic Products
Corporation, USA), for LH and FSH with double antibody
RIA research kits {(Amersham Biosciences, UK), and for urea
nitrogen and creatinine levels using commercial kits (Alfresa
Pharma, Japan). The urinogenital organs, comprising the
prostate gland, seminal vesicles and urinary bladder were
excised, weighed and photographed. Both ventral prostate
lobes were separated and weighed. One lobe together with
the pituitary gland was immediately frozen in liquid nitrogen
then stored at —80°C until RNA extraction, while the other
lobe together with the remaining prostates and tongues was
fixed in 10% phosphate-buffered formalin for 48 h, routinely
processed to hematoxylin and eosin (HE) stained sections
and histopathologically examined. Livers, kidneys and testes
were excised at necropsy and weighed.

fmmunohistochemistry

Immunchistochemical analyses of androgen receptor (AR)
and SV40 Tag expression were performed with a Discovery
instrument using DAB Map kits (Ventana Medical Systems,
USA) with polyclonal rabbit antiandrogen receptor (PA1-110,
Affinity BioReagents, USA) and monoclonal mouse anti-SV40
large T antigen (554149, BD PharMingen, USA) antibodies.
Binding was visualized with a Vectastain Elite ABC kit (Vector
Laboratories, USA) and light hematoxylin counterstaining was
conducted to facilitate microscopic examination. Furthermore,
the effects of administration of leuprorelin acetate on DNA
synthesis in the epithelial cells of the ventral prostates of
PB/SV40 Tag transgenic rats was investigated using BrdU
immunostaining using a monoclonal mouse antibromo-
deoxyuridine antibody (Dako, Denmark). The numbers of BrdU
positive cells were counied in 1000 cells/slide and BrdU
labeling indices was determined with the following equation:
(number of labeled cells/number of total cells) x 100.

Extraction of RNA

Extraction of total RNA from rat ventral prostate lobes as
well as pituitary glands for reverse transcription (RT)-PCR
and microarray analyses was performed according to an
JSOGEN protocol (Nippon Gene, Japan) with DNase
treatment using a RQ1 RNase-Free DNase kit (Promega
Corporation, USA). Concentration and purity of total RNAs
were assessed by measuring absorbance at 260 and 280 nm
with a spectrophotometer (Ultrospec 3300 pro, Amersham
Pharmacia Biotech, USA) and quality was assessed with an
Agilent 2100 Bioanalyzer using a RNA 6000 Nano LabChip
Kit (Agilent Technologies, USA). For microarray assays, the
concentration, purity and quality of RNA should be >2, with
an Ayt Ay, between 1.8 and 2.1, and the 288:18S ratio should
approach 2. Extracted RNA samples were stored at —80°C.

Quantitative RT-PCR analyses of mRNA expression of
SV40 Tag, androgen receptor and LHRH-receptors

One microgram of RNA was converted to cDNA with avian
myeloblastosis virus (AMV) reverse transcriptase (TaKaRa,
Japan) in a 20 Ug reaction mixture. Aliquots of 2 g of
cDNA samples were subjected to quantitative RT-PCR using
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SYBR Premix ExTaq (TaKaRa) in a light cycler apparatus
{Roche Diagnostic, Mannheim, Germany). Primers used
for SV40 Tag were 5-GTCAGCAGTAGCCTCATCAT-3
and 5'-GGTTGATTGCTACTGCTTCG-3'; primers for AR
were 5-GACTATTACT TCCCACCCCAG-3" and 5-ACATTT-
CCGGAGACGACACGA-3"; primers for LHRH-R were

-CTTGAAGCCCGTCCT TGGAGAAAT-3 and 5"-GCGATC-
CAGGCTAATCACCACCAT-3"; and primers for rat cyclophilin
(housekeeping gene) were 5-TGCTGGACCAAACACAAATG-
3 and 5-GAAGGGGAATGAGGAAAATA-3, The LightCycler
amplification protocol consisted of four programs: program
1, preincubation and denaturation of the template DNA (one
cycle; 95°C for 30 s); program 2, amplification of the target
DNA (30-40 cyceles of denaturation at 35°C for 5 s, primer
annealing at 45°C for SV40 Tag, 52°C for AR, 55°C for
cyclophilin and 60°C for LHRH-R for 15 s and elongation at
72°C for 30 s); program 3, melting curve analysis for product
identification (95°C for 0 s, 65°C for 15 s and 95°C for 0 s);
and program 4, cooling of the rotor and thermal chamber
{one cycle; 40°C for 30 s). Cyclophilin mRNA levels were
used to nommalize sample ¢cDNA contents.

Microarray analysis of gene expression profiles

Gene expression profiling was conducted using the CodeLink
Expression Bioarray System (Amersham Biosciences, USA).
The CodeLink Rat Whole Genome Biocarzay targets ~34 000
transcripts and Expressed Sequence Tags (ESTs) including
over 29 000 well substantiated rat genes along with probes for
housekeeping genes for normalization as well as positive and
negative bacterial controls.

Because both low and high doses of leuprorelin showed
parallel inhibition of prostatic adenocarcinoma development,
the low dose was chosen for gene expression profiling
analysis compared to the controls.

One RNA sample with a final concentration of 2 g
(pooled from three animals/group) was prepared and used
to probe a single microarray chip. Hybridizations were
performed as directed by CodeLink instructions. Briefly, mRINA
was hybridized with an oligo-dT primer that contained
additional sequences corresponding to one strand of T7
RNA polymerase promoter. The oligo-dT-primed mRNA was
converted to single-stranded cDNA with reverse transcriptase
then into double-stranded cDNA with DNA polymerase.
Double-stranded cDNA was captured using QLAquick columns
{QIAGEN, Germany) and served as a template for in vitro
transcription (IVT) by T7 RNA polymerase in the presence
of biotin-UTP (PerkinFlmer Life Sciences, USA) to produce
biotin-labeled target cRNA transcripts that were collected on
RNeasy columns (QIAGEN). Target cRNA was fragmented
followed by overnight hybridization with the bioarray chip
in a temperature-controlled shaking incubator. Spots were
visualized using Cy5-streptavidin dye conjugate and bioarrays
were scanned and hybridization intensities were analyzed
with CodeLink Expression Analysis software (Amersham
Biosciences). The expression ratio for each gene was calculated
between leuprorelin-treated transgenic animals and controls.
Mare than a two-fold increase or decrease was regarded as a signi-
ficant change (>2 as upregulated and <0.5 as downregulated).
Qverexpressed and downregulated genes were then annotated
and grouped by function using the public database SOURCE.

Said et al.

Statistical analysis

The statistical significance of the incidence of neoplastic
lesions in the prostates was assessed by Scheffe’s analysis.
Statistical analysis of differences between means was carried
out using analysis of varjance (ANOVA). When significant
differences were obtained between means, the post-hoc
Bonferroni’s test for multiple comparisons was used to
evaluate the statistical significance between treatment groups
at the P < 0.03 level of significance,

Results

Effects of leuprorelin treatment on body and oraan
weights in PB/SV40 Tag fransgenic rats

Non-significant changes in total bodyweights were recorded
in vehicle or lenprorelin treated animals throughout the ex-
periment compared to controls, demonstrating subchronic
administration (15 weeks) of leuprorelin to transgenic rats to
be non-toxic.

Effects of leuprorelin treatment on the gross appearance
of prostate and seminal vesicles

Macroscopically, prostates of the control and vehicle treated
rats showed irregular surfaces with no apparent nodule or
mass formation. Treatment of rats with low and high doses
of leuprorelin markedly reduced the gross weights of the
prostate and seminal vesicles in comparison to control and
vehicle treated animals, without any apparent difference
between the two dose groups (Fig. 1, Table 1).

Effects of leuprorelin treatment on serum LH, FSH and
testosterone in PB/SVAD Tag transgenic rats

PB/SV40 Tag transgenic rais treated with low and high doses
of leuprorelin for 15 weeks demonstrated a significant
reduction in serum total testosierone level that reached 56.8%
and 82.1%, respectively. No significant changes were observed
in serum LH or FSH compared to controls.

