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FOREWORD

The National Toxicology Program (NTP) is an interagency program within the Public Health Service (PHS) of the
Department of Health and Human Services (HHS) and is headquartered at the National Institute of Environmental
Health Sciences of the National Institutes of Health (NIEHS/NIH). Three agencies contribute resources to the
program: NIEHS/NIH, the National Institute for Occupational Safety and Health of the Centers for Disease
Control and Prevention (NIOSH/CDC), and the National Center for Toxicological Research of the Food and Drug
Administration (NCTR/FDA). Established in 1978, the NTP is charged with coordinating toxicological testing
activities, strengthening the science base in toxicology, developing and validating improved testing methods, and
providing information about potentially toxic substances to health regulatory and research agencies, scientific and
medical communities, and the public.

The Technical Report series began in 1976 with carcinogenesis studies conducted by the National Cancer Institute.
In 1981, this bioassay program was transferred to the NTP. The studies described in the Technical Report series
are designed and conducted to characterize and evaluate the toxicologic potential, including carcinogenic activity,
of selected substances in laboratory animals (usually two species, rats and mice). Substances selected for NTP
toxicity and carcinogenicity studies are chosen primarily on the basis of human exposure, level of production, and
chemical structure. The interpretive conclusions presented in NTP Technical Reports are based only on the results
of these NTP studies. Extrapolation of these results to other species, including characterization of hazards and
risks to humans, requires analyses beyond the intent of these reports. Selection per se is not an indicator of a
substance’s carcinogenic potential.

The NTP conducts its studies in compliance with its laboratory health and safety guidelines and FDA Good
Laboratory Practice Regulations and must meet or exceed all applicable federal, state, and local health and safety
regulations. Animal care and use are in accordance with the Public Health Service Policy on Humane Care and
Use of Animals. Studies are subjected to retrospective quality assurance audits before being presented for public
review.

NTP Technical Reports are indexed in the NIH/NLM PubMed database and are available free of charge
electronically on the NTP website (Attp://ntp.niehs.nih.gov) or in hardcopy upon request from the NTP Central
Data Management group at cdm@niehs.nih.gov or (919) 541-3419.
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SUMMARY

Background

Genistein is an isoflavone that occurs in soy products including soy-based infant formulas. Genistein is one of a
class of chemicals known as “environmental estrogens” which can affect the hormone activities and possibly
reproductive function of wildlife and humans through exposure. The NTP conducted a series of studies on three
such chemicals to detect if exposure to such chemicals over the course of multiple generations could have any
cumulative effect on animals’ reproductive systems or development of cancers. This report describes the results of
a set of studies in which rats were exposed to genistein for part or all of the study period and examined at the end
of two years.

Methods

The study consisted of three separate study components; in each, animals were exposed to genistein from the time
of conception and through weaning through their mothers, who were given genistein in their feed. In one study,
we gave feed containing 5, 100, or 500 parts per million (ppm) of genistein to groups of 50 male and female rats
from conception through two years. In the second study, groups of 50 male and female rats were given the same
feed concentrations up to 20 weeks following birth, followed by untreated feed for the remainder of the two years.
In the third study, groups of 50 male and female rats were exposed from conception through weaning, and then
given untreated feed for the duration of the study. Control animals received the same feed with no chemical added.
At the end of the study, tissues from more than 40 sites were examined for every animal.

Results

In none of the three studies were there any increased rates of cancer in male rats. In female rats exposed to
genistein from conception and throughout two years, the rates of adenoma or adenocarcinoma of the mammary
gland and pituitary gland adenoma or carcinoma were increased. In female rats exposed to genistein for 20 weeks
following birth, the rates of pituitary gland adenoma or carcinoma were slightly increased, and in female rats
exposed to genistein just from conception through weaning, the rates of mammary gland adenoma or
adenocarcinoma were slightly increased.

Conclusions

We conclude that exposure to genistein for two years caused tumors of the mammary gland and pituitary gland in
female rats. Exposure to genistein for shorter durations following birth was also possibly associated with increased
rates of pituitary gland and mammary gland tumors.



Genistein, NTP TR 545



ABSTRACT

GENISTEIN

CAS No. 446-72-0

Chemical Formula: C,sH,,O05

Synonym: 4',5,7-Trihydroxyisoflavone

Genistein is a naturally occurring isoflavone that inter-
acts with estrogen receptors and multiple other molecu-
lar targets. Human exposure to genistein is
predominantly through consumption of soy products,
including soy-based infant formula and dietary supple-
ments. Consumption of soy and genistein has been asso-
ciated with a variety of beneficial effects in animals and
humans, but concerns have also been raised regarding
potential adverse effects of genistein, particularly with
regard to reproductive toxicity and the induction or
potentiation of carcinogenesis, due primarily to its weak
estrogenic activity. Because of these concerns, genistein
was selected as one of the compounds to be examined
using a protocol designed to evaluate the effects of
multigenerational and long-term exposures to doses of
estrogenic agents that produce subtle reproductive tract
lesions in developmentally exposed Sprague-Dawley rat
pups. Results from the 2-year study are reported here,
and results from the multigenerational reproductive tox-
icology feed study are reported separately (NTP, 2008a).
Data from a preliminary reproductive dose range-finding
feed study (NTP, 2007) that utilized exposure concentra-
tions up to 1,250 ppm genistein were used to select
dietary exposure concentrations of 0, 5, 100, and
500 ppm for the current study.

Molecular Weight: 270.23

The multigenerational reproductive toxicology study
examined F,, through F, generations with F, litters ter-
minated at weaning and focused on reproductive end-
points (NTP, 2008a). Animals were exposed from the
time that the F, generation was 6 weeks old through
weaning of the F; generation, and animals of the F
through F, generations were necropsied at 20 weeks of
age.

The current study was a 2-year dietary study utilizing
three exposure arms: continuous exposure from concep-
tion through 2 years (designated F, continuous, or F,C),
exposure from conception through 20 weeks followed
by control diet to 2 years [designated F, truncated at
postnatal day (PND) 140, or F,T140], and exposure
from conception through weaning followed by control
diet to 2 years (designated F; truncated at PND 21, or
F;T21). The “F;” designation for the F;T21 arm indi-
cates that these animals were siblings of the F; animals
from the multigenerational reproductive toxicology
study (NTP, 2008a). The F,C and F,T140 animals were
also siblings but were derived from a separate breeding
that was identical to the procedure used to produce the F,
generation of the multigenerational reproductive toxicol-
ogy study. The animals in this study were exposed to
genistein during various phases of their lives from



conception until termination at 2 years, and the ingested
doses varied over the course of the study. During preg-
nancy, the ingested doses of the dams were approxi-
mately 0, 0.5, 9, or 45 mg/kg body weight per day.
During lactation, the dams’ ingested doses were 0, 0.7,
15, or 75 mg/kg per day. Supplementary studies, which
are described in the multigenerational reproductive toxi-
cology study, indicated minimal transfer of genistein to
pups via the dams’ milk. The mean directly ingested
genistein doses during the period prior to PND 140 were
approximately 0.4, 8, or 44 mg/kg per day for females
and 0.4, 7, or 37 mg/kg per day for males. For the period
between PND 140 and the end of the study, mean
ingested doses were approximately 0.3, 5, or 29 mg/kg
per day for females and 0.2, 4, or 20 mg/kg per day for
males.

For the current study, 50 animals per sex were initially
assigned to each exposure group in each arm of the
study. In control groups, histopathology data from one
to four additional animals that had been assigned as sen-
tinels but that became moribund or died early were also
included in the analysis and presentation. Survival was
similar in all control and exposed groups and ranged
from 62% to 86% for males and 43% to 64% for
females. Mean body weights of 500 ppm F,C females
were less than those of the controls throughout the study.
Mean body weights of 500 ppm F,T140 rats were less
than those of the controls throughout the study. In
females of all study arms (F,C, F,T140, and F;T21) an
early onset of aberrant estrous cycles, suggesting early
reproductive senescence, was observed in the 500 ppm
groups. In the F;T21 arm, there were also significant
effects on the onset of aberrant estrous cycles in the 5
and 100 ppm groups. Pituitary gland weights were sig-
nificantly increased in females in the 500 ppm groups of
the F,C and F,T140 study arms and in the 100 ppm
group of the F;T21 arm.

