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PREFACE

Soy infant formula contains soy protein isolates and is fed to infants as a supplement to or replacement
for human milk or cow milk. Soy protein isolates contains estrogenic isoflavones (“phytoestrogens’)
that occur naturally in some legumes, especially soybeans. Phytoestrogens are non-steroidal, estrogenic
compounds. In plants, nearly all phytoestrogens are bound to sugar molecules and these phytoestrogen-
sugar complexes are not generally considered hormonally active. Phytoestrogens are found in many food
products in addition to soy infant formula, especially soy-based foods such as tofu, soy milk, and in some
over-the-counter dietary supplements. Soy infant formula was selected for NTP evaluation because of:
(1) the availability of large number of developmental toxicity studies in laboratory animals exposed
to the isoflavones found in soy infant formula (namely, genistein) or other soy products, as well
as a number of studies on human infants fed soy infant formula,
(2) the availability of information on exposures in infants fed soy infant formula, and
(3) public concern for effects on infant or child development.

On October 2, 2008 (73 FR 57360), the National Toxicology Program (NTP) Center for the Evalua-
tion of Risks to Human Reproduction (CERHR) announced its intention to conduct an updated review
of soy infant formula in order to complete a previous evaluation that occurred in 2006. Both the cur-
rent and previous evaluations relied on expert panels to assist the NTP in developing its conclusions
on the potential developmental effects associated with use of soy infant formula, presented in the NTP
Brief on Soy Infant Formula. The initial expert panel met on March 15-17, 2006 to reach conclusions
on the potential developmental and reproductive toxicities of soy infant formula and its predominant
isoflavone constituent genistein. The expert panel reports were released for public comment on May 5,
2006 (71 FR 28368). On November 8, 2006 (71 FR 65537), CERHR staff released draft NTP Briefs
on Genistein and Soy Formula that provided the NTP’s interpretation of the potential for genistein and
soy infant formula to cause adverse reproductive and/or developmental effects in exposed humans.
However, CERHR did not complete these evaluations, finalize the briefs, or issue NTP Monographs
on these substances based on this initial evaluation.

Since 2006, a substantial number of new publications related to human exposure or reproductive and/
or developmental toxicity have been published for these substances. Thus, CERHR determined that
updated evaluations of genistein and soy infant formula were needed. However, the current evaluation
focuses only on soy infant formula and the potential developmental toxicity of its major isoflavone
components, e.g., genistein, daidzein (and estrogenic metabolite, equol), and glycitein. This updated
evaluation does not include an assessment on the potential reproductive toxicity of genistein follow-
ing exposures during adulthood as was done in the 2006 evaluation. CERHR narrowed the scope
of the evaluation because the assessment of reproductive effects of genistein following exposure to
adults was not considered relevant to the consideration of soy infant formula use in infants during the
2006 evaluation. To obtain updated information about soy infant formula for the CERHR evaluation,
the PubMed (Medline) database was searched from February 2006 to August 2009 with genistein/
genistin, daidzein/daidzin, glycitein/glycitin, equol, soy, and other relevant keywords. References
were also identified from the bibliographies of published literature.

The updated expert panel report represents the efforts of a 14-member panel of government and
non-government scientists, and was prepared with assistance from NTP staff. The finalized report,



PREFACE

released on January 15,2010 (75 FR 2545), reflects consideration of public comments received on a
draft report that was released on October 19, 2009 for public comment and discussions that occurred
at a public meeting of the expert panel held December 16—18, 2009 (74 FR 53509).

The finalized report presents conclusions on the:

(1) strength of scientific evidence that soy infant formula or its isoflavone constituents are
developmental toxicants based on data from in vitro, animal, or human studies;

(2) extent of exposures in infants fed soy infant formula;

(3) assessment of'the scientific evidence that adverse developmental health effects may be associated
with such exposures; and

(4) knowledge gaps that will help establish research and testing priorities to reduce uncertainties
and increase confidence in future evaluations.

The Expert Panel expressed minimal concern for adverse developmental effects in infants fed soy
infant formula. This level of concern represents a “2” on the five-level scale of concern used by the NTP
that ranges from negligible concern (“1”) to serious concern (“5”).

