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Prepubertal genistein exposure suppresses mammary cancer and

enhances gland differentiation in rats
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Genistein, a component of soy, was administered to pre-
pubertal female Sprague-Dawley CD rats and investigated
for chemoprevention against mammary cancer. Genistein,
at 500 pug/g body wt or an equivalent volume of the vehicle,
dimethylsulfoxide (DMSO), was injected (s.c.) on days 16,
18 and 20 post-partum. At day 50 post-partum all animals
were exposed to 80 pg dimethylbenz[a]anthracene (DMBA)
per g body wt. Animals treated prepubertally with genistein
as compared to DMSO had reduced incidence and signific-
antly fewer adenocarcinomas per animal. Mammary whole
mount analysis showed that prepubertal genistein treat-
ment resulted in mammary glands of 50-day-old rats
developing fewer terminal end buds and more lobules II.
Cell proliferation studies with bromodeoxyuridine (BrdU)
showed that terminal end buds from mammary glands of
50-day-old females treated prepubertally with genistein
had significantly fewer cells in S-phase of the cell cycle.
Serum genistein concentrations in 21- and 50-day-old
females following prepubertal genistein treatment were
4.2 * 0.6 pkM and 102 *= 30 nM, respectively. Animals
treated prepubertally with genistein as compared to vehicle
spent more time in the estrus phase of the estrus cycle,
although all animals did cycle. In 50-day-old females,
circulating estradiol-178 and progesterone concentrations
were not significantly altered by the prepubertal genistein
treatment. Oocyte/follicle counts and numbers of atretic
follicles and corpora lutea were not significantly different
between the genistein- and vehicle-treated animals. We
conclude that genistein treatment during the prepubertal
period can suppress the development of chemically-induced
mammary cancer without significant toxicity to the endo-
crine/reproductive system.

Introduction

During 1994 it was expected that almost 182 000 new cases
of breast cancer would be diagnosed in the US and that the
disease would kill 46 000 American women. This accounted
for a death rate of 22.4/100 000, which was almost five times
higher than the rate found in China (1). It has been suggested
that in the developed countries of the Western hemisphere this
discrepancy could possibly be due to a high level of exposure
to chemicals in the environment or workplace (2,3). Another
possible correlation is the difference in diet between the

*Abbreviations: BrdU-IHC, bromodeoxyuridine-immunohistochemistry;
HPLC, high pressure liquid chromatography; DMBA, dimethylbenz(a]-
anthracene; DMSO, dimethylsulfoxide.
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West and Orient. Epidemiologic studies have demonstrated a
relationship between a diet high in soy-foods and a low
incidence of breast cancer (4,5). A traditional diet consumed
by an oriental female is high in soy products. One of the
components of soy is genistein, a phytoestrogen. It had been
hypothesized that genistein is the active component of soy
that is providing this protective/chemopreventive effect (6-8)
and we were the first to directly verify this hypothesis (9,10).

Genistein (4’,5,7-trihydroxyisoflavone), an isoflavonoid, is
found naturally in soy as the B-glucoside, genistin, and other
more complex glycosidic conjugates (11). Microflora in the
intestine are able to hydrolyze the glucoside to genistein.
Isoflavonoids occur mainly in soybeans and soy products
(tofu, soy-flour, milk, tempeh, etc). Genistein is a diphenolic
planar molecule with an aromatic A-ring, a second oxygen
atom 11.5 A from the one in the A-ring, and has a molecular
weight similar to that of the steroidal estrogens. It has been
shown to compete with 17f-estradiol in receptor binding
assays (12,13) and to have estrogenic properties in cell
culture and uterine weight assays (14-16). Genistein can
also inhibit the estrogenic effects of estrone, estradiol, and
diethylstilbestrol, i.e. it is a partial estrogen antagonist
(13,16,17). It has been shown to inhibit topoisomerase II (18),
platelet-activating factor/EGF-induced expression of c-fos (19),
diacylglycerol synthesis (20), and tyrosine kinases (21). Addi-
tionally, genistein has been shown to have antioxidant and
antipromotional activities (22). Genistein has been shown to
induce gland differentiation (23-27) and it is an inhibitor
of angiogenesis (28). It was recently demonstrated that an
immunoconjugate composed of genistein, linked to an antibody
specific for the B-cell leukemia ED19 receptor, was >99%
effective at eliminating leukemia cells in an in vivo system (29).

