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The effects of the soybean isoflavonoid genistein on the
development of bombesin-enhanced peritoneal metastasis
from intestinal adenocarcinomas induced by azoxymethane
(AOM) were investigated in male inbred Wistar rats. From
the beginning of the experiment, rats were given 10 weekly
s.c. injections of AOM (7.4 mg/kg body weight) and s.c. injec-
tions of bombesin (40 pg/kg body weight) every other day,
and from week 186, s.c. injections of genistein (5 or 10 mg/kg
body weight) every other day until the end of the experiment
in week 45. Bombesin significantly increased the incidence of
intestinal tumors and of cancer metastasis to the perito-
neum. Although genistein administered at either dose had
little or no effect on the enhancement of intestinal carcino-
genesis by bombesin or on the location, histologic type, depth
of involvement, labeling index, or growth pattern of intestinal
cancers, it significantly decreased the incidence of cancer
metastasis. Genistein also significantly decreased the inci-
dence of lymphatic vessel invasion of adenocarcinomas,
which was enhanced by bombesin. Our findings indicate that
genistein attenuates cancer metastasis by inhibiting cancer
cell invasion into lymphatic vessels through activities that do
not affect the growth of intestinal cancers. Int. J. Cancer 86:
416-420, 2000.
© 2000 Wiley-Liss, Inc.

AOM (Sigma, St. Louis, MO) in 0.9% NacCl solution for the first
10 weeks and received the following treatments: group 1, the
control group, olive oil (vehicle) only; group 2, bombesin only;
groups 3 and 4, bombesin and 5 and 10 mg/kg body weight of
genistein, respectively; groups 5 and 6, 5 and 10 mg/kg body
weight of genistein without bombesin, respectively.

Bombesin (Peptide Institute, Osaka, Japan) ajpdikg body
weight and genistein (Sigma) at 5 and 10 mg/kg body weight were
prepared as suspensions in olive oil and injected s.c. in a volume
of 1 ml/kg body weight every other day. Bombesin and genistein
were given between 2 and 3 p.m. at various sites from the start of
the experiment and from week 16 until the end of the experiment
(week 45), respectively.

Histologic examinations

The first tumor was found in the large intestine of a rat of group
2 killed after becoming moribund in week 38, so rats that survived
for more than 38 weeks were included in the effective numbers.
Rats were killed when they became moribund due to intestinal
obstruction, and surviving rats were killed at the end of week 45.
The internal organs of all animals killed during the experiment or
in week 45 were carefully examined. The large and small intestines
were opened, pinned flat on a cork mat, and fixed with buffered

Genistein, an isoflavonoid found in soybeans and soy-basgdric-acid-formaldehyde solution. Tumor-bearing areas and areas
products, is a potent inhibitor of protein kinases (Walter, 194%uspected of bearing lesions were excised and embedded in par-
Eldridge, 1982) which might be responsible for the lower inciaffin. Semi-serial, sm-thick sections were cut to expose the
dence of prostate cancer in countries where soybeans are a dietantral part of the tumor or the stalk, when present, and were
staple (Adlercreutz, 1990). Moreover, consumption of genistein ssained with hematoxylin and eosin. In addition to tumors, flat
associated with a lower incidence of metastasis despite a sustaimettosa from each segment of the fixed intestine with no visible
high incidence of organ-confined prostate cancer (Begjaal., tumors was cut into 3-mm-wide strips, which were embedded in
1996). In experimental studies, genistein inhibits the motility gbaraffin. Thin sections were prepared and examined microscopi-
bladder cancer cells (Theodoresstual., 1998) and the metastasiscally for tumor foci. All sections were examined without knowl-
to the lung of melanoma cells (Menenal.,1998). These findings edge of their group of origin.
suggest that genistein may be an antimetastatic agent.

We have developed a new metastatic model in rats (éshi., Definition of intestinal tumors
1992) in which bombesin, a 14-amino-acid peptide originally Adenomas were defined histologically as lesions in which neo-
isolated from the skin of the froBombina bombinagnhances the plastic cells were confined to the mucosal layer, whereas adeno-
peritoneal metastasis of intestinal adenocarcinomas induced daycinomas were defined as lesions in which neoplastic cells had
AOM. Using this model, we have investigated the mechanism p&netrated the muscularis mucosae to invade the submucosa or
cancer metastasia vivo (lishi et al., 1994, 1995). In the present deeper layers. As previously reported (ligtial., 1994), adeno-
study, we used this bombesin-induced metastasis model to invegrcinomas were further classified as either well-differentiated or
tigate the effects of genistein on the development of intestinalucinous carcinomas.

