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Abstract

Steroid hormones and their receptors play critical roles in the growth, development, and maintenance of the male
reproductive tract. Genistein, a naturally occurring isoflavonoid primarily found in soybeans, interacts with estrogen
receptorsa andb (ERa andb), with preferential affinity for ERb. This is one mechanism whereby genistein may affect
growth and development and potentially alter susceptibility to carcinogenesis. Previous studies have indicated effects of soy
and/or genistein in the male rodent reproductive tract under certain exposure conditions. The current study was undertaken
to determine if modulation of the expression of ERa and ERb by dietary genistein may contribute to those effects. Rats in a
two-generation study were fed 0, 5, 100, or 500 ppm genistein prior to mating and through pregnancy and lactation. At
weaning, male pups were selected in each of the F and F generations and half of the pups continued on the same diet as1 2

their dams (G/G, continuous exposure) while their litter mates were placed on control chow (G/C, gestational and
lactational exposure) until sacrifice on PND 140. Male reproductive organ weights, serum levels of testosterone and
dihydrotestosterone (DHT), and ERa and ERb protein levels in the ventral and dorsolateral prostate were the endpoints
measured. Prostate sections were also evaluated microscopically. Statistically significant elevations in testosterone and DHT
were observed in PND 140 animals from the F generation, but they were not accompanied by organ weight changes. Body1

weight in the continuously dosed 500 ppm F PND 140 animals was depressed relative to control, but organ weights in1

animals of either generation showed few treatment-related effects. While estrogen receptor levels were quite variable, levels
of ERb in the dorsolateral prostate were significantly depressed in all dose groups in the G/C exposure and the high dose
group of the G/G exposure in F rats, but not in F rats. Given the growing body of knowledge on the significance of ERb1 2

in the prostate, the evidence for apparent down regulation of this receptor by genistein may have implications for
reproductive toxicity and carcinogenesis that warrant further investigation.
Published by Elsevier Science B.V.
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predominant phytoestrogen, is considerably higher in exposed do not lead to these problems in Asian
certain Asian populations than in the Western world males or may even be protective. On the other hand,
[2]. A body of epidemiological, animal, and in vitro a recent study conducted in the UK found an
work suggests that soy may play a protective role increased incidence of hypospadias in males born to
against cancers that are more prevalent in Western vegetarian mothers, which suggested a possible
countries than in Asia, particularly breast and pros- involvement of phytoestrogens [20]. Given the fact
tate cancer [3,4]. In fact, soy-derived preparations that exposure to soy and genistein through the
are being evaluated as preventive and therapeutic consumption of infant soy formula [21] is greater
agents against prostate cancer in clinical trials [5,6]. than that achieved in typical Asian soy-containing
Genistein and several other phytoestrogens have diets and that similar high levels of exposure are
been shown to interact with both the classical possible from the intake of soy dietary supplements
estrogen receptor, ER-a, and the more recently for cardiovascular benefits and purported relief of
discovered ER-b, with preferential binding affinity to diverse adverse menopausal symptoms [22], it seems
the latter [7,8]. In addition to this estrogenic activity, important to evaluate potential adverse consequences
genistein has been shown to interact with a variety of of soy and genistein, and to define the dose levels
other molecular targets, such as tyrosine kinases, and exposure conditions under which they might
through which it might modulate tumor growth [9]. occur.
However, the doses required to affect many of these Developmental exposure of males to potent es-
targets are generally much higher than those required trogens has clearly been shown to disrupt the endo-
for interaction with estrogen receptors [10]. While crine system and contribute to long term adverse
multiple components of soy are likely to be involved structural and functional changes in the reproductive
in the inhibition of tumors in various tissues in tract, including cancers [13–17]. Neonatal exposure
animal models [11,12], the multiple mechanisms of rats to high doses of exogenous estrogens has
through which genistein has been shown to poten- been shown to result in marked developmental
tially inhibit tumorigenesis have directed consider- abnormalities in the prostate gland and permanent
able research attention to this isoflavone. alterations in the growth, secretory function, and