In 1990, Barnes et al. (8) demonstrated that rats, on soy-
based diets from puberty onwards, developed a lower number
of chemically-induced mammary tumors. More recently our
laboratory has demonstrated that genistein given during the
neonatal period of development protects against DMBA-
induced mammary adenocarcinomas (9,10). Female Sprague-
Dawley CD rats treated with genistein on days 2, 4, and 6,
post-partum, developed fewer adenocarcinomas and had an
increased mean-time to tumor appearance as compared to
vehicle-treated controls. However, evidence of toxicity was
seen in follicular development and significantly reduced circu-
lating progesterone levels were present in these animals (10).
In order to determine whether the chemoprevention occurred
as a consequence of exposure during this selected window of
development only (neonatal) and because of our concern about
toxic effects from exposure during this critical period, we
investigated the effects of a prepubertal exposure to genistein
for suppressing chemically-induced mammary tumors. In
addition to investigating mammary tumorigenesis, we also
examined gland development in whole mounts, cell prolifera-
tion via bromodeoxyuridine-immunohistochemistry (BrdU-
IHC*), the estrus cycle, follicular development, and circulat-
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ing estrogen and progesterone levels i tfemale rats treated
prepubertally with genistein.

Materials and methods

Chentcaly

Genistern was purtfied (301 from a concentrate derived trom sov molasses
supphied o us by Protein Technologies International (St Louts MO} Purtty was
determimed to be 98 as analy zed by High Pressure Ligud Chromatography
(HPLC) Dimethylbens|alanthracene (DMBA)  dimethy ultoade (DMSO).
sesame ot and BrdU were purchased trom Sigma Chennical Company (St
Louis, MO)

Animaly

Female Sprague Dawiey €D rats tCharles River Breeding Laboratories.,
Raleigh, NCY were bred mothe UAB Ammal Resources Fadility: Dams were
ted Prolab 2000 animal diet (Agway Ine . Syracuse. NY') unud parturition and
then transterred to AIN-76A diet (Harlan Teklad, Madisone W AIN-76A 1~
a4 semi-purthed diet contamtng no detectable phytoestrogens (limit of detec-
tnon 10 aM) Diet and water were supplied ad fibitunm Ammals were kept
n i chimate-controlled room with a 12 h ight/12 h dark exele Animals were
sexed at birth and htters were reduced so that each dam had 10 pups (4-6
temales/damy On davs 160 18, and 20 post-partum one-half of the temales
trom cuach Titter recenved 500 pg gemstemn/g body wi via s ¢ mjections This
was a genistern dose approvamately equivalent to the one used it owr neonatal
chemopreventon protocol 1e 5 mg genistem/rat on days 204 and 6 post-
partum (9.10) A 4 day old rat weighed ~10 ¢ The other temales recerved an
cquivalent volume of the vehtele, DMSOL only Ammials were weaned at day
22 post-partum

Tumorigeneses

For the tumorigenesis experniments S0-day-old temale rats (27 genistem-treated
and 25 vehuele-treated temalesy recerved 80 pg DMBA G sesame oth/g body
wt, vin oral gavage  All animals were palpated twice weekly tor mammary
tumors untl they were 200-days old. untl the tumors reached 30 cmoin
diameter, or unul they were monbund The locauon relative size, and date
of appearance of cach tumor were charted tor each ammal  Representative
sections of cach tumor were placed m 0% neutral buttered tormahn Tissues
for mucroscopic examination were trimmed. embedded in parafting cut mto
sections 5 pm thick, and stamed with H&E Coded shdes were evaluated
histopathologically by Dr Roger Thompson  a board certified  vetermary
pathologist, as to tumor type. tissue of orgin, difterennation, and degree of
INVANIVENEsSs

