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Abstract
Genistein and ethinyl estradiol (EE2) were examined in multigenerational reproductive and chronic
toxicity studies that had different treatment intervals among generations. Sprague-Dawley rats
received genistein (0, 5, 100, or 500 ppm) or EE2 (0, 2, 10, or 50 ppb) in a low phytoestrogen diet.
Nonneoplastic effects in females are summarized here. Genistein at 500 ppm and EE2 at 50 ppb
produced similar effects in continuously exposed rats, including decreased body weights, accelerated
vaginal opening, and altered estrous cycles in young animals. At the high dose, anogenital distance
was subtly affected by both compounds, and a reduction in litter size was evident in genistein-treated
animals. Genistein at 500 ppm induced an early onset of aberrant cycles relative to controls in the
chronic studies. EE2 significantly increased the incidence of uterine lesions (atypical focal
hyperplasia and squamous metaplasia). These compound-specific effects appeared to be enhanced
in the offspring of prior exposed generations.
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INTRODUCTION
There is clear evidence from human and animal studies that exposure to the potent synthetic
estrogen diethylstilbestrol (DES) during reproductive development has a variety of adverse
effects in both sexes, including structural and functional reproductive tract effects and
carcinogenesis, and that some of these effects can carry over into unexposed offspring (1–4).
This has led to concerns that chemicals in the environment that have weaker estrogenic or other
hormonal activities could be having similar adverse effects in human and wildlife populations
(5,6). This issue, often referred to as the “endocrine disruptor hypothesis”, has been an area of
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considerable research and regulatory concern in recent years. As part of its research effort, the
National Toxicology Program (NTP) initiated multigenerational reproductive and chronic
toxicity studies to address aspects of the hypothesis. The experimental design for these studies
was a modification of standard multigenerational reproductive toxicity studies altered to
determine if subtle effects observed after short term exposure in young animals would be
magnified, sustained, diminished, or reversed in subsequent generations. It would also
determine any carry over into unexposed generations or chronic toxicities, including
neoplasms. In standard reproductive toxicity studies conducted for regulatory purposes, high
doses are chosen to produce some maternal toxicity while the low dose is selected with the
goal of not producing parental effects (7,8). The high dose for chronic studies is set as the
maximum tolerated dose. In the present studies, the goal was to select a high dose, based on
the results of reproductive dose range-finding studies, that would not produce significant
maternal toxicity but would produce reproductive tract lesions in the offspring, although to a
degree that would not severely affect reproductive capacity in the first generation.

Genistein was selected for study as a representative phytoestrogen to which there is high human
exposure in soy-based foods, dietary supplements, and infant formulas. Infants consuming soy
formula, for example, have been reported to ingest 6–9 mg/kg of isoflavones/day and to have
blood concentrations of total isoflavones as high as 5 to 10 μM (9). Diets with high levels of
soy are proposed to have multiple beneficial effects, including chemopreventive activity
against various cancers and alleviation of some of the adverse consequences of menopause,
although the epidemiological evidence for many of these beneficial effects is minimal (10–
16). Soy-containing diets have also been associated with reducing obesity and improving
glucose control and insulin resistance (17–19) Diets high in soy contain multiple agents that
may contribute to these effects, and consumption of these diets is also associated with lower
calorie and fat intake. Nonetheless, much research attention has focused on the isoflavones,
and particularly genistein, as the active components contributing to (or responsible for) the
beneficial effects of soy. Soy isoflavones, particularly genistein, interact with estrogen
receptors and affect hormone synthesis and metabolism, and sex hormone binding proteins.
Genistein inhibits multiple enzymes involved in growth regulation, including tyrosine kinases,
topoisomerases, and multiple other molecular targets (see above references and (20–23). While
genistein has a preferential affinity for ERβ, it acts in vivo via both ERα and ERβ, with the
dominant pathway in a particular cell type or tissue apparently influenced by the relative
proportions of each receptor and the concentration of genistein (24,25). Thus, in many cases
genistein mimics more potent estrogens that bind preferentially to ERα, for example,
stimulating uterine growth in immature or ovariectomized rodents (26), stimulating the growth
of mammary tumor cells (27–29) inducing a similar pattern of gene expression as EE2 in the
developing rat uterus (30), and testes and epididymides (31). Phytoestrogens, soy-containing
foods, and soy components have been known for some time to produce adverse effects on
reproductive processes in animals (32–35), and subcutaneous injections of genistein produce
a spectrum of effects following dosing of neonatal female mice similar to those reported for
DES (36–39).

EE2 is and has long been the predominant estrogen in oral contraceptives because of its
significantly greater oral bioavailability in women relative to 17β-estradiol. Pregnancies do
occur in women who are taking oral contraceptives; various studies have reported
postconception use of oral contraceptives by 0.4–2.5% of oral contraceptive users (40), while
Potter (41) estimated the mean pregnancy rate for oral contraceptive users to be 4 to 8%. The
risks of obvious defects detectable at birth resulting from inadvertent exposure of the fetus to
oral contraceptives appear to be low (42,43), although potential subtle long-term consequences
of such exposures have not been rigorously addressed. The detection of EE2 as an
environmental contaminant has recently raised concerns about potential effects in aquatic
wildlife (44). In contrast to genistein, EE2 shows a preferential affinity for ERα over ERβ
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(45,46). While reports on the adverse effects of in utero and neonatal exposure to EE2 are fewer
than those of DES, EE2 is reported to produce adverse effects following developmental as well
as adult exposure in both sexes of mice and rats similar to those caused by DES (47–58).

To set the dose range to be used in the present studies, results from the short-term reproductive
dose range-finding studies of genistein and EE2 in feed were conducted in the same test system
used for the reproductive and chronic toxicity studies described here, that is, the NCTR CD
Sprague-Dawley rat with dietary administration of test compounds in the soy- and alfalfa-free
Purina 5K96 diet. Dietary exposures of 0, 5, 25, 100, 250, 625, or 1,250 ppm genistein and 0,
0.1, 1, 5, 25, 100, or 200 ppb EE2 were used in the reproductive toxicity dose range finding
studies for the two compounds. The results of the genistein range-finding study have been
reported previously (59,60) and those for EE2 were included in the full study report for the
multigenerational reproductive toxicology study (61). For both compounds, the high dose was
clearly ruled out for further testing because of reproductive effects in both sexes and decreased
body weight. Less severe effects at the 625 ppm (genistein) and 100 ppb (EE2) and lower dose
levels, respectively, led to selection of 0, 5, 100, or 500 ppm genistein and 0, 2, 10, or 50 ppb
EE2 for the multigenerational reproductive and chronic toxicity studies. This manuscript
summarizes the major nonneoplastic effects of the soy phytoestrogen, genistein, and the potent
estrogen, EE2, observed in females. Effects observed in males and neoplastic effects in both
sexes will be presented in separate reports.

MATERIALS AND METHODS
The studies reported here were conducted in compliance with Food and Drug Administration
Good Laboratory Practice Regulations (21 CFR, Part 58). All animal procedures were
conducted under protocols approved by the NCTR Institutional Animal Care and Use
Committee. Only data on endpoints showing significant treatment-related effects with one or
both test compounds are reported here. The full detailed study reports, which include the data
that are not shown in this manuscript, are available in National Toxicology Program (NTP)
Technical Reports (61–4), which are available from the NTP website at
( http://ntp-server.niehs.nih.gov/index.cfm?objectid=084801F0-
F43F-7B74-0BE549908B5E5C1C).