Effects of leuprorelin treatment on the incidence of
neoplastic lesions in the prostate
Prostate lesions in control rats showed marked epithelial
proliferation with the formation of irregular glands and
luminal bridging to give cribriform patterns. The nuclei
demonstrated enlargement and severe atypia, and the lesions
were compatible with human adenocarcinomas and were
therefore diagnosed as such. Glands with less proliferation
were also observed. These exhibited crowding of stratified
epithelial cells with irregular spacing and occasional luminal
bridging. Atthough nuclear atypia were severe, basic glandular
structures were maintained, similar to normal prostates, and
the lesions were diagnosed as prostatic intraepithelial
neoplasia (PIN), comparable with the human lesions.®
Adenocarcinomas were composed of atypical cells with
many mitoses forming glandular and cribriform structures.
Histopathological examination revealed a 100% incidence of
prostate adenocarcinomas in the ventral, lateral and anterior
lIobes at 20 weeks of age in the control and vehicle treated
groups (Table 2), whereas the incidence was 55.6% and
66.7% in the dorsal prostate lobes, respectively. Low and
high doses of leuprorelin significantly reduced the incidence
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Fig. 1. Photomicrographs showing the macroscopic appearance of
urogenital organs in the different groups after 15 weeks of treatment.
{A) Controls; (B) vehicle-treated group; (C) low-dose leuprorelin group;
(D) high~dose leuprorelin group, Macroscopically, prostates of the control
and vehicle-treated rats showed irregular surfaces with no apparent
nodule or mass formations. Treatment of rats with low and high doses
of leuprorelin markedly reduced the gross weights of the prostate
and seminal vesicle, with respect to control and vehide-treated animals,
without any significant difference between the two dose groups.

of prostatic adenocarcinomas in the ventral and lateral lobes
{11.1 and 33.3%, and 11.1 and 22.2%, respectively) while
causing non-significant change in the anterjor lobe, with
respect to controls. As for the dorsal prostate, complete
inhibition of prostatic adenocarcinoma development was
observed. However, no significant differences were found
regarding the incidence of prostatic adenocarcinoma in the
different prostatic lobes between the two dose groups.
Atrophic glands were also observed following treatment
of transgenic rats with both doses of leuprorelin (Fig. 2),
characterized by reduced epithelium and infiltration of
inflamnmatory cells, most frequeniy observed in the high-dose
group. Small cell carcinomas were also found in the lateral
prostates of two rats (in the control and high-dose groups)
and in the dorsal prostate of one rat (in the high-dose group).

Effects of leuprorelin treatment on androgen receptor
and SV40 Tag protein expression

Expression of SV40 Tag and AR proteins was detected in
almost all nuelei of the atypical epithelial cells of different
prostatic lobes in the control and vehicle treated groups.
Treatment of PB/SV40 Tag transgenic animals with low and
high doses of leuprorelin acetate significantly reduced
SV4Q Tag expression in the ventral, dorsal and lateral lobes
as well as AR expression in the dorsal prostate, compared to
controls. Both §V40 Tag and AR expression was slightly de-
creased in the anterior prostate following leuprorelin treatment.

Effects of leuprorelin treatment on DNA synthesis in the
ventral prostate of leuprorelin-treated rats

Subcutaneous administration of leuprorelin at low and
high doses for 15 weeks to male PB/SV40 Tag transgenic
rats caused significant parallel reduction in DNA synthesis
in the epithelial cells of the ventral prostates compared
to controls, as demonsirated by the decrease in the BrdU

Tabie 1. Statistical significance of the absolute and relative weight of urogenital organs (prostate, seminal vesicles and urinary bladder)
as well as different prostatic lobes of PB/$V40 Tag transgenic rats treated with low and high doses of leuprorelin (15 weeks)

Anterior prostate and

Group No. t;,f Urogenital organs Ventral prostate Dorsolateral prostate seminal vesicles
Fa
Absolute {g) Relative (%) Absolute{g) Relative (%) Absolute {g) Relative (%) Absolute {(g) Relative (%)
Control g 5.33+1.34 1.05+0.24 0.5810.13 0.11£0.02 1.48 £0.59 0.20+£0.11 3.15+0.73 0.62+0.13
Vehicle 9 5.03 +0.60 1.02+x0.16 0.48 £0.09 0,10 £0.02 1.22 +0.20 0.25 +0.05 3.01+048 0.61%0.12
Low-dose 9 171£0.57* 035%£0.12* 0.14+0.06%* 003£0.01* 0.53£0.14% 0.111£0.03* 0594£0.28%* 0.1810.05*
High-dose 9 1.97+£0.81* 0.40£0.15* 0,i8+0.07%* 0.04+0.01* 064%£023* 0.13+£0.05% 0.93x050* 0.131£0.09*

Values are mean % SD. *Bonferroni's test was used for multiple comparisons, P < 0.05 is regarded as significant. Groups sharing the same

characters are not significantly different.

Table 2. Incidence of prostatic adenocarcinomas in the different prostatic lobes of PB/5V40 Tag transgenic rats treated with low and high

doses of leuprorelin (15 weeks)

e Noof Ventral ateral Dorsal Anterior
rou

P s 1GPIN HG PIN AC 1GPIN  HGPIN AC LGPIN  HGPIN AC PIN AC
Control 9 0 0 9{100%) O 0 9 {100%)y* 0 4 (44.4%) 5 {55.6%) 0 9 (100%)
Vehicle 9 0 0 9 (100%) O 0 9 {100%} 0 3 (33.3%) 6 (66.7%) 0 9 (100%)
Low-dose 9 3(33.3%) 5 (55.6%) 1 (11.1%)* 1(11.1%) 7 {77.8%) 1 (11.1%)*  2(22.2%) 7 (77.8%) 0* 3 (33.3%) 6 (66.7%)
High-dose 8 2 (22.2%) 4 {(44.4%) 3 (33.3%)* 2(22.2%) 5 (55.6%) 2 (22.2%)*** 3 (33.3%) 6 (66.7%) O*** 2 {22.2%) 7 (77.8%)

*p value Is significant at the 0.05 level by Scheffe’s analysis. Groups sharing the same characters are not significantly different. **One case
was diagnosed as small cell carcinoma. Percentage is shown in parentheses. AC, adenocarcinoma; HG PIN, high-grade prostatic

intraepithelial; LG PiN, iow-grade prostatic intraepithelial neoplasia.
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Fig. 2. Photomicrographs showing the histopathology of the ventral prostates of {A) control rats; (B) vehicle-treated group; (O} low-dose
treated group; and {D) high-dose treated group. () and (B) show well-differentiated adenocarcinoma composed of atypical epithelial cells
forming glandular and cribriform structures. (C} and (D) show that intraepithelial proliferation was markedly decreased and the relative
volume of stroma was increased, prostatic intraepithelial neoplasia (PIN} is evident. Atrophic glands characterized by reduced epithelium
with fibrosts and infiltration af inflammatory cells {including neutrophils, lymphocytes and macrophages) are also shown (hematoxylin and

eosin, x 40).

labeling indices that reached 61.2% and 59.4%, respec-
tively. However, no significant change in the BrdU labeling
index was found between the two dose groups (Fig. 3).

Effects of leuprorelin treatment on quantitative
expression of androgen receptor and SV40 Tag in the
ventral prostate

RT-PCR results revealed that administration of Jow and
high doses of leuprorelin for 15 weeks to PB/SV40 Tag
transgenic rats produced a significant parallel reduction in
the relative mRNA expression of SV40 Tag in the ventral
prostates (87.3 and 80.0%, respectively) (Fig. 4), whereas AR
expression was not significantly changed in comparison with
controls (data not shown).

Effect of leuprorelin administration on the guantitative
expression of LHRH-R in the pituitaries of PB/SV40 Tag
transgenic rats

Expression of LHRH-R was reduced in the pimitaries of
leuprorelin-treated animals, compared to unireated transgenic

Said et al.

controls (Fig. 5). However, no significant differences were
recorded in the aforementioned parameters with respect to
untreated transgenic animals.