Gland differentiation

Using the abdonunal manmary gland (gland parr number 4) (31 mammary
whale mounts were prepared Mammary glands were removed at the tme of
sacrtfice. spread on a microscope shide, and then placed i neutral butfered
formalin tor 8 h (22-day old ammals) or overmght (33- and 50-day-old
anmmals) Glands were de-tatted moacetone tor 4 h (22-day old anmmals) or
overnight (33~ and 50-day-old anmmals) placed o 70 aleohol (30 nuny.
hydrated i water (15 oun), and stamed with alum camune (8 h tor 22-day
old ammals or overmght tor 33- and SO-dav-old ammalsy  Atter stammg.
glands were run through a series of graded alcohols (35-100% ethanol) and
placed i wylene, which  clears” the tissue Glands were then compressed
between two glass shdes tor 24 he released and allowed to expand tor at least
8 h. then mounted using a glass cover shp and Permount (Fisher Scientitic,
Atlanta, GA)

Coded whole mounts were evaluated via light nucroscopy using the entena
established by Russo e af (32 348 The outer tringe ot the mammary gland
was evaluated (145 mm ainward for 22-day old animals and 2 78 mm inward
for 33- and 50-dayv-old antmals) This represents the location ot most ot the
actively growing and carcimogen-susceptible termunal ductal structures i the
gland (32 34) at these ages Whole mounts were evaluated for the number of
ternunal end buds, terminal ducts, and lobules type T and 1T A terminal end
bud was designated as a club-shaped terminal ductal structure > 100 pm 1n
diameter which had 3 -6 epithehal cell layers in the periphery ot the bud A
termimnal duct had o diameter <2100 pm and had 1-3 epithelial cell layers
between the ductal Tumen and outside edge of the structure Lobules type |
were comprised of S-10 alveolar buds and lobules type 11 had  11-20
alveolar buds

Mammary gland size was determimed from whole mounts using an image
analysis system finked to a video camera and a 486 computer The carmine-
stained mammary glands were projected to a video screen and prints were
made using a Sethosha video printer The parameter of the gland was outlined
on the video print, then the penmeter was traced by a some digitizer system
(Grat Bar, Science Accessories Corporation, Southport, CT) The instrument
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records multiple v and v coordinates each second durmg a tacing and these
coordinates are used man i-house developed computer program to deteinune
the area m mm® The system was cahibrated with & nucrometer photographed
with the glands
Cell proliferation
Cell proliteration was studied mn the contralateral abdomimal mammany gland
usiny BrdU Ammals were mecied with i single 1p pulse of BrdU 0100 pg
BrdU/g body wi dissolved in DMSO). 2 h prion 1o saenitice The contralateral
abdominal gland was removed and placed m 1094 neutral butiered tormalin
tor 24 h The tissue was embedded m paratting shiced into S pm sections, and
placed on SuperfrostPlus (Fisher)y microscope shdes Tissue sections were
deparattinized 1 avlene and re-hvdrated using o sertes of graded  alcohols
(100=70% ) The tissue sections were immeised ain 35 N HC tor 15 nan and
then digested tor - mun using 0 01% trypsin. Endogenous peronidase actinvity
was blocked with 3% hvdrogen perostde Shdes were mcubated 20 mimn with
10% horse serum to block non-specttic bindimg of the antibody. tollowed by
a 30 nun meubatton (37°C) wath BrdU primary anubody (Dako. Carpenternia,
CA) a 20 min meubation (room temperature) with biotinylated horse anti-
mouse secondary antibody (Signet. Dedham. MA)Y and o 20 nun incubation
(room temperature) with an Ultra Streptavidin detection system (Signet)
Color was then developed with the chromogen 3.3 -diumimobensaidine tetra-
hydrochionide (DAB) (Sigma) and the tissue was counter-stained with Gills
no 2 hematoxvhin (Sigma) Cell nucler staming brown with the DAB were
scored as being in S-phase while those stating blue with hematosylin were
scored as not i the S-phase Tissue sections were evaluated using a Nikon
light nicroscope and Sony video camera and monmtor
Serum hornmone and genistent concentrations
Progesterone and estradiol-173 concentrations were analvzed  from sera
samples collected trom 50-day-old gemistern- and vehicle-treated  animals
Samples were assayed by Dr Larry Boots, OB/GYN Reseurch and Dragnostics
Laboratory at The University of Alabama at Birmingham  Radiommmuno-
assav-hits were purchased trom Pantex (Santa Momea, CA) Genisten and
s metabohites were analyzed trom blood sera of S0-dav-old ammals using
HPLC-MS (11}
Vaginal smears
Vagimal smears were prepared  trom gentstem-treated  and - vehcle-treated
antmals on days 43-50 post-partum The aspirate was collected and spread
on g microscope shde. allowed 1o wir dryand then Papamicolaou-stamed with
Orange G-6 (Surgipath. Richmond. [L). EA-30 (Surgipath) and hematovylin
no 2 (Sigma) (35) Coded shides were evaluated using a hght microscope The
cntena used to determune the different stages of the estrus eyvele were those
deseribed by Hates 136)
Follicidar development
The ovanies from S0-dayv-old genistem-treated and yehicle-treated ammals
were removed. fined i neutral buttered formahin, paraftin embedded. and
sectioned to S pm (retamng every 20th secuon tor evaluaton) Shdes were
stamned with hematoxyhn and cosin and evaluated under a hght microscope
The ovarnes were evaluated and scored for the number of tollicles present w
cach of the tollowmg stages ot development  primordial-normal - growimg-
normal. grow ing-atretic. antral-normal, antral-atretie. and corpora lutea (37.38)
The tinal tolhicle numbers determimed do not represent the absolute follicle
numbers but are relative to the counting procedure
Statistical analvsis
Data from the tumongenesis study was analyzed using the mathematical
model proposed by Kokoska e af (39) Standard analysis was conducted
using the Wilcovon Rank Sum test and the Fisher Exvact test The Arnutage
test, as suggested by NCT guirdelines (40), was used as an alternative perspective
o the results obtamed via the Kokoska approach  The analysis strategy
tollowed tor the mathemancal modehng consisted ot three parts First, the
distributional charactenstes of the data were examuined Usig the goodness-
ot-tit test suggested by Freedman er af (41), the Porsson distnbution was
selected as the most appropriate model tor the number of tumors per animal
and the Weibull distribution was selected to deseritbe the distnibution of tumor
appearance times Second. the parameters associated with the model were
estimated The third step was to test the overall expenimental eftect of a
change 1 the number of iduced tumors and/or the tme of twmor appearance
(global test)