Background isoflavone content of the diet
The base diet used for the current study was an irradiated rodent feed free of soy and alfalfa
(5K96, Purina Mills, Inc., Richmond, IN) in an attempt to maintain a consistently low
background exposure to phytoestrogens. This feed maintains the nutritional specifications of
the NIH-31 feed, which is the standard breeding and maintenance diet used in the NCTR rodent
colony, but contains casein in place of the soy and alfalfa protein (www.labdiet.com). The
control feed was routinely assayed for total isoflavone content after acid hydrolysis using
HPLC/MS methods (65), which indicated levels of genistein and daidzein ≤0.5 ppm each. It
should be noted that animals consuming control feed were ingesting a concentration of
genistein approximately 10-fold lower than that of the groups exposed to the low dose (5 ppm)
in the genistein studies. This background concentration iso consistent with the isoflavone intake
of individuals consuming typical Western diets. The 5K96 diet underwent routine analyses for
nutrient and contaminant levels according to standard NCTR procedures.

Test Compounds and Dose Formulations
Genistein (Toronto Research Chemicals, Inc., North York, Ontario, Canada) and EE2 (Sigma-
Aldrich Corporation, St. Louis, MO) were determined to have purities of greater than 99% and
98.5%, respectively. Dosed feed was blended in a Patterson-Kelley twin-shell blender on an
as needed basis, but not more than every 5 (genistein) or 9 (EE2) weeks. Genistein dosed feed
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was prepared by dry mixing, while a solution of EE2 in 95% ethanol was directly injected into
Purina 5K96 in the blender to prepare the 10 and 50 ppb EE2 diets. Ethanol was removed from
the EE2-dosed feed, and from the control feed that was mixed with 95 % ethanol alone, with
heating under vacuum in the blender. The 2 ppb EE2 dose formulations were prepared by 1:5
dry dilutions of the 10 ppb dose feed. Blended dosed feed formulations were stored in stainless
steel cans at 4° C. Purity of the bulk chemical was periodically confirmed over the course of
the studies. Homogeneity of the blended dosed feed was confirmed, and stability in stainless
steel storage cans was confirmed for up to 16 (EE2) or 17 (genistein) days at ambient
temperature and for up to 24 (EE2) or 32 (genistein) weeks at 2° ± 8° C. Because of the very
low concentrations of EE2, the technical difficulty of measuring such concentrations in the
complex diet matrix was recognized; a somewhat greater degree of variability than that seen
in studies with higher concentrations of test article was therefore anticipated and accepted prior
to the start of the work. Analysis of blended dosed feeds indicated that genistein concentrations
were ± 10% of the target dose, while EE2 concentrations were ± 30% of the target. These values
were within the established study specifications.

Study Design – Multigenerational Reproductive Toxicology Study
The multigenerational reproductive toxicology and chronic study designs are outlined in Figure
1. The genistein and EE2 studies were conducted separately. It is important to note that exposure
to the test compounds differed among generations, so that the meaning of the “dose”
designation differs in different generations. The F0 generation was exposed to dosed feed from
6 weeks of age (PND 42) until termination at PND 140, while the F1 and F2 generations were
exposed continuously from conception through termination at PND 140. The F3 generation
was exposed from conception to weaning (PND 21) at which time they were placed on control
feed for the remainder of the study. The F4 generation was not exposed to dosed feed and was
included to test for transgenerational effects of compound exposure. Litter data were obtained
for the F5 generation, which was also unexposed, and those litters were held with their dams
until weaning and then terminated without further evaluation. Dose group designations for the
nonexposed F4 and F5 generations indicate the exposure concentrations experienced by their
parents and grandparents, respectively.

For the parental (F0) generation, 140 male and 140 female weanling NCTR CD rats (Strain
Code 23) were obtained from the NCTR breeding colony and placed on control 5K96 feed.
Until weaning at PND 21, these rats and their dams had been maintained on NIH-31 pellets.
The NIH-31 diet has been reported to contain approximately 30 ppm of each of the soy-derived
isoflavones genistein and daidzein, which are present predominantly in the form of the
glucosides genistin and daidzin (66). The NCTR CD rat strain used in these studies was founded
in 1972 from Sprague-Dawley rats from Charles River Laboratories and has been maintained
in the NCTR breeding facility since that time. Rats of the F0 generation were acclimated to the
Purina 5K96 diet for 3 weeks from PND 21 to PND 42 and were 6 weeks old at the beginning
of the study. Animals in the F1 through F5 generations were on-study from conception. The
health of the animals in all generations was monitored during the study according to the
protocols of the NCTR’s Sentinel Animal Program.

Animals of the F0 generation were housed in pairs until assigned to exposure groups. On PND
42, animals were weighed and allocated to exposure groups of 35 males and 35 females by use
of a stratified randomization procedure based on body weight. Animals were housed singly
and identified by unique tail tattoos. Males were acclimated to wire breeding cages from PND
56 to PND 60. Pairings within exposure groups were randomly selected and females were
introduced into breeding cages with the males. The F0 animals were no younger than PND 70
and no older than PND 84 at the time they were paired. When a vaginal plug was detected (in
situ or in a pan below the cage), males and females were separated and housed individually for
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the remainder of the study. The date of plug detection was designated as the day of conception
or Gestation Day 0 (GD 0). In pairs where no vaginal plug was detected, animals were separated
after 14 days of cohabitation and data from any litters produced from such a mating were not
used in evaluations of time-to-mating or gestation length.

On PND 2, litters were randomly standardized to four males and four females per litter. Animals
were occasionally fostered within exposure groups to maintain constant litter size, but fostered
pups were not used as breeders for the next generation and were not included among animals
necropsied for histopathology. Pups to be used for breeding to produce the next generation
were selected randomly, with the stipulations that the maximum number of available litters be
represented and no more than two pups of each sex from any one litter be selected. Breeding
pairs could not be siblings. One female from each litter was identified to be monitored for
vaginal cytology for 14 consecutive days, starting 3 days after vaginal opening was observed.
These vaginal cytology animals, which were not used as breeders, were identified by tail tattoo
and pair-housed with another animal from the same exposure group. Breeder animals were
housed individually and identified by unique tail tattoos. The procedures described above for
mating and litter selection were followed for the F1 through F4 generations. Since additional
animals for the chronic study (described below) were needed from the F3 generation, 40 pairs
from the F2 generation were mated rather than 35 as in other generations. At weaning, all
animals in the F3 generation were placed on 5K96 control feed.

Purina 5K96 feed and Millipore®-filtered tap water were available ad libitum until the day
before termination when feed was withheld overnight.

In-life Examinations and Pathology
Twice-daily morbidity and mortality checks were performed, and any animals that were found
moribund or dead were subjected to a complete necropsy. Body weights and feed consumption
were monitored throughout the study with the frequency of measurement dependent upon the
phase of the study.

For the F1 through F5 generations, the date on which pups were born was designated as PND
1. On PND 2, the number of pups alive or dead, sex ratio (ratio of males to females), and total
live litter weight by sex were recorded, and any gross malformations were noted. The litters
were randomly standardized to four male and four female pups per litter (pups with gross
malformations were excluded), and the pups were marked with paw tattoos. After
standardization, individual body weights of the retained pups were recorded. In addition,
anogenital distances (AGDs) were measured with a dissecting microscope equipped with an
ocular micrometer in the retained pups from 10 randomly selected litters. For the F1 through
F4 generations, pups were weaned on PND 21 and given unique tail tattoo identification
numbers.