carcinomas induced by AOM and their metastasis to the perito- )
Peritoneal metastasis

neum.
Grades of metastasis of intestinal adenocarcinomas to the peri-
toneum were classified according to the General Rules for Clinical
Animal MATERIAL AND METHODS and Pathological Studies on Cancer of the Colon, Rectum and
nimals

Anus in Japan (Japanese Research Society for Cancer of the Colon
One hundred twenty 6 week-old male inbred Wistar rats weend Rectum, 1998), as follows; Pnetastatic nodules detectable

purchased from Japan SLC (Shizuoka, Japan). They were housaty over the peritoneum near the primary cances, & few

in suspended, wire-bottomed metal cages in our animal quarters at

controlled temperature (20 to 22C), humidity (30% to 50%),

and light (12-hr cycle), with free access to normal tap water and*Correspondence to: Department of Gastrointestinal Oncology, Osaka
regular chow pellets (Nihon-Nosan, Yokohama, Japan). Medical Center for Cancer and Cardiovascular Diseases, 3-3, Nakamichi
' ' 1-chome, Higashinari-ku, Osaka 537-8511, Japan. F&% 6 6981 4067.

Carcinogen and treatment E-mail: hiroyasu@mbox2.inet-osaka.or.jp

Animals were randomly divided into 6 groups of 20 ratseach
and given weekly s.c. injections of 7.4 mg/kg body weight of Received 7 August 1999; Revised 12 November 1999
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metastatic nodules also detectable over the peritoneum far from & means+ SE. Differences were considered significant at a
primary cancer; and 2 many metastatic nodules also detectablealculatedp value of less than 0.05.
over the peritoneum far from the primary cancer.

Patterns of infiltrating growth of adenocarcinomas RESULTS

The predominant patterns of infiltrating growth into the surntestinal tumors
rounding tissue were also classified according to the General Ruled\l rats survived for more than 38 weeks, so all were included
for Clinical and Pathological Studies on Cancer of the Colo) the effective numbers. In week 45, administration of bombesin
Rectum and Anus in Japan (Japanese Research Society for Caaegenistein or both had little or no effect on the body weights of
of the Colon and Rectum, 1998), as follows; tumor shows rats (Table I).
expanding growth and a distinct border with the surrounding In group 1 (control), intestinal tumors were found in 10 (50%)
tissue;3, tumor growth and borders were intermediate betweesf the 20 rats examined. In group 2 (bombesin), the incidence of
those of typest andy; andvy, tumor shows infiltrating growth and intestinal tumors was significantly higher than in group 1. Con-
an indistinct border with the surrounding tissue. comitant administration of bombesin and genistein at 5 (group 3)
o L or 10 (group 4) mg/kg body weight had no significant effect on the
Determination of labeling indices of cancers incidence of intestinal tumors compared with that in group 2. The
The labeling indices of adenocarcinomas in the large and smialtidences in rats treated with genistein alone (groups 5 and 6)
intestines were determined in week 45 with an immunohistochemere not significantly different from that in group 1.
ical analysis kit for bromodeoxyuridine (BrdU) incorporation The |ocation of intestinal tumors and the distribution of adeno-

(Becton-Dickinson, Mountain View, CA) (Gratzner, 1982; MOrmas and adenocarcinomas did not differ significantly among the 6
stynet al., 1983). For the assay, 10 rats in each group were 9'V§'r‘oups (Table 11).

only tap water for 12 hr. Then rats received 1 ml/kg body weight )
of olive oil (group 1), 40ng/kg body weight of bombesin (group Peritoneal metastasis

2), 40 pglkg body weight of bombesin and 5 (group 3) or 10 |n group 1 (control), no peritoneal metastasis was found in 9 rats
(group 4) mg/kg body weight of genistein, or 5 (group 5) or 1@earing intestinal adenocarcinomas (Table I11). In group 2 (bomb-
(group 6) mg/kg body weight of genistein. One hour later, thgsin), the incidence of peritoneal metastasis was significantly
animals received an i.p. injection of BrdU (20 mg/kg body weighthigher than in group 1: peritoneal metastases were found in 12
and were killed with ether 1 hr later. The large and small intestingg29s) of the 13 rats with intestinal cancers. Combined treatment
were removed and fl?(ed in 70% ethanol for 4 hl'. Tumc_)r-bearl_ngith bombesin and genistein at 5 (group 3) or 10 (group 4) mg/kg
large and small intestines were then embedded in paraffin. Sectigagly weight significantly decreased the incidence of peritoneal
3-pm thick were immersedni 2 N HCI solution for 30 min and metastasis compared with that in group 2, and the percentage of
thenin 0.1 M N3B,O;. Slides were also immersed in 0.3%®,  metastases that werg-Brade was higher in groups 3 and 4, but
in methanol for 30 min to block endogenous peroxidase activifyot significantly, than in group 2. Treatment with genistein alone
and then treated with 10% horse serum. Specimens were incubaiedither dosage (groups 5 and 6) had no significant effect on the