Cell prohteration. gland ditterentiation. and ovary histology data were
analyzed using the Student's t-test (independent)

Results

Tumorigenesis study

Female rats treated prepubertally with genistein developed
almost 50% fewer DMBA-induced tumors as compared to
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Fig. 1. Ontogeny of palpable mammary tumors in female rats treated
prepubenally with genistein and DMSO, and at day 50 post-partum with
DMBA. Female Sprague-Dawley CD rats were injected s.c. with 500 pg
genistein/g body wt or an equivalent volume of the solvent, DMSO, on days
16, 18, and 20 post-partum. DMBA was admunistered by gavage at 80 pg/g
body wt. The DMSO-DMBA group and the genistein-DMBA group
contained 25 and 27 female rats/group, respectively.

animals treated prepubertally with vehicle, 3.93 = 0.69 tumors/
animal versus 7.36 * 0.95 tumors/animal (P < 0.01), respect-
ively (Figure 1). No significant difference in mean time to
tumor development was observed between the two groups.
Animals treated with genistein and DMBA showed an 85%
incidence of tumors while animals treated with vehicle and
DMBA developed a 92% incidence of tumors.

Sixty-one percent of the mammary tumors were located in
the thoracic region while 30% and 9% were located in the
abdominal and inguinal regions, respectively. All tumors of
1 cm diameter or greater were prepared for histopathological
evaluation. Ninety-three percent of the mammary tumors from
the DMSO- and genistein-treated rats were found to be
adenocarcinomas. The remaining tumors were fibroadenomas.
Of the adenocarcinomas, 29% consisted of cells forming
tubular or ductal structures, 7% consisted of cells arranged as
alveolar structures, and the others were variable combinations
of cells forming tubules, ductules and alveolar structures. In
reference to tumor invasiveness, 82% were infiltrative, 3%
in situ, and 7% not definitive. The majority (84%) of the
tumors were found to be moderately differentiated, while 3%
were well differentiated and 13% were poorly differentiated.
There were no statistical differences between groups on tumor
location, tumor classification, structure origin, and degree of:
invasiveness or differentiation.