In F,C females, there was a significant positive trend in
the incidences of mammary gland adenoma or adenocar-
cinoma (combined) regardless of whether an unmodified
or natural log-transformed dose scale was used in the
analysis, and the incidence in the 500 ppm group was
significantly greater than that in the control group. A
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significant negative trend occurred in the incidences of
benign mammary gland fibroadenoma in F,C females,
and the incidence in the 500 ppm group was signifi-
cantly less than that in the control group. In 5 and
100 ppm F,T140 females, the combined incidences of
adenoma and adenocarcinoma were less than those in the
control or 500 ppm groups, although these were not sta-
tistically significant differences. When the natural log-
transformed dose scale was used, a marginally
significant positive trend occurred in the incidences of
adenoma or adenocarcinoma (combined) in F,T21
females. There were positive trends in the incidences of
adenoma or carcinoma (combined) in the pars distalis of
the pituitary gland of females in the F,C and F,T140
arms, and the incidence in the 500 ppm group was sig-
nificantly greater than that in the controls in the F,C
study arm.

In F,C males, a significant positive trend (unmodified
dose scale only) occurred in the incidences of combined
adenoma or carcinoma of the pancreatic islets. While
the incidence in the 500 ppm group was elevated relative
to that in the control group (6/49 versus 1/49), this was
not statistically significant. The fact that transitional
lesions (i.e., hyperplasia) were not observed combined
with variable control rates in males of this substrain of
rats led to the conclusion that this lesion was not likely
to be related to genistein treatment.

CONCLUSIONS

Under the conditions of this 2-year feed study with con-
tinuous exposure to the test compound from conception
through termination (F,C), there was no evidence of car-
cinogenic activity* of genistein in male Sprague-Dawley
rats exposed to 5, 100, or 500 ppm. There was some evi-
dence of carcinogenic activity of genistein in female
Sprague-Dawley rats based on increased incidences of
mammary gland adenoma or adenocarcinoma (com-
bined) and pituitary gland neoplasms. The incidence of
benign mammary gland fibroadenoma in female rats was
significantly decreased in the 500 ppm group.
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Under the conditions of this 2-year feed study with expo-
sure to the test compound from conception through
20 weeks followed by control feed until termination
(F,T140), there was no evidence of carcinogenic activity
of genistein in male Sprague-Dawley rats exposed to 5,
100, or 500 ppm. There was equivocal evidence of car-
cinogenic activity of genistein in female Sprague-
Dawley rats based on marginally increased incidences of
pituitary gland neoplasms.

Under the conditions of this 2-year feed study where off-
spring of three prior generations of animals exposed to
the test compound were exposed from conception
through weaning (PND 21) followed by control feed
until termination (F;T21), there was no evidence of car-

cinogenic activity of genistein in male Sprague-Dawley
rats exposed to 5, 100, or 500 ppm. There was equivo-
cal evidence of carcinogenic activity of genistein in
female Sprague-Dawley rats based on increased inci-
dences of mammary gland adenoma or adenocarcinoma
(combined).

Exposure to genistein was also shown to accelerate the
onset of aberrant estrous cycles in female Sprague-
Dawley rats whether exposures were continuous or trun-
cated at PND 140 or at weaning. The effects of genistein
on estrous cycling and the incidences of common hor-
monally related spontaneous neoplasms of female
Sprague-Dawley rats are consistent with an estrogenic
mechanism of toxicity.

* Explanation of Levels of Evidence of Carcinogenic Activity is on page 11. A summary of the Technical Report Review Subcommittee
comments and the public discussion on this Technical Report appears on page 13.
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Summary of the 2-Year Carcinogenesis Study of Genistein in Sprague-Dawley Rats

F,C F,T140 F;T21
Male Female Male Female Male Female
Concentrations 0, 5, 100, 0, 5, 100, 0, 5, 100, 0, 5, 100, 0, 5, 100, 0, 5, 100,
in feed or 500 ppm or 500 ppm or 500 ppm or 500 ppm or 500 ppm or 500 ppm
Body weights Exposed groups 500 ppm group 500 ppm group 500 ppm group Exposed groups Exposed groups

Survival rates

Early onset of
aberrant
estrous cycles

Nonneoplastic
effects

Neoplastic
effects

Equivocal
findings

Decreased
incidences

Level of
evidence of
carcinogenic
activity

generally similar
to control group

36/54, 41/50,
43/50, 31/50

N/A

None

None

None

None

No evidence

less than the
control group

26/54, 28/50,
22/50, 21/49

500 ppm

None

Mammary gland:

adenoma or
adenocarcinoma
(9/54, 4/50,
8/50, 16/49)

Pituitary gland:
adenoma or

carcinoma
(38/54, 40/50,
34/50, 46/49)

None

Mammary gland:

fibroadenoma
(32/54, 27/50,
28/50, 12/49)

Some evidence

less than the
control group

36/54, 34/50,
32/50, 38/50

N/A

None

None

None

None

No evidence

less than the
control group

26/54, 31/50,
32/50, 23/50

500 ppm

None

None

Pituitary gland:
adenoma or

carcinoma
(38/54, 32/49,
40/50, 44/50)

None

Equivocal
evidence

generally similar
to the control

group

33/52, 42/50,
33/50, 36/50

N/A

None

None

None

None

No evidence

generally similar
to the control
group

33/53, 30/50,
29/50, 25/50

500 ppm

(also some
evidence for
effects at 5 and
100 ppm)

None

None

Mammary gland:
adenoma or
adenocarcinoma
(7/53, 8/49,
11/50, 13/50)

None

Equivocal
evidence
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EXPLANATION OF LEVELS OF EVIDENCE OF CARCINOGENIC ACTIVITY

The National Toxicology Program describes the results of individual experiments on a chemical agent and notes the strength of the evidence for
conclusions regarding each study. Negative results, in which the study animals do not have a greater incidence of neoplasia than control
animals, do not necessarily mean that a chemical is not a carcinogen, inasmuch as the experiments are conducted under a limited set of
conditions. Positive results demonstrate that a chemical is carcinogenic for laboratory animals under the conditions of the study and indicate
that exposure to the chemical has the potential for hazard to humans. Other organizations, such as the International Agency for Research on
Cancer, assign a strength of evidence for conclusions based on an examination of all available evidence, including animal studies such as those
conducted by the NTP, epidemiologic studies, and estimates of exposure. Thus, the actual determination of risk to humans from chemicals
found to be carcinogenic in laboratory animals requires a wider analysis that extends beyond the purview of these studies.

Five categories of evidence of carcinogenic activity are used in the Technical Report series to summarize the strength of the evidence observed
in each experiment: two categories for positive results (clear evidence and some evidence); one category for uncertain findings (equivocal
evidence); one category for no observable effects (no evidence); and one category for experiments that cannot be evaluated because of major
flaws (inadequate study). These categories of interpretative conclusions were first adopted in June 1983 and then revised in March 1986 for
use in the Technical Report series to incorporate more specifically the concept of actual weight of evidence of carcinogenic activity. For each
separate experiment (male rats, female rats, male mice, female mice), one of the following five categories is selected to describe the findings.
These categories refer to the strength of the experimental evidence and not to potency or mechanism.

* Clear evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing a dose-related
(i) increase of malignant neoplasms, (ii) increase of a combination of malignant and benign neoplasms, or (iii) marked increase of
benign neoplasms if there is an indication from this or other studies of the ability of such tumors to progress to malignancy.

» Some evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing a chemical-related increased
incidence of neoplasms (malignant, benign, or combined) in which the strength of the response is less than that required for clear
evidence.

* Equivocal evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing a marginal increase of
neoplasms that may be chemical related.

* No evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing no chemical-related increases in
malignant or benign neoplasms.

» Inadequate study of carcinogenic activity is demonstrated by studies that, because of major qualitative or quantitative limitations,
cannot be interpreted as valid for showing either the presence or absence of carcinogenic activity.

For studies showing multiple chemical-related neoplastic effects that if considered individually would be assigned to different levels of evidence
categories, the following convention has been adopted to convey completely the study results. In a study with clear evidence of carcinogenic
activity at some tissue sites, other responses that alone might be deemed some evidence are indicated as “were also related” to chemical
exposure. In studies with clear or some evidence of carcinogenic activity, other responses that alone might be termed equivocal evidence are
indicated as “may have been” related to chemical exposure.

