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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 |ig/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 (ig 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 uM 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-17p 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, dimethylbenzfa]-
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 p-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 17p"-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 ED 19 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-

1451

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/17/7/1451/2475658 by guest on 16 August 2022



W.Brilton Murrill el al.

ing estrogen and progesterone levels in female rats treated
prepubertally with genistein.

Materials and methods

C'lwnut ah

Genistein was punlied I Ml) trom a concentrate derived from soy molasses
supplied lo us by Protein Technologies liiicnutKin.il (Si l.ouis MO) Purity was
determined lo be - W i as analyzed hy High Pressure Liquid Chromatographv
( H P U ' l Dimethylbenz|«|>uilhracenc (DiClBA) dimethvlsultoxide (DMSO).
sesame oil. and Brdl wetc purchased Irom Sigma Chemical Company (St
Louis. MO)

Amtntih

Female Spiague Dawlcv CD rals (Chailes Ri\ei Bleeding Laboratories.
Raleigh. NC) were hied in ihe t 'AB Animal Resources Facility Dams were
led Prolab 3000 animal diet (Agway Inc . Syracuse. NYl until parturition and
then translerred to AIN-76A diet iHarlan Teklad. Madison. Wli AIN-76A is
a scmi-punlied diet cunt.lining no detectable phytoestrogens (limit ol detec-
tion 10 nM) Diet and water weie supplied ml lihiliim Animals were kept
in a climate-controlled room with a 12 h hghl/12 h daik cycle Animals were
sexed al hirlh and Inters were reduced so that each dam had 10 pups (4-r>
lemalcs/dam) On davs 16. IS. and 20 post-parlum one-halt ol the females
Irom each litter recei\ed 500 ^tg genistem/g bodv wt \ia s c in|eclions This
wu-s a genistein dose approximately equivalent to the one used in oui neonatal
chemoprevention protocol i e 5 mg genistein/rat on days 2. 4 and n post-
partum ('). 10) A 4 da) old rat weighed - 1 0 g The other lemales received an
equivalent \olume ol the vehicle. DMSO. only Animals were weaned al da\
22 post-parlum

liintiH i^fni'\is

For the tumorigenesis expeiimenls 50-day-old temale rats (27 genistein-lreated
and 2? vehicle-lrealed lemales) received 80 |ig DMBA (in sesame oill/g body
vvt. via oral gavage All animals were palpated twice weeklv tor mammary
tumors until they were 200-days old. until the tumors reached 3 0 cm in
diameter, or until they were moribund The location relative si/e. and date
ol ap|X'arance of each tumor were charled tor each animal Representative
sections ol each tumor were placed in IIW neutral hutlered lonnahn Tissues
tor microscopic examination were trimmed, embedded m paraltin. cut into
sections 5 urn thick, and stained with H&h Coded slides were evaluated
histopathologically by Dr Roger Thompson a board certified veterinary
pathologist, as lo lunioi lyjie. tissue ot origin. diHerenlialion. and degree ol
lnvusiveness

(/Itintl tiitjercniuilion

Using the abdominal mammary gland I gland pair number 4) (31 ) mammary
whole mounts were prepared Mammary glands weie removed al the time ol
sacrifice, spread on a microscope slide, and then placed in neutral bulfcred
formalin lor S h 122-dav old animals) or overnight l33- and 50-day-old
animals) Glands were de-tatted in acetone lor 4 h (22-day old animals) or
ovennghl (33- and 50-dav-old animals) placed in 7O'< alcohol (30 mm),
hydrated in water ( IS mm), and stained with alum carmine (S h tor 22-day
old animals or overnight toi 33- and 50-day-old animals) Atter staining,
glands were run through a series ol graded alcohols (35-MK)'^ ethanol) and
placed in xylene. which clears' the hssue Glands were then compressed
between two glass slides for 24 h. released and allowed to expand for at least
S h. then mounted using a glass cover slip and Permount (Fisher Scientific.
Atlanta. GA)

Coded whole mounts were evaluated via light microscopy using the criteria
established by Russo t'l til (32 34) The outer Iringe ot the mammary gland
was evaluated ( I 45 mm inward lor 22-day old animals and 2 7S mm inward
for 33- and ,50-day-old animals) This represents the location ot most ot the
actively growing and carcinogen-susceptible terminal ductal structures m the
gland (32 34) al these ages Whole mounts were evaluated lor the number of
lennmal end buds, terminal ducts, and lobules type 1 and II A terminal end
hud was designated as a club-shaped terminal ductal structure >IOO u.m in
diameter which had 1 -6 epithelial cell layers in the periphery ot the bud A
terminal duct had a diameter <100 pin and had 1-3 epithelial cell layers
between Ihe ductal lumen and outside edge of the structure Lobules type I
were comprised ot 5-10 alveolar buds and lobules type II had 11-20
alveolar buds