The Expert Panel report on Soy Infant Formula was considered extensively by NTP staff in preparing
the 2010 NTP Brief on Soy Infant Formula, which represents the NTP’s opinion on the potential for
exposure to soy infant formula to cause adverse developmental effects in humans. The NTP concurred
with the expert panel that there is minimal concern for adverse effects on development in infants who
consume soy infant formula. This conclusion was based on information about soy infant formula
provided in the expert panel report, public comments received during the course of the expert panel
evaluation, additional scientific information made available since the expert panel meeting, and peer
reviewer critiques of the draft NTP Brief by the NTP Board of Scientific Counselors on May 10,
2011.2 The Board voted in favor of the minimal concern conclusion with 7 yes votes, 3 no votes,
and 0 abstentions. One member thought the conclusion should be negligible concern and 2 members
thought the level of concern should be higher than minimal concern. The NTP’s response to the May
10, 2010 review (“peer-review report”) is available on the NTP website at Attp://ntp.niehs.nih.gov/
go0/9741. This monograph includes the NTP Brief on Soy Infant Formula as well as the final Expert
Panel report on Soy Infant Formula. An abbreviated version of the final Expert Panel report was
published in Birth Defects Research Part B [Volume 92, Issue 5, October 2011, Pages: 421-468].
Public comments received as part of the NTP’s evaluation of soy infant formula and other background
materials are available at http://cerhr.niehs.nih.gov/evals/index.html.

Contact Information
Kristina Thayer, PhD
Director, CERHR
NIEHS/NTP K2-04
PO Box 12233
Research Triangle Park, NC 27709
919-541-5021
thayer@niehs.nih.gov

2Meeting materials are available at http.//ntp.niehs.nih.gov/go/9741.



ABSTRACT

NTP MONOGRAPH ON THE POTENTIAL HUMAN REPRODUCTIVE
AND DEVELOPMENTAL EFFECTS OF SOY INFANT FORMULA

Soy infant formula contains soy protein isolates and is fed to infants as a supplement to or replace-
ment for human milk or cow milk. Soy protein isolates contains estrogenic isoflavones (“phytoestro-
gens”) that occur naturally in some legumes, especially soybeans. Phytoestrogens are non-steroidal,
estrogenic compounds. In plants, nearly all phytoestrogens are bound to sugar molecules and these
phytoestrogen-sugar complexes are not generally considered hormonally active. Phytoestrogens are
found in many food products in addition to soy infant formula, especially soy-based foods such as
tofu, soy milk, and in some over-the-counter dietary supplements.

Soy infant formula was selected for evaluation by the National Toxicology Program (NTP) because
of the:
(1) availability of large number of developmental toxicity studies in laboratory animals exposed to
the isoflavones found in soy infant formula (namely, genistein) or other soy products, as well as
a number of studies on human infants fed soy infant formula,
(2) the availability of information on exposures in infants fed soy infant formula, and
(3) public concern for effects on infant or child development.
The NTP evaluation was conducted through its Center for the Evaluation of Risks to Human Reproduc-
tion (CERHR) and completed in September 2010.

The results of this soy infant formula evaluation are published in an NTP Monograph. This document
contains the NTP Brief on Soy Infant Formula, which presents NTP’s opinion on the potential for
exposure to soy infant formula to cause adverse developmental effects in humans. The NTP Mono-
graph also contains an expert panel report prepared to assist the NTP in reaching conclusions on soy
infant formula. The NTP concluded there is minimal concern for adverse effects on development
in infants who consume soy infant formula. This level of concern represents a “2” on the five-level
scale of concern used by the NTP that ranges from negligible concern (“1”) to serious concern (“5”).

This conclusion was based on information about soy infant formula provided in the expert panel
report, public comments received during the course of the evaluation, additional scientific infor-
mation made available since the expert panel meeting in December 2009, and peer reviewer critiques
of the draft NTP Brief by the NTP Board of Scientific Counselors on May 10, 2010 (Attp://ntp.niehs.
nih.gov/go/9741).
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WHAT IS SOY INFANT FORMULA?