When a conclusion statement for a particular experiment is selected, consideration must be given to key factors that would extend the actual
boundary of an individual category of evidence. Such consideration should allow for incorporation of scientific experience and current
understanding of long-term carcinogenesis studies in laboratory animals, especially for those evaluations that may be on the borderline between
two adjacent levels. These considerations should include:

 adequacy of the experimental design and conduct;

* occurrence of common versus uncommon neoplasia;

« progression (or lack thereof) from benign to malignant neoplasia as well as from preneoplastic to neoplastic lesions;

« some benign neoplasms have the capacity to regress but others (of the same morphologic type) progress. At present, it is impossible to
identify the difference. Therefore, where progression is known to be a possibility, the most prudent course is to assume that benign
neoplasms of those types have the potential to become malignant;

» combining benign and malignant tumor incidence known or thought to represent stages of progression in the same organ or tissue;

« latency in tumor induction;

« multiplicity in site-specific neoplasia;

* metastases;

« supporting information from proliferative lesions (hyperplasia) in the same site of neoplasia or in other experiments (same lesion in
another sex or species);

 presence or absence of dose relationships;

« statistical significance of the observed tumor increase;

« concurrent control tumor incidence as well as the historical control rate and variability for a specific neoplasm;

« survival-adjusted analyses and false positive or false negative concerns;

* structure-activity correlations; and

* in some cases, genetic toxicology.



12

Genistein, NTP TR 545

NATIONAL TOXICOLOGY PROGRAM BOARD OF SCIENTIFIC COUNSELORS
TECHNICAL REPORTS REVIEW SUBCOMMITTEE

The members of the Technical Reports Review Subcommittee who evaluated the draft NTP Technical Report on genistein on June 12, 2006, are
listed below. Subcommittee members serve as independent scientists, not as representatives of any institution, company, or governmental
agency. In this capacity, subcommittee members have five major responsibilities in reviewing the NTP studies:

* to ascertain that all relevant literature data have been adequately cited and interpreted,

* to determine if the design and conditions of the NTP studies were appropriate,
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SUMMARY OF TECHNICAL REPORTS REVIEW SUBCOMMITTEE COMMENTS

On June 12, 2006, the draft Technical Report on the tox-
icology and carcinogenicity study of genistein received
public review by the National Toxicology Program’s
Board of Scientific Counselors’ Technical Reports
Review Subcommittee. The review meeting was held at
the National Institute of Environmental Health Sciences,
Research Triangle Park, NC.

Dr. K.B. Delclos, National Center for Toxicological
Research (NCTR), introduced the toxicology and
carcinogenicity study of genistein by discussing the uses
of the chemical and the rationale for study; describing
the experimental design; and reporting on survival, body
and organ weight effects, aberrant estrous cyclicity, and
compound-related neoplasms in rats. The proposed con-
clusions for the 2-year study were:

Under the conditions of this 2-year feed study with con-
tinuous exposure to genistein from conception through
termination (F,C), there was no evidence of carcino-
genic activity in male Sprague-Dawley rats and some
evidence of carcinogenic activity in female Sprague-
Dawley rats.

Under the conditions of this 2-year feed study with expo-
sure to genistein from conception through 20 weeks fol-
lowed by control feed until termination (F,T140), there
was no evidence of carcinogenic activity of genistein in
male Sprague-Dawley rats and equivocal evidence of
carcinogenic activity in female Sprague-Dawley rats.

Under the conditions of this 2-year feed study with con-
tinuous exposure to genistein from conception through
weaning (PND 21) followed by control feed until termi-
nation (F;T21), there was no evidence of carcinogenic
activity in male Sprague-Dawley rats and equivocal evi-
dence of carcinogenic activity in female Sprague-
Dawley rats.

Exposure to genistein was also shown to accelerate the
onset of aberrant estrous cycles in female Sprague-
Dawley rats whether exposures were continuous or trun-
cated at PND 140 or at weaning. The effects of genistein
on estrous cycling and the incidences of common spon-
taneous neoplasms of female Sprague-Dawley rats are

more consistent with an estrogenic mechanism of toxic-
ity than with genotoxic effects.

Dr. Delclos also stated that genistein was shown to accel-
erate the onset of aberrant estrous cycles in female
Sprague-Dawley rats whether exposures were continu-
ous or truncated at PND 140 or at weaning, and he noted
that the effects of genistein on estrous cycling and the
incidences of common spontaneous neoplasms of female
Sprague-Dawley rats are more consistent with an estro-
genic mechanism of toxicity than with genotoxic effects.

Dr. Mirsalis, the first principal reviewer, noted that
genistein is being studied by the National Cancer
Institute as a cancer preventative agent and that some of
those studies might be mentioned in the background
information. He thought the increased incidence of pan-
creatic islet adenoma was worth noting. He thought a
comparison of the administered doses with human expo-
sure should be mentioned in the discussion. He also
questioned whether the report reflected Good Laboratory
Practice compliance, largely in administrative detail.

Dr. Bradfield, the second principal reviewer, thought the
study was well designed. He suggested that the study
was more a test of the aglycone rather than the glucoside
form, and that the latter may be of greater significance.
He also noted that exposure during the neonatal time was
not mimicked in this model.

Dr. Soper, the third principal reviewer, felt the studies
were well designed and agreed with the proposed
conclusions.

Dr. Kerkvliet suggested that more of the rationale for
dose selection be carried from the reproductive dose
range-finding study report into the text or discussion of
this report. She questioned the use of terms such as
‘slightly’ or ‘marginally’ increased or ‘generally similar’
in descriptions of lesion incidences. She also questioned
the use of the term “carcinogenic” to describe the action
of a chemical that elevated the incidence of tumors that
occur spontaneously with high frequency, and inquired if
reduced incidences of tumors would be attributed to
“anticarcinogenic” properties of the chemical.
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Dr. Hilakivi-Clarke suggested that not all the effects
observed should be described entirely as estrogenic, but
that some may have a genotoxic component as well. She
inquired why hormone levels were not measured and
also why the rats were singly housed.

Dr. Delclos responded that the discussion of pancreatic
islet tumors would be expanded. He explained that the
full laboratory report, with all the administrative and
procedural details, was prepared and audited for GLP
compliance at the NCTR prior to the preparation of the
Technical Report, which focuses more on the study find-
ings and scientific interpretations. He agreed to expand
the references to the beneficial effects of genistein in the
introduction and to enhance the distinction between the
aglycone and glucoside forms. He explained that limita-
tions of study size precluded including extra animals for
hormone measures.

Dr. Kerkvliet inquired about the immunotoxicity data for
this study, and Dr. Delclos explained that those were pre-
sented together with the reproductive dose range-finding
study.

Dr. Sikka also thought that statements about genistein
acting through an estrogenic mechanism should be mod-
ified to include the possibility of genotoxicity as well,
and that more emphasis should be made on the chemo-
preventative as well as carcinogenic effects of the com-
pound. Dr. Daston noted the high rate of false positives
in in vitro genotoxicity tests and thought the overall
study results outweighed such individual tests. He also
inquired if more use of the epidemiology literature could
help interpret the present rodent study results. He noted
also that not all estrogen-receptor tissues might be
expected to respond similarly; for example, the uterus
contains predominantly estrogen receptor alpha, while
the chemical in the study interacts predominantly with
estrogen receptor beta.

Dr. J.R. Bucher, NIEHS, said that caution must be exer-
cised in applying human data to interpretation of the ani-
mal studies. The primary purpose of the current review
is to evaluate the animal data by themselves, and extrap-
olation of findings to (or from) human health effects
belongs to a different part of the program, the Center for
the Evaluation of Risks to Human Reproduction.
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Dr. Walker also noted that all the tissues affected were
hormonally related and favored retaining a statement
suggested by Dr. Hilakivi-Clarke that they were consis-
tent with an estrogenic effect without making conclu-
sions about genotoxicity.

For considering the conclusions, Dr. McQueen sug-
gested they be taken paragraph by paragraph.
Dr. Daston inquired if exposure concentrations at which
a particular effect was seen could be included.
Dr. Bucher replied that was not the normal practice, as
not all possible exposure concentrations were used.
Dr. Walker asked if it were possible to mention in the
conclusion that the incidence of pancreatic tumors was
increased in the 500 ppm F,C male rat group without
saying it was considered related to genistein exposure.
Dr. Bucher suggested it might be sufficient to mention
this in the body of the abstract and Dr. Walker agreed.

For the first conclusion paragraph, Dr. Daston moved
and Dr. Mirsalis seconded inclusion of the exposure con-
centrations at which increased incidences of mammary
gland and pituitary gland adenomas occurred.
Dr. C.J. Portier, NIEHS, argued that including those
numbers might be interpreted as implying a threshold for
response. Drs. Walker and Birt spoke against including
specific exposure concentrations in the conclusions as
this might oversimplify more complex patterns available
in the full results text. Dr. Bucher noted that in some
cases there were statistically significant trends that
included increased incidences in lower exposure concen-
tration groups that were not significant by pairwise com-
parisons. Drs. Kerkvliet, Soper, and Crump cited
examples of complications that might arise from stating
specific exposure concentrations for a carcinogenic
effect. The motion was defeated with one yes vote
(Dr. Daston) and nine no votes. Dr. Birt then moved, and
Dr. Soper seconded, to approve the first three paragraphs
of the conclusions as written. The motion was approved
unanimously with 10 votes.