Mammary gland si/e was determined from whole mounts using an image
analysis system linked lo a video camera and a 4S6 computer The carmine-
stained mammary glands were pro|ected to a video screen and prints were
made using a Seikoslia video printer The parameter ot the gland was outlined
on the video print, then the |X'nmeter was traced by a sonic digitizer system
(Gral Bar. Science Accessories Corporation. Soulhport. CTl The instrument

recoids multiple \ and y coordinates each second during a liacmg and these
coordinates are used in an in-house developed compute! program to deleinime
ihe area in m n r The sysiem was calibrated with a micrometer photographed
with the glands

Cell piolifcrtiuon

Cell prohleration was studied m the contralateial abdominal maniman iilaiul
using Brdl1 Animals were in|ccted with a single i p pulse ot Brdl ' I 100 ug
Brdll/g body wt dissolved in DMSOl. 2 h pnoi lo sacrifice The contialateral
abdominal gland was removed and placed m IO'{ neutral bulleied torm.ilm
tor 24 h The tissue was embedded in paraltin. sliced into 5 urn sections, and
placed on SuperfrostPlus I Fisher) microscope slides Tissue sections were
deparaffini/ed in xylene and re-hydraled using a series of guided alcohols
(100-70^ ) The Hssue sections were immeised in 3 5 N HC'l loi 15 nun and
then digested lor 4 nun using 0()l',7< trypsin. Endogenous peioxidase activity
was blocked with 3'« hydrogen peroxide Slides were incubated 20 nun with
IO'/'t horse serum to block non-specihc binding ol the antibody, tollowcd by
a 30 mm incubation (37°C) with Brdl1 primary antibody (Dako. C'arpentcri.i.
C'Al a 20 mm incubation (room temperature) with biotinylaled horse anti-
mouse secondary antibody (Signet. Dedham. MA) and a 20 mm incubation
(room temperature) with an Ultra Strcptavidm detection system (Signet)
Color was then developed with Ihe ehromogen 3.3'-diaminoben/idme lelra-
hvdrochlonde (DAB) (Sigma) and the tissue was counlei-staincd with Gills
no 2 hematoxylin (Sigma) Cell nuclei staining brown with the DAB were
scored as being in S-phase while those staining blue with hemaloxylin were
scored as not in ihe S-phase Tissue sections were evaluated using a Nikon
light microscope and Sony video camera and monitor
\fniin lumiutnc cuul eems/cm t tint t'tittmtons

Progesterone and estradiol-17f3 concentrations were analy/cd Irom sera
samples collected trom 50-day-old genistein- and vehicle-treated animals
Samples were assayed hy Dr Uirrv Boots. OB/GYN Research and Diagnostics
Laboialory al The University ol Alabama al Birmingham Radioimmuno-
assay-kits were purchased trom Pantex (Santa Monica. CAl Genistein and
its metabolites were analyzed trom blood sera ot 50-day-old animals using
H P L C - M S ( l l )
Vagina! snwin \

Vaginal smears were prepared trom genistem-ireated and vehicle-treated
animals on days 43-50 posl-partum The aspirate was collected and spread
on a microscope slide, allowed lo air dry and then Papanicolaou-stamed with
Orange G-6 (Surgipath. Richmond. IL). F.A-50 iSurgipath) and hcm.itoxyhn
no 2 (Sigma) (35) Coded slides were evaluated using a light microscope The
criteria used lo determine the different slages ol the cstnis cycle were those
described by Hate/ 136)
h ollti nltir {U'vclttpmenl

The ovaries Irom 50-day-old gemstein-treaied and vehicle-lrcaled animals
were removed, lixed in neutral hutlered lormahn. parattin embedded, and
sectioned to 5 |lm (retaining every 20lh section tor evaluation) Slides were
stained with hemaloxylin and eosin and evaluated under a light microscope
The ovaries were evaluated and scored lor ihe number of tolhcles present a!
each of the following slages ol development primordial-normal growing-
normal, growing-alretic. antral-normal. anlral-alrelic. and corpora lutea (37.3S)
The final follicle numbers determined do not represent the absolute follicle
numbers but are relative to the counting procedure
\ititi\iu til nnalv^n