For the F0 through F4 generations, mating and pregnancy parameters were measured for each
litter. Vaginal cytology on one female animal from each litter was performed for 10 consecutive
days prior to scheduled sacrifice on PND 140. Ovarian follicle counts were recorded from eight
females in each exposure group at scheduled sacrifice. F5 generation litters (produced by
breeding within the F4 generation) were euthanized at weaning following collection of basic
litter information.

While in-life data were collected on all litters produced in the study, 25 litters and their
associated dams and sires were randomly selected after all litters were born for continuation
on the study and histopathological evaluation at termination on PND 140. At study termination,
all surviving animals from the F0 through F4 generations were euthanized by exposure to carbon
dioxide. Complete necropsies and microscopic examinations were performed. Tissues were
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examined grossly for visible lesions, removed, and fixed and preserved in 10% neutral buffered
formalin with the exceptions of the reproductive organs and accessory glands, which were
placed in Bouin’s fixative. Tissues were trimmed, processed, and embedded in Tissue Prep II,
sectioned to a thickness of 4 to 6 microns, and stained with hematoxylin and eosin for
microscopic examination. In addition, 5 step-sections of both ovaries from eight females per
exposure group were used to obtain counts of small, growing, and antral follicles. Several
pathologists from Toxicologic Pathology Associates (Jefferson, AR) were involved in reading
the slides from these experiments and the chronic studies described below. To ensure
consistency in the diagnostic terms used to describe lesions, all study results were subjected
to peer review among the study pathologists.

Study Design – Chronic Study
Three exposure intervals were examined in the 2-year study: continuous exposure from
conception through 2 years (F1C); exposure from conception through PND 140, followed by
control diet until termination (F1T140); and exposure from conception through weaning at
PND 21, followed by control diet until termination (F3T21). These exposure schedules for the
three treatment arms of the study are shown graphically in Figure 1. The same sets of dams
produced F1 offspring for both the F1C and F1T140 exposure groups. The F0 ancestral
generation of the F3T21 animals in the chronic study were the same F0 animals used in the
multigenerational reproductive toxicology study.

At weaning of the F1 generation, 50 control animals of each sex and 100 animals of each sex
from the three treated groups were selected for continuation on the study and were housed
individually until termination. Additional control animals were designated as sentinel animals,
housed with the study animals, and removed for microbiological assessment periodically
during the study. After weaning, animals were maintained on the same feed as their dams. At
PND 140, one half of the animals in the treated groups were placed on control feed until
termination of the study. Fifty animals from each of the dose groups in the F3 generation were
placed on control feed at weaning until termination of the study. In all cases, study animals
were selected so that a maximum number of litters was represented and no more than two
animals of the same sex were taken from a single litter. For the genistein study, the number of
litters from which the animals were derived in each exposure group ranged from 26 – 35 as
follows: F1 0 ppm, 30 litters; F1 5 ppm, 26 litters; F1 100 ppm, 30 litters; F1 500 ppm, 27 litters;
F3 0 ppm, 26 litters; F3 5 ppm, 31 litters; F3 100 ppm, 33 litters; F3 500 ppm, 36 litters. For
the EE2 study, the number of litters from which the animals were derived in each exposure
group were as follows: F1 0 ppb, 29 litters; F1 2 ppb, 32 litters; F1 10 ppb, 31 litters; F1 50 ppb,
34 litters; F3 0 ppb, 29 litters; F3 2 ppb, 31 litters; F3 10 ppb, 31 litters; F3 50 ppb, 35 litters.

Animals were observed twice daily and clinical findings were recorded weekly. Body weights
and feed consumption were monitored throughout the studies. One half of the females in each
exposure group were subjected to vaginal smears for 5 consecutive days once per month starting
at month five. These smears were then evaluated by readers blinded to the treatment group for
stage of the estrous cycle. If there was evidence that the animals were not cycling normally
(i.e., 3 consecutive days of estrus or 4 consecutive days of diestrus) for 2 consecutive months,
the animal was considered to have begun to show aberrant cycles during the first month in
which abnormal cycling was observed. Complete necropsies and microscopic evaluations were
performed on all F1C, F1T140, and F3T21 rats. Tissues were fixed in 10% neutral buffered
formalin except for reproductive tissue, which was fixed in Bouin’s fixative.

Statistical Methods
The majority of data collected was analyzed by mixed models ANOVA. Except where noted
below, the multigenerational reproductive toxicity experiment was evaluated as a two-way

Delclos et al. Page 6

Reprod Toxicol. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fixed effect treatment structure, with exposure concentration (“Dose”) and generation
(“Generation”) as the treatments. The genistein and EE2 experiments were conducted
independently, and statistical comparisons across the experiments were not conducted. Since
all animals in the experiment were derived from 38 (genistein) or 37 (EE2) mated pairs from
the NCTR breeding colony that gave rise to the F0 generation, random effects for the parents
of the F0 animals (mother, father, and interaction) were included in the model if any of these
effects were significant via a log likelihood ratio test at an α of 0.5 to account for any family
line effects. For data collected from the 25 animals of each sex that were carried to terminal
sacrifice from each dose level in all generations, no other ancestors were considered as possible
sources of random effects in this study since for virtually all generations, only one animal per
sex per litter was kept in the study.

For continuous data, probability-probability and quantile-quantile plots of residuals and
residuals versus fitted values and predictors were used to assess normality and variance stability
and to suggest transformations where necessary. Cook’s distance was examined to detect
influential data points. Where data on a particular endpoint were collected from both sexes,
analyses were conducted separately by sex. All statistical tests (except for the random effects
described previously) were made at an αequal to the 0.05 level.

Two post hoc tests were performed. First, Dunnett’s tests (67) were done by generation or, in
the case of repeated measures, generation and time interval, to compare treated groups against
the control. Secondly, Holm’s adjusted independent t-tests (68) on generation were done by
exposure concentration or, in the case of repeated measures, by exposure concentration and
time interval. All possible pairwise comparisons of the different generations were made.
Testing for linear and quadratic exposure concentration trends was accomplished using
contrasts. Because the unequal spacing of the exposure concentrations could lead to undue
influence of the highest exposure concentration on trend analyses, trend analyses for endpoints
analyzed by ANOVA were also conducted using the natural log of the actual exposure
concentration plus 1, which resulted in a more evenly spaced scale of 0, 1.8, 4.6, and 6.2 for
genistein and 0, 1.1, 2.4, and 3.9 for EE2.

Nonparametric ANOVA was used in cases where data were not normally distributed (age at
vaginal opening, vaginal cytology endpoints). Two-way nonparametric ANOVAs were
performed, followed by one-way nonparametric ANOVAs (Kruskal-Wallis’ tests) (69) by
generation and exposure concentration. For post hoc nonparametric pairwise comparisons of
exposure concentrations within generation, Wilcoxon’s tests (70) were used, and for
generations within exposure concentration, Holm’s corrections for multiple comparisons were
included. Vaginal cytology was evaluated for percentage of days in each stage of the estrous
cycle, number and percentage of abnormal cycles, and length of cycle. An abnormal cycle was
defined as 3 or more consecutive days of estrus or 4 or more consecutive days of diestrus in a
cycle (71). The Jonckheere-Terpstra (72,73) nonparametric test for monotonic increasing or
monotonic decreasing trend was also used to analyze effects of dose on length of estrous cycle.