Body and uterine weights and mammary gland size

There was no significant effect on body weights between the
genistein-treated and vehicle-treated groups at all ages (Figure
2). At 22 days of age genistein-treated females had significantly
larger uterine wet-weights and mammary gland sizes (Table
I). At 33- and 50-days post-partum, uterine wet-weights and
mammary gland sizes of genistein-treated females were not
significantly different from those of controls.

Mammary gland differentiation

The predominant terminal ductal structure of the vehicle-
treated virgin Sprague—Dawley CD rat was the terminal end
bud (55%, 77% and 33% in 22-, 33- and 50-day-old animals,

Prepubertal genistein and mammary cancer suppression
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Fig. 2. Body weights of female rats treated prepubertally with genistein or
DMSO and at day 50 with DMBA. Values represent the mean = SEM for
27 genistein-treated and 25 vehicle-treated female rats.

Table 1. Mammary gland size and and uterine weights of female rats treated
prepubertally with genistein

Age-treatment (no./group) Gland size (mm?) Uterine weight (mg)

22 days-DMSO (8) 53+3 493

22 days-Genistein (8) 6428 91x5P
33 days-DMSO (8) 214£22 180+29
33 days-Genistein (8) 250%13 192216
50 days-DMSO (7) 5489 295+34
50 days-Genistein (8) 598+29 284+34

Gland size was determined from whole mounts using an image analysis
system connected to a video camera. Values represent mean = SEM.
°p < 0.05, PP < 0.001, as compared to DMSO-treated animals.

respectively; Table II). In 22-day-old females there was also
a high percentage of terminal ducts (44%) and very few
lobules. The terminal end buds and terminal ducts accounted
for 99% of the terminal ductal structures in the periphery of
the 22-day-old female abdominal gland. In 33-day-old animals
we observed more terminal end buds (77%) and fewer terminal
ducts (8%) and an increase in lobules, especially lobules I
(14%). Nevertheless, the undifferentiated structures (terminal
end buds and terminal ducts) still comprised 85% of the total
terminal ductal structures. At day 50 post-partum, the terminal
end buds, terminal ducts, lobules I and lobules I comprised
33%, 25%, 26%, and 17%, respectively, of the terminal ductal
structures in the periphery of the abdominal mammary gland.
By day 50 post-partum undifferentiated structures represented
only 58% of the peripheral terminal ductal structures.
Prepubertal genistein treatment resulted in a slightly
increased percentage of terminal end buds and a significantly
decreased percentage of terminal ducts in 22-day-old females
(Table IT). Furthermore, it was observed that mammary terminal
end buds of 22-day-old genistein-treated animals were signi-
ficantly larger (P < 0.05) than those of vehicle-treated animals
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Table 1L Mammary terninal ductal structares - female rats treated
prepubertally with genistem o vehiele

Age-ticatment Percentage ot terminal ductal structures
(no /group) -

Terminal Ternunal — Fobules T Lobules 11

end buds duces

22 danvs DMSO (8) SS 7 Hd | * 0 0

22 davs Gienistern (8) 7000 4 2903 (| 0

3 davs DMSO 8y 770N N2 143 [
33 days Genistemn (8) 724 82 1913 (I
S0 davs DMSO 7y 3303 3502 261 171
SO davs Genistemn (%) [NR 2102 26 3 343k

Terminal ductal structures were evaluated uang the artenia proposed by
Russo er al (32 34y The outer fringe of the mammary pland (1 45 mm
mward tor 22 day-old animals, 2778 mm tor 33 and 50 day ammalbsy was
evaluated using a ight nucroscope and video camera Values represent mean
CSEM P 005 PP 0001 as compared to age-matched DMSO-

treated antmals

Table 111, Number of cells in S-phase in terminal ductal structures of
mammary glands ot rats treated prepubertally with genistein

Age-tieatiment
(no /group)