For the remaining conclusions, Dr. Daston moved that
the final sentence of the last paragraph end with “are
consistent with an estrogenic mechanism of toxicity”
and to refer to the tumors as “hormonally related sponta-
neous neoplasms.” Dr. Walker seconded the motion,
which was approved unanimously with 10 votes.
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OVERVIEW

STUDY RATIONALE

AND GENERAL DESIGN

Following a 1994 meeting sponsored by the National
Institute for Environmental Health Sciences (NIEHS)
entitled “Estrogens in the Environment III,” the NIEHS
(1995) proposed to expand and develop mammalian ani-
mal models to determine if environmentally relevant
doses of endocrine-disrupting chemicals and mixtures of
these chemicals during exposure windows that included
development could cause reproductive problems or
influence the incidence of reproductive tract cancers.
Investigation of the potential for magnification of subtle
reproductive effects over multiple generations, the
importance of exposure windows, and whether effects
are reversible or are imprinted to carry over across gen-
erations were also deemed to be important. The utility
of such a program was agreed to by the National
Toxicology Program (NTP) Board of Scientific
Counselors at their meeting on October 18, 1994.
The series of studies related to this initiative were
conducted under an Interagency Agreement between
the NIEHS/NTP and the Food and Drug Administra-
tion/National Center for Toxicological Research
(FDA/NCTR). Study protocols were generated and
reproductive dose range-finding studies were initiated at
NCTR in 1997.

The overall goal of this series of studies was to evaluate
the long-term consequences of exposure to endocrine-
active agents that produce subtle short-term effects in
exposed animals. The idea behind the studies was to
evaluate aspects of the “endocrine disruptor hypothesis,”
which is the hypothesis that environmental exposure to
endocrine-active chemicals is contributing to a variety of
adverse effects in wildlife and humans (NRC, 1999). As
originally conceived, the plan was to evaluate neurobio-
logical, behavioral, immunological, reproductive, and
chronic toxicities in the main studies. This plan was
modified to assess all of these endpoints in short-term
studies conducted prior to the main studies that focused
on reproductive and chronic toxicity. The compounds
selected for multigenerational reproductive toxicology
studies were three agents that vary in estrogenic potency:

the soy isoflavone, genistein; the industrial intermediate,
p-nonylphenol; and the potent and widely used synthetic
estrogen, ethinyl estradiol.

A short-term reproductive dose range-finding study was
conducted for each compound to assess general and
reproductive toxicity, behavioral toxicity, neurotoxicity,
and immunotoxicity. The test compounds were admin-
istered in a soy- and alfalfa-free rodent diet (see below).
Pregnant females were given dosed feed from gestation
day 7 (GD 7) until the pups were weaned, and the pups
were continued on the same diet as their dams until ter-
mination. Separate sets of animals were bred for the
reproductive, behavioral, and immunological studies.
One pup per sex per litter from the reproductive toxicity
study was used for the neurotoxicity study. Data from
the reproductive dose range-finding study were the pri-
mary data used for selection of exposure concentrations
for the subsequent multigenerational reproductive toxi-
cology and chronic studies (see below), although data
from the other studies were considered in choosing the
range of exposure concentrations to be tested. All of
these studies utilized outbred CD (Sprague-Dawley) rats
from the NCTR breeding colony. The Sprague-Dawley
rat was selected because of its widespread use in repro-
ductive toxicology studies, including those conducted by
the NTP, its robust breeding performance, and its rela-
tively low background incidences of testicular Leydig
cell tumors and large granular lymphocyte leukemia rel-
ative to the F344/N rat commonly used in NTP carcino-
genesis studies. The relatively high background
incidences of pituitary gland and female mammary gland
tumors in Sprague-Dawley rats were recognized as a
possible concern. The relatively poor breeding perform-
ance of the F344/N rat would have presented a consider-
able challenge to the conduct of the studies described
here, as it would for any evaluation of reproductive tox-
icity. Reproductive toxicity testing guidelines, for exam-
ple, those of the EPA, FDA, and The Organization for
Economic Cooperation and Development, generally
indicate that animals with low fecundity not be used.
The NCTR breeding colony was established in 1972
using Sprague-Dawley rats from the Charles River
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Laboratories. The NCTR colony at present is a distinct
substrain of the Sprague-Dawley rat and has been previ-
ously shown to differ substantially from the Charles
River and other strains of Sprague-Dawley rat in terms
of body weight, which is lower than that reported for
other substrains, and survival, which is longer than that
reported for other substrains (Duffy ef al., 2001). The
sensitivity of the NCTR CD rat to the potent estrogen
ethinyl estradiol was evaluated as part of this series of
studies and will be reported separately.

It was intended that exposure concentrations that were
within the range of human exposures and/or below pre-
viously reported No-observed-adverse-effect-levels be
incorporated in the main studies. The experimental
design was intended to determine if subtle effects would
be magnified in subsequent generations and if observed
effects were reversible. In standard reproductive toxic-
ity 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 (OECD, 2004; CFSAN, 2006). The high
dose for chronic studies is set as the maximum tolerated
dose. In the present series of studies, the goal was to
select a high dose, based on the results of the reproduc-
tive dose range-finding study, that did not produce sig-
nificant maternal toxicity but did produce reproductive
tract lesions in the offspring of a degree that would not
severely affect reproductive capacity in the first genera-
tion. The questions addressed in the chronic studies
were whether exposures producing subtle modifications
of the reproductive tract could produce chronic toxicity
and whether any observed chronic toxicity was induced
by early developmental exposure or rather required con-
tinuous long-term exposure.

The need to maintain consistent dietary composition was
taken into account in the design of this series of studies.
A soy- and alfalfa-free diet (Purina 5K96; Appendix H)
with consistently low concentrations of the phytoestro-
gens genistein and daidzein was used in all studies. A
preliminary study indicated that rats fed this diet had
reproductive capacity equivalent to rats fed NIH-31 diet,
the standard soy- and alfalfa-containing diet used at the
test facility (NCTR), although feed consumption in both
sexes and the body weights of males fed PMI 5K96 were
significantly lower than in rats fed NIH-31.
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Design of the Multigenerational
Reproductive Toxicology and Chronic Studies
Conducted Subsequent to the Reproductive
Dose Range-Finding Studies

As in the short-term studies, the multigenerational repro-
ductive toxicology and chronic studies were conducted
with the NCTR CD (Sprague-Dawley) rat and test com-
pounds were administered in the soy- and alfalfa-free
5K96 diet. The design of the multigenerational repro-
ductive toxicology and chronic studies is outlined in
Figure 1. For the multigenerational reproductive toxi-
cology studies, males and females of the original
parental generation (F ) were placed on the 5K96 diet at
weaning, and dosed feed was administered starting on
postnatal day (PND) 42, 4 to 6 weeks before breeding.
The F, generation was maintained on dosed feed until
termination at PND 140. For breeding, one male was
cohabited with one female for 14 days or until a vaginal
plug (insitu or in pan below cage) was detected.
Subsequent generations (F, through F,) were bred simi-
larly. The F, and F, generations were exposed to the test
compound administered in the diet continuously from
conception through termination at PND 140; the F, gen-
eration was removed from exposure at weaning
(PND 21) and continued on control feed until PND 140,
while the F, generation received no dietary exposure to
the test compound. The F, generation was bred to pro-
duce an unexposed F generation. The Fj litters were
terminated at weaning following collection of basic litter
information. Thus, this design incorporated an evalua-
tion of the magnification (or reduction) of effects across
exposed generations, an evaluation of the reversibility of
effects, and an evaluation of the carryover of effects into
subsequent unexposed generations. Standard toxicolog-
ical data and reproductive development and performance
data were collected for all generations, and organ
weights and histopathology data were collected for
25 randomly selected animals per sex per exposure con-
centration for each generation at necropsy.

Chronic toxicity was examined for two test compounds
(genistein and ethinyl estradiol). Three exposure
windows were examined in the chronic studies
(Figure 1): 1) Continuous exposure from conception
through 2 years (designated F, continuous, or F,C) to
evaluate the effects of lifelong exposure, 2) Exposure
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from conception through PND 140 followed by control
diet to 2 years (designated F, truncated at PND 140, or
F,T140) to determine if effects observed in the multi-
generational study led to long-term adverse effects, and
3) Exposure from conception through weaning followed
by control diet to 2 years (designated F, truncated at
PND 21, or F;T21) to evaluate the long-term effects of
developmental exposure. The F, designation for the
F;T21 exposure indicates that these animals were sib-

PND 140

\ v

PND 140

¥

17

lings of the F; animals from the current study. Because
of the number of animals required for the chronic study
of each test chemical, separate sets of animals were used
for the multigenerational reproductive toxicology study
and the F, generation chronic study. The assessment of
chronic toxicity resulting from dietary exposure from
conception through weaning was conducted with ani-
mals from the F, generation of the multigenerational
reproductive toxicology study.