In order to confirm the mixed-models ANOVA results, Kruskal-Wallis’ tests and logistic
regression (74) were conducted and yielded equivalent statistical significances in the main
effects and their interaction for the mating time and gestational length endpoints. Index data
(mating index, pregnancy index, and fertility index) were analyzed by logistic regression. Here,
the response variable was the proportion of animals observed positive for the endpoint. Poisson
regressions (74) were also conducted for these three results using the raw count of the number
of animals observed positive as the response variable. Both approaches yielded equivalent
results for the main effects and their interaction for the fertility, mating, and pregnancy indices.
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Vaginal cytology data, collected to evaluate whether or not exposure to the test compounds
affected the time at which female rats began to show aberrant cycles prior to reproductive
senescence, were analyzed by an accelerated failure time model. The data for this endpoint
contained all three classical types of censoring, that is, left, right, and interval censoring. Left
censoring occurred because some animals had begun to show aberrant cycles before
observations were begun at 5 months of age. Right censoring occurred because some animals
died or reached the end of the study without showing evidence of aberrant cycles. Finally, the
intermittent nature of the data collection (one 5-day period every month) made it impossible
to determine the exact time when aberrant cycles began, so the data exhibited interval
censoring. An accelerated failure time Kaplan-Meier model that accommodated all three types
of censoring was used to analyze these data. A generalized gamma model (75) was used as the
distributional model.

Statistical Analysis of Histopathology Data (nonneoplastic lesions)
Observed nonneoplastic lesions were recorded with their severity scores and analyzed by a
Jonckheere-Terpstra test for dose trend along with Shirley’s test (76,77) for pairwise
comparisons of exposed groups to the controls. These tests allow both incidence and severity
information to be used. If the Jonckheere-Terpstra test indicated a positive trend, Shirley’s test
was used to test for a monotonic increase in response. If the Jonckheere-Terpstra test indicated
a negative trend, Shirley’s test was used to test for a monotonic decrease in response.

RESULTS
The approximate doses consumed by animals in each exposure group in the genistein and
EE2 multigenerational reproductive toxicity and chronic studies are reported in Table 1. There
were variations in feed intake over the various life stages covered by the studies, and the values
given in Table 1 are averages over the entire studies. On a molar basis, the ingested doses of
genistein were approximately 2750, 9600, and 9700 times higher than the ingested doses of
EE2 at the low, middle, and high doses, respectively.

Body Weights and Feed Consumption
In the multigenerational reproductive toxicity studies, both compounds caused reduction in
body weight gains in females during times of direct consumption of dosed feed, that is,
generations F0 through F2. Pup birth weight was not affected by treatment, but reduced weight
gain was evident from approximately PND 14 in the F1 and F2 generations and persisted
throughout the study. While detailed data on body weight gains are not reproduced here, the
terminal body weights (Table 2) reflect the magnitude of this effect. In the genistein study,
reduced weight gain was well correlated with reduced food consumption, although this
correlation was not evident in the EE2 study (data not shown). Similar results were observed
in the chronic studies (data to be reported elsewhere).

Mating and Pregnancy
Neither genistein nor EE2 significantly affected the mating, fertility, or pregnancy indices or
the mating and gestation times (data not shown). The only statistically significant effect found
was for gestation time in the genistein study, where there was a significant difference among
generations and significant linear dose trends in the F0 and F3 generations. However, the trends
in these two generations were in opposite directions and the maximum mean difference
between exposed and control groups in both generations was 0.3 days, or approximately 1.5%
of the total mean gestation time, which is below the resolving power of the study.
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Litter and Perinatal Pup Parameters
The effect of genistein on litter size varied across generations (Figure 2A). Statistically
significant negative linear dose trends were detected for genistein in the F1 through F3
generations (the generations whose parents were fed genistein throughout adulthood) for total
pups born and live births, and these trends appeared to be largely determined by the 12% to
31% reduction in litter size in the 500 ppm groups of those generations. The mean litter size
of the 500 ppm F2 group was significantly less than that of the F2 control group and also
significantly less than the litter size of the 500 ppm group of any other generation. Although
the means in the 50 ppb EE2 exposure concentration group appeared to be slightly lower (5 –
9%) than controls in the F1–F3 generations (Figure 2B), EE2 did not have a statistically
significant effect on litter size in any generation.

The effect of genistein exposure on mean AGD in females varied across generations, with a
significant negative linear dose trend and smaller AGD (absolute, 7%; relative to body weight,
4%) relative to the controls in the 500 ppm group of the F1 generation (Figure 3A). Other
significant differences between treatment groups and controls were dependent on the statistical
model used, with the 500 ppm F2 and the 100 ppm F3 groups of females having significantly
smaller AGDs than their respective control groups when analyzed by ANCOVA with body
weight as covariate, but not when analyzed as the ratio of AGD to the cube root of body weight
(data for the latter model not shown). The differences in mean AGDs among generations within
dose groups were greater than the differences among exposed and control groups within a
generation. For EE2, significant dose trends were observed for anogenital distance in the F2
and F3 generations with the 50 ppb groups significantly different from controls in both the
ANCOVA and ratio statistical models. However, these differences were in opposite directions
in the two generations (increased in F2, decreased in F3) and the magnitude of the differences
was less than 10% (Figure 3B).

Vaginal opening
The ages at vaginal opening for females in the F1 through F4 generations of the genistein and
EE2 studies are shown in Figure 4. For genistein, statistically significant overall effects of
exposure concentration were found in the F1 through F3 generations, with vaginal opening
occurring approximately 3 days earlier in 500 ppm F1 and F2 females than in their respective
control groups. The age at vaginal opening in 5 ppm F3 females differed significantly from
that in the controls by approximately one day. For EE2, there were significant overall dose
effects in the F1, F2, and F3 generations, with vaginal opening occurring approximately 4, 6,
and 3 days earlier in the 50 ppb groups than in the respective controls. Within the control groups
across generations in the genistein and EE2 studies, the day of vaginal opening differed by up
to 2.5 and 1 day, respectively. In both studies, a significantly lower body weight relative to
controls at the time of vaginal opening was observed in exposure groups that had accelerated
time of vaginal opening (data not shown) as well as in the F3 500 ppm genistein group (78.6
g in 500 ppm versus 92.9 g in controls), where time of vaginal opening was not significantly
different from controls.

Estrous Cycle
Starting 3 days after the observation of vaginal opening, vaginal smears were taken for 14
consecutive days from 25 females per exposure group. These were littermates of breeding
females in generations F1 through F4. Control animals at this age showed a variable incidence
of abnormal cycles, ranging from approximately 2% – 15% (Figure 5A and B). In the genistein
study, there was a statistically significant increase in the mean percentage of abnormal cycles
in the 500 ppm group relative to the controls in the F1 generation (Figure 5A). The percentages
of abnormal cycles due to prolonged diestrus and estrus were 48.7% and 18.0%, respectively,
compared to 14.0% and 1.3% in controls. The apparent increased percentages of abnormal
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cycles in the F2 and F4 generations were not significant, although there was a significant overall
dose effect when the analysis was limited to the mean number of abnormal cycles due to
prolonged estrus in the F2 generation (not shown).

In the EE2 study, effects on the estrous cycle in young animals were more pronounced. The
percentages of abnormal cycles were significantly increased in the 50 ppb groups of the F1 and
F2 generations relative to the respective controls (Figure 5B), due largely to prolonged estrus
(45% and 44% of cycle time compared to 29% and 23% in controls of the F1 and F2 generations,
respectively). There was also a significant increase in the percentage of cycles with prolonged
diestrus in the 50 ppb group of the F1 generation, due in part to a particularly low incidence of
cycles with prolonged diestrus in the controls of that generation (3% in F1 as compared to 12%,
8%, and 10% in the F2, F3, and F4 generations, respectively).