Effects of leuprorelin treatment on gene expression
profiles in the ventral prostate of PB/SV40 Tag transgenic
rats

Microarray analyses revealed 390 overexpressed and 655
downregulated genes (annotated and easily classified examples).
Representative results are summarized in Tables 3 and 4.

Discussion

The present study demonstrated clear inhibitory effects of a
LBRH agonist, leuprorelin acetate, on prostate oncogenesis
in PB/SVA40 Tag transgenic rats, in line with the conclusion
that androgen ablation therapy continues to be the best
approach for treatment of disseminated carcinomas of the
prostate in the earliest androgen-responsive stages. Inhibition
was achieved without any significant changes in total
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Fig. 3, Statistical significance of DNA synthesis (BrdU labeling
indices) in epithelial cells of the ventral prostates of control, vehicle-
and leuprorelin-treated PB/SV40 Tag transgenic rats. *P<0.05
versus control and vehicle groups {Bonferroni's test). Values are
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Fig. 4. Statistical significance of relative mRNA expression levels of
SVAD Tag proteins compared with cyclophilin expression in the
ventral prostates of control, vehicle- and leuprorelin-treated PB/
SV40 Tag transgenic animals. *P < 0.05 versus control and vehicie
groups (Bonferroni's test). Values are mean % SE.
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Fig.5. Relative mRNA expression level of luteinizing hormone-
releasing hormone receptor (LHRH-R) compared with cyclophilin
expression in the pituitaries of untreated, vehicle- and leuprorelin-
treated PB/SVA0 Tag transgenic animals.Values are mean i SE.

bodyweights and absolute or relative liver weights, so
detrimental ioxic effects were lacking. Histopathological
examination revealed that treatment of 5-week ¢ld PB/SV40
Tag transgenic rats for 15 weeks with leuprorelin significantly
reduced prostate adenocarcinoma progression in the ventral
and lateral lobes, whereas complete inhibition was observed
in the dorsal lobe in comparison with controls (Table 2). As
shown, there are apparent lobe differences; however, the
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reasons are unknown. Qur findings are in good agreement
with previously reported studies demonstrating the inhibitory
effect of leuprorelin treatment on the growth of the Dunning
R 3327 androgen-sensitive rat prostatic tumor transplanted
into adult male Copenhagen rats," as well as the growth of
male genital organs (testis, seminal vesicles and prostate) in
intact Sprague Dawley male rats.“" Multiple comparison
analysis revealed that the action of leuprorelin was not enhanced
at the higher dose, which is consistent with previously
reported studies of lenprorelin dose dependence.®:?

Treatment of transgenic rats with low and high doses of
leuprorelin produced a significant decrease in serum tota)
testosterone level, but over 50% testosterone remained, while
nen-significant changes were recorded in serum LH and FSH
levels, suggesting direct inhibitory effects on testicular
steroidogenesis rather than indirect action through the pituitary-
gonadal axis. These findings correlated well with the lack of
any significant change in mRNA expression for LHRH
receptors in the pituitaries of treated rats. Barlier animal
studies revealed inhibition of testicular steroidogenesis in
intact rats following leuprorelin treatment, with a subsequent
decrease in the relative weight of rat reproductive organs.19
Probable direct inhibitory effects of the drug on the prostate
gland might exist in this transgenic strain, as evidenced by
the detection of LHRH receptor mRNA expression in the
ventral prostates of control and leuprorelin-treated animals
by RT-PCR (data not shown). This possibility clearly war-
rants further investigation.

It is important to note that prostate cancer development
and progression in the prostate adenoma in the TRAMP
model as well as in our transgenic model is under the regula-
tion of the androgen-dependent probasin promoter, which
directs prostate-specific epithelial expression of the SV40 T
antigen, an oncoprotein that interacts with retinoblastoma
and p53 tumor-suppressor gene products.®® Immunohisto-
chemical and RT-PCR findings for SV40 Tag oncoprotein
expression in the prostates of leuprorelin-treated animals
showed a remarkable significant reduction in the ventral as
well as dorsolateral lobes. DNA synthesis and proliferation
of epithelial cells in neoplastic lesions in the ventral prostates
were significantly reduced in leuprorelin-treated rats, as
revealed by BrdU immunostaining and morphometric
analysis of the percentage of relative epithelial areas. The
lack of effects on AR protein expression as well as relative
AR mRNA expression in the ventral prostates of leuprorelin-
treated transgenic animals could be simply interpreted as
reflecting reduction in serum androgen levels above the nadir
level that would completely suppress production of ARs.
We have already reported the effect of surgical casization
on prostate tumor development in transgenic rats. Castration
at an early stage induced an immature prostate gland
structure and completely suppressed development of any
neoplastic lesions, while castration at a late stage, that is, at
the age of 20 weeks when adenocarcinomas had already
developed, induced marked apoptosis of tumor cells Jeading
to complete disappearance of carcinomas.® Compared to
the previous data with surgical castration, the present data
demonstrate suppression effects of leuprorelin to be rather
mild and lobe specific. If suppression of testosterone was
largely responsible, such lobe specificity would not be

doi: 10.1111/].1349-7006.2006.00213.x
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Table 3. Representative profile of some downregulated genes (<two-fold with respect to controls) in the ventral prostates of PB/SVA0
Tag transgenic rats following treatment with a low leuprorelin dose

Function GenBank no. Gene hame Fold change
Apoptosis NM_012922 Caspase 3 (Casp3) 0.48
NM_053420 BCL2/adenovirus E1B 19 Kda-interacting protein 3 (Bnip3) 0.47
NM_134334 Cathepsin D {Ctsd) 0.40
NM_173114 Prostatic androgen-repressed message-1 (PARM-1) 0.39
NM_012588 Insulin-like growth factor binding protein 2 {lgfbp3) 0.36
NM_022277 Caspase 8 (Casp8) 0.33
NM_031328 B-cell CLLlymphoma 10 (Bcl10} 0.32
NM_031735 Serine/threonine kinase 3 (5tk3) 0.31
NM_017312 Bcl-2-realted ovarian killer protein (Bok) 0.26
NM_0D21752 Apoptosis inhibitor (Api2) 0.25
NM_031700 Claudin 3 {Cldn3) 0.22
NM_031775 Caspase 6 (Casp6) 0.20
NM_031098 Rho-associated kinase beta (Rock1) 0.05
Angiogenesis and invasion NM_133523 Matrix metalloproteinase 3 (MMP3) 0.38
ue8726 Neogenin 0.34
NM_031055 Matrix metailoproteinase 9 (MMP9) 0.31
NM_012671 Transforming growth factor alpha (TGFA) 0.27
NM_022221 Neutrophil collagenase (MMP8) 0.26
NM_022603 Growth factor binding protein t {Fgfbpi) 0.23
NM_022266 Connective tissue growth factor {Ctgf) 0.20
Cell eycle and growth NM_171991 Cyclin B1 (Ccnb1) 0.49
NM_012704 Prostaglandin E receptor 3 (Ptger3) 0.49
NM_053454 Spermidine synthase (Srm} 0.42
NM_053677 Protein kinase Chk2 {RadS3) 0.37
NM_019219 Retinoblastoma-binding protein 9 (Rbbp9} 0.37
NM_019296 Cell division cycle 2 hemolog A (Cdcza) 0.36
NM_013015 Prostaglandin D2-synthase (Ptgds) 0.35
NM,, 080400 Checkpoint kinase 1 homolog (Chek 1) 0.32
NM_021740 Prothymosin alpha (Ptma) 0.28
NM_0310%94 Retinoblastoma-like 2 (Rbi2) 0.25
NM_199501 Cyclin dependent kinase 2 (Cdk2) 0.25
NM_021583 Prostaglandin E synthase (Ptges) 0.25
NM_052981 Cyclin H (Cenh) 0.24
NiM_022381 Proliferating cell nuclear antigen {Pcna) 0.17
Cell signaling NM_177933 Selt (Suppressor of 1in-12} 1 homolog (Sel1hk) 0.49
NM_017020 Interleukin 6 receptor (ll6r) 0.48
NM_017071 Insulin receptor (Insr) 0.47
NM_012747 Signal transducer and activator of transcription 3 {Stat3) 0.46
NM_130405 Src associated in mitosis (Same8) 0.46
NM_022532 v-raf murine sarcoma 3611 viral oncogene homolog 1 (Araft) 0.45
L26267 Nuclear factor Kappa B p105 subunit mRNA {NFkB) 0.44
NM_012514 Breast cancer 1 {Br¢al) 0.43
NM_057211 Kruppel-like factor 9 (KIf5) 0.43
NM_017218 Avian erythroblastosis oncogene B3 {Erbb3) 0.41
NM_021514 Fanus kinase 2 {Jak2) 0.38
NM_013145 Guanine nucleotide binding protein, alpha inhibiting 1 (Gnai1) 0.37
AF231407 Calmodulin I (Calm3) 0.34
NM_0313328 Ca"*fcalmodulin-dependent protein kinase kinase beta (Cam2KK) 0.32
NM_017198 p21-activated kinase 1 (Pak1) 0.28
NM_012499 Adenomatosis polyposis coli (Apc) 0.28
NM_053777 Mitogen activated protein kinase 8 interacting protein (Mapksip) 0.27
NM_033230 v-akt murine thymoma viral oncogene homalog 1 {(Akt1) 0.26
NM_031143 Diacylglycero! kinase zeta {Dgkz) 0.23
NM_013022 - Rho-associated coiled-coil forming kinase 2 {Rock2) 0.18
NM_053357 Beta-catenin (Catnb) 0.19
Replication, DNA repair, NM_053857 Eukaryotic translation initiation factor 4E binding protein 1 {Eif4ebp1) 0.49
transcription and translation NM_031772 RNA polymerase | (Rpo1-4) 0.45
NM_171995 Damage-specific DNA binding protein 1 {Ddb1) D.45
AM_234239 DNA repair endonuclease 0.44
NM_012866 Nuclear transcription factor-Y gamma {Nfyc) 0.44
NM_021662 DNA polymerase delta, catalytic subunit (Pold1) .43
Said et al. CancerS¢i | June 2006 | vol. 97 | no.6 | 465
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Table 2. continued