with an anti-BrdU monoclonal antibody (diluted 1:20) for 2 hrjncidence of peritoneal metastasis compared with that in group 1.
washed, stained with a biotin-conjugated horse anti-mouse anti-

body (Vector, Burlingame, CA; dilution 1:200) for 30 min, andHisto-pathologic features of intestinal cancers

treated with avidin-biotin-peroxidase complex (Vector) for 30 min. The location, histologic type, depth of involvement, infiltrating
The reaction product was detected with "3Baminobenzidine growth pattern and venous invasion of intestinal adenocarcinomas
tetrahydrochloride. Cells that contained BrdU were identified hyid not differ significantly among the 6 groups (Table 1V).

the presence of a dark pigment over their nuclei. In group 1 (control), lymphatic vessel invasion was not found in
To analyze the labeling indices of intestinal adenocarcinomagy of the 11 adenocarcinomas. However, administration of bomb-
we counted the number of BrdU-labeled and -unlabeled celsin (group 2) significantly increased the incidence of lymphatic
among 500 to 1000 cancer cells. On the basis of these measwisssel invasion: lymphatic vessel invasion was found in 7 (54%) of
ments, we calculated the labeling index as the percentage 1&f adenocarcinomas. Genistein at either dosage (groups 3 and 4)
BrdU-labeled cells per total number of cancer cells. significantly decreased the incidence of lymphatic vessel invasion

. . compared with that in group 2.
Statistical analysis P group

Results were analyzed with the chi-square test, Fisher's ex&@Peling index of intestinal cancers
probability test (Siegel, 1956), or one-way analysis of variance Although treatment with bombesin (group 2) had no significant
with Dunn’s multiple comparison (Miller, 1966). Data are showreffect on the histologic features of intestinal adenocarcinomas, it

TABLE | —BODY WEIGHT AND INCIDENCE OF INTESTINAL TUMORS IN AOM-TREATED RATS

Body weight (g)

Treameht wesk umber ofvts vt
1 Control 120+ 3 354+ 4 20 10 (50)

2 Bombesin 115- 2 347+ 7 20 20 (1003

3 Bombesin+ Genistein 5 mg/kg 119 2 348+ 10 20 18 (9

4 Bombesin+ Genistein 10 mg/kg 118 2 343+ 5 20 18 (90

5 Genistein 5 mg/kg 1161 338+ 9 20 9 (45)

6 Genistein 10 mg/kg 11Z 2 349+ 7 20 10 (50)

Treatment: Groups 1 and 2, rats were given weekly s.c. injections of AOM for 10 weeks and also s.c. injections of 1 ml/kg body weight of
olive oil (group 1) or 40ng/kg body weight of bombesin (group 2) every other day until the end of the experiment; Groups 3 and 4, rats were
given weekly s.c. injections of AOM for 10 weeks and also alternate-day s.c. injections of bombesin until the end of the experiment plus
alternate-day s.c. injections of 5 (group 3) or 10 (group 4) mg/kg body weight of genistein from week 16 to the end of the experiment; Groups
5 and 6, rats were given weekly s.c. injections of AOM for 10 weeks and also alternate-day s.c. injections of 5 (group 5) or 10 (group 6) mg/kg
body weight of genistein from week 16 to the end of the experim@ignificantly different from the value for group 1jat< 0.01 (chi-square
test).
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TABLE Il —LOCATIONS AND HISTOLOGIC TYPES OF INTESTINAL TUMORS IN AOM-TREATED RATS

Group Nurmber of Location (%) Histologic type (%)
Treatment Small deno-

number tumors inter:g?ine inligggt’i%e Adenoma c;c?nngma
1 Control 14 2(14) 12 (86) 3(21) 11 (79)
2 Bombesin 21 5(24) 16 (76) 8 (38) 13 (62)
3 Bombesin+ Genistein 5 mg/kg 23 4(17) 19 (83) 7 (30) 16 (70)
4 Bombesin+ Genistein 10 mg/kg 22 5(23) 17 (77) 4 (18) 18 (82)
5 Genistein 5 mg/kg 11 2(18) 9(82) 2(18) 9(82)
6 Genistein 10 mg/kg 14 2(14) 12 (86) 6 (43) 8 (57)
IFor explanation of treatments, see footnote to Table .