Soy infant formula is fed to infants as a supplement to or a replacement for human milk, or as an alter-
native to cow milk formula. In the United States, the Food and Drug Administration (FDA) regulates
the nutrient composition of soy infant formula as well as other infant formula types such as cow milk
formula. Infant formulas must comply with the Infant Formula Act of 1980 and subsequent amendments
passed in 1986 (FDA 2000). The specified nutrient levels are based on the recommendations of the
Committee on Nutrition of the American Academy of Pediatrics and are reviewed periodically as new
information becomes available. In the United States, a relatively small number of companies market soy
infant formula (see Expert Panel Report, Table 4). The primary ingredients in soy infant formula include
corn syrup, soy protein isolate, vegetable oils, sugar, vitamins, minerals, and other nutrients. Soy protein
isolate is made from soybeans and is present in infant formulas at 14—16% by weight. In addition, the
formulas are fortified with nutrients such as iron, calcium, phosphorous, magnesium, zinc, manganese,
copper, iodine, sodium selenate, potassium, chloride, choline, inositol, and vitamins A, C, D, E, K,
and B (B1, B2, B6, B12, niacin, folic acid, pantothenic acid, and biotin). Contaminants of soy protein
include phytates (1.5%), which bind minerals and niacin, and protease inhibitors, which have antitrypsin,
antichymotrypsin, and antielastin properties. Formulas are fortified with minerals to compensate for
phytate binding and heated to inactivate protease inhibitors. Aluminum from mineral salts is found in
soy infant formulas at concentrations of 600— 1300 ng/mL, levels that exceed aluminum concentrations
in human milk, 4—65 ng/mL (Bhatia and Greer 2008). The typical reconstitution of powdered formula
is the addition of 8.7—-9.3 g powdered formula to 2 fluid ounces of water (Drugstore.com 2004). Soy
infant formulas are also available as concentrated liquids (generally 1 part soy infant concentrate to 2
parts water) and as ready-to-feed formulations.

Soy protein isolate contains isoflavones with estrogenic activity called “phytoestrogens,” a subset of
plant-derived compounds with biological activity similar to the female hormone estrogen that occurs

naturally in some legumes. Phytoestrogens are found in many soy-based food products in addition to

soy infant formula, such as tofu and soy milk, and in some over-the-counter dietary supplements. In soy
infant formula, nearly all the phytoestrogens are bound to sugar molecules and these phytoestrogen-sugar
complexes (“glucosides”) are not generally considered hormonally active. There are three major gluco-
sides found in soy infant formula: genistin, daidzin, and glycitin (Figure 1). Before isoflavone glucosides

can be absorbed into the systemic circulation, they are typically first hydrolyzed to their sugar-free forms

(“aglycones”). In addition, several studies show that isoflavones can also be absorbed as glucosides

(Allred et al. 2005; Hosoda et al. 2008; Kwon et al. 2007; Steensma et al. 2006). The sugar-free forms

of these phytoestrogens are the biologically active forms and are called genistein, daidzein, and glycitein,
respectively. In some people, daidzein also produces an estrogenic metabolite called equol. Glycosidase

activity occurs in food products (naturally by endogenous enzymes or those added during processing),
in the cells of the gastrointestinal mucosa, or in colon microbes, and isoflavones can be measured in

blood within an hour of soy ingestion (Kano ef al. 2006; Larkin ef al. 2008). Aglycones undergo passive

diffusion across the small and large intestinal brush border (Larkin ez al. 2008). Once absorbed, the body
then binds, i.e. conjugates, the free phytoestrogens to another molecule such as glucuronic acid. As much

as 97-99% of the phytoestrogens in human blood are bound, or conjugated, to another molecule. The

relative amounts of phytoestrogens in soy infant formula are genistin>daidzin> glycitin, which also cor-
responds to their relative estrogenic potency based on in vitro estrogen-receptor activities of the sugar-free

formstheir relative estrogenic potency based on in vitro estrogen-receptor activities of the sugar-free forms

of these phytoestrogens (UK Committee on Toxicity 2003).

NTP Brief on Soy Infant Formula
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Figure 1. Chemical Structures of Isoflavones Associated with Soy Formula
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USE OF SOY INFANT FORMULA AND EXPOSURE
TO ISOFLAVONES IN INFANTS AND ADULTS

USAGE

Sales of soy infant formula represented ~13% of the United States infant formula market based on
2009 dollar sales (personal communication with Robert Rankin, Manager of Regulatory and Techni-
cal Affairs at the International Formula Council, October 13, 2009). The use of soy infant formula
in the United States has decreased by almost half between 1999 and 2009, from 22.5% to 12.7%,
calculated based on total formula sold corrected for differences in formula cost.? The usage and sales
of soy infant formula vary worldwide, ranging from 2 to 7% of infant formula sales in the United
Kingdom, Italy, and France, and 13% in New Zealand (Agostoni et al. 2006; Turck 2007), to 31.5%
in Israel (Berger-Achituv et al. 2005).