Function GenBank no. Gene name Fold change
NM_052480 DNA polymerase alpha subunit Il {Pola2) 0.42
NM_031340 Timeless homolog (Timeless) 0.41
NM_133609 Eukaryotic translation initiation factor2B, subunit 3 (Eif2b3) 0.41
NM_022397 Ribonucleoprotein £ (Hnrpf) 0.39
NM_138873 Nibrin (Nbn, p95} 0.39
NM_031058 Mismatch repair protein {(Msh2} 0.32
NM_031107 56 protein kinase (Rsk-1) 0.30
NM._031599 Eukaryotic translation initiation factor 2 alpha kinase 3 (Eif2ak3) 0.29
NM_053528 DNA polymerase gamma {(Polg) 0.23
NM_017141 DNA polymerase beta {Polb) 0.21
NM_13B866 Initiation factor (eiF-2be) 0.17
AJO11608 DNA polymerase alpha subunit iV primase 0.05

Secretory activity NM_012836 Carboxypeptidase D (cpd) 0.49
NM_017284 Proteasome subunit, beta type 2 (Psmb2) 0.48
NM_022219 Alpha 1,3-fucosyltransferase (Fuc-T) 0.46
NM_024151 ADP-ribosylation factor 4 (Arfd) 0.41
NM_053406 Protein O-mannosyltransferase 1 (Pomt1} 0.33
AF102262 N-acetylglucosamine galactosyltransferase {betal-4GT) 0.29
NW_021869 Syntaxin 7 {Stx7) 0.27
NM_031722 Coated vesicle membrane protein 0.24
NM_019364 Vesicle transport-related 0.22

Metabolism NM_012941 Cytochrome P450, subfamily 51 (Cyp51) 0.49
NM_013124 3-hydroxy-3-methylglutaryl-coenzyme A reductase (Hmgcr) 0.47
NM_080886 Sterol-C4-methyloxidase-like (Scdmeol) 0.43
NM_012621 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1 (Pfkfb1) 0.36
NM_053291 Phosphoglycerate kinase 1 (Pgk1) 0.36
NM_024381% Glycerol kinase {Gyk) 0.33
NM_031118 Acyl-coenzyme A; cholesterolacyltransferase (Soatl} 0.21
NM_023104 Acetoacetyl-CoA synthetase 031
NM_017136 Squalene epoxidase (Sqle) 0.30
NM_030992 Phospholipase D1 {Pld1) 0.28
NM_012851 Hydroxysteroid 17p-dehydrogenase 1 (Hsd17b1) 0.26
NM_198738 Phosphoserine aminotransferase 1 (Psat1} 0.21
NM_172062 Prolyl 4-hydroxylase o subunit (P4ha1)} 0.18
NM_031043 Glycogenin (Gyg) 0.14
NM_021751 Prominin (Prom) 0.14

Miscellaneous NM_053946 Implantation-associated protein {(IAG2) 0.49
NM_012548 Endothelin 1 (Edn1) 0.47
NMh_199266 Cystatin related protein 2 0.44
NM_022391 Pituitary tumor-transforming 1 {Pttg1) 0.43
NM_022298 Alpha-tubulin (Tubai) 0.40
NM_031821 Serum-inducible kinase (Snk) 0.38
NM_173102 Tubulin, beta {Tubbs} 0.38
NM_199370 Keratin 8 (Krig) 0.20
NM_012715 Adrenomedullin (Adm) 0.17
NM_17575%9 Kallikrein, submaxillary gland 53 (rK9, K1k9) 0.15
NM_012718 Androgen regulated 20 KDa protein (Andpro) 0.08

expected as with surgical castration. Those findings support
our speculation that suppression of tumor development in the
present work was partly due to specific effects of the LH-RH
agonist,

Our results thus suggest that inhibition of prostatic adeno-
carcinoma development in the ventral, dorsal and lateral
prostates of PB/SVA0 Tag transgenic rats by leuprorelin treat-
ment was mainly due to downregulation of SV40 Tag onco-
protein expression and partly due to reduction of the serum
androgen level. In addition, some androgen-independent
mechanisms resulting in reduction of cell proliferation and
regression of prostate cancers might be involved. The present
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microarray analysis indicated that many kinds of genes,
including examples involved in apoptosis, angiogenesis, the
cell cycle and growth, were influenced by lenprorelin.

In conclusion, the LHRH agonist leuprorelin acts to inhibit
prostate carcinogenesis in PB/SV40 Tag transgenic rats by
maultiple mechanisms including reduction of testosterone
biosynthesis, suppression of $V40 Tag oncoprotein expres-
sion and alteration in the expression of many genes that are
critically involved in the control of cell proliferation and cell
cycle progression, transcription and iranslation, signaling,
angiogenesis and invasion, metabolism and cytoskeleton
formation. This study also confirmed the suitability of the rat

doi: 10.1111/.1349-7006.2006.00213.x
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Table 4. Representative profile of some overexpressed genes (>two-fold with respect to centrols) in the ventral prostates of PB/5VA0 Tag

transgenic rats following treatment with a low leuprorelin dose

Miscellaneous NM_053968 Metallothionein 3 (Mt3) 7.66
NM_012657 Serine protease inhibitor (Spin2b) 6.79
NM_145774 Rab38, member of RAS oncogene family 3,93
NM_012774 Glypican 3 (Gpe3) 3.57
NM_012580 Inhibin alpha (Inha) 3.50
NM_144737 Flavin-containing monooxygenase 2 {(Fmo2) 303
NM_012662 Seminal vesicie protein 4 (Svp4) 2.82
NM_012789 Dipeptidyl peptidase 4 (Dppd) 2.74
NM_024136 Epididymal retinoic acid-binding protein (Erabp} 2.39
NM_080479 Melanoma antigen, family D, 2 (Maged2) 2.35
NM_053348 Fetuin beta (Fetub) 2.30
NM_139104 Estrogen-regulated protein CBE2G, 204 KD 2.23
NM_199119 DEAD {Asp-Glu-Ala-Asp) box polypeptide 24 {Ddx24) 2.09
NM_012880 Superoxide dismutase 3 (Sod3} 2.04