Data from the tumongenesis study was analyzed using the mathematical
model proposed hy Kokoska el til (34) Standard analysis was concluded
using the Wilcoxon Rank Sum lest and the Fisher Exacl test The Arnulage
test, as suggested by NCI guidelines (40). was used as an alternative perspective
to the results obtained via the Kokoska approach The analysis strategy
followed tor the mathematical modeling consisted ol three parts First, ihe
distributional characteristics of the data were examined Using ihe goodness-
ol-tit test suggested by Freedman el ill (41). the Poisson disinbution was
selected as the mosi appropriate model tor the number ol tumors per animal
and Ihe Weibull distribution was selected to describe the distribution ot tumor
appearance times Second, the parameters associated with the IIKHJCI were
estimated The third step was to test the overall experimental effect of a
change in the number of induced tumors and/or the lime ot tumor appearance
(global test)

Cell proliferation, gland difterentiation. and ovary histology dala were
analyzed using the Student's /-lest (independent)

Results
Tumongeiies is 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
prepubertally with genistein and DMSO, and at day 50 post-partum with
DMBA. Female Sprague-Dawley CD rats were injected s.c. with 500 |ig
genistein/g body wt or an equivalent volume of the solvent, DMSO, on days
16, 18, and 20 post-partum. DMBA was administered by gavage at 80 |ig/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,

100
150 200

Age (days)

Fig. 2. Body weights of female rats treated prepubertally with genistein or
DMSO and at day 50 with DMBA. Values represent the meaji ± SEM for
27 genistein-treated and 25 vehicle-treated female rats.

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

Age-treatment (noVgroup) Gland size (mm2) Uterine weight (mg)

22 days-DMSO (8)
22 days-Genistein (8)
33 days-DMSO (8)
33 days-Genistein (8)
50 days-DMSO (7)
50 days-Genistein (8)

53±3
64±2a

2I4±22
25O±l3
548±9
598 ±29

49+3
9 l±5 b

l80±29
192+16
295 ±34
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, bP < 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 II 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 II). Furthermore, it was observed that mammary terminal
end buds of 22-day-old genistein-treated animals were signi-
ficantly larger (/> < 0.05) than those of vehicle-treated animals
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T a b l e II . M a m m a r y te iminal d u u a l s t ructures in tern.lie r.iis irc.itcii

prepulvr ta l lv wilh gen i s iem 01 vehicle

Age-tieatinenl
(no /groupI

Peaenlaee "1 ILTHHII.I] duclal structures

terminal terminal I ohules I I .ohules
end buds ducts

22 davs DMSO 1X1
22 davs (ienisiem iS)
U davs DMSO iXl
^3 davs (ienisiein I S)
SO davs DMSO I 7 I
SO davs Cienisiein IS)

55 • 7
70 -4
T1 • S

72 • 4

I S - 2 h

44 • 4

S • 2

S • 2

25 • 2

21 • 2

I • o
I • I

1 4 - 1
14- 1

26 • I

26 l

0
0

I • 1
I ' I

17 • I
34 • 3h

Terminal duclal structures were evaluated using the u i tena proposed hv
Kusso c; til ( '2 U> The ouler fringe of llie mammary gland I I 45 mm
inward lor 22 dav-old animal-.. 2 7X mm tor 11 and 5(1 dav annuals! was
evaluated using a light nncrosco|X' and video camera \alues represent mean
• SKM •'/' 0 0 5 h / ' (KH)I as compared to age-matched DMSO-

Ireated amnials

Table 111. Number ot cells m S-phase in terminal dud.tl simctures ot
nianiniarv glands ol ials treated prepubertallv with genistein

Age-tieatnient
(no /group)

\ o ol cells in S-phase

22 davs D M S O IS)

22 davs ( ien is ie in (S)

3 1 davs D M S O IS)

1 1 d>i\ s ( ien is ie in ( S)

5(1 d a \ s D M S O | 7 )

50 d a \ s ( ien is ie in IS)

reini inal T e i m m a l l .ohules I l .obules

end huds ducts

1724 • 2K3 1241 • 124 •

1472
I72S

I45S

I42S

765

• 104
• 126

* S5

• n o

• 5 7 h

720
fid

61

756

• H l |

• S4J

• 20

• S

• 41

• S7

120-

KM) •

264 •

145 •

25
17
17

II
44 • 1

1 6S • 5 1

eeted s c wilh 500 ug genisiem/g bt>dv

0 0 5 . A 0 01 eonipared
Insulln.ienl numbers to an.ik/e

(146 * 5 (am versus 112 ± 4 \xm cross-section, respectively).
In 50-day-old genistem-treated females, there was a significant
decrease in number and percentage of terminal end buds.
Also, at day 50. prepubertal genistein treatment resulted in a
.significant increase in lobules II.