In the genistein study, mean cycle length was significantly increased in 500 ppm females in
the continuously exposed F1 generation (3.2 days, or a 60% increase, Figure 6A). In F2 females,
a significant increasing dose trend and increase in 500 ppm F2 females relative to controls (0.8
days, or a 15% increase) were significant only by the alternative Jonckheere-Terpstra and
Shirley tests (not shown). In the EE2 study, length of cycle was significantly increased in the
50 ppb groups relative to controls in the continuously exposed generations F1 (5.6 days, a 122%
increase) and F2 (5.4 days, a 100% increase) as well as in the 2 and 10 ppb groups of the F1
generation (0.7 and 1.1 days, or 16% and 24%, respectively).

Vaginal smears were also obtained from breeder females from generations F0 through F4 for
10 consecutive days prior to necropsy, and the estrous cycle data were compiled and analyzed
in the manner described above. The mean lengths of cycles did not differ significantly from
the respective control in any exposure group for either compound. The sole only statistically
(and biologically) significant effect was an increase in the number and percent of abnormal
cycles. In the 500 ppm group of the F3 generation in the genistein study, when prolonged estrus
and prolonged diestrus were combined, 29% of cycles were prolonged. The percentages for
the 0, 5, and 100 ppm groups were 6, 2, 0, and 0%, respectively.

The ovary, uterus, and vagina taken from each animal at necropsy were also evaluated for stage
of cycle and analyzed to determine if the organs were in synchrony. No significant effects of
genistein or EE2 on estrous cycle synchrony were found in these organs (data not shown). In
addition, while sporadic statistically significant effects on ovarian follicle populations were
detected, no clear biologically significant treatment-related effects on ovarian follicle counts
were discerned (data not shown).

Onset of Aberrant Estrous Cycles
Starting at 5 months of age, vaginal smears from 25 females per exposure group were taken
for 5 consecutive days on a monthly basis and the stage of the estrous cycle was determined.
Animals showing aberrant cycles (3 or more consecutive days of estrus or 4 or more consecutive
days of diestrus) for 2 consecutive months were considered to be showing persistent aberrant
cycles and were no longer sampled. Plots showing the time to onset of aberrant cycles for each
study arm in the genistein and EE2 studies along with the results of fitted models based on the
generalized gamma distribution function are shown in Figures 7 and 8, respectively. As is
evident from the starting point of the curves in Figures 7 and 8, some animals, including some
control animals, were determined to be having aberrant cycles at the start of monitoring at 5
months of age. There were no statistically significant treatment-related effects of EE2 on time
of onset of aberrant cycles.

For the genistein study (Figure 7), exposure to 500 ppm in all treatment arms resulted in a
reduction in the age of onset of aberrant cycles that was highly significant. In addition, for the
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F3T21 animals, all treated groups had a significantly earlier time of onset of aberrant cycles.
The p values provided were not adjusted for multiple comparisons, and the effects at 5 and 100
ppm are thus marginal. The prevalent estral stage at the time of cessation of normal cycling
was estrus, similar to observations in control animals (Table 3).

Histopathology – Non-neoplastic lesions
No treatment-related microscopic non-neoplastic lesions were observed in reproductive or non-
reproductive organs in the genistein or EE2-treated females evaluated at PND 140 in the
multigenerational reproductive studies. However, in 2-year-old EE2-treated animals there were
treatment-related increases in prevalence and/or severity of uterine lesions relative to controls
(Table 4). In EE2-treated females, the uterine lesions included endometrial hyperplasia,
atypical focal hyperplasia, and squamous metaplasia. Endometrial hyperplasia was
characterized by proliferation of endometrial cells. These cells were increased in number and
were situated either in the submucosa or were piled up on the surface of the uterine lumen.
Cysts were often present. In atypical focal hyperplasia, foci of affected glands were lined by
several layers of hyperplastic cells characterized by increased size and increased basophilic
staining intensity. Nuclei of the hyperplastic cells were usually larger than normal and
somewhat pleomorphic although a few nuclei were small and pyknotic. Cytoplasm of
hyperplastic cells was often vacuolated. Squamous metaplasia was characterized by the
proliferation of squamous cells in endometrial glands.

In the EE2 study, there was an increased incidence of endometrial hyperplasia in the 50 ppb
F1C group. There were dose-related increased incidences of atypical focal hyperplasia and
squamous metaplasia in all exposed groups of F1C females, which were statistically significant
at 10 and 50 ppb, increased incidences of atypical hyperplasia in all exposed groups of F3T21
females, and an increased incidence of squamous metaplasia in the 50 ppb F3T21 group. In the
genistein study, increased endometrial hyperplasia was observed in all study arms, but there
was no atypical hyperplasia observed in any dose group and squamous metaplasia was elevated
in a non-dose-responsive manner only in the F3T21 animals (Table 5).

Other than the uterus, statistically significant increases in lesions in the 2-year EE2 study were
confined to incidences of liver eosinophilic and basophilic foci in 50 ppb F1C (5 of 50 versus
1 of 51 in controls) and F1T140 (6 of 50 versus 1 of 51in controls) animals, respectively, and
increases in clitoral gland hyperplasia in 50 ppb F1T140 (8 of 49 versus 2 of 50 in controls)
and F3T21 (3 of 48 versus 0 of 50 in controls) animals. There were no treatment-related non-
neoplastic lesions noted in other reproductive or non-reproductive organs in the genistein 2-
year study.

DISCUSSION
Dose levels and exposure

In interpreting the results of these studies, it is important to consider the level of exposure of
the animals to the test compound during the various stages of the experiment. Table 1 shows
the ingested doses of genistein and EE2 in female rats during dosing periods of the
multigenerational reproductive and chronic toxicology studies described here. On a molar
basis, the ingested daily dose of genistein was approximately 2750, 9600, and 9700 times that
of EE2 for the low, middle, and high dose groups, respectively, which approximates the
reported magnitude of difference in affinity of the two compounds for ERα(45,46,78–80). At
the high dose level, the ingested doses (approximately 30 – 50 mg/kg for genistein and 3 – 6
μg/kg for EE2) are considerably greater than exposures in even the most heavily exposed
humans. Infants consuming soy formula have been reported to ingest 6–9 mg isoflavones/kg/
day (9), approximately half of which is genistin, the glycosylated form of genistein, while
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humans taking oral contraceptives containing 30 μg EE2 ingest approximately 0.5 μg EE2/kg/
day. However, the uptake and metabolism of these compounds by rats and humans differ, with
resulting differences in serum levels (81–84); thus, comparison of ingested levels may not
provide a good indication of the rat exposure levels relative to human exposure levels.