Receptors for both androgens and estrogens are activational response to androgen during adulthood
widely expressed in the male reproductive tract and [23–25]. Furthermore, estrogen modulates the ex-
play roles in its development and function [13]. The pression of androgen receptor and ERa andb in the
prominence of prostate cancer and the rising inci- developing and adult rat prostate lobes [25–29]. The
dence of testicular cancers among young men in testes are also adversely affected by neonatal expo-
some Western populations, as well as the contro- sure to high doses of estrogens, and a loss of
versial reports of a rise in male reproductive prob- expression of androgen receptor has been found in
lems, such as the incidence of hypospadias and association with these changes [13,30]. Several
decreased sperm counts, have led to considerable studies have examined the effects of soy or genistein
research into determining whether environmental on tissues of the male reproductive tract in rodents.
agents that interact with estrogen and androgen Feeding soy-containing diets to mice and rats from
signaling pathways may contribute to adverse effects the time of fertilization affected prostate growth
in human and wildlife populations [13–17]. While [31,32], however, estrogen-like effects were not seen
the potential role of synthetic environmental chemi- when a soy diet was fed to adult mice [33]. Subcuta-
cals has been a major focus of this work, exposures neous injections of 2.5 mg genistein /kg per day to
to naturally occurring phytoestrogens as causative or adult male mice for 9 days reduced testicular and
protective factors also need to be considered. Rates prostate weights, testicular and serum testosterone
of many of the conditions mentioned above, such as concentrations, and pituitary LH content [34]. In the
hypospadias [18] and testicular cancer [19], as well latter study, higher doses were required to produce
as prostate cancer, are lower in Asian populations persistent prostatic changes in neonates. In rats,
than in Western populations, indicating that the neonatal administration of 4 mg/kg per day genistein
dietary levels of phytoestrogens to which Asians are to rats by sc injection produced transient effects on
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the epithelial cells of the efferent ducts joining the reproductive organs contained higher proportions of
testis to the initial segment of the epididymis [35] aglycone, the form of genistein that binds to estrogen
and delayed pubertal spermatogenesis [30]. In the receptor, than serum and that the tissue concen-
latter study, male rats maintained on a diet con- trations were within a range compatible with binding
taining 15.5% soymeal flour also showed reduced to estrogen receptors [45]. In addition, transplacental
body and testis weights and elevated FSH relative to transfer of genistein was demonstrated under the
rats fed a soy-free diet [30]. Casanova et al. [36] saw conditions of the study [46].
a small decrease in ventral prostate weight at 1000 In the animals used for the reproductive assess-
ppm. Dalu et al. [37] found that feeding young ment, which were necropsied at PND 50, several
Lobund–Wistar rats (5–6 weeks old) dietary genis- effects in the male reproductive tract were observed
tein up to 1000 ppm for 3 weeks did not affect body that were consistent with weak estrogenic activity
or prostate weight or serum testosterone, but the [42]. Both the relative and absolute ventral prostate
1000 ppm dose did result in down regulation of EGF weights showed significant decreasing linear trends
receptor and the related ErbB2/Neu receptor in the and were significantly lower in the 1250 ppm dose
dorsolateral prostate. Fritz et al. [38] found no effect group. Dorsolateral prostate weights were not sig-
on the time of testicular descent in the male pups nificantly affected. A treatment-related increase of
exposed to genistein in utero until weaning via inflammation of the dorsolateral prostate and deple-
dietary administration (25 and 250 ppm) to the dams. tion of secretory fluid in the ventral prostate were
Nagao et al. [39] have recently reported reduced noted at 1250 ppm. Effects of genistein on the testis
body and epididymal weights in rats treated neonat- and the epididymis consistent with a possible disrup-
ally by gavage with genistein ranging from 12.5 to tion of or delay in spermatogenesis were noted at
100 mg/kg body weight per day as the only signifi- 1250 ppm.
cant effects in male pups. In the present study, males treated from con-