TABLE Ill —INCIDENCES AND GRADES OF PERITONEAL METASTASIS OF INTESTINAL CARCINOMAS IN AOM-TREATED RATS
Grottj)p Treatment Numt‘xeitrhof rats uﬁhmggrri:)ofnr:;? Grade of metastasis (%)
number adenocarcinoma metastasis (%) Py P, Ps
1 Control 9 0(0) 0(0) 0(0) 0(0)
2 Bombesin 13 12 (93) 2(17) 4 (33) 6 (50)
3 Bombesin+ Genistein 5 mg/kg 14 17 1 (100) 0(0) 0(0)
4 Bombesin+ Genistein 10 mg/kg 17 2(12) 2 (100) 0(0) 0(0)
5 Genistein 5 mg/kg 9 1(11) 0(0) 0(0) 1(100)
6 Genistein 10 mg/kg 8 0 (0) 0(0) 0(0) 0(0)

IFor explanation of treatments, see footnote to Tabl&Significantly different from the value for group 1 pt< 0.001 (Fisher's exact
probability test).2Significantly different from the value for group 2 pt<< 0.001 (Fisher’s exact probability test).

TABLE IV —LOCATIONS, HISTOLOGIC TYPES, DEPTHS OF INVOLVEMENT, INFILTRATING GROWTH PATTERNS AND VESSEL INVASIONS OF INTESTINAL
CARCINOMAS IN AOM-TREATED RATS

Location (%) Histology (%) Depth of g/rl‘];"""eme”t Infiltrating pattern (%) Vessel /li];]vasion
Group Treatment Number of
number adenocarcinoma Submucosa
intestne iniesine diferentated Mucinous or muscle - Q' E02d B v venous  lymphatic
1 Control 11 2(18) 9(82) 7(64) 4(36) 5(45)  6(55) 4(36) 2(18) 5(46) 0(0) 0(0)
2 Bombesin 13 4(31) 9 (69) 6 (46) 7 (54) 5(38) 8(62) 2(15) 4@31) 734 0(0) ?(54)
3 Bombesin+ 16 4(25)" 12(75) 6(37) 10(63) 6(37) 10(63) 6(38) 4(24) 6(38) 0(0) 1(7)
Genistein
5 mg/kg
4 Bombesin+ 19 6(32) 13(68) 10(53) 9(47) 8(42) 11(58) 7(37) 3(16) 9(47) 0(0) 1(5
Genistein
10 mg/kg
5 Genistein 5 9 2(22) 7(78) 4(44) 5(56) 4(44) 5(56) 1(11) 3(33) 5(56) 0(0) 0(0)
mg/kg
6 Genistein 10 8 2(25) 6(75) 6 (75) 2(25) 3(37) 5(63) 4(50) 1(12) 3(38) 0(0) 0(0)
mg/kg

IFor explanation of treatments, see footnote to Tabl&Significantly different from the value for group 1 pt< 0.01 (Fisher's exact
probability test).2“Significantly different from the value for group 3p < 0.02,%p < 0.01 (Fisher’s exact probability test).

significantly < 0.001, one-way analysis of variance) increaseckll spreading and lamellipodia formation and stimulates cell ad-
their labeling indices (44.2 2.0) compared with those in group 1hesion to collagen | in the human colon carcinoma Isrecol cell
(30.,5 = 1.1). Concomitant administration of bombesin andine. Moreover, Saurirt al. (199%) found that high levels of the
genistein at either dosage (groups 3 and 4) had no significant effefRNA of the receptor of gastrin releasing peptide, which is a
on the labeling index of intestinal cancers (45:AL.8 for group 3  mammalian homologue of bombesin, are correlated with the pres-
and 45.6+ 2.2 for group 4) compared with that in group 2. ence of lymphatic vessel invasion in human colon cancers. Al-
though the exact mechanism by which bombesin enhances metas-
DISCUSSION tasis of intestinal adenocarcinomas is unclear, bombesin has been
Our results show that bombesin enhances the peritoneal mef& orted to increase intracellular calcium concentration”[Ga
n_%fé)ld et al., 1996; Sauriret al., 199%) and to activate tyrosine