Nooof cells i S-phase

Terminal Termunal L.obules 1 Lobules 11
end buds ducts

22 davs DMSO (8) 1729+ 283 1241129

22 days Gemsten (8) 1972 - W 7200 84

33 days DMSO 8y 1728 126 66 20 12025 *

33 davs Genstem (8) 1458 © RS 63 -8 10017 N

50 davs DMSO (7 1428 - 110 736 -93 2640 37 4401

S0 davs Gemstemn (%) 765 - 57" Y - X7 JUS - 1 168 - 51

Sprague Dawley CD rats were mjected s oowith SO0ty genistein/y body
wtoor an equivalent volume ot vehicle on dass T I8 and 20 post-partum
Two hours prior to sacritice, all ammals were mjected 1p with 100 g
BrdU/g body wi Proliteration was deternuned an three ot cach ot the
terminal ductal structures/gland Values represent mean - SEM of cells in
S-phase/terminal ductal structures multiphied by the number of tenmnal
ductal structures/gland P 005, PP 001 compared 1o age-related
DMSO-ticated animals flnsutfiaient numbers to analy 7¢

(146 = 5 pm versus 112 = 3 um cross-section. respectively).
In 50-day-old gemistein-treated females, there was a significant
decrcase n number and percentage of termunal end buds.
Also. at day S0, prepubertal genistein treatment resulted in a
significant increase n lobules 1.

Cell proliferanon

Cell proliferation was cevaluated using BrdU-IHC. Taking nto
consideration the total proliferative compartment {number of
cells in S-phase per terminal ductal structure muluplied by the
number of terminal ductal structures per gland). it was calcu-
lated that the terminal ducts of 22-day-old genistein-treated
animals had 42% fewer total cells in S-phase (Table HI). The
proliferative compartment of terminal end buds in 22-day-old
female rats were not significantly different At 33 days of age
there were no significant differences 1 all terminal ductal
structures. However, the terminal end buds of 50-day-old
genistein-treated female rats had sigmficantly fewer total cells
(46% less) in S-phase and more cells in S-phase n lobules II
of genistein-treated amimals than in vehicle-treated animals.
Endocrine studies

Ammals treated prepubertally with genistemn reached sexual
maturity earlier than control animals. One hundred percent of
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Table IV, Estrus cvdle in temale rats ticated prepubertalls with genisten

Treatment
(o group)

Percentage ot tme spent i cach phase of estrus

Proestrus Estrus Metestrus Drestrus
DMSO (3) 224 23R 0 5502
Gensten (8) 17+ 4 4 11 4603

Female Spraque-Dawley CD rats were treated prepubertally wath gemstem
or DMSO  Daily vagmal smears tdays 43- 30 post-partum were analyzed
Values represent mean * SEM

Table V. Serum estrachol 17-f and progestetone concentrations i S0-day -
old female rats treated prepubertally with gemistem

Age-treatment
(no /group)

Estradiol- 173 (pg/my Progesterone (ng/mh

S0 davs-DMSO (8)
S0 davs-Gemistemn (8)

430112
[0 1206

264-30
19721

the genistein-treated antmals had vaginal openings by 27 days
post-partum as compared to 37 days post-partum for the
vehicle-treated ammals. Animals treated prepubertally with
genistemn as compared to vehicle spent more time in the estrus
phase of the estrus cycle (36% versus 23%. respectively)
(Table 1V). Nevertheless, all animals cycled. In 50-day-old
female rats treated prepubertally with genistein. circulating
progesteronc and estradiol-17[ concentrations were deternuned
to be slightly. but not significantly lower (Table V).

Evaluation of the ovaries for genistein toxicity did not reveal
any alteration 1n numbers of oocytes/follicles. atretic follicles
and corpora lutea (Table VI).

Total genistein (aglucones and conjugates) concentra-
tions 1n sera from 21- and 50-day-old female rats treated
on days 16. 18 and 20 post-partum were 4.2 = (.6 uM and
102 = 30 nM. respectively. No genistein was detected n the
sera from animals not injected with genistein.