Our laboratory has been investigating the effects ception through PND 21 or PND 140 with dietary
of genistein as part of a comprehensive evaluation of genistein were evaluated at PND 140 for alterations
several endocrine active compounds sponsored by in reproductive organ weights and serum testosterone
the National Toxicology Program. Genistein was and dihydrotestosterone. Because estrogen receptors
selected for study because of its estrogenic activity, play an important role in the growth and develop-
its presence in soy infant formulas, and the increas- ment of the male reproductive tract, the expression
ingly marketed soy-containing dietary supplements. of ER-a and ER-b proteins was also examined.
A series of short term studies with genistein was
conducted as a prelude to a multigeneration study,
and the results of several of these studies have been2 . Experimental
reported [40–42]. These studies used dietary ad-
ministration of genistein to Sprague–Dawley rats 2 .1. Chemicals
from the National Center for Toxicological Research
(NCTR) breeding colony from gestation day 7 Genistein (49,5,7-trihydroxyisoflavone), purity
through postnatal days (PND) 50, 63, or 77, depend- .99%, was purchased from Toronto Research
ing on the endpoint examined, in a soy- and alfalfa- Chemicals (North York, Ontario, Canada). Primary
free diet at doses ranging from 5 to 1250 ppm. The antibodies (mouse anti-ERa and goat anti-ERb) and
ingested dose ranged from approximately 0.2 to 200 secondary antibodies (IgG conjugated to horse radish
mg/kg body weight per day in these animals [42]. peroxidase) were purchased from Santa Cruz
Blood and tissue levels have also been measured in Biotechnologies (Santa Cruz, CA). BCA protein
these animals over this dose range [43], and it is assay kits and SuperSignal chemiluminescent sub-
important to note that the serum levels ranged from strate were purchased from Pierce (Rockford, IL),
approximately 10 nM to 8 mM, which covers the and radioimmunoassay kits for the measurement of
range of human exposures. It was also demonstrated, serum testosterone and dihydrotestosterone (DHT)
consistent with other published data [37,38,44], that levels were purchased from Diagnostic Products
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Corporation (Los Angeles, CA) and Diagnostic dietary genistein (designated G/G) while their litter-
Systems Laboratories (Webster, TX), respectively. mates were switched to control diet (designated G/

C) until PND140. In most cases, a single pair of
2 .2. Animals, diet and treatment males was used from each of the litters, giving 12

G/G animals and 12 G/C animals per dose group. In
All rats used in the studies described here were a few cases, two pairs of males were used from some

generated from a larger multigeneration (PND 140 of the 12 litters, resulting in up to 17 animals per
animals) study designed to assess the toxicity of dose group. In the latter situation, the statistical
dietary genistein in a variety of organ systems. model used for analysis took into account the fact
Weanling female CD rats were obtained from the that multiple animals from a single litter were used
NCTR Breeding Colony and placed on an irradiated (see below).
soy- and alfafa-free diet (5K96, purchased from At sacrifice, trunk blood was collected after de-
Purina Mills, St. Louis, MO) 2 weeks prior to mating capitation of non-anesthetized rats for the evaluation
of 10 to 11-week-old animals with males of similar of serum testosterone and DHT levels. Ventral pros-
ages. This diet meets the nutritional specifications of tate, dorsolateral prostate, and testes were removed,
the NIH-31 diet, the autoclavable chow typically weighed, snap frozen (n55–6) in liquid nitrogen,
used for animal studies at our institution, but casein and stored at280 8C for the Western blot analysis of
replaced the protein contributed by soy and alfalfa, ERa, and ERb. The remainder of the tissues were
soy oil was replaced by corn oil, and the vitamin mix weighed and then fixed in Bouin’s fixative for 24 h
was adjusted for irradiation. The control diet was for histological evaluation of hematoxylin and eosin
analyzed for genistein and daidzein after hydrolysis (H&E)-stained sections.
of conjugates, and was found by LC-UV to be below
the detection limit of 0.5 ppm [43]. Analysis of 10 2 .3. Immunoprecipitation
different lots of the 5K96 chow by LC-ES–MS,
which had a limit of detection of approximately 0.05 Immunoprecipitation of the estrogen receptors was
ppm, indicated that levels of genistein and daidzein carried out prior to Western blot analysis because of
were approximately 0.5 ppm each (Ref. [47] and D. weak signals of ER-a and ER-b when tissue lysates
Doerge, personal communication). Stability of genis- were used. Dorsolateral and ventral prostate from
tein in the diet mix was determined for the 5 ppm each rat were pulverized under liquid nitrogen and
mix and was found to be within tolerance limits lysed in five volumes of lysis buffer according to the
(610% of target dose) for up to 6 months after procedure provided by Santa Cruz Biotechnologies,
mixing. The rats were maintained under controlled (Santa Cruz, CA). Briefly, protein was extracted in
conditions of temperature (2363 8C), relative lysis buffer containing 1% Triton X-100, 10 mM
humidity (50620%), and illumination (12 h light, 12 Tris (pH 7.4), 1 mM EDTA, 100 mM NaCl, 1 mM
h dark). All rats had free access to 5K96 diet and HEPES, 2 mM sodium orthovanadate, 1 mM PMSF,
water. All animal husbandry and procedures were 1 mM leupeptin, and 1 mM aprotinin. Protein
conducted according to the Institutional Animal Care concentration was determined using Pierce BCA
and Use Committee guidelines. Both male and Protein Assay Reagents (Pierce, Rockford, IL). Tis-
female F rats were placed on 0, 5, 100, or 500 ppm sue lysates of the dorsolateral prostate or ventral0