tasis and lymphatic vessel invasion of intestinal adenocarcino - ; ;
induced bz AF\)OM and that the soybean isoflavonoid geniste osphorylation of p125 focal adhesion kinase (FAK) and of

attenuates the bombesin-enhanced peritoneal metastasis and [Jfg9rin-associated proteins (Sinnett-Smethal., 1993; Aprikian
phatic vessel invasion of cancers but has little or no effect on t % al., 1997).
incidence, histologic features, depth of involvement, infiltrating Elevated [C&"]; is thought to be related to tumor cell invasion.
growth pattern, venous invasion, or labeling index of intestindlnamuraet al. (1991) found that thén vitro invasion of highly
adenocarcinomas. These results suggest that genistein has &mtasive cancer cells is initiated by addition of serum, which
metastatic activity. induces an increase in intracellular pH as well as a transient
Aprikian et al. (1997) reported that bombesin stimulates invaelevation of [C&']; and that addition of serum to poorly invasive
sion of PC-3 prostate cancer cells using the Boyden chamtmancer cells does not increase intracellular pH of[GaWe have
assay, and Sauriat al. (199%) reported that bombesin inducesfound that ginsenoside Rdnhibits bombesin-induced metastasis
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in rats (lishi et al., 1997). Shinkaiet al. (1996) observed that Fotsiset al. (1993) found that genistein inhibits endothelial cell
pretreatment with ginsenoside Rgbolishes the transient eleva proliferation andin vitro angiogenesis. Shaet al. (1998) also

tion of [C&*]; induced by I-oleoyl lysophosphatidic acid (LPA) infound that genistein inhibits angiogenesis in the breast cancer cells
highly metastatic cancer cells and inhibits their invasiowitro.  xenograft. However, we previously found that bombesin has no
Gould et al. (1995) found that pretreatment with genistein attersignificant effects on the tumor vascularity of intestinal adenocar-
uates the histamine-induced increase in‘fQaand myosin regu cinomas induced by azoxymethane (lighial., 1997).

latory light chain phosphorylation in intact swine carotid media |t js possible that genistein attenuates bombesin-enhanced can-
tissues. These results suggest that genistein may attenuate capsemetastasis through regulating proteolytic activities of cancer
cell invasion through suppression of [C3; elevation. cells. Festucciat al. (1998) found that bombesin induces uroki-
Stetler-Stevensoret al. (1993) reported that the interactionnase-type plasminogen activator and stimulates secretion and ac-
between cancer cells and the extracellular matrix at focal adhestivation of matrix metalloproteinase-9 in prostatic tumor cells.
sites may trigger signals for migration of cells. The signal pathwasotsiset al. (1993) reported that genistein decreases the activity of
involved in this interaction was shown to be associated witlirokinase-type plasminogen activator in endothelial cells. More-
protein tyrosine phosphorylation and to be mediated by integringer, Shaoet al. (1998) reported that genistein down-regulates
(Clark and Brugge, 1995). Yan and Han (1998) found thahatrix metalloproteinase-9 and up-regulates tissue inhibitor of
genistein suppresses protein tyrosine phosphorylation in responsetalloproteinase-1.
to cell adhesion to the extracellular matrix and subsequently in-jn conclusion, our results show that administration of genistein
hibits invasion through the extracellular matrix in melanoma cellgjgnificantly decreases the incidence of bombesin-enhanced peri-
Imamuraet al. (1996) found that LPA, at concentrations suffitoneal metastasis of intestinal adenocarcinomas induced by AOM
cient to induce cancer cell invasion, transiently increases tyrosibat does not significantly affect their proliferation.
phosphorylation, mainly of 110- to 130-kDa proteins in tumor
cells. However, that this LPA-induced invasion is inhibited by
genistein suggests that a protein tyrosine kinase is involved in the
signal pathway of cancer cell invasion. Imametaal. (1996) also
found with an immunoprecipitation technique that p125 FAK is a This work was supported in part by a Grant-in-Aid for the
major protein of 110- to 130-kDa proteins phosphorylated i8econd-Term Comprehensive 10-Year Strategy for Cancer Con-
response to LPA. Tyrosine phosphorylation of paxillin by LPArol from the Ministry of Health and Welfare of Japan and by the
was also detected. These findings suggest that rho p21-mediédpecial Coordination Funds for Promoting Science and Technol-
tyrosine phosphorylation of such proteins as FAK and paxillin isagy of the Science and Technology Agency of the Japanese
strong candidate for the signal pathway. Government.
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