Recent data from the Infant Feeding Practices Study II (IFPS II), a longitudinal mail survey of mothers of
infants conducted by the FDA in 20052007, indicated that ~ 57 to 71% of infants were fed infant formula
(of any kind) during the first 10 months of life (Grummer-Strawn et al. 2008). However, many aspects
of infant formula use from this study are unknown, including what percent of infants were exclusively
fed infant formula compared to what percent were fed a mixture of infant formula and breast milk. It is
also unknown what proportion of formula-fed infants were exclusively fed soy infant formula, although
it is not likely a large percentage. For example, in one prospective cohort study where parents chose the
feeding method, only 23% of infants included in the “soy infant formula” group were exclusively fed soy
infant formula from birth to 4 months of age (Gilchrist ez al. 2009). In a study of Israeli infants (3—24

2Public comment from the International Formula Council (IFC), received December 3, 2009 (available at Attp://
cerhr.niehs.nih.gov/chemicals/genistein-soy/SoyFormulaUpdt/SoyFormula-mtg.html) and personal communica-
tion with Dr. Haley Curtis Stevens, IFC.
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months old), only 21.4, 16, and 18.5% of infants included in the “soy” group were exclusively fed soy
infant formula the first year of life, the second year of life, or the first two years of life, respectively (Zung
et al. 2008). Another study of feeding patterns in Israeli infants reported that of the formula-fed infants,
9% were started with a soy infant formula, but 50% were switched to a cow milk-based formula at some
time (Nevo ef al. 2007). This study also found that the type of formula used was changed for 47% of the
formula-fed infants during the first 6 months of life, and that 12% had more than two changes.

Commonly cited reasons for use of soy infant formula are to feed infants who are allergic to dairy
products or are intolerant of lactose, galactose, or cow-milk protein (Essex 1996; Tuohy 2003). In
May 2008, the American Academy of Pediatrics (AAP) released an updated policy statement on the
use of soy protein-based formulas (Bhatia and Greer 2008). The overall conclusion of the AAP was
that although isolated soy protein-based formulas may be used to provide nutrition for normal growth
and development in term infants, there are very limited indications for their use in place of cow
milk-based formula. The only circumstances under which the AAP recommends the use of soy infant
formula are instances where the family prefers a vegetarian diet or for the management of infants with
galactosemia or primary lactase deficiency (rare). Soy infant formula is not currently recommended
for preterm infants by the AAP or the European Society for Paediatric Gastroenterology, Hepatology
and Nutrition (ESPGHAN) Committee on Nutrition (Agostoni et al. 2006).

Specific conclusions in the 2008 AAP report are:

* Lactose free and reduced lactose-containing cow milk formulas are now available and could be
used for circumstances in which elimination or a reduction in lactose in the diet, respectively, is
required. Because primary or congenital lactase deficiency is rare, very few individuals would
require a total restriction of lactose. Lactose intolerance is more likely to be dose dependent. Thus,
the use of soy protein-based lactose-free formulas for this indication should be restricted.

* The routine use of isolated soy protein-based formula has no proven value in the prevention or
management of infantile colic or fussiness.

* [solated soy protein-based formula has no advantage over cow milk protein-based formula as a supple-
ment for the breastfed infant, unless the infant has one of the indications noted above.

* Soy protein-based formulas are not designed for or recommended for preterm infants. Serum phosphorus
concentrations are lower, and alkaline phosphatase concentrations are higher in preterm infants fed soy
protein-based formula compared to preterm infants fed cow milk-based formula. As anticipated from
these observations, the degree of osteopenia is increased in infants with low birth weight receiving soy
protein-based formulas. The cow milk protein-based formulas designed for preterm infants are clearly
superior to soy protein-based formula for preterm infants.

* For infants with documented cow milk protein allergy, extensively hydrolyzed protein formula
should be considered, because 10% to 14% of these infants will also have a soy protein allergy.