In conjunction with the experiments reported here, blood and tissue concentrations of genistein
were measured in adult (82), fetal (85), and nursing animals (86). These studies demonstrated
that, under the conditions of the current study, fetal, weanling, and adult animals were exposed
to internal (serum and tissue) concentrations of genistein that are achievable in humans
ingesting soy products. However, genistein exposure was extremely limited in neonatal pups,
less than in the fetal animals, and this is important to the interpretation of the data. On the one
hand, effects attributable to early (preweaning) exposure are more likely to result from fetal
(intrauterine) exposure, because of the higher in utero concentrations of the active estrogenic
aglycone form of genistein, or from direct exposures during the preweaning period after the
pups begin directly consuming dosed feed. On the other hand, the low exposure to genistein
via nursing during the sensitive early postnatal period resulting from dietary exposure of the
dams needs to be considered when making safety evaluations based on the results of these
studies. The early neonatal period in rodents, which roughly corresponds to the second and
third trimester of human gestation (87), is known to be a period of development that is highly
sensitive to disruption by exposure to estrogenic agents, including genistein (36,37,39,88–
91). It is also important to consider that soy products consumed by humans are complex and
that factors other than the serum and tissue concentrations of genistein can contribute to
biological effects of soy (92), although the levels of circulating aglycone genistein have been
shown to correlate well with some soy effects (93).

In the case of EE2, even the highest dose level (50 ppb) serum concentrations were below 34
pM, the limit of detection of the liquid chromatography-mass spectrophotometric method used
for the analysis (94). This result is consistent with the low oral bioavailability of EE2 in rats
relative to humans (83). For example, in contrast to the low serum concentrations of EE2 in
rats in the current study, van den Heuvel et al. (95) reported maximum and average serum
concentrations of 0.57 and 0.15 nM, respectively, over a 21-day observation period in women
taking a combined oral contraceptive containing 30 μg EE2 (approximately 0.44 μg/kg body
weight based on the average weight of 67.4 kg for women in the study). In addition to direct
consumption of EE2 by the animals in the multigenerational reproductive toxicology study,
there was presumed transplacental and lactational exposure (Figure 1). There are limited
quantitative data available on the transplacental and lactational exposure of fetuses or neonates
to EE2 administered to the mother. Slikker et al.(96) demonstrated the transfer of intact EE2
to the circulation of the fetus after intravenous administration to pregnant rhesus monkeys. In
addition, multiple reports of measurable biological effects of EE2 in pups following
administration of EE2 to pregnant rodents are consistent with transplacental transfer of the
compound (50–58,97). Studies conducted in humans (98,99) and rats (100) suggest that the
extent of transfer of EE2 to the newborn via milk is very limited. In summary, the serum levels
of EE2 achieved in the dietary studies reported here were extremely low (< 34 pM), and lower
than those achieved in the serum of women taking oral contraceptives, at all dose levels in all
phases of the study.

Treatment effects summary
Both genistein and EE2 showed effects in females in these studies, with the majority of effects
consistent with estrogenic action and confined to the high dose groups of animals continuously
exposed to the test compounds. Both compounds reduced body weight gains, affected AGD
to a minor extent, reduced the age at vaginal opening, and altered estrous cycles in young
animals. EE2 generally caused larger changes than genistein. In addition, genistein produced
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changes not seen in the EE2 animals, including reduced litter sizes and an earlier onset of
aberrant estrous cycles in aging rats. EE2 produced uterine lesions typical of chronic estrogen
exposure in the 2-year study, while genistein did not. For most endpoints, there was no evidence
for magnification of effects across generations or carryover of effects into unexposed
generations. However, in the chronic study arm in which offspring of three compound-exposed
generations were evaluated that were themselves exposed through weaning (F3T21), early
onset of aberrant cycles was observed at a lower genistein dose than in F1 animals continuously
exposed to genistein. In the EE2 study, uterine lesions were more prominent in treated F3T21
animals than in F1 animals removed from dose at PND 140. The reasons for these observations
are unknown.

Body weight gain
Both genistein and EE2 caused reduced weight gain, most prominent in the high dose groups
of the generations that were treated continuously (F0 through F2). The magnitude of the
reduction was greater in the EE2-exposed animals. Reduced weight gain was expected, since
estrogens are known to have an anorectic effect and to modulate energy utilization even without
reduced food intake (101–103). Dietary genistein at concentrations of 500 to 1,500 ppm in
intact or ovariectomized rodents produced decreases in feed consumption, body weight, and/
or adipose deposition (104–106). The study of Naaz et al. (105) in ovariectomized mice
suggested that the decrease in adipose deposition was dependent on ERα, although the data of
Kishida et al. (107) suggested that the effect of mixed soy isoflovones on food intake in adult
female rats may not be entirely due to estrogenic activity.

Mating and litter parameters
There were no statistically significant effects of genistein or EE2 on measures of mating
success, but there were significant reductions of litter size in genistein-exposed animals. Litter
size was reduced in the 500 ppm group of the F2 generation, together with significant decreasing
dose trends for litter size in the F1 and F3 generations. However, the 500 ppm dose groups were
not significantly different from controls in pairwise comparisons in the F1 and F3 generations.
No significant effects of EE2 on litter size were observed. While several studies of
developmental exposure to genistein have found no effect on litter size (108), other studies
have reported such an effect. Takagi et al. (48) reported that dietary genistein significantly
reduced litter size at 1,250 ppm. Using Wistar rats fed a low phytoestrogen diet under study
conditions similar to those used in the present studies, McClain et al. (109) reported a reduction
in litter size only at the much higher dose of 500 mg/kg. Jefferson et al. (37) reported that
female CD-1 mice treated neonatally with subcutaneous doses of 5 mg genistein/kg body
weight produced progressively smaller litters over time, while females dosed with 50 mg/kg
produced no litters. The latter study, which involved subcutaneous injection of pups at an age
at which the dietary exposures reported here were smaller, also demonstrated changes in
structure and function of the ovaries that were not observed in the present rat studies (see
below). With EE2, unlike the results of the present study, Fusani et al. (110) reported that oral
dosing with 400 ng/kg/day during gestation and lactation increased litter size.

Both genistein and EE2 affected AGD in these studies. Mixed and relatively modest effects of
genistein or soy on AGD in females have also been reported by others. AGD in neonates is
dependent upon prenatal exposure to androgens, which stimulate the growth of the perineum
(111–114) and thus AGD is greater in males than in females. This endpoint has generally been
more of a focus of study in terms of the feminization of males than the hyperfeminization or
masculinization of females. The administration of genistein in feed (1,000 ppm) from GD 1 to
PND 56 (104) or of a soy-containing diet from GDs 0 to 20 (115) increased (i.e. masculinized)
the AGD in female rat pups. Casanova et al. (104) also found a significantly increased AGD
in female pups of dams fed a soy-containing diet versus a soy-free diet. On the other hand,
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Levy et al. (116) reported a decreased AGD in female rat pups born to dams that had been
treated with 5 mg genistein by subcutaneous injection on GDs 16 to 20. In the present study,
EE2 had small effects on female AGD in the F2 and F3 generations, with an increase at 50 ppb
in F2 and decreases in the 10 and 50 ppb groups of F3. A two-generation study by Kang et al.
(117) did not find a significant effect of 10 μg EE2 /kg/day, or of genistein at 0.4 or 4 mg/kg/
day on AGD in either sex. In the present genistein and EE2 studies, the intermediate and high
dose significantly decreased AGD in the female pups of the F3 generation suggesting a possible
cumulative effect across generations, although there was no evidence of a carryover of effects
into the unexposed F4 generation. The magnitude of the effect was small, with AGDs in affected
dose groups within the range of values seen in control animals in other generations, thus the
biological meaning of such small and sometimes transient effects on AGD reported here and
in the literature is not clear.

Onset of puberty
In the current studies, exposure to 500 ppm genistein or 50 ppb EE2 caused vaginal opening
at a younger age and/or at lower body weight in female pups of the F1 through F3 generations.
The lower body weights coincident with vaginal opening suggest strongly that these were direct
estrogenic effects of the compounds.