Discussion

Chemoprevention

We have demonstrated that genistein administered sub-
cutaneously on days 16, 18 and 20 post-partum suppressed
the development of DMBA-induced mammary tumors. Female
rats treated with genistein developed almost 50% fewer tumors
as compared to control animals. There was no significant
difference in the latency period between genistein-treated and
non-treated animals, but there was a significant effect on the
multiplicity (almost 2:1). The location of the DMBA-induced
mammary tumors (61%. 30%. and 9% in the thoracic.
abdominal. and inguinal rcgions, respectively) 1s consistent
with our recent report (10) and those of others (32.33.42). As
in our previous work (10), we found that the identical DMBA
treatment resulted in >909% of the mammary tumors being
adenocarcinomas. Prepubertal gemistein treatment inhibited to
the same extent the degree of invasiveness or differentiation
of these DMBA-induced adenocarcinomas. Historical data
from our laboratory revealed that female Spraguc—Dawley
rats not treated with DMBA did not typically develop adeno-
carcinomas.

Prepubertal genistein treatment did not significantly alter
body weights. but 1t did result 1n significant increases in
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TableVI. Follicular analysis in female rats treated prepubertally with genistein

Treatment (no./group) Numbers of follicular structures

Primordial normal Growing normal Growing atretic Antral normal Antral atretic Corpora lutea
DMSO (8) 15519 1088 14+2 486 31£5 424
Gemistein (8) 13721 93x11 131 46+6 31*4 38x4

Female Sprague-Dawley CD rats were treated prepubertally with genistein or DMSO. Ovaries from 50-day-old females were prepared for histopathological

evalvation. Values represent the mean = SEM.

mammary gland size and uterine weights in 22-day-old animals.
Hence, acute exposure to genistein appears to have caused
estrogen-like proliferative actions (23,43). The high circulating
genistein concentration (4.2 pM) 24 h after the last of three
injections points to the potential of the genistein dose to
stimulate cellular differentiation, mammary gland growth and
uterine weight. At 33- and 50-days of age, however, the effects
on gland size and uterine weight were no longer significantly
manifested, presumably due to the diminution of genistein
concentrations over time (10,23). The circulating genistein
concentration in 50-day-old female rats injected subcutaneously
with 500 pg genistein/g body wt on days 16, 18 and 20 post-
partum was 102 nanomolar (27.5 ng/ml). Considering that
genistein is ~1/10 000 to 1/1000 as potent an estrogen as
estradiol-17f (12-17), 102 nanomolar of genistein would
translate to ~3-30 pg/ml ‘equivalent estrogen’ concentration.
Radioimmunoassay of estradiol-17f concentrations from serum
of 50-day-old control females (Table V) was 43.6 pg/ml, i.e.
the genistein ‘estrogenicity’ would be ~6—60% of the estradiol
concentration. It is therefore plausible that prior to, and perhaps
at day 50 post-partum, the circulating genistein would be able
to modulate physiological functions. This is to be contrasted
to the neonatal genistein treatment where no genistein was
detected in the serum of 50-day-old female rats (10). Neverthe-
less, with both protocols, circulating genistein concentrations
are diminished with time and would probably not be a direct
effector as the animals age and the chemoprevention persists.
The prolonged presence of genistein in sera is probably a result
of the subcutaneous route of administration since genistein is
rapidly cleared from the blood when administered intra-
venously.

Mammary gland differentiation and cell proliferation

The prepubertal genistein treatment did have an immediate and
significant proliferative effect on the gland size of prepubertal
female rats. We also observed that there were slight, but not
significant, increases in numbers of terminal end buds. Terminal
end buds were larger in genistein-treated as compared to
vehicle-treated animals. Coupling this with the significant
decrease in numbers of terminal ducts in the 22-day-old
genistein-treated animals, we interpret this to mean that the
undifferentiated terminal ductal structures are preparing to
progress to the more differentiated lobules. This supposition
is supported by the greater percent decrease in terminal end
buds and terminal ducts and the corresponding increase in
lobules-I and -II from days 22 to 50 post-partum in the
genistein-treated animals. By day 33 and even more by day
50 post-partum, there were significant decreases in numbers of
terminal end buds. Very importantly, the 50-day-old prepubertal
genistein-treated females had a significant increase in lobules
II. At 50 days of age the ratio of lobules II to terminal end
buds was 0.52 for DMSO-treated animals and 1.87 for

genistein-treated animals, a 3.6-fold difference. We interpret
these results to mean that shortly after exposure to genistein
there was rapid development of the mammary gland, yielding
more differentiated terminal ductal structures (lobules II) and
hence, fewer undifferentiated structures (terminal end buds).