SV40 Tag model for prostate cancer chemoprevention and
chemotherapeutic studies.
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ABSTRACT: Dietary habit is instrumental in about 40-60%
of buman colon cancer. Fruit and vegetable consumption is
associated with decreased risk of several types of cancer, including
colonic malignancy. Fruits and vegetables contain many
non-nutritive as well as nutritive compounds, such as carotenoids,
dithiolthiones, flavonoids, glucosinolates, indoles,
isothiocyanates, monoterpenes, phenols, sterols, sulthydryls, and
vitamins (including vitamin C, vitamin E, and folate). There
may be other unknown non-nutritive constituents in foods that
can reduce cancer development. Animal studies in experimental
chemical carcinogenesis have indicated that several non-nutritive
components, belonging to different chemical groups, in foods
protect against certain types of cancer including colonic
neoplasm. These chemicals are known as ‘chemopreventive
agents’. Many of them are anti-oxidants and might suppress
carcinogenesis through (1) inbibiting phase I enzymes or blocking
carcinogen formation, (i) induction of phase II (detoxification)
enzymes, (#ii) scavenging DNA reactive agenss, (iv) modulation
in hormone homeostasis, (v) suppression of hyper-cell
proliferation induced by carcinogen, (vi) induction of apoptosis,
(vii) depression in tumor angiogenesis, andfor (viii) inhibition
of certain phenorypic expression of neoplastic cells, With
increasing the incidence of colon cancer rising certainly, there is
an ever-increasing need to determine the most effective arms to
prevent colon cancer and to understand the mechanism(s)
underlying successful prevention. There are critical inter-
relationships between diet, environment, and genetics that can
affect cancer risk. Again, fruits, vegetables, teas, spices, and herbs
consumed in the diet have ability of reducing cancer occurrence
in pre-clinical animal carcinogenesis models. Although
epidemiologic studies show similar associations, there are very
Jew intervention studies to date. This article will introduce our
recent studies in search for the effective chemopreventive effects
of several naturally occurring non-nutritive products in edible
planis on rat colon carcinogenesis.
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INTRODUCTION
Prevention of disease is an old and important concept. An

important consideration in cancer research today is that exposure
to pharmacologically active chemicals may play an important role

in reducing the relative risks resulting from exposure to carcinogenic
chemicals. Chemoprevention of cancer might be defined as the

deliberate introduction of these selected non-toxic substances

into the diez for the purpose of reducing cancer development.

Numerous epidemiological studies on the relationship between
diet and carcinogenesis have demonstrated a protective effect of
the consumption of fruits and vegetables against various forms of
cancets (Block et al., 1992; Hebert et al., 1993; Steinmerz and
Potter, 1996). A number of compounds (Table 1) in diet are
known to modulate the development of tumors in experimental
animal models (Slaga, 1980). Epidemiclogical studies also suggest
thae specific, pharmacologically active agents present in diet might
reduce or increase the relative risk of cancer development. As to
colon cancer, marked variations in dietary habits among
populations of different cultures and life-styles have been associated
with a risk of this malignancy (Reddy, 1986; Weisburger, 1991).
Also, there is an inverse correlation between the intake of
vegetables/fruits and human colon cancer (Block et al., 1992;
Hirayama, 197%; Steinmetz and Potter, 1991a; Steinmetz and
Potter, 1991b). Thus, a relationship berween the risk of the
development of colon cancer and dictary habsits is important
(Reddy, 1993; Tanaka, 1997b), although etiology of colon eancer
is multi-factorial and complex. Among the dietary components,
fiber is found to reduce the risk of colorectal cancer development
(Bingham et al., 2003; Fuchs et al., 1999; Giovannucci et al.,
1994; Peters et al., 2003). Also, green tea could inhibit colorectal
tumorigenesis (Dashwood et al., 1999; Weisburger, 1999;
Weisburger, 2000; Williams et al., 1999). However, several
epidemiological data have suggested no effects of dietary fiber on
the recurrence of colorectal adenomas (Alberts et al., 2000;
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Scharzkin et al., 2000) and no influence of green tea on the risk
of stomach cancer (Tsubono etal., 2001).

Table 1. Potential non-nutritive compounds that inhibit chemical carcinogenesis, in fruits, vegetables, and spices

Class Compounds Major food sources
Flabonoids Flavones Tangeretin, Nobiletin, Apigenin, Celery, parsley, sweet
Chrysin, Diosmetin, Luteolin red pepper, thyme
Flavonols Quercetin, Rutin, Myricetin, Apples, berries,
Kaempferol broccoli cherries, fennel,
kale, red wine,
sorrel, grains, onions, tea
Catechins Epigallocatechin-3-gallate (EGCG) Tea, apples, cocoa, red wine
Epigallocatechin
Epicatechin-3-galiate
Fiavanones Naringenin, Fisetin, Hesperidin, Citrus fruit, prunes,
Hesperitin, Taxifolin citrus peel
Isoflavones Genistein, Daidzein Soybeans, legumes
Anthocyanidins | Cyanidin, Malvidin, Pelargonidin Grapes, cherries, raspberries
Indoles Indole-3-carbinol (I3C) Cruciferous vegetables
3,3’ -diindoylmethane {DIM)
Isothiocyanates Cruciferous vegetables
Lignans Matairesinol, Secoisolariciresinol, Grains, flaxseed, berries,
Enterodiol, Enterolactone chives, beverages
Organozulfor Diallyl disulfide (DADS) Allium vegetables: garlic
and onions
Terpenes D-Limonene Citrus, spices

Potential chemopreventive agents are to be found both among
nutrients and non-nutrients in diet. Epidemiotogical and
experimental studies have revealed that a number of
micronutrients may have cancer preventive properties in several
organs including large bowel (Micozzi, 1989). Examples are
vitamins A, C, and b-carotene, selenium, and calcium, We have
demonstrated cancer chemopreventive ability of two
xanthophylls withourt pro-vitamin A activity in the rat colon and
oral cavity (Tanaka et al., 1995a; Tanaka eral., 1995b). Most of
these compounds are anti-oxidants that could serve as an
explanation for their mode of action. The well-known non-
nutritive chemopreventives in colon tumorigenesis is dietary fiber,
a variety of ingestible carbohydrates (Weisburger et al., 1993).
Since the modifying effects of the major dictary factors on rodents
colon carcinogenesis resulted in heterogencous (Angres and Beth,
1991), we focus on other non-nutritive inhibitors derived from
vegetables and fruits in experimental colon carcinogenesis.
‘Wartenberg also suggested that some minor non-nutrients in the
dier have protective effects on colon tumorigenesis (Warttenberg,
1983). In 1985, he roughly classified chemopreventive agents
into blocking and suppressing agents based on the time period

that agents appear to have activity in animal models of
carcinogenesis (Wattenberg, 1985). Since then, several naturally
occurring compounds and synthetic chemicals have been
intensively investigated for their chemopreventive ability on
chemically induced malignant epithelial neoplasms induding colon
carcinoma. These include the inorganic and organic selenium salts,
phenolic anti-oxidants, non-steroidal anti-inflammatory drugs
(NSAIDs), ornithine decarboxylase (ODC) inhibitors, ete. Qur
group also found several natural chemopreventive agents against
colon carcinogenesis (Table 2-4). Indeed food chemists and natural
product scientists have identified hundreds of ‘phytochemicals’
thatare being evaluated for the prevention of cancer (American,
1996; Huang et al., 1994). Among the non-nucrients dierary
components believed to exert a chemopreventive effect are
flavonoids, polyphenolic derivatives of benzo(2)pyrene that are
widely distributed in edible plants (Formica and Regelson, 1995).
There are several major classes of flavonoids, which may occur as
glycosides or aglycones. Total dietary intake of flavonoids has been
estimated as high as 1 g/day, equivalent to 50,000 ppm in diet
(Pierpoint, 1986), although more recent studies have indicated
that intake varies widely (Hertog et al., 1995).