EE2 produced a larger reduction than did genistein in time to vaginal opening, and the effect
did not carryover into the unexposed F4 generation with either compound. Both the effect and
the exposure concentrations at which it was observed are generally consistent with other
literature reports. Although Levy et al. (116) administered 5 or 25 mg genistein (about 12 or
60 mg/kg per day) by subcutaneous injection to pregnant dams on GDs 16 to 20 and found a
delay in vaginal opening only at the lower dose, other studies in rats or mice with injected,
gavaged, or dietary exposures to genistein or with dietary soy protein isolate have generally
reported an acceleration of vaginal opening or no effect (104,118–123). In two experiments
using exposures somewhat different from those used in the current study, acceleration of
vaginal opening was reported within the dose range of genistein used here (120,121). Takagi
et al. (48), on the other hand, observed no reduction in time to vaginal opening after feeding
1,250 ppm genistein to rats in a soy- and alfalfa-free diet from GD 15 through PND 11, and
Nagao et al. (90) saw no reduction after gavage dosing of rat pups with up to 100 mg/kg on
PNDs 1 to 5. In our dose range-finding study of genistein, which used only 5 litters per exposure
group, the mean time of vaginal opening in the 1,250 ppm group was not significantly different
from that in controls (60).

Effects on estrous cycle in young females
No effects of genistein or EE2 on ovarian histology were noted, although perturbations of the
estrous cycle, including prolonged cycles, were noted in continuously exposed 500 ppm
genistein and 50 ppb EE2 F1 and F2 animals soon after the time of vaginal opening. These
disturbances may have been related to the compound-induced early onset of puberty and, as
indicated above, they were not associated with reductions in fertility parameters. This contrasts
with the report of Fusani et al. (110) who found significant persistent estrus in the offspring
of dams that were treated orally during gestation and lactation with 400 ng/kg/day EE2
dissolved in peanut oil, and the female offspring did not produce live litters after mating. In
the present study, estrous cycles in animals near the time of termination at 20 weeks, after
delivery and nursing of litters, did not show significant treatment-related aberrations in estrous
cycle. Prolonged cycles and increased time in estrus or diestrus have been observed in animals
treated prepubertally with genistein (48,120,122–126). Genistein-induced ovarian
degeneration and abnormal cycling were observed in rats fed 1,250 ppm in the earlier range-
finding feed study when genistein was administered from GD 7 through PND 50 (60), and
these effects have also been described following neonatal treatment of rats with high doses of
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genistein (three subcutaneous doses of 5 mg per animal on PNDs 2, 4, and 6) (124). Similar
doses administered to older prepubertal animals and dietary administration of 25 or 250 ppm
from conception through weaning did not result in ovarian toxicity, although mammary gland
differentiation was affected by both treatments (127). On the other hand, Awoniyi et al.
(128) reported that dietary exposure to 5 ppm genistein from GD 17 through weaning or
continuing until PND 70 had lasting effects on the ovary of Sprague-Dawley rats, including
degeneration of follicles and a persistent interstitial compartment; these effects were persistent
in animals even when exposure to dosed feed ended at weaning, suggesting that in utero and/
or lactational exposure was responsible for the effects. In a gavage study, Nagao et al. (90)
dosed Sprague-Dawley rat pups on PNDs 1 to 5 with 12.5 to 100 mg genistein/kg per day and
necropsied the animals at 21 days or 18 weeks of age. In the older animals, all dosed groups
showed an increase of abnormal cycles and decreased fertility indices (number of animals
pregnant/number of animals mated). Some animals in the 50 or 100 mg/kg per day groups
showed atrophic ovaries with atretic follicles and no corpora lutea, but lesions were not
observed in the lower dose groups. Lamartiniere et al. (118,129) detected ovarian toxicity only
at high doses of genistein (5 mg/rat) administered subcutaneously to neonatal rats, and Kang
et al. (117) reported no ovarian lesions with maternal gavage exposures of 0.4 or 4 mg/kg body
weight per day. Jefferson et al. (36) treated neonatal mice (PNDs 1 to 5) with subcutaneous
injections of 1, 10, or 100 μg genistein per day and found induced expression of ERαand an
increased number of ovulated oocytes at the lowest dose, and a decrease in the number of
ovulated oocytes at the higher doses. A dose-related increase in multioocyte follicles was also
observed, but, unlike the induction of ERα, this effect was not observed in ERβknockout mice.
As mentioned previously, Jefferson et al. (37) reported that female CD-1 mice treated
neonatally with subcutaneous doses of 5 mg genistein/kg body weight produced progressively
smaller litters over time, while females dosed with 50 mg/kg produced no litters. These doses
are close to the ingested doses of genistein in the current multigenerational rat study, and serum
concentrations resulting from this dosing regimen in mice had previously been shown to
approximate those produced by oral dosing (130). The observations by Jefferson et al. (37) of
reduced fertility in mice were accompanied by altered estrous cycles, altered ovarian function,
and early reproductive senescence, with some effects seen at doses of 0.5 mg/kg. There is thus
some discrepancy in the literature regarding the extent of the ovarian toxicity of genistein, the
timing and duration of exposures, and the doses that produce this toxicity. In studies that have
reported ovarian toxicity, the neonatal period appears to be particularly sensitive. It is
conceivable that the limited neonatal exposure achieved in the current multigenerational rat
feed study contributed to the limited effects observed on ovarian and fertility endpoints.
Nonetheless, it is difficult to reconcile the ovarian effects reported by Awoniyi et al. (128) in
Sprague-Dawley rats fed 5 ppm genistein with the results of the current study.

Non-neoplastic uterine lesions after chronic treatment
The uterus showed significantly increased incidences of squamous metaplasia and atypical
hyperplasia in the 2-year EE2 study that were consistent with elevated exposure to an estrogenic
stimulus. These effects were observed in 50 ppb F1C animals, which were exposed to EE2 from
conception to termination of the study. There were no significant effects in animals removed
from dose and placed on control diet at PND 140 (F1T140). A strong response was observed
in the F3T21 animals, which were the offspring of three prior exposed generations that were
themselves removed from dose at weaning, suggesting that the multigenerational exposure of
the F3 animals affected the responsiveness of their uteri to the preweaning estrogen exposure
or that the multigenerational exposure produced a transgenerational effect. Effects of the same
magnitude on squamous metaplasia and atypical hyperplasia were not observed in the genistein
study, although significant increases in endometrial hyperplasia were seen in all three arms of
the study (F1C, F1T140, and F3T21). The fact that the effect on endometrial hyperplasia, a
lesion with a high background incidence, was stronger in the F1T140 animals than in the
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continuously dosed F1C animals suggests that this may not be a true treatment-related effect.
Atypical hyperplasia was not seen in any dose group in the genistein study, although there was
a non-dose-responsive increase in squamous metaplasia in the F3T21 animals.