of dietary genistein at least 28 days prior to mating. prostate containing 1 mg of total protein were mixed
On approximately PND70, the male and female rats either with 10ml mouse anti-estrogen receptor alpha
were paired for mating to produce F rats. F (ERa) monoclonal antibody or with 10ml goat1 1

parental rats continued on the same genistein diet anti-estrogen receptor beta (ERb) polyclonal anti-
throughout mating, gestation, and lactation. Twelve body (Santa Cruz Biotechnologies). For immuno-
litters from each dose group in each of the two precipitation of ERa or ERb proteins, the contents
generations were used in this study. At weaning, half were incubated at 48C for 30 min on a rotator
of the F and F male pups from the genistein dosed apparatus, followed by addition of 50ml of Protein1 2

diet groups were continued on the same dose of A-Agarose (Oncogene Research Products, Cam-
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bridge, MA), and overnight incubation at 48C on a the appropriate least squares means were tested using
rotary apparatus. The samples were washed three at-test adjusted for all possible comparisons. Steroid
times with lysis buffer and centrifuged at 12 000g at receptor data from densitometric analysis of Western
4 8C. The immunoprecipitates were resuspended in blots were compared to the respective control group
Laemmli sample buffer containing 5%b-mercap- by 2-tailedt-test analysis (P#0.05) and a correction
toethanol, boiled for 5 min and centrifuged. The for multiple comparisons was applied [48]. All data
supernatant was subjected to 10% SDS–PAGE. are summarized as mean values6SEM.

2 .4. Western-blot analysis

Immunoprecipitates of ventral and dorsolateral 3 . Results
prostate for ERa and ERb were resolved by 10%
SDS–PAGE in reduced sample buffer. The proteins 3 .1. Effects of dietary genistein on body and
were electrophoretically transferred to a nitrocellu- reproductive organ weights and prostate histology
lose membrane, blocked with 5% non-fat dry milk in
Tris buffered saline containing 0.1% Tween-20 Body and reproductive organ weights of the F1

(TBS-T), immunoblotted with anti-ERa, or anti-ERb and F PND140 rats treated with dietary genistein2

primary antibody, followed by incubation with are shown in Table 1. There was a significant
appropriate secondary antibody coupled with horse- decreasing trend in the body weights of F continu-1

radish peroxidase (Santa Cruz Biotechnologies), ously dosed (G/G) animals and a significant depres-
subsequently washed, and the proteins visualized sion in body weight in the 500 ppm dose group
with Pierce SuperSignal chemiluminescent substrate relative to control. There were no significant differ-
(Pierce, Rockford, IL). The membranes were then ences in body weights of F animals of any dose2

exposed to autoradiograph film and developed using group relative to controls. Similarly, there were no
a Konica Medical Film Processor (Konica, SRX-101, significant treatment-related differences in the
Wayne, NJ). Densitometric analysis of the protein weights of dorsolateral prostate, ventral prostate,
bands was performed using an I.S.-1000 Digital seminal vesicles, epididymides, and testes of the F1

Imaging System (Alpha Innotech Corporation, San and F rats maintained on genistein diet relative to2

Leandro, CA). Protein levels are reported as per- controls whether these analyses were conducted on
centage of control. absolute weights, ratio to body weight, or with body

weight as a covariant. When comparisons were made
2 .5. Determination of serum testosterone and DHT within dose groups (G/G vs. G/C)), the body
levels weights of continuously dosed 500 ppm animals

(G/G) were less than those of animals exposed to
Trunk blood was collected from each rat at the 500 ppm genistein during gestation and lactation

time when they were sacrificed. Serum was prepared only (G/C). The only other within dose group
and stored at280 8C until analyzed for the evalua- differences observed were a lower body weight in
tion of testosterone and DHT levels by radioim- the F 5 ppm G/C group relative to the G/G group2

munoassay according to the procedures provided by and a lower absolute seminal vesicle weight in the F1

the manufacturer. 5 ppm G/C group relative to the corresponding G/G
group. These differences seem likely to be chance