Inbibition of Colon Carcinogenesis 129

Table 2. Non-nutritive compounds that inhibir aberrant crypt foci (ACF) formation in an ACF bioassay in our laboratory

Compounds Dose Carcinogens Animals % inhibition Reference
of ACF
Rebaudioside A 19
| Liquiritin 6

Phyllodulein Azoxymethane 8

Hydrangenol 200 ppm (AOM) Rat 24 Kawamori er al. 1995

Oleanoicacid 36

Costunolide 22

Soyasaponin A, 16

Saftlower oil 47

Perilla oil 12% 74

Perilla + Qlive oil G% + 6% AOM Rac 49 Onogi eral, 1996
3% + 9% 41

Olive oil + 12% + 50 or

B-carotene* 200 27 or 38

me/keday”
Perilla + Olive oil 3% + 9%
+P-carotene* +50 AOM Rar 87 Komaki etal. 1996
mglkg/day*

Perilta oil + 12% + 50

B-carotene* mg/kg/day* 91

d-Limonen 5000 ppm AOM Rar 32 Kawamoxi etal. 1996

B-cryptoxanthin ‘

and hesperidin 500 ppm AOM Rat 20 Kohno etal. 1999

rich powder

Caffeine 500 ppm AOM Rat 30 Tanaka et al. 1999

Quercetin 48

Garcinol 100 ppm AOM Rar 26 Tanaka etal. 2000
500 ppm 40

Zerumbone 100 ppm AOM Rat 14 Tanalka et al. 2001
500 ppm 46

Chaleone 500 ppm AOM Rat 51 Kohno etal. 2002

2-Hydroxychalcone 56

Extract of leaves 50 ppm Rat 31

of ginkgo 500 ppm 47

{Ginkgo biloba) AOM Suzuki et al. 2004
15 ppm 26

Bilobalide 150 ppm 33

Powderd broceoli 20 ppm AOM Rat 47 Suzuki et al. 2004

sprout 100 ppm 40
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Table 3. Non-nutritive compounds that inhibit colonic adenocacinoma (ADC) in a long-term bicassay in our laboratory

9% inhibirion of ADC
Compounds Dose Carcinogens Animals Initiation Post- Reference
initiation
Chiorogenic 250 ppm Methylazoxymethanol | Hamster ND* 100 Mori et al.
acid {MAM) acetate 1986
Mg(OH), 500 ppm MAM Rat ND 77 Tanaka etal.
1000 ppm acetate 47 1989
Astaxanthin 100 ppm 39 Tanaka eral.
500 ppm Azoxymethane Rar ND 54 1995
Canathaxanthin 100 ppm (AOM) 31
500 ppm 69
Juglone 7 Sugiectal.
Plumbagin 200 ppm AOM Rat 26 ND 1998
Hydrangenol 17
Satuma M= 49 Tanaka et al.
mandarin juice MJ2**= AOM Rat ND 64 2000
M5Hee 78
4 ppm 36 ND Kohno etal.
Columbin 20 ppm AOM Rat 55 2002
100 ppm 82
Seed oil from
bitter melon 100 ppm AOM Rat 47 Kohno eal.
{(Momordica 1000 ppm 40 2004
charantia) 1% 17
Pomegranate 100 ppm 46
(Punica 1000 ppm AOM Rat 53 Kohno etal.
granatum L.) 1% 31 2004
seed oil

Not determined; ** MJ contains 0.8 mg B-crypeoxantin and 79 mg hesperidin in 100 g juice; *** M]2 contains 1.7 mg B-cryptoxantin

and 84 mg hesperidin in 100 g juice, and **** MJ5 contains 3.9 mg B-cryptoxantin and 100 mg hesperidin in 100 g juice.
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Table 4. Non-nutritive compounds that suppress aberrant crypt foci (ACF) formation in an ACF bioassay and colonic adenocarcinoma
(ADC) development in a long-term bioassay in our laboratory

% inhibidon % inhibition of ADC
Compounds Dose Carcinogens  {Animals of ACF Post Reference
Inidation Initation initiation
I-Aceroxychavicol | 100 ppm  |Azoxymethane | Rat 41 54 45 Tanaka eral.
acerate 200 ppm (AOM) 37 ND* 1997;
500 ppm ND 77 93 Tanaka et all
1997
Diosmin 1000 ppm 56 70 93 Tanaka ecal.
Hesperidin 1000 ppm AOM Rat 63 93 79 1997
Diosmin + 900 + 100 61 73 93
Hesperidin ppm
Auraptene 100 ppm AOM Rat 41 49 58 Tanaka et al.
1997;
500 ppm 56 65 G5 Tanaka eral
1998
Morin 500 ppm AOM Rat 63 43 61 Tanaka etal.
1999
Defatted rice-germ 20 ND
Y-Aminobutyric
(GABA) - 2.5% AOM Rat 32 43 73 Kawabata ecal.
enriched defarted 1999
rice-germ
Rice-germ 57 61 64
Ferulic acid 250 ppm AOM Rat 26 61 46 Kawabata et al.
500 ppm 31 54 39 2000
Capsaicon 500 ppm AOM Rar 40 60 28 Yoshitani etal,
Rotenone 60 47 63 2001
Obacunone 200 ppm 65 ND Tanaka etal.
500 ppm AOM Rat 65 78 89 2001
Limeonin 200 ppm 55 ND
500 ppm 36 94 89
Nobiletin 100 ppm 50 18 Kohno etal.
AOM Rat ND 2004;
500 ppm 55 48 Suzuki etal.
2004
Silymarin 100 ppm 47 24 29 Kohnoetal.
500 ppm AOM Rat 54 80 73 2002
1000 ppm 64 ND
Conjugated linoleic| 100 ppm 19 Kohno etal.
acid 1000 ppm AOM Rar 36 ND 2002; 2004
1% 63 38
Ethyl acetate 500 ppm AOM Rat 21 ND 38 Shimoji et
extract of ‘Kurosu' | 1000 ppm 37 56 al. 2003; 2004
2000 ppm 67 ND

* Not determined
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This review is limited to a few non-essential dietary
components broadly or for those for which substantial
documentrarion exists abour an effect on the carcinogenesis
process and for those in which a plausible mechanism of
action can be postulated. We therefore list several non-
nutritive chemopreventive agents against colon carcinogenesis
in Tables 2-4 (Kawabata et al., 1999; Kawabara et al., 2000;
Kawamori et al., 1995; Kawamori et al., 1996; Kawamori et
al., 1994; Kohno et al., 1999; Kohno et al., 2002a; Kohno
et al., 2002b; Kohno et al., 2004a; Kohno et al., 2002¢;
Kohno et al., 2002d; Kohno et al., 2004b; Kohno et al.,
2001c; Komaki et al., 1996; Mori et al., 1986; Morishica et
al., 1997; Onogi et al., 1996; Shimoji et al., 2004; Shimoji
et al., 2003; Sugie et al., 1998; Suzuki et al., 2004a; Suzuki
et al., 2004b; Suzuki et al., 2004c; Tanaka et al., 1999a;
Tanaka et al., 1998; Tanaka et al., 1997a; Tanaka et al.,
1997b; Tanaka et al., 1999b; Tanaka et al., 1995a; Tanaka
er al., 2000a; Tanaka et al., 2000b; Tanaka et al., 2001¢;
Tanaka et al., 1997¢; Tanaka et 2k, 1997d; Tanaka et al,,
2001d; Tanaka et al., 1989; Yoshitani et al., 2001) that we
found from edible plants in our laboratory. Also, The present
report will introduce our recent data demonstrating
chemopreventive ability of capsaicin (Yoshirani et al., 2001),
rotenone (Yoshitani eral., 2001), obacunone (Tanaka eral.,
2001c), limonin (Tanaka et al., 2001c¢), nobiletin (Kohno et
al., 2001c; Suzuki et al., 20044}, and silymarin (Kohno et
al., 2002¢), that are present in cerrain edible plants using
animal colon carcinogenesis models. It must be noted that
the response to individual components is assumed to be
consistent with that occurring in a complex food matrix.
Whether this is true or not remains to be adequarely
verified.