Cell proliferation as measured by the BrdU-IHC labelling
index revealed that the proliferative compartment of terminal
end buds of genistein-treated animals was smaller than those
from vehicle-treated animals. A decrease in total number of
undifferentiated terminal end bud cells in S-phase, which are
considered to be of maximal sensitivity for transformation
(32,44-47), may be an explanation for a lower rate of mammary
tumorigenesis.

Genistein as an endocrine modulator

Prepubertal genistein treatment resulted in precocious vaginal
openings. Evaluation of the estrous cycle from days 43-50
post-partum revealed that genistein-treated females had longer
cycles (5 day cycles as opposed to 4 day cycles for controls)
and spent more time in the estrus phase (36%) and less time
in proestrus (17%) and diestrus (46%) phases. Nevertheless
the genistein-treated animals did cycle. These data on the
effects of genistein on the estrus cycle in rats are comparable
with those of women on a diet supplemented with soy protein
and the menstrual cycle. Soy protein given daily for 1 month
to premenopausal women significantly increased follicular
phase length by an average of 2.5 days (48). Mitotic rate for
breast tissue is almost 4-fold greater during the luteal phase
than during the follicular phase (49,50). Menstrual cycle length
is also longer in Asian women than in Western women (49,51)
and Asian women have a lower incidence of breast cancer (7).
This may be due in part to ingestion of soy containing
genistein. A retrospective assessment of cycle length also
revealed shorter cycle lengths for breast cancer patients com-
pared with control subjects (51).

Histopathological evaluation of the ovaries, including
number and morphology of corpora lutea revealed no signific-
ant difference between the treated and non-treated females.
This is consistent with the circulating levels (i.e. a slight, but
not significant decrease) of progesterone and estradiol 17-f
concentrations. This is to be contrasted to our earlier report of
neonatal genistein exposure resulting in increased antral atretic
follicles and significantly decreased corpora lutea and serum
progesterone levels (10).

Summary

Using genistein, an isoflavonoid found primarily in soy-
beans, we have demonstrated a chemopreventive effect against
chemically-induced mammary cancer. Our laboratory previ-
ously demonstrated that genistein administered during the
neonatal period of development (days 2, 4, and 6 post-partum)
provided a chemopreventive effect against DMBA-induced
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mammary adenocarcinomas (9.10). Ammals treated neonatally
with genistein developed fewer tumors. exhibited a longer
latency period, and had a lower number of these chemically-
induced mammary adenocarcinomas. However, these animals
had very few functional corpora lutea and sigmficantly reduced
sera progesteronc concentrations. 1.€. the endocrine system
of these ammmals was compromised. Our current study has
demonstrated a chemopreventive effect resulting from genistein
admimistered during a less vulnerable stage of development.
the prepubertal period (days 16, 18 and 20 post-partum).
Equally important. with this treatment we found no permanent
adverse effects to the uterine weights, mammary gland size.
circulating levels of estradiol-17 and progesterone. estrus
cycle, or follicular development in 50-day-old genistein-treated

females. There remans a need to investigate the effects of

prepubertal gemistein on reproduction

The ability of genistein 1o enhance gland differentiation
closely parallels that of gland maturation in the human female.
The breast of the premenarchal female contains many undiffer-
entiated terminal ductal structures (45). These eventually
progress to more differentiated lobules during pregnancy.
Women who expenence a full-ime pregnancy early in life
have a 2-fold less hikehihood of developing cancer than women

who never become pregnant (52). Likewise. carly exposure of

rats 1o estrogens renders protection against mammary cancer
(53.54). As evidenced by our results. genistein can accomplish
this in the rat-DMBA model. a process that may be on-going
in human females on a traditonal oriental diet high in soy
The advantage of genistein over other estrogens may reside in
its low potential for toxicity.
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