PND 140

\

—> F,T140

—> FC Chronic Bioassay

PND 140

J —> F,T21 Chronic Bioassay

PND 140

\

]

Dietary exposure

* F, generation was mated as F, to F; to produce F; litters

In utero exposure

FIGURE 1

[]

Nursing exposure

Control diet

Dosing Schedule for the Multigenerational Reproductive Toxicology and Chronic Studies



18

Genistein, NTP TR 545



19

INTRODUCTION

GENISTEIN

CAS No. 446-72-0

Chemical Formula: C,5H,,05

Synonym: 4',5,7-Trihydroxyisoflavone

PHYSICAL PROPERTIES, PRODUCTION,

USE, AND EXPOSURE

Genistein belongs to the class of chemicals designated
isoflavones. It has a molecular weight of 270.23 and in
pure form is a pale-yellow crystalline solid that is prac-
tically insoluble in water but freely soluble in methanol
and ethanol (Merck, 1996). In nature, genistein is pri-
marily found in legumes where it is produced by a
branch of the phenylpropanoid pathway of secondary
metabolism through the action of the enzyme isoflavone
synthase on the flavanone intermediate naringenin
(Dixon and Ferreira, 2002; Jackson and Rupasinghe,
2002). Products derived from soybeans are the primary
source of human exposure to genistein. Genistein con-
tent of soybeans varies according to the cultivar and sea-
son, and processing of the soybean and soy foods further
affects both the genistein content and the form of genis-
tein present (Gugger, 2002; Jackson and Rupasinghe,
2002). The aglycone genistein (shown above) is present
primarily in fermented products such as miso and tem-
peh, while genistein exists predominantly as the gluco-
side conjugate (genistin) or acetyl or malonyl derivatives
of genistin in whole soybean and nonfermented products
such as tofu or soy drinks. Glucosides and glucoside

Molecular Weight: 270.23

derivatives are hydrolyzed to the aglycone genistein in
the gut by gut bacteria or gut wall enzymes. This metab-
olism of the glucoside has been shown to be a critical
factor in the absorption of orally ingested isoflavones
(Setchell ef al., 2002). In rats, the oral administration of
the aglycone has been shown to result in faster uptake
relative to the glucoside, although the exposures meas-
ured by the area under the curve (AUC) are similar
(King et al., 1996). Similar results have been reported in
humans, although the administration of the glucoside
appears to result in a higher AUC than does administra-
tion of the aglycone (Setchell ez al., 2001). Regardless
of whether the glucoside or the aglycone is administered,
the predominant circulating forms of genistein in rats
and humans are glucuronide conjugates (Chang et al.,
2000; Setchell et al, 2001) and similar effects of the
aglycone and glucosides at doses resulting in equivalent
serum concentrations would be expected (Allred ef al.,
2001a; Satoh et al., 2006).

Intake patterns and isoflavone content of ingested prod-
ucts vary widely, but the Committee on Toxicity of
Chemicals in Food Consumer Products and the
Environment of the United Kingdom (COT, 2003) has
recently estimated an approximate rank order of daily
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isoflavone exposure as follows: infant on soy formula
(40 mg genistein/day), average Japanese consumer (25
to 100 mg/day), vegetarian consumer (3 mg/day), and
the average British consumer (1 mg/day). The typical
ingestion by the average consumer in the United States
is likely to be similar to that by a consumer in the United
Kingdom. Data on isoflavone intake from dietary sup-
plements are sparse, but the COT estimated that manu-
facturers’ recommended daily dosages would result in
exposures of 29 to 88 mg isoflavones per day, or about
0.4 to 1.3 mg/kg per day for a 70 kg person. On a body
weight basis, infants consuming soy formula are
exposed to the highest doses, with mean doses estimated
to be 6 to 9 mg/kg per day (Setchell ef al., 1997).

The consumption of diets with high levels of soy has
been proposed to have multiple beneficial effects,
including chemopreventive activities against various
cancers and alleviation of some of the adverse conse-
quences of menopause, although the epidemiological
evidence for many of these beneficial effects is contro-
versial (Adlercreutz, 2002; Messina ef al.,, 2006; Sacks
etal, 2006; Trock etal, 2006; Williamson-Hughes
et al., 2006). 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. This is due to the
demonstrated interaction of soy isoflavones, particularly
genistein, with estrogen receptors, effects on hormone
synthesis and metabolism and sex hormone binding pro-
teins, and genistein’s ability to inhibit multiple enzymes
involved in growth regulation, including tyrosine
kinases and topoisomerases. These activities have been
extensively reviewed (see above references). Genistein
has been demonstrated in numerous studies to act as an
estrogen by stimulating uterine growth in immature or
ovariectomized rodents and has been shown to induce a
similar, though not identical, pattern of gene expression
as ethinyl estradiol in the developing rat uterus (Naciff
etal, 2002) and in developing rat testes and epi-
didymides (Naciff ef al., 2005). Recent studies, pub-
lished after the current study was completed, have also
indicated that genistein, at concentrations above 1 uM,
can modulate the expression of androgen-regulated
genes and peroxisome proliferator activated receptor-o-
and -y-regulated genes (Dang ef al., 2003; Mezei et al.,
2003; Takahashi et al., 2004; Kim ef al., 2005), thus
adding to the potential complexity of genistein-mediated
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effects. The association of diets containing soy with
lower rates of many common Western health problems
has led to the development of concentrated isoflavone-
containing plant extracts for use as dietary supplements
(Hodgson et al., 1998; Nestel efal, 1999; Kurzer,
2003). In addition, soy-based infant formulas have been
available for decades, and infants consuming soy for-
mula have been shown to have concentrations of circu-
lating isoflavones as high as 5 to 10 pM (Setchell et al.,
1997).

Research assessing the potential adverse effects associ-
ated with isoflavone consumption is directed toward
defining any potential risk from exposure to a range of
doses of isoflavones during different life stages.
Developmental stages are of particular concern because
of the demonstrated adverse consequences of exposure
to hormonally active agents such as diethylstilbestrol
during development (Bern, 1992; Newbold, 1995; NIH,
1999), although potential adverse stimulatory effects of
genistein on reproductive and breast tissues of post-
menopausal women also require particular attention
(Petrakis et al., 1996; Hargreaves et al., 1999). With
regard to potentially estrogenic effects of genistein in
estrogen-responsive tissues in humans, several studies in
female nonhuman primates have failed to demonstrate
estrogenic effects of soy protein isolate or soy isoflavone
mixtures that included approximately 10 mg genis-
tein/kg per day and resulted in serum concentrations of
genistein equivalent to those achieved from high dose
soy ingestion in women (Wood et al., 2004, 2006a,b,c).

Adpverse effects of soy-containing foods and soy compo-
nents on reproductive processes of animals had been
reported prior to the initiation of this study (East, 1955;
Stob, 1983; Price and Fenwick, 1985), and some human
studies had suggested that the consumption of soy prod-
ucts could have hormonal effects in women (Wilcox
etal.,, 1990; Cassidy etal., 1994, 1995; Baird et al.,
1995; Nagata et al., 1997, 1998; Xu et al., 1998; Duncan
etal, 1999). It has further been suggested, based on
studies in ovariectomized rodents and nonhuman pri-
mates, that beneficial effects of soy and its component
isoflavones on the cardiovascular system and bone occur
at doses that do not adversely affect the reproductive
tract (Anthony et al., 1996; Ishimi ef al., 1999). In addi-
tion, inhibition of chemically induced mammary gland
cancer in rats has been reported at doses that did not pro-
duce adverse effects on reproductive tissues (Murrill
et al., 1996; Fritz et al., 1998; Lamartiniere et al., 1998).
Given the potential range of effects of soy and its
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components and the magnitude of human exposure,
comprehensive toxicological evaluations of these agents
were conducted to better understand potential adverse
effects that could result from their use in products such
as dietary supplements and soy infant formula.

Results of the multigenerational reproductive toxicology
study that evaluated the potential reproductive toxicity
of genistein are reported in Technical Report 539 (NTP,
2008a).