GENE-ENVIRONMENT INTERACTION AND
CANCER CHEMOPREVENTION

Malignant epithelial neoplasm (cancer) is now considered
to be primarily determined by the interaction of
environmental factors (including dietary habit) with genetic,
epigenetic, and posttranslational events involved in the
cancer process (Greenwald er al., 2002; Knudson, 1997;
Loktionov, 2003; Muller and Kersten, 2003; Raunio etal.,
1995; Wynder and Gori, 1977). Because dominantly
inherited or familial cancers probably contribute only 2 small
percent of total cases, it is quite important to identify those
environmental modulators that influence non-familial risks
(Knudson, 1997; Muller and Kersten, 2003; Raunio et al,,
1995). Dietary habirs are possibly a variable that markedly
influences non-familial cancer risk. Some have estimated that
dictary habits are instrumental in about 60% of cancers in

women and about 40% of cancers in men (Wynder and Gori,
1977). Although these are significant contributions, the
true effect depends on the individual’s genetic profile, the
particular neoplasms, and the composition of the entire
dier.

Although variability exists, fruit and vegetable
consumption has often been inversely linked with the
incidence of cancer (Gate et al., 1999; Riboli and Norar,
2003; Temple, 1999; Thompson et al., 1999). The reason
for variability remains obscure but may refate to oxidative
balance (Gate et al., 1999) or other physiological changes

‘as indicated in this chapter. Variations in pro- and anti-

oxidant conditions that might arise from the absence or
presence of food components is recognized as an influence
on several essential cellular functions, including gene
expression profiles (Adler ecal., 1999; Dalton et al., 1999).
This homeostasis is unquestionably complex, as evident by
the sensitivity of several kinases and transcription factors to
rather subtle shifts in redox status (Torres and Forman,
2003).

'The linkages between fruit and vegetable consumption
and reduced cancer risk serve as sufficient evidence for the
continued examination of individual foods or dietary
components as modulators of the initiation, promotion, or
progression stages of carcinogenesis. A large number of
agents with anti-oxidant properties are found in fruits and
vegetables (Table 5), including carotenoids, dithiolthiones,
flavonoids, glucosinolates, indoles, isothiocyanates,
monoterpenes, phenols, sterols, sulfhydryls, and vitamins
(folate, vitamin C, and vitamin E). These dietary
components likely have both complementary and
overlapping mechanisms of action, including the induction
of detoxification enzymes, blockage of carcinogen
formation, shifts in hormone homeostasis, slowing of cell
division, induction of apoptosis, depression in tumor
angiogenesis, and others. Although several macronutricnts
likely are involved in the cancer process, they do not appear
to totally explain the worldwide variance in cancer risk.
Furthermore, it is possible that several physiologically
important dietary constituents markedly influence their
impact. Thus, so-called functional foods {a name based on
the ability of selected foods to have health benefits over
and beyond the basic nutrition provided) conrinue to
captivate the interest of scientists and legislators and, most
importantly throughourt the world, the consumer (Palou et
al., 2003).



Table 5. Ancioxidative activities of fruits and vegetables
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Fruitand vegerable ORAC(umol) FRAP(umol) TRAP(umol) TEAC(tmol)
Apple, raw with skin 2,175.5 562,5 268.5 1,066
Apricot, raw 7901 488 243 153
Asparagus, boiled 1,480 860 874 353
Avocado, raw 2,249 779 324 384
Banana, raw 560 333 117 664
Beans, green boiled 147 149 40 160.5
Beet, red 1,476 1,492 650 623
Blackberries, raw 2,617 4,979 1513 2,709
Blueberries, raw 5,863 5,597 1,349 2,931
Broceoli, raw chopped 424 322 222 351
Cabbage, green raw 264 131 102 106
Cantaloupe, raw 423 576 152 256
Carrots, raw 474 75 115 139
Cauliflower, raw 222 165 81 155
Celery, raw 125 184 19 32
Cherries, raw sweet 2,630 405 284 344
Eggplant (Aubergine), raw 575 113 116 127
Figs, dried 6,326 1,254 385 462
Garlic, raw 143 22 135 163
Grapefruie, pink/red raw 1,209 1,100 497 717
Grapes, white/green 1,202 697 254 2,127
Kiwifruit, raw 472 627 175 467
Lettuce, iceberg, raw 55 58 46 37
Onion, raw 564 416 257 297
Orange, raw 1,746.5 2,094.5 921 1,032
Peach, raw 886 433 130 203
Pear, raw 1,683 565 487 609
Pepper, red/green, raw 312 935 274 413
Pineapple, raw 1,229 1,573 918 1,543
Plum, raw 1,110 986 534 862
Patato, boiled, no skin 399 311 260 365
Radish, raw 430 176 163 100
Raspberties, raw 3,665 5,698 1,289 4,169
Spinach, raw 452 514 256 308
Strawberries, raw 3,264 3,685 1,275 3,125
Tangerine 1,361 806 232 349
Tomaro, raw, red 317 357 246 273
Watermelon, raw 194 120 74 135

ORAC, oxygen radical absorbance capacity; FRAP Ferric reducing ability of plasma;

TEAC, Trolox equivalent antioxidant capaciry.

TARE, Total radical trapping parameter assay; and
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NON-NUTRITIVE
COMPOUNDS IN FOODS
To date, more than 500 compounds have been suggested as
potential modifiers of experimental carcinogenesis, including colon
turnorigenesis (Corpet and Pietre, 2003; Corpet and Tache, 2002;
Tanaka, 1992; Tanaka, 1994; Tanaka, 1997a; Tanaka, 1997b;
Tanaka et al., 2001a; Tanaka et al., 1993; Tanaka and Mori,
1996). Some of the major anti-oxidant constituents of fruit,
vegetables, and beverages are derived from phenolic
phytochemicals synthesized through the shikimare pathway from
tyrosine and phenylalanine (Shirley, 1996). Many of these exist
as O-glycosides and O-methyl conjugates. Cinnamic acid, widely
found in fruits and vegetables, is a transformation product of
phenylalanine produced by the action of phenylalanine-ammonia
lyase. Isoflavonoids, flavonoids, and lignans are additional plant
constituents that make up the three principal classes of
phytoestrogens consumed by humans. Soy, a staple for Asians, is
a major source of the isoflavonoids daidzein and genistein.
Flavonoids are also abundantly present in fruits. Quercetin and
kaempferol are two commeonly found flavonoids that are
particularly profuse in apples, onions, and tealeaves. Plant lignans

CHEMOPREVENTIVE
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are present in many cereal grains, fruits, and vegetables and give
tse to the mammalian lignans enterodiol and enterolactone. The
richest sources of lignan precursors, such as secoisolariciresinol
and matairesinol, are linseed (flaxseeds) and other oil seeds. Alffum
foods including gatlic, onions, and leeks provide a host of
organosulfur compounds that may influence health. Terpenes are
a group of hydrocarbons made up of building blocks of isoprene
(CSHS) units that are widespread in narure. Most occur in plants
as constituents of essential oils. Monoterpenes are composed of
two units such as limonene, citral, and camphor, whereas
sesquiterpenes are made up of three units and include compounds
such as humulene, which is 2 hop aromatic. Carotene is an example
of an 8-isoprene or tetraterpene unit.

Fruit and vegetable consumption is not the only dietary factor
thar can influence cancer risk. Ingestion of green and black tea,
herbs, and spices has been reported to be inversely associated
with cancer risk (Craig, 199%; Lambert and Yang, 2003; Surh,
1999; Weisburger, 1999). As reviewed by other investigators
(Corpetand Pierre, 2003; Corpetand Tache, 2002}, numerous
non-nutritives in foods {vegetables and fruits) can inhibit colon
carcinogenesis in rodents.