2 .6. Statistical analysis occurrences and not treatment-related effects.
Tissue sections from six to 10 animals from each

Body and organ weights and hormone data were dose group in the F and F generations were stained1 2
analyzed using the mixed procedure of SAS v.8. with H&E and evaluated. Mild inflammation (both

Generation and dose were treated as fixed effects and dorsolateral and ventral lobes) and secretory deple-
litter was treated as a random effect. When signifi- tion (ventral lobe only) were observed with equal
cant effects were indicated (P,0.05), differences in incidence and severity in both control and treated



254 A. Dalu et al. / J. Chromatogr. B 777 (2002) 249–260

Table 1
aEffects of dietary genistein on the mean body weight and reproductive tract organ weights of PND 140 male Sprague–Dawley rats

Dietary Body Dorsolateral Ventral Seminal Epididimydes Testes
genistein weight prostate prostate vesicles (g) (g)

b(ppm) (g) (mg) (mg) (g)

F1

0 49069 33560.02 46260.04 1.4660.06 1.5360.08 3.0460.22
5 (G/G) 49761 37060.02 48860.04 1.6260.26 1.5760.1 3.4260.7

[5 (G/C) 48065 32460.02 52660.03 1.5260.08 1.6960.3 3.5160.06
100 (G/G) 461638 30960.02 53660.05 1.3360.07 1.8160.1 3.1460.07
100 (G/C) 492614 33560.01 48860.03 1.4460.07 1.4660.07 3.3160.19
500 (G/G) 45469* 33660.02 50860.01 1.3460.05 1.6260.12 3.2960.07

[500 (G/C) 483611 33060.02 46860.03 1.2960.04 1.7260.19 3.3460.07

F2

0 478610 31160.02 51260.02 1.1260.06 1.2860.03 3.2860.11
5 (G/G) 498612 32560.02 54360.03 1.0560.06 1.3660.05 3.3260.07

[5 (G/C) 465612 30960.01 49860.03 1.0560.06 1.3160.04 3.3060.07
100 (G/G) 489610 36460.02 52460.03 1.0860.07 1.2660.06 3.1860.19
100 (G/C) 478612 32760.02 52460.02 1.0560.04 1.2560.09 3.1760.21
500 (G/G) 454613 34160.02 54260.03 1.0160.04 1.2960.04 3.2760.05

[500 (G/C) 494638 34660.03 55660.05 1.1260.09 1.3360.11 3.2960.27
a F male and female rats were exposed to 0, 5, 100 or 500 ppm of dietary genistein for 28 days before mating and were maintained on the0

same diet during mating. The F and F male pups were exposed to the same concentration of dietary genistein in utero from gestation day1 2

1. At weaning, half of the pups from each dietary genistein group continued on the same concentration of genistein exposed to in utero
(designated G/G), whereas the second half of the pups from each dietary genistein group were switched to a control diet at weaning
(designated G/C). All rats were necropsied on PND 140. Total body, dorsolateral prostate, ventral prostate, seminal vesicles, epididymis,
and testes were weighed at necropsy. Presented in the table are the mean values (6SEM) for each treatment group (N512–17). Organ
weights relative to body weights were also calculated and analyzed, but no significant effects were observed (data not shown). *Denotes

[significant difference from the respective control group. Denotes significant differences within dose (G/G vs. G/C) of the same generation
(P#0.05).

groups; there appeared to be no treatment-related ences from control were seen in any group for
lesions observed in this set of animals at PND 140. testosterone or DHT.