CARCINOGENICITY

The association of low incidences of cancers such as
breast and prostate cancer in populations with relatively
high soy consumption has been a major driving force for
investigations into the chemopreventive activity of
genistein and soy. Epidemiological studies of the asso-
ciation between the consumption of soy diets and breast
cancer risk have been mixed, and there are unresolved
questions concerning the role of ethnicity, the nature of
the ingested soy products, age, ovarian function (pre-
menopausal versus postmenopausal), and the importance
of the daidzein metabolite equol or soy components
other than isoflavones in the potential protective effects
of soy (Wu et al., 2002; Peeters et al., 2003; Yamamoto
et al., 2003; Keinan-Boker et al., 2004; Atkinson et al.,
2005; Hirose et al., 2005). Grace et al. (2004) con-
ducted a study with subjects from the United Kingdom
and reported an association between soy intake and an
increased risk of breast cancer. Similarly, human studies
on the relationship of soy consumption to prostate can-
cer are not conclusive (Chan et al., 2005; Ganry 2005),
although there have not been reports of soy or genistein
potentially stimulating prostate cancer growth.  Sun
etal. (2002, 2004) found an association between soy
consumption and an increased risk of urinary bladder
cancer. No studies linking exposure to enriched or puri-
fied genistein or isoflavone preparations to increased
cancer incidence in humans have been reported.

In animal models, genistein has been clearly shown to
inhibit chemically induced mammary gland carcinogen-
esis when exposure occurs peripubertally, apparently by
affecting differentiation of the terminal end buds
(Murrill et al., 1996; Fritz et al., 1998; Hilakivi-Clarke
et al., 1998, 1999a). In human studies, early (prepuber-
tal) exposure to soy has also been associated with lower
breast cancer incidence (Wu et al., 2002). However, ani-
mal studies have indicated that genistein can enhance
carcinogenesis under certain circumstances. Hilakivi-
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Clarke et al. (1999b) found that in utero exposure to
genistein increased tumor incidence when 20, 100, or
300 pg was administered by subcutaneous injection to
dams on gestational days (GDs) 15 to 20, although 20 pg
of the more potent estrogen zearalenone was not effec-
tive. In mice, in utero exposure to genistein (subcuta-
neous injection, 20 pug on GDs 15 to 20) increased the
density of terminal end buds at postnatal day (PND) 35
and PND 46. Similar treatment with 2 ug of zearalenone
showed this effect at PND 35, but not at PND 46 when
the gland showed an increase in differentiated structures
(terminal ducts and alveolar buds) (Hilakivi-Clarke
et al., 1998). The authors proposed that the differences
between genistein and zearalenone may be because zear-
alenone produced a significant increase in persistent
estrus, consistent with its higher estrogenic potency, and
because it does not bind preferentially to estrogen recep-
tor-B as does genistein. Yang et al. (2000) found that
in utero exposure to genistein, combined with exposure
to a carcinogen at an earlier time when an increase in
differentiation was not evident in genistein-treated rats,
did not inhibit and in fact slightly enhanced tumor mul-
tiplicity. How well these developmental rodent models
translate to the human situation, where the nature and
timing of carcinogen exposure are not clear, remains to
be determined.

Genistein, genistin, and soy protein isolate have also
been shown to promote the growth of MCF-7 mammary
gland cancer cells transplanted into ovariectomized
immune compromised mice (Hsieh et al., 1998; Allred
etal.,, 2001a,b; Ju et al., 2001). Genistein at 750 ppm
also stimulated the growth of carcinogen-induced mam-
mary gland tumors in ovariectomized rats administered
genistein in feed after the tumors had developed (Allred
et al., 2004a). Daily subcutaneous injections of 1 mg/kg
genistein after treatment with a carcinogen were also
reported to enhance mammary tumor growth and multi-
plicity in rats (Kijkuokool et al., 2006). The degree of
processing of soy has been shown to be an important
modifier of the enhancing effect in the transplanted
MCF-7 mouse model; soy products with more process-
ing showed greater effects (Allred et al., 2004b). The
diet in which genistein is administered has also been
shown to modify the inhibitory effect of genistein on
cancer development (Kim et al, 2004). Day et al.
(2001) reported that 1,000 ppm dietary genistein
enhanced the development of adenocarcinoma in
DMBA-treated wild-type, but not estrogen receptor-o
knockout, mice. Rao efal (1997) also reported an
increased multiplicity of chemically induced colon
tumors in rats dosed orally with genistein.
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No standard 2-year bioassays of genistein have been
reported. Neonatal treatment of mice with subcutaneous
injections of 50 mg/kg from PNDs 1 to 5 induced uter-
ine adenocarcinomas in mice (Newbold et al, 2001).
Thigpen et al. (2001) reported an increase in the
incidence of spontaneous vulvar carcinomas in strain
129/J mice associated with the presence of genistein and
daidzein in the diet. Misra et al. (2002) reported that an
isoflavone mixture containing 40% to 50% genistein,
18% to 25% daidzein, and 1% to 4% glycitein did not
enhance tumor formation in p53 knockout mice at a
dietary concentration that delivered 50 to 60 mg genis-
tein/kg body weight per day. A subsequent gavage study
indicated that this isoflavone mixture did not induce
tumors in any organ at doses up to 2,500 mg/kg per day
for up to 6 months (Johnson et al., 2006).

GENETIC TOXICITY

While much of the focus on the potential induction or
modulation of cancer development by genistein has been
on its activity as a phytoestrogen, the potential for geno-
toxicity has also been evaluated. Genistein has been
tested for mutagenicity in Salmonella typhimurium
strains TA97, TA98, TA100, TA102, TA1535, and
TA1538 with and without a rat liver S9 metabolic acti-
vation system, and the results were negative
(Bartholomew and Ryan, 1980; Nagao efal, 1981;
McClain et al., 2006a). Misra et al. (2002) also reported
a statistically significant but modest (less than twofold)
positive mutagenic response in TA100 with S9 activa-
tion using an isoflavone mixture containing 40% to 50%
genistein, 18% to 25% daidzein, and 1% to 4% glycitein.

Genistein has been shown to bind to DNA topoiso-
merase II to produce DNA strand breaks (Markovits
et al., 1989; Snyder and Gillies, 2002). DNA strand
breaks, micronucleus formation, and mutations at the
hypoxanthine phosphoribosyltransferase and thymidine
kinase genes in mammalian cells in vitro have been
reported with and without coincubation with a rat liver
S9 metabolic activation system at concentrations as low
as 3 to 5 uM genistein (Yamashita et al.,, 1990; Record
et al., 1995; Kulling and Metzler, 1997; Morris et al.,
1998; Kulling et al., 1999; Boos and Stopper, 2000;
Snyder and Gillies, 2003; Di Virgilio efal, 2004;
McClain ef al., 2006a). Of particular concern was the
demonstration of genistein-induced translocations and
deletions in the mixed-lineage leukemia (MLL) gene in
hematopoietic mononuclear cells isolated from umbilical
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cord blood, because this gene is associated with acute
myelogenous leukemia (AML) (Strick et al, 2000).
Epidemiological studies have been interpreted to suggest
a possible association between consumption of diets
high in DNA topoisomerase II inhibitors, although not
necessarily genistein, with the development of MLL-
positive AML (Ross et al., 1996; Spector et al., 2005).
In vivo studies with genistein in mice and rats, however,
have not demonstrated an increase in micronucleus fre-
quency (Record et al., 1995; Misra et al., 2002; McClain
et al., 2006a) nor an increase in mutations in the lac I or
cll genes of several organs of transgenic Big Blue rats
(Chen et al.,, 2005; Manjanatha et al., 2005). Morris
et al. (2003) did report an increasing proportion of small
intestine cells in S-phase and a decreasing proportion in
G, over a dose range of 100 to 2,000 ppm dietary genis-
tein (approximately 17 to 460 mg/kg per day) in
C57BL6 mice, which they interpreted as consistent with
in vivo inhibition of DNA topoisomerase II. A clinical
study in 20 prostate cancer patients who received
300 mg genistein (approximately 4 mg/kg per day) for
28 days followed by 600 mg genistein per day for
56 days was reported by Miltyk et al. (2003). These
doses resulted in plasma concentrations of total genistein
ranging from 4 to 27 uM and aglycone concentrations
ranging from 0.02 to 0.32 uM. There was no evidence
of increases in DNA strand breaks, micronucleus forma-
tion, or translocations in the MLL gene in peripheral
lymphocytes. Thus, while the ability of genistein to
induce chromosomal damage has been clearly demon-
strated in in vitro systems, conditions under which such
damage may be induced in vivo have not been demon-
strated. In addition, genistein was reported to be nega-
tive in the in vitro Syrian hamster embryo cell
transformation assay (Harvey et al., 2005).