Fig. 1. Colonic lesions induced by a colonic carcinogen azoxymethane (AOM). (2), ACFin the colonic mucosa stained with methylene blue. Inserts are ACF
consisted of 1, 2, 3, and 7 aberrant cryprs {lefi to right). (b) Histopathology of ACF stained with ematoxylin and eosin, original magnification x20.
() PCNA-immunchistochemistry of ACE The number of PCNA-positive cells in ACF is greater than that in the surrounding normal crypts.
Original magnification, x20. (d) PPARY-immunohistochemistry of ACE. Immunoreactivity of PPARy in ACF is relatively weak when compared
surrounding crypts. Original magnification, x20. (¢) BCAC detected by B-catenin-immunohistochemisstry. Original magnificarion, x20. {f)
Macroscopic view of polypoid colonic mumors induced by AOM. (g) Tubular adenocarcinoma induced by AOM. Original magnification, x40.



PRENEOPLASTIC LESIONS FOR COLONIC
NEOPLASMS

It has been proposed that aberrant crypt foci (ACE Fig. 1a-d)
being present in carcinogen-treated colons of rodent and in the colons
of humans with a high risk for colon cancer could be employed ro
study modulators of colon carcinogenesis (Tables 2-4) (Bird, 1995;
Kawamori eral., 1995; Pereira et al., 1994), since ACF are purative
precursor lesions for colon cancer in rodents (Bird, 1995) and humans
(Pretlow et al,, 1991). ACF possess several biological aberrations
including gene mutations and amplification (Bird, 1995). Also,
alteration (decreased) of hexosaminidase activity is found in ACE
Tsukamoto er al. found down-regulation of both hexosaminidase-o.
and -f in ACF (Tsukamorto er al,, 2001). As shown in
Fig, 1, ACF also have increased cell proliferation activity
comparted to surrounding normal crypts (Pretlow et al.,
1994a; Yamashita eral,, 1994). We also have determined I
hyper-cell proliferation activity of ACE especially dysplastic
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1986). 5’-Bromodeoxyuridine (BrdU)-labeling index, proliferating
cell nuclear antigen (PCNA)-labeling index, and silver-stained
nscleolar regions (AgNORs) number are also kniown to be proliferation
biomarkers (Tanaka, 1997a).

Recentdata suggest thar the balance berween the phase I carcinogen-
activating enzymesand the phase II detoxifying enzymes s crirical to
determining an individual’s risk for cancer (Wilkinson and Clapper,
1997). Human deficiencies in phase Il enzyme activity, specifically
glutachione S-wansferase (GST), have been identified and associared
with increased risk for colon cancer (Szarka eral., 1993). Therefore,
phase II detoxifying enzymes, such as GST and quinone reductase
(QR), might be useful as a biomarker for chemopreventive studies.

1 2 3 4 5 wks)
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ACF (Ochiai et al., 2005) (Table 6). Certain
chemopreventive compounds are reported to reduce such
hyper-cell proliferation in ACF (Li etal., 1998; Zheng et
al., 1997} and to inhibit c-myc expression induced by
methylazoxymethanol (MAM) acetate (Wang et al.,
1993). For demonstrating the inhibitory acrion of
compounds in colon carcinogenesis, we have used two
experimental animal bioassays: (1) a 5-week short-term
bioassay of ACF for screening natural compounds, which
are present in vegetables and fruits, with possible
chemopreventiveability (Fig. 2) and (2) along-term rat
colon carcinogenesis model (Fig. 3) for evaluating their
inhibitory effects against colon carcinoma development
(Figs. 1f, g). In these bioassays, several biochemical and
morphologic
biomarkers are used
(Table 7). Cell
proliferation plays I I I l

Fig. 2.

Azoxymethane (AOM)

Experimental protocol (2n ACF bioassay) for screening compounds that
exert inhibitory activity of ACF formation in colon of rodents. At sacrifice
(wk 5}, number of ACF and expression of several biomarkers are assayed.
Animals are given weekly subcuraneous injections of AOM 2 (20 mg/kg bw)

or 3 times (15 mglkg bw) to induce colonic ACE

4 32-38 wks

animportant rolein
muletistage
carcinogenesis
{Cohen and
Ellwein, 1990;
Lipkin, 1991; Pegg,
1988; Tanaka,

1992). ODC and Azoxymethane (AOM)
polyamines are
intimately involved
in normal eelluslar
proliferation and ate
likely to play 2 role
in carcinogenesis Azoxym ethane (AOM)
;iiu: :?gg e Iclt:;lso ;: Fig. 3. Experimental protocol (2 long-term biozssa?r) for detecting compounds that can suppress development of colon
. cancer in rodents, At sacrifice (wks 32-38), incidence and multiplicity of colonic neoplasm and expression of several
(LaMuraglia er al,, biomarkers are assayed. Animals receive weekly subcutaneous injections of AOM 2 (20 mg/kg bw) or 3 times (15 mg/

1986; Luk et al,, kg bw) to induce colonic neoplasms.
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‘Table 6. Proliferative activiry of several colonic lesions induced by azoxymethane (AOM) in rats

Lesions Mean values of:
BrdU-labeling | PCNA-positive AgNORs | Micronuclei Mitotic
index (%) nuclei (%) (/nucieus) (%) index (%)

Normal (without AOM) 59 18 2.18 0.24 0.7
Normal (with AOM) 9.7 20 2.68 0.45 1.1
Aberrant crypt | Hyperplastic ACF 15 28 2.83 0.61 1.6
foci (ACF) Dsyplastic ACF 22.2 34 3.11 0.81 22
Adenoma 21.1 33 3.07 1.13 2.1
Adenocaracinoma 28.3 58 3.78 1.74 2.5

BrdU, 5* bromodeoxyuridine; PCNA, proliferating cell nuclear antigen; and AgNORs, silver-stained nucleolar regions.

SCREENING OF POSSIBLE CHEMOPREVENTIVE
AGENTS AGAINST COLON TUMORIGENESIS
ABILITY USING A 5-WEEK SHORT-TERM BIOASSAY
OF ACF

As the first bioasszy for pilot studies, we investigated the
modifying effects on test compounds on the development of
ACE ACF could be induced by weekly subcuraneous injections
of azoxymethane (AOM, 15 mg/kg body weight, 3 times; or 20
mg/kg bedy weight, 2 times) and test chemicals in the basal diet
at various dose levels were
administered to male F344 rats
for 5 weeks, starting 1 week
before AOM dosing (Fig. 2). At
the end of the study, ACF were
counted and expression of several
biomarkers was examined. The
biomarkers assayed included
QODC acrivity and polyamine
Ievel in the colonic mucosa,
number of AgNORs protein/
nucleus in the colonic crypts,
and/or activities of GST and QR
in the colonic mucosa {Table 6).

EVALUATION OF
CHEMOPREVENTIVE
ABILITY OF SELECTED
COMPOUNDS USING A
LONG-TERM RAT
cC ¢ L O N
CARCINOGENESIS
MODEL

Based on the results in the
pilot studies, the second bioassay
for evaluating the
chemopreventive effects of
compounds, which have been
screened by a short-term pilot
study, on colon carcinogenesis

were given subcutaneously injections of AOM (15 mg/kg body
weight, weekly, 3 times; or 20 mg/kg body weight, 2 rimes) to
induce colonic adenocarcinoma (Fig, 3). For ‘initiation’ feeding,
oral administration of these compounds in the diets was begun 1
week before the AOM exposure and continued for 4 or 3 weeks,
and for ‘post-initiatior’ feeding, experimental diets containing
test compounds, beginning 1 week after the last dosing of AOM,
were given for 28 or 32 weeks. Several biomarkers (Table 7} were
assayed at the teemination of the experiment,

(b) OCH 3

OCH,

OCH g4

OCHZ; O

was conducted. Male F344 rats Fig. 4. Chemical structures of (a) capsaicin, (b) rotenone, (¢} obacunone, (d) limonin, and (¢) nobiletin.