3 .3. Expression of estrogen receptors in ventral
3 .2. Serum testosterone and DHT levels and dorsolateral prostate

Table 2 shows serum testosterone and DHT levels Estrogen receptor levels in the prostate lobes of
in F and F PND 140 rats. In F rats, serum PND 140 animals exposed to genistein from con-1 2 1

testosterone and DHT levels exhibited a linear ception through PND 140 (G/G) or through PND 21
increasing trend only in rats receiving dietary genis- (G/C) are shown in Table 3. In F animals, ER-b1

tein throughout the experiment (G/G). A significant was decreased by approximately 32–42% relative to
increase in testosterone levels relative to controls control in the dorsolateral prostate in all three G/C
was noted at 500 ppm in both continuously (G/G) dose groups and in the 500 ppm G/G dose group.
and gestationally / lactationally exposed (G/C) ani- While the mean ER-b levels in these same dose
mals, while DHT was increased in the G/G and G/C groups were slightly depressed in the F generation,2

100 ppm groups and the G/G 500 ppm group. In the these values were not significantly different after a
F 500 ppm G/C group, both testosterone and DHT correction for multiple comparisons to the control1

were significantly lower than in the corresponding was made. Other statistically significant depressions
G/G group. In the F animals, no significant differ- in ER-b levels were seen in the ventral prostate in2
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Table 2
Effects of two-generation dietary genistein exposure on the serum testosterone (T) and dihydrotestosterone (DHT) levels in male

aSprague–Dawley rats

Dietary F F1 2
bgenistein (ppm)

T (ng/ml) DHT (pg/ml) T (ng/ml) DHT (pg/ml)

0 1.5860.02 5567 1.0460.14 5767
5 (G/G) 2.0160.04 71611 1.2160.18 4164

[ [5 (G/C) 1.3960.03 5066 0.7560.11 2862
100 (G/G) 2.2160.03 99621* 1.2160.22 3766
100 (G/C) 2.1360.03 91622* 0.9960.11 4465
500 (G/G) 3.0860.04* 120635* 0.8460.20 40611

[ [500 (G/C) 2.0360.03* 60610 0.7560.11 3264
a F male and female rats were exposed to 0, 5, 100, or 500 ppm of dietary genistein for 28 days before mating and were maintained on0

the same diet during mating. The F and F pups were exposed to the same concentration of dietary genistein in utero throughout gestation.1 2

At weaning, half of the pups from each dietary genistein group continued on the same concentration of genistein exposed to in utero
(designated G/G), whereas the second half of the pups from each dietary genistein group were switched to a control diet at weaning
(designated G/C). All rats were necropsied on PND 140. Trunk blood was collected for the measurement of serum T and DHT levels by
radioimmunoassay. Presented in the table are the mean values of the hormones (6SEM) for each treatment group (N59–16). *Denotes

[significant difference from the respective control group. Denotes significant differences within dose (G/G vs. G/C) of the same generation
(P#0.05).

the 100 ppm G/C group of both generations. ER-a suming a soy-free diet was not present in animals fed
was significantly depressed in the dorsolateral pros- a diet containing 17% soy for 11 weeks as adults. On
tate in the 100 ppm continuously dosed group (G/G) the other hand, Kwon et al. [50] reported that
and in the ventral prostate in the 500 ppm G/G Sprague–Dawley rats treated by gavage with a soy
group. extract (200 mg/kg genistein, 66 mg/kg daidzein)

twice daily for 9 weeks starting at 8 weeks of age
had an increased incidence of inflammation in the

4 . Discussion dorsolateral prostate. No changes in serum testos-
terone or prostate weight were seen in the latter

In this study, dietary genistein did not alter body study. Weber et al. [51] reported a decreased prostate
or organ weights, but it did cause increased T and weight, both absolute and relative to body weight, as
DHT serum levels. Further, ER-b levels in the well as a decreased serum testosterone in adult male
dorsolateral prostate were depressed. The results of Sprague–Dawley rats fed a diet containing approxi-
the present studies are consistent with those of our mately 600 ppm soy isoflavones as compared to a
earlier report of the effects of dietary genistein up to soy-free diet. Strauss et al. [34] found that adult
1250 ppm administered through gestation to puberty NMRI mice treated by s.c. injection with 2.5 mg/kg
[42] in that there was little evidence of toxicity to the genistein for 9 days had reduced serum testosterone
prostate from dietary genistein in the dose range and LH as well as a decreased ventral prostate
tested, although chronic effects remain to be evalu- weight. Mice treated only on PND 1–3 with 50 or
ated. 500 mg/kg per day had a decreased ventral prostate

Studies from other laboratories have shown effects weight as adults, but adverse histological effects,
of isoflavones and/or soy on prostate that vary, similar to those induced by neonatal exposure to
possibly due to differences in the dose, method or DES, were seen only in the animals treated with the
timing of administration, test animal, the presence of high dose. Nagao et al. [39] dosed Sprague–Dawley
components of soy in addition to isoflavones in the rats by gavage on PND 1-5 with doses of genistein
test agent, or other experimental factors. Sharma et ranging from 12.5 to 100 mg/kg body weight and
al. [49] found that a high incidence of inflammation found no effects on serum testosterone, ventral