Effects on the onset of aberrent estrous cycles in aging rats
In the chronic studies, the estrous cycles of nonparous female rats were monitored starting at
5 months of age to provide an estimate of when the animals began to show aberrant cycles, a
condition known to precede reproductive senescence. While exposure to potent estrogens early
in development is well-known to produce persistent estrus in adult animals, under the
conditions of the present study, EE2 did not affect the timing of onset of aberrant cycles. On
the other hand, in all three arms of the current genistein study, the 500 ppm groups were found
to have earlier onsets of aberrant estrous cycles than control animals. Some animals, including
some animals in the control groups, showed aberrant cycles at the earliest observation time.
Sprague-Dawley rats are known to show relatively early declines in the control of estrous
cycles, and unstable cycles in control animals have been reported in animals as early as 5–6
months (131). Historical control data are not available for the NCTR CD rat on this endpoint.
Factors such as single housing and virginity, both of which apply in the current study, can
accelerate the process of reproductive aging in rats (132–134). Nonetheless, the effect of the
genistein-containing diets in accelerating the onset of aberrant cycles was clear. The
observation in the multigenerational reproductive toxicology study that genistein induced
alterations of the estrous cycle in rats immediately after vaginal opening but not in older rats
immediately prior to termination of the study at PND 140 may indicate that the older rats were
conditioned by their prior pregnancy and nursing experience. Genistein at 500 ppm accelerated
the onset of aberrant estrous cycles in all three arms of the study, and there was also some
evidence for a similar effect at the 100 and 5 ppm exposure concentrations in the F3T21 study
arm. Although placental transfer of genistein under the conditions of this study has been
demonstrated (85), exposure of the pups via the dam’s milk under the conditions of this study
was low (86). The neonatal period is known to be a sensitive window for the effects of
estrogenic agents in rodents and Jefferson et al. (37) recently demonstrated the induction of
early reproductive senescence in female mice treated neonatally with subcutaneous injection
of 0.5 to 50 mg/kg genistein. Earlier experiments examining the effects of prenatal and neonatal
exposure of rats to genistein had indicated that the effect of genistein on pituitary gland
responsiveness to gonadotropin releasing hormone was complex with regard to timing of
exposure and exposure concentration (88,116). Pituitary gland responsiveness was decreased
in ovariectomized female rats exposed to genistein as neonates (88), but not in rats exposed
in utero (116). It is thus not clear why the effects of 5 and 100 ppm genistein would be evident
only when exposure was restricted to the in utero and preweaning period, and the fact that the
animals showing these lower dose effects were the offspring of prior exposed generations may
be an important factor. The differential preferences of genistein and EE2 for ERαand ERβ
(45,46,104) may be among the factors involved in the discrepant effects of these compounds
in the present study. Studies with pure estrogen receptor subtype agonists may aid in addressing
that issue. In contrast to the primacy of the depletion of ovarian follicles in the onset of
reproductive senescence in women, alterations of the hypothalamic-pituitary-ovarian axis are
predominant in reproductive senescence in the rat. While the differences in the nature of
reproductive senescence in women and in rats, and Sprague-Dawley rats in particular, have
led to arguments disputing the relevance of events in the rat to those in humans, the discovery
of similarities in central nervous system events in women in the perimenopause and rats
undergoing senescence have generated interest in the possible relevance of aspects of the rat
model to the onset of menopause (134–136). The earlier onset of aberrant estrus cycles in aging
rats in the present genistein study, together with the data of Jefferson et al. (37) in mice, warrant
further mechanistic studies to determine their potential relevance to humans consuming
isoflavone-enriched products.
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Summary
The results of the experiments described here on genistein and EE2 in a unique experimental
design serve to confirm and define better the estrogenic properties of genistein in female rats.
They also indicate the possibility of several unique actions of genistein and EE2 that may
warrant further mechanistic study to establish their relevance to other endocrine disruptors with
estrogenic activity and, more importantly, their relevance to human exposure scenarios.
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Figure 1.
Experimental design scheme for the multigenerational reproductive toxicology and the chronic
toxicity studies of genistein and EE2. A detailed description of the protocol is found in Materials
and Methods.
* F4 generation was mated following the same protocol as all previous generations to produce
F5 litters
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Figure 2.
Litter sizes in the F1 through F5 generations of the genistein (A) and EE2 (B) multigenerational
reproductive studies. The mean numbers of pups per litter ± standard error are shown. Square
root transformation was used to stabilze variance. The results of a two-way ANOVA for the
main factors, dose and generation, and their interaction are indicated. Asterisks (*) above the
control group bar indicate a significant linear exposure concentration trend within the
generation. Asterisks above the dosed group bars indicate a significant difference between the
means of the marked group and the control group in that generation (Dunnett’s test). **, p
≤0.01; ***, p ≤0.001.

Delclos et al. Page 26

Reprod Toxicol. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Anogenital distances of PND 2 female pups in the F1 through F5 generations of the genistein
(3A) and EE2 (3B) multigenerational reproductive studies. Measurements were made on four
pups (after standardization) from 10 litters in each exposure group. The mean AGDs (mm) ±
standard errors are shown. The results from an analysis of covariance with body weight as the
covariate are indicated. Asterisks above the control group bar indicate a significant linear
exposure concentration trend within the generation. Asterisks above the dosed group bars
indicate a significant difference between the means of the marked group and the control group
in that generation (Dunnett’s test). *, p ≤0.05; **, p ≤0.01.
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Figure 4.
Age at vaginal opening for female pups in the F1 through F4 generations of the genistein (4A)
and EE2 (4B) multigenerational reproductive studies. The mean day at which vaginal opening
was observed ± standard error are shown. Asterisks above the control group bar indicate a
significant overall Kruskal-Wallis’ test for the generation. Asterisks above the dosed group
bars indicate a significant difference between the means of the marked group and the control
group in that generation (Holm’s-adjusted Wilcoxon’s test). *, p ≤0.05; **, p ≤0.01; ***, p
≤0.001.
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Figure 5.
The percentage of abnormal estrous cycles in female pups in the F1 through F4 generations of
the genistein (5A) and EE2 (5B) multigenerational reproductive studies. Vaginal smears were
taken and examined for 14 consecutive days starting 3 days after vaginal opening was observed.
Abnormal cycles were defined as 3 or more consecutive days of estrus or 4 or more consecutive
days of diestrus. Asterisks above the control group bar indicate a significant overall Kruskal-
Wallis’ test for the generation. Asterisks above the dosed group bars indicate a significant
difference between the means of the marked group and the control group in that generation
(Holm’s-adjusted Wilcoxon’s test). **, p ≤0.01; ***, p ≤0.001
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Figure 6.
Mean length of the estrous cycle for female pups in the F1 through F4 generations of the
genistein (6A) and EE2 (6B) multigenerational reproductive studies. Vaginal smears were
taken and examined for 14 consecutive days starting 3 days after vaginal opening was observed.
Asterisks above the control group bar indicate a significant overall Kruskal-Wallis’ test for the
generation. Asterisks above the dosed group bars indicate a significant difference between the
means of the marked group and the control group in that generation (Holm’s-adjusted
Wilcoxon’s test). *, p ≤0.05; **, p ≤0.01; ***, p ≤0.001.
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Figure 7.
Analysis of time to onset of aberrant cycles in aging females in the three arms of the chronic
toxicity study of genistein. Starting at 5 months, vaginal smears were taken for 5 consecutive
days each month. Animals that did not show normal cycles for two consecutive months were
considered to be showing aberrant cycles and were no longer sampled. Kaplan-Meier curves
are shown. The inset shows the overall p value (Wald chi-square test) as well as comparisons
of each exposed group curve to the control group curve.
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Figure 8.
Analysis of time to onset of aberrant cycles in aging females in the three arms of the chronic
toxicity study of EE2. Starting at 5 months, vaginal smears were taken for 5 consecutive days
each month. Animals that did not show normal cycles for two consecutive months were
considered to be showing aberrant cycles and were no longer sampled. Kaplan-Meier curves
are shown. The inset shows the overall p value (Wald chi-square test) as well as comparisons
of each exposed group curve to the control group curve.
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