* Infants with documented cow milk protein-induced enteropathy or enterocolitis frequently are as
sensitive to soy protein and should not be given isolated soy protein-based formula. They should
be provided formula derived from hydrolyzed protein or synthetic amino acids.
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* The routine use of isolated soy protein-based formula has no proven value in the prevention of
atopic disease [i.e., hypersensitivity reactions, allergic hypersensitivity affecting parts of the body
not in direct contact with the allergen] in healthy or high-risk infants.

Additional Sources of Soy Intake by Infants

A number of studies have reported on the use of soy foods in the context of infant feeding and feeding
transitions during the first years of life.? Data from IFPS II indicated that ~6% of infants consume soy
foods by 1 year of age (Grummer-Strawn et al. 2008). A survey of the isoflavone content of infant
cereals in New Zealand led the authors to conclude that supplementation of the diet of a 4-month old
infant fed soy infant formula with a single serving of cereal can increase isoflavone intake by more
than 25%, depending on the brand used (Irvine ef al. 1998). Infants may also be exposed to soy flour
and soy oil by the use of soy-containing fortified spreads as a complementary food to address growth

and nutritional issues in countries with high incidence of childhood malnutrition, such as Malawi (Lin
et al. 2008; Phuka et al. 2008).

The consumption of soy milk by children is currently being assessed in the 2008 Feeding Infants and
Toddlers Study (FITS), a survey of the eating habits and nutrient intakes of> 3,000 children from 4 to 24
months of age* sponsored by Nestle Nutrition Institute. Based on survey data collected in 2002, soy milk
was reported as one of the more frequently consumed beverages in children 15-18 months of age, but
not in younger infants or older toddlers 19-24 months of age (Skinner ez al. 2004). A 2006 presentation
from the Executive Director of the Soyfoods Association of North America, Nancy Chapman?, cited
2002 FITS data to report that out of 600 toddlers surveyed, almost 4% consumed soy milk at least once
a day. Overall, soy milk is one of the fastest growing markets in the soy food industry (United Soybean
Board 2009). However, it is unclear whether this growth trend extends to infants and toddlers.

DAILY INTAKE AND BIOLOGICAL-BASED INDICATORS OF EXPOSURE

A number of studies in the United States and abroad have measured total isoflavone levels in infant
formulas (see Expert Panel Report, Table 9). For infant formulas manufactured in the United States,
the range of total isoflavone levels reported in reconstituted or “ready-to-feed” formulas was 20.9-47
mg/L formula (Franke et al. 1998; Setchell et al. 1998).% The range of total isoflavones content in soy
infant formula samples collected in the United States and other countries is 10-47 mg/L (Genovese and
Lajolo 2002; Setchell ef al. 1998). Genistein is the predominant isoflavone found in soy infant formula
(~58-67%), followed by daidzein (~29-34%) and glycitein (~5-8%). The isoflavone content in soy
infant formula appears to be much less variable than the isoflavone content of soy beans or other soy
products (e.g. soy supplements or soy protein isolates) (see Expert Panel Report, Section 1.2.2.4).

3 Isoflavone exposure from these food items were not considered in the NTP evaluation of soy infant formula.

4Preliminary findings from the 2008 FITS are available at http.//medical.gerber.com/starthealthystayhealthy/
FITSStudy.aspx. The 2008 survey was sponsored by Nestlé Nutrition and conducted by Mathematica as a followup
to the FITS 2002 study.

> Presentation available at Attp.//www.soyfoods.org/wp/wpcontent/uploads/2006/12/soymilk_in_school meals.pd]f.

®The soy infant formula content of genistein (12.1-~31.2 mg/L or 44.4—~115.5 uM) (Franke et al. 1998; Setchell et
al. 1998) is approximately 2.7x106 to 7.0 x 106 times higher than the maximum level of estradiol reported in frozen
breast milk by Hines et al. (2007). In the Hines et al. (2007) study, estradiol was not detected in most samples and the
maximum level detected was 4.5 pg/mL (0.000017 uM) from a frozen milk sample. The concentrations of estradiol
in human milk reported in Hines et al. (2007) are lower than those reported in whole milk from Holstein cows (mean
concentration = 1.4 pg/ml, range=<LOD to 22.9 pg/ml) (Pape-Zambito et al. 2007).
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Table 1. Comparison of Estimated Intake of Genistein and Total Isoflavones in
Infants Fed Soy Infant Formula to Other Populations