¨ ¨in the lateral prostate of Sprague–Dawley rats con- prostate weight, or prostate histology. Makela [31]
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Table 3
Effect of dietary genistein on estrogen receptor levels in the dorsolateral and ventral prostates of PND 140 SD rats treated from conception

athrough PND 140 (G/G) or conception through PND 21(G/C)
bDietary genistein Receptor level relative to 0 ppm control

(ppm)
F F1 2

ER-a ER-b ER-a ER-b

Dorsolateral prostate
0 100616.9 100612.5 100620.8 100615.5
5 (G/G) 103.3621 78.8614.9 79.1612.6 82.569.7

c5 (G/C) 150.6624.4 67.861.9 68.5610.7 83.065.9
c100 (G/G) 59.362.3 89.6615.6 94.968.1 90.467.3

c100 (G/C) 113.0614.2 59.167.9 81.367.0 78.667.4
c500 (G/G) 92.963.9 62.167.0 131.6622.9 97.7612.9
c500 (G/C) 87.764.0 57.264.2 159.1616.0 84.165.8

Ventral prostate
0 10068.6 10065.5 10065.1 10062.6
5 (G/G) 92.769.2 128.7610.7 91.864.5 96.369.4
5 (G/C) 124.662.1 97.6610.8 86.165.0 104.665.1

100 (G/G) 113.8615.9 105.3610.6 94.465.2 83.166.2
c c100 (G/C) 131.2612.8 48.366.4 100.665.7 79.863.8

c500 (G/G) 74.566.0 59.2610.6 87.7610.2 83.265.6
500 (G/C) 71.4614.3 131.08616.4 83.766.6 62.3612.2

a F male and female rats were exposed to 0, 5, 100 or 500 ppm of dietary genistein for 28 days before mating and were maintained on the0

same diet during mating. The F and F pups were exposed to the same concentration of dietary genistein in utero throughout gestation. At1 2

weaning, half of the pups from each dietary genistein group continued on the same concentration of genistein exposed to in utero (designated
G/G), whereas the second half of the pups from each dietary genistein group were switched to a control diet at weaning (designated G/C).
All rats were necropsied on PND 140. Immunoprecipitates prepared from tissue lysates were prepared as described in the Experimental
section from frozen tissues. Electrophoresis was carried out on a 10% SDS–polyacrylamide gel with immunoprecipitate from 1 mg of total
protein. The receptor bands were detected as bands of 62 kDa (ER-b) and 66 kDa (ER-a), as described in the Experimental section.

b Mean6SEM.
c Significantly different from control,P,0.05.

found that Sprague–Dawley rats fed a soy-free diet induced squamous epithelial metaplasia in the
through pregnancy and lactation and then switched to periurethral collecting ducts [34], but feeding a diet
a diet containing 13% soy meal until 10 weeks of containing 7% soy meal, approximately 2–5 mg
age had increased ventral prostate weight relative to genistein /kg body weight per day, did not induce
animals fed the soy diet throughout their lives. metaplasia [33]. In adult Lobund–Wistar rats, s.c.
Similar results, although not statistically significant, injections of 50 mg/kg genistein twice a day for 31
were obtained by the same group in NMRI mice at 2 days induced the male accessory sex glands [52], but
months; that is, mice exposed to a soy-free diet early feeding concentrations ranging from 25 to 1000 ppm
in life tended to have a higher prostate weight at 2 genistein for 3 weeks did not significantly effect the
months than animals exposed to a soy-containing weight of the dorsolateral prostate or serum testo-
diet throughout life [32]. On the other hand, mice sterone [37]. Together, all of these studies indicate
exposed to soy throughout life had higher ventral and that soy and genistein can affect the rodent prostate,
dorsal prostate weights at 12 months than animals but conditions under which these exposures could
exposed to a soy-free diet [32]. In neonatally es- lead to long term adverse or beneficial consequences
trogenized mice castrated as adults, exposure to s.c. are not clear.
injections of genistein at 2.5 mg/kg for 10 days As indicated above, previous studies that have
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looked at testosterone concentrations in rodents ranged from 32 to 50% of control levels (data not
treated with soy or genistein by various routes and at shown). Protein bands of the molecular masses
various ages have generally found no effect or a reported for rat ER-a (|66 kDa) and ER-b (|62
reduction in the serum hormone in males. In our kDa) [57] were detected. A reduction in ER-b seen
present study, there was a significant increasing trend in the dorsolateral prostate in the F animals re-1