DOSE SELECTION FOR THE

2-YEAR FEED STUDY OF GENISTEIN

Results from the reproductive dose range-finding feed
study of genistein and the rationale for exposure concen-
tration selection for the multigenerational reproductive
toxicology and 2-year studies are presented in Toxicity
Study Report 79 (NTP, 2007). Dietary exposures of 5,
25, 100, 250, 625, or 1,250 ppm were evaluated in the
dose range-finding study. Pups in the 1,250 ppm groups
had significantly decreased body weights relative to con-
trols at the time of sacrifice (males, 9% decrease;
females, 12% decrease). The most pronounced organ
weight effects in the pups were decreased ventral
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prostate gland weight in 1,250 ppm males (absolute
weight, 28% decrease; relative weight, 20% decrease)
and a trend toward higher relative pituitary gland
weights in both sexes. Histopathologic examination of
female pups revealed increased incidences of mammary
gland ductal/alveolar hyperplasia at 250 ppm or greater.
Increased incidences of mammary gland ductal/alveolar
hyperplasia and hypertrophy occurred in exposed males,
with significant increases seen at exposure concentra-
tions of 25 ppm or greater for hypertrophy and 250 ppm
or greater for hyperplasia. In 625 and 1,250 ppm
females, the incidences of abnormal cellular maturation
(mucocyte metaplasia) in the vagina were significantly
increased; in addition, the incidence of abnormal ovarian
antral follicles was significantly increased in 1,250 ppm
females. In 1,250 ppm males, the incidence of aberrant
or delayed spermatogenesis in the seminiferous tubules
was significantly increased. Histological evaluation
indicated a deficit of sperm in the epididymis of 625 and
1,250 ppm males relative to controls, although testicular
spermatid head counts and epididymal spermatozoa
counts did not show significant differences from controls
at these exposure concentrations. Control females had a
high incidence of renal tubule mineralization, and the
severities of this lesion were significantly increased in
groups exposed to 250 ppm or greater. Males showed no

TABLE 1
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renal tubule mineralization below 250 ppm, but inci-
dences and severities increased with exposures of
250 ppm or greater. A 1,250 ppm exposure concentra-
tion was clearly ruled out for further testing based on the
effects on body weights, histopathological observations
in males and females, and a reduction in the proportion
of mated dams producing litters. While the effects
observed at 625 ppm would not be predicted to signifi-
cantly impair reproduction, the observation of signifi-
cant effects at 250 ppm (hyperplasia in the mammary
gland of both sexes) and the suggestion of subtle effects
at this and lower exposure concentrations in the parallel
immunotoxicity and neuroanatomical studies indicated
that a high exposure concentration between 250 ppm and
625 ppm would be appropriate for the 2-year study.
Accordingly, the highest exposure concentration chosen
for the multigenerational reproductive toxicology study
(NTP, 2008a) and the 2-year study was 500 ppm. A low
exposure concentration of 5 ppm, where no significant
effects were observed in the reproductive dose range-
finding study (NTP, 2007), and an intermediate exposure
concentration of 100 ppm were also selected. The cal-
culated ingested doses of genistein by animals consum-
ing these dietary concentrations are given in Table 1.

Approximate Ingested Doses of Genistein in Rats Exposed to 5, 100, or S00 ppm Genistein

in the 2-Year Feed Study of Genistein®

S ppm 100 ppm 500 ppm
F, Dams, nonlactating period 0.5+0.0(9) 8.9+0.5(9) 447+£2.6 (9)
F, Dams, lactating period 0.7+0.1 (3) 149+£13(3) 74.7+£52(3)
F, Female pups, continuous dosing, before PND 140 0.4+0.0(17) 84 +0.6 (17) 43.7+£2.8 (17)
F, Female pups, truncated dosing, before PND 140 0.4+0.0(17) 84 +0.5(17) 443 £2.8(17)
F, Female pups, continuous dosing, after PND 140 0.3 +0.0(21) 5.1+0.1(21) 28.9£0.7 (21)
F, Male pups, continuous dosing, before PND 140 0.4+0.0(17) 72+0.7 (17) 36.8+£3.6 (17)
F, Male pups, truncated dosing, before PND 140 0.4+0.0(17) 72+0.6 (17) 36.9+33(17)
F, Male pups, continuous dosing after PND 140 0.2+0.0(21) 4.0+0.1 (21) 20.2 £04 (21)

? Data are presented as mg genistein/kg body weight per day [mean =+ standard error (number of weeks measured)]. PND=postnatal day. The
mean ingested dose was calculated for each available week by multiplying the dietary concentration of genistein (ppm) by the mean
measured amount of feed ingested weekly and dividing the result by the mean body weight for the week. These values were divided by 7 to
give the mean daily dose given in the table. Weekly body weight and feed consumption data were used for the F calculations and for the
F, animals prior to PND 140; monthly data (one week per month) were used for the F, animals after PND 140. For the F; dams, data are
reported separately for the nonlactating period and the lactating period. The values presented for the lactating females include the period,
primarily during the last week of nursing, during which the pups were beginning to directly consume feed. For F, animals, data are reported
separately for the time before PND 140 and from PND 140 to termination at 2 years for the subset of animals that were continuously dosed
over this time period. F;T21 animals are not included in this table; they were exposed only through gestation and lactation, and the relevant
information on the exposure of the F, dams during pregnancy and lactation is presented in Technical Report 539 (NTP, 2008a). Ingested

doses were similar to those presented here for the F, dams.
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MATERIALS AND METHODS

PROCUREMENT
AND CHARACTERIZATION OF GENISTEIN

Genistein was obtained from Toronto Research
Chemicals, Inc. (North York, Ontario, Canada), in two
lots (2-BP-136-6 and 1-SOP-59-3). Identity and purity
analyses were conducted by the study laboratory at the
National Center for Toxicological Research (NCTR;
Jefferson, AR) (Appendix C). Reports on analyses per-
formed in support of the genistein study are on file at the
NCTR.

Lots 2-BP-136-6 and 1-SOP-59-3 of the chemical, a pale
yellow crystalline solid, were identified as genistein by
proton nuclear magnetic resonance (NMR) spec-
troscopy. NMR spectra were in agreement with the
structure of genistein and spectra obtained from other
lots of genistein.

The purities of lots 2-BP-136-6 and 1-SOP-59-3 were
determined by high-performance liquid chromatography
(HPLC) with ultraviolet (UV) and mass spectrophoto-
metric (MS) detection, by gas chromatography (GC)
with MS detection, and by probe/MS methods.

HPLC/UV and HPLC/MS spectra agreed with the struc-
ture of genistein and matched the spectra obtained from
a purchased standard of genistein, indicating a purity of
essentially 100% for each lot. GC/MS spectra indicated
one major peak and minor impurities with a purity
greater than 99%. Probe/MS testing indicated one major
component with two minor components, suggesting lit-
tle to no impurities. The overall purity of each lot was
determined to be greater than 99%.

To ensure stability, the bulk chemical was stored at
—70° C, protected from light in the original shipping con-
tainers. Purity was periodically measured during the
study; no degradation of the bulk chemical was detected.

BACKGROUND ISOFLAVONE CONTENT
OF BASE DIET

The base diet used for the current study was an irradiated
soy- and alfalfa-free rodent feed, designated 5K96,
obtained from Purina Mills, Inc. (Richmond, IN), in an
attempt to maintain consistently low background expo-
sure to phytoestrogens. In some associated publications
resulting from this study (Appendix J), this feed is
referred to as NIH-31C because it maintains the nutri-
tional specifications of the NIH-31 feed and contains
casein. The composition of this diet and the results of
the routine monitoring of the diet conducted throughout
the study are presented in Appendix H. The control feed
was routinely assayed for total isoflavone content after
acid hydrolysis by the study laboratory using HPLC/MS
methods.

Analyses of 10 consecutive lots of 5K96 feed by these
methods indicated 0.417 + 0.213 ppm genistein and
0.271 £0.161 ppm daidzein. These results were consis-
tent with an earlier study of four lots of 5K96 feed
assayed at the study laboratory using a liquid chro-
matography-tandem mass spectrometry method that
yielded concentrations of 0.54 + 0.31 ppm genistein and
0.48 £0.21 ppm daidzein (Doerge efal., 2000).
Animals consuming control feed were ingesting a con-
centration of genistein approximately 10-fold lower than
that of the groups exposed to the lowest experimental
exposure concentration, a concentration consistent with
the isoflavone intake of individuals consuming typical
Western diets.