Cell proliferation
Cell proliferation was evaluated using BrdU-IHC. Taking into
consideration the total prohferative compartment (number of
cells in S-phase per terminal ductal structure multiplied 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 429?- fewer total cells in S-phase (Table III). The
prohferative 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 in all terminal ductal
structures. However, the terminal end buds of 50-day-old
genistein-treated female rats had significantly fewer total cells
(46% less) in S-phase and more cells in S-phase in lobules II
of genistein-treated animals than in vehicle-treated animals.

Endocrine studies
Animals treated prepubertally with genistein reached sexual
maturity earlier than control animals. One hundred percent of

Table l \ . Hstrus

Treatment
(no group I

DMSO (S)
Genisiein iS)

cvde m leniale

Percent.ige ol

Proestrus

->-> ~ i

17- 4

rats

t l l l K

l;

2

Heated

• spent

!stnis

6 ' 4

piepubena

m each ph,

llv with

ase ol es

Melesims

0
1 •1

genistc

• t i l l s

Di.

55
4d

in

.'slills

• 2

lemale Spraque-Davvlev CD rats were Irealed piepubcrlallv with genistein
or DMSO Daily vaginal smears (days 43-50 post-partunit were analyzed
Values represent mean ' SKM

Table V. Serum
old female rats

Age-treatment
(no /group)

eslratiiol 17-[i ami
Irealed prepubertalh

50 days-DMSO (X)
50 davs-Gemstein (Si

progesieione co
•' with genistein

I;stradiol-I7|5 (pg/ml)

43 d *
35 0 " 12 6

ncentr.UH

Proge

26 4 "
147 •

ins in 50-dav -

sterone (ng/nill

3 (i
3 1

the genistein-trcaled animals had vaginal openings by 27 days
post-partum as compared to 37 days post-partum for the
vehicle-treated animals. Animals treated prepubertally with
genistein as compared to vehicle spent more time in the eslrus
phase of the estrus cycle (36% versus 23%. respectively)
(Table IV). Nevertheless, all animals cycled. In 50-day-old
female rats treated prepubertally with genistein. circulating
progesterone and estradiol-17(3 concentrations were determined
to be slightly, but not significantly lower (Table V).

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

Total genistein (aglucones and con|ugates) concentra-
tions in sera from 21- and 50-day-old female rats treated
on days 16. 18 and 20 post-partum were 4.2 ± 0.6 (JM and
102 ± 30 nM, respectively. No genistein was detected in 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 507r 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 regions, respectively) is 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 >90% of the mammary tumors being
adenocarcinomas. Prepubertal genistein 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 Sprague-Dawley
rats not treated with DMBA did not typically develop adeno-
carcinomas.

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

Treatment (noVgroup) Numbers of follicular structures

Primordial normal

DMSO (8) I55±I9
Genistein (8) 137 + 21

Growing normal

IO8±8
93+11

genistein

Growing atretic

I4±2
13+1

Antral normal

48+6
46±6

Antral atretic

3I±5
3I±4

Corpora lutea

42+4
38+4

Female Sprague-Dawley CD rats were treated prepubertally with genistein or DMSO. Ovaries from 50-day-old females were prepared for histopathological
evaluation. 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 \iM) 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 (ig genistein/g body wt on days 16, 18 and 20 post-
partum was 102 nanomolar (27.5 ng/ml). Considering that
genistein is ~l/10 000 to 1/1000 as potent an estrogen as
estradiol-17(i (12-17), 102 nanomolar of genistein would
translate to ~3-3O pg/ml 'equivalent estrogen' concentration.
Radioimmunoassay of estradiol-17(i 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-fJ
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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mamniary adenocarcinomas (9.10). Animals 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 significantly reduced
sera progesterone concentrations, i.e. the endocrine system
of these animals was compromised. Our current study has
demonstrated a chemopreventive effect resulting from genistein
administered 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 lo the uterine weights, mammary gland size,
circulating levels of estradiol-17f3 and progesterone, estrus
cycle, or follicular development in 50-day-old genistein-treated
females. There remains a need to investigate the effects of
prepubertal genistein on reproduction

The ability of genistein to 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 lo more differentiated lobules during pregnancy.
Women who experience a full-time pregnancy early in life
have a 2-fold less likelihood of developing cancer than women
who never become pregnant (52). Likewise, early exposure of
rats to 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 traditional oriental diet high in soy
The advantage of genistein over other estrogens may reside in
its low potential lor toxicity.
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