in both serum testosterone and DHT concentrations sulting from genistein treatment (Table 3) deserves
in the PND 140 F animals that had been continu- further study. Attempts to confirm the reduction of1

ously dosed with genistein, and significant increases ER-b in the dorsolateral prostate by immunohistoch-
relative to control levels in both the G/G and G/C emical staining were made, but the Bouin’s fixed
500 ppm groups for testosterone and the G/G and tissue available from the study proved unsuitable for
G/C mid dose group (100 ppm) and G/G 500 ppm this purpose. A recent report by Fritz et al. [55] was
group for DHT. While high concentrations of genis- published that indicated that dietary genistein at
tein have been reported to inhibit several ster- doses ranging from 25 to 1000 ppm reduced expres-
oidogenic enzymes [10], it is possible that genistein sion of mRNA for ER-a, ER-b, and androgen
could alter levels of steroid synthetic or metabolizing receptor in the rat dorsolateral prostate. In that study,
enzymes to bring increases in testosterone and DHT. receptor protein levels for ER-b were not evaluated,
For example, Weber et al. [53] have found that and ER-a protein levels were reported to be reduced
treatment of adult rats with a phytoestrogen-con- only at the 1000 ppm dose [55]. The same laboratory
taining diet can induce 5a-reductase in the amygdala reported genistein-induced down-regulation of ER-a

while at the same time reducing the same enzyme in and androgen receptor, but not ER-b, in transgenic
the medial basal hypothalamic preoptic area. Further, mice prone to postate cancer [58]. If genistein
Santti et al. [54] showed altered androgen metabo- treatment alters the normal balance of ER-a, ER-b,
lism in different lobes of the prostate following and AR in the prostate, this may be an important
developmental exposure to DES. Recently, Fritz et factor in the subsequent development of prostatic
al. [55] have also reported significantly increased disease.
testosterone concentrations in male rats exposed to Since the initial discovery of ER-b [59], consider-
25 and 250 ppm dietary genistein from conception to able effort has been expended to determine the role
PND 70. DHT and male reproductive organ weights of this receptor in the activities of estrogenic com-
were not significantly altered in those animals. In the pounds. The wide distribution of ER-b in the male
present study, the fact that no effects were observed reproductive tract suggested a significant role for this
on organ weights related to the observed increase in receptor in the male [7]. While ER-a had been
testosterone and DHT in the F generation and the shown to occur in stromal cells of the prostate, ER-b1

fact that no effects were seen in the F generation was found to be highly expressed in prostatic2

suggests that the biological relevance, if any, of the epithelial cells [29,59,60]. Furthermore, ER-b knock-
observed elevation of serum testosterone remains to out mice showed prostatic hyperplasia with age that
be determined in chronic studies. was not seen in receptor-positive mice [61,62], and

Detection of estrogen receptor proteins, particu- many prostatic tumors have been shown to lack
larly ER-b, by Western blot at normal tissue levels ER-b [65,66]. Although the entire story is not yet
has been problematic with commercially available clear, since other ER-b knockout mice do not show
antibodies, including the ER-b antibody used in the prostatic hyperplasia [65] and some advanced pros-
present study (Santa Cruz Biotechnology, Y-19) [56]. tatic tumors do express ER-b [63,64], the data
Semi-quantitative measurements of both ER-a and obtained thus far are generally consistent with a loss
ER-b were able to be made by Western blot after of ER-b leading to increased proliferation of pros-
immunoprecipitation. In a preliminary experiment in tatic tissue. The discovery of a second ER-b that
which animals were exposed to dietary genistein at differs from the original ER-b in terms of interaction
0, 25, 250, and 1250 ppm from GD7 through PND with ligands [66] and regulation [57] may also
63, there was a statistically significant depression of complicate the simplistic view that loss of ER-b

ER-b in the dorsolateral prostate at all doses that leads to proliferation. Loss of ER-b has been linked
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to an increase of AR in the ventral prostate as one A cknowledgements
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