PREPARATION AND ANALYSIS

OF DOSE FORMULATIONS

The dose formulations were prepared every 5 weeks or
as needed by mixing genistein with feed (Table C1).
Homogeneity (analysis of three samples each from the
top, middle, and bottom of a blend) and stability studies
of a 5 ppm dose formulation using lot 1-BP-118-3 were
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conducted by the study laboratory as part of the repro-
ductive dose range-finding study (NTP, 2007) using
HPLC/UV. Homogeneity was confirmed, and stability
in stainless steel cans was confirmed for up to 17 days at
ambient temperature and for up to 32 weeks at
2°to 8° C.

Periodic analyses of the dose formulations of genistein
(analysis of one sample each from the top, middle, and
bottom of a blend) were conducted by the study labora-
tory using HPLC/UV. The dose formulations were ana-
lyzed at intervals of 1 to 4 weeks; 124 of the 125 dose
formulations analyzed and used in the study were within
10% of the target concentrations (Table C2). Animal
room samples of these dose formulations were also peri-
odically analyzed to confirm that the correct exposure
concentrations were being fed (Table C3).

2-YEAR STUDY
Study Design

Three exposure windows were examined in the 2-year
study: continuous exposure from conception through
2 years (F,C); exposure from conception through post-
natal day 140 (PND 140), followed by control diet until
termination (F,T140); and exposure from conception
through weaning at PND 21, followed by control diet
until termination (F;T21).

Groups of 35 (F) or 50 (F, and F;) male and female rats
(control groups had 52 to 54 animals which included
those originally designated as sentinels) were exposed to
diets containing 0, 5, 100, or 500 ppm genistein
for 77 (F, generation), 756 (F,C), 161 (F,T140), or 42
(F;T21) days. The same sets of dams produced F, off-
spring for both the F,C and F,T140 exposure groups.
The F ancestral generation of the F;T21 animals was
that used in the separate multigenerational reproductive
toxicology study (NTP, 2008a). Exposure schedules for
the three treatment arms of the study are shown in
Figure 1.

Source and Specification of Animals

The Multigeneration Support System, which was devel-
oped by R.O.W. Sciences at the NCTR, was used to track
the genealogy of all animals in the current study and to
collect animal data. For the parental (F) generation,
140 male and 140 female weanling NCTR CD rats
(Strain Code 23) were obtained from the NCTR breed-
ing colony and placed on irradiated control 5K96 feed.
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Until weaning, these rats and their dams had been main-
tained on NIH-31 pellets. NIH-31 has been reported to
contain approximately 30 ppm each of the soy-derived
isoflavones genistein and daidzein, which are present
predominantly as the glucosides genistin and daidzin
(Thigpen et al., 1999). The NCTR CD rat strain 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
F, 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 F, and
F; 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 Study
Laboratory’s Sentinel Animal Program (Appendix I).

Animal Breeding and Maintenance

Animals were identified by tail tattoos and housed in
pairs until assignment to exposure groups. On PND 42,
animals in the F,, generation were weighed and allocated
to one of four exposure groups by a stratified random-
ization procedure based on body weight to give 35 males
and 35 females in each exposure group. Animals were
reidentified with a unique tail tattoo after assignment to
exposure groups. Males were housed individually in
wire breeding cages between PND 56 to PND 60 for
acclimation. Pairings within exposure groups were ran-
domly generated by the Multigeneration Support
System, and females were introduced into breeding
cages with the males. The F, animals were no younger
than PND 70 and no older than PND 84 at the time they
were paired.

The date of vaginal plug detection (in situ or in pan
below the cage) was designated as the day of conception
or gestation day 0 (GD 0). In order to maximize mating
success and thus the number of litters and pups available
for the study, breeders used to generate the F,C and
F,T140 animals were kept together in the breeding cage
for an additional 5 days (the length of one estrous cycle)
if a vaginal plug was detected within the first 3 days of
the mating period. The 2-year study animals that had
exposure truncated at weaning (F;T21) were from the F,
generation of the previous multigenerational reproduc-
tive toxicology study (NTP, 2008a). Briefly, F, animals
were exposed to 0, 5, 100, or 500 ppm genistein from
PND 42, and they and their descendants were exposed
continuously to the same dosed feed through the F, gen-
eration. All groups in the F; generation were placed on
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control 5K96 feed at weaning. In all generations, on
postconception day 23, corresponding to 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.
After standardization, excess pups were sacrificed. Pups
were marked on the day of standardization by paw tat-
toos so that a unique animal identification was provided
by cage number, sex, and tattoo pattern. Animals were
identified with a unique identification number by tail tat-
too at weaning.

At weaning of the F, generation, 50 control animals of
each sex and 100 animals of each sex from the three
other exposure groups were selected for continuation on
the study and were housed individually until termina-
tion. Additional control animals were designated as sen-
tinel animals, housed with the study animals, and
removed for microbiological assessment at 6-month
intervals over the course of the study. After weaning,
animals were maintained on the same feed as their dams.
At PND 140, one half of the animals in the three exposed
groups (5, 100, and 500 ppm) were placed on control
feed until termination of the study. Fifty animals from
the 0, 5, 100, and 500 ppm groups in the F; generation
were placed on control feed at weaning until termination
of the study. In all cases, study animals were selected so
that the maximum number of litters was represented and
no more than two animals of the same sex were taken
from a single litter. The number of litters from which the
animals were derived in each exposure group were as
follows: F, 0 ppm, 30 litters; F, 5ppm, 26 litters;
F, 100 ppm, 30 litters; F, 500 ppm, 27 litters; F; 0 ppm,
26 litters; F, 5 ppm, 31 litters; F, 100 ppm, 33 litters; F,
500 ppm, 36 litters.

Animals were maintained on soy- and alfalfa-free Purina
5K96 meal available ad libitum until the day before
necropsy. Millipore-filtered tap water, which was ana-
lyzed routinely by the Divisions of Microbiology and
Chemistry, NCTR, was provided ad libitum. The 5K96
meal underwent routine analyses as well as periodic
analyses for isoflavone levels. Feeders were gently agi-
tated daily with a vibrating tool (Dremel, Racine, WI) to
prevent caking and were changed once per week. Cages
were changed weekly. Further details of animal mainte-
nance are given in Table 2. Information on feed compo-
sition and contaminants is provided in Appendix H.
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In-life Examinations and Pathology

The data collected during the in-life phase of the study
and at necropsy are detailed in Table 2. Animals were
observed twice daily, and clinical findings were recorded
weekly. Animals in the F, generation were weighed
weekly until postnatal week 21, then approximately
every 4 weeks for the remainder of the study and at ter-
mination of the study. Animals in the F; generation were
weighed weekly until postnatal week 15, then approxi-
mately every 4 weeks for the remainder of the study and
at termination of the study. Feed consumption was
recorded every 4 weeks after weaning for the F, and F,
generations. Weekly body weight and feed consumption
data were also monitored for the parental generation (F,)
for the F, animals in order to assess ingested doses dur-
ing pregnancy and lactation (Table 1). Body weight and
feed consumption data for the ancestral generations of
the F;T21 animals were collected as part of the multi-
generational reproductive toxicology study and are
reported elsewhere (NTP, 2008a).

One half of the females in each exposure group were
subjected to vaginal smears for 5 consecutive days once
per month. These smears were then evaluated for stage
of the estrous cycle. If there was evidence that the ani-
mals were not cycling normally (i.e., 3 consecutive days
of estrus, 4 consecutive days of diestrus) for 2 consecu-
tive 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 F,C, F,T140, and F;T21 rats. From ter-
minal sacrifice animals, the following organs were
weighed prior to fixation: adrenal gland (left and right),
brain, epididymis, kidney (left and right), liver,
ovary/oviduct (left and right), seminal vesicle with coag-
ulating gland, spleen, testis (left and right), thymus, and
uterus. The following organs were weighed after fixa-
tion: dorsal, lateral, and ventral prostate gland (lobes
were separated after fixation), pituitary gland, and thy-
roid gland. All organs and tissues were examined for
grossly visible lesions, and lesion descriptions were
recorded on the Individual Animal Necropsy Record.
All major tissues except the testis were fixed and pre-
served in 10% neutral buffered formalin, processed and
trimmed, embedded in Tissue Prep II, sectioned to a
thickness of 4 to 6 um, and stained with hematoxylin and
eosin for microscopic examination. The testis was
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similarly treated, except that it was fixed in Bouin’s fix-
ative and stained with periodic acid-Schiff stain to better
aid in the characterization of sperm maturation. When
applicable, nonneoplastic lesions were graded for sever-
ity as 1 (minimal), 2 (mild), 3 (moderate), or 4 (marked).
All tissues examined microscopically are list