Daily Intake, mg/kg bw/day*

Population — Reference
Total Isoflavone Genistein
Infants
Soy infant Table 26 of
formula 2.3-9.3 13-62 Expert Panel Report
. Cow milk Knight et al. 1998
United States formula 0.0002—-0.0158 Kuhnle e al. 2008
. Friar and Walker 1998
Breast milk | 0.0002-0.0063 Setchell ef al. 1998
Adults*
. Haytowitz 2009 2
a_ b a_ b y
United States Omnivore 0.00972—-0.096 0.0052-0.056 Tseng ef al. 2008"
Vegetarian 0.21 0.14 Kirk et al. 1999
Omnivore 0.007-0.009 0.004-0.005 .
European e e R < : -1 Mulligan et al. 2007
Vegetarian 0.100-0.112 0.057-0.062
United Kingdom Vegan 1.07 - Friar and Walker 1998
Traditional b a » | Fukutake et al. 19962
Japanese diet 0.67 0.0772-0.43 Arai ef al. 2000

*Daily intakes for adults were based on mg/day estimates presented in Table 25 of the Expert Panel
divided by 70 kg body weight.

Infants fed soy infant formula have higher daily intakes of genistein and other isoflavones than other
populations (Table 1). However, differences in methods used to select representative samples and cal-
culate intake estimates limit the ability to compare intake estimates across studies, especially for dietary
surveys. In addition, isoflavone intake appears to be highly variable in soy-consuming adult populations.
Recognizing these caveats, the relative ranking of total isoflavone intake appears to be infants exclu-
sively fed soy infant formula>vegan adults>Japanese adults consuming a traditional diet>vegetarian
adults>omnivores consuming Western diets.

Infants fed soy infant formula also have higher blood-based levels of genistein and daidzein compared
to other populations such as vegans and Asian populations consuming a traditional diet high in soy
foods (Table 2). The latest findings for the United States, reported by Cao et al. (2009), were that
concentrations of total genistein in whole blood samples from infants fed soy infant formula were 1455
ng/ml at the 75th percentile and 2763.8 ng/ml at the 95th percentile (personal communication with Dr.
Yang Cao, NIEHS); both of these values are higher than the maximum total genistein concentrations
available for any other population. The geometric mean of total genistein measured in these infants
was 757 ng/ml, a value that is 53.3- and 70.1- times higher than the corresponding levels detected
in infants fed cow milk formula or breast milk, respectively (Table 2). Average blood levels of total
genistein in the soy infant formula-fed infants were ~160-times higher than the mean levels of total
genistein in omnivorous adults in the United States (4.7 ng/ml) reported by Valentin-Blasini (2003);
a similar pattern was observed for urinary concentrations of genistein and daidzein (Cao et al. 2009;
U.S. Centers for Disease Control and Prevention 2008). It is not known for infants how long it takes to
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Table 2. Average Blood-Based Levels of Genistein and Daidzein in Infants and Adult Populations

w Average Total
o . Isoflavone Concentration,
o0 Population Sample ng/ml (range) Reference
o
E Genistein Daidzein
757 256 Cao
) Whole blood 1455, 519,
SOy fant 75% percentile | 75t percentile ALy
formula? oo
etche
Plasma 684 295 et al 1997
Cao
Whole blood 14.2 5.5
United States infants Cowmilk | ..0 e OO B ‘ e ,a?-, 2009 e
formula Setchell
Plasma 3.16 2.06 et al 1997
Cao
Whole blood 10.8 53 et al. 2009
etche
Plasma 2.77 1.49 et al 1997
. . 4.7 39 Valentin-Blasini
United States adults Omnivores Serum (<LOD-203) | (<LOD-162) et al. 2003
Japanese men Traditional diet Plasma (2}‘953'3 5) (14 87—1 '233 4.9) Adlercreutz
— . OO O A et al. 1994
Finnish women Vegetarians Plasma 4.6 4.7
. . Vegans/ Peeters
United Kingdom adults Vegetarians Plasma 40 20 et al. 2007

2Shaded cells are studies of infants fed soy infant formula.

achieve maximum blood concentrations of genistein and daidzein. In adults, length of time necessary
to achieve maximum blood concentrations is ~5.7 and 6.2 hours, respectively (Cassidy et al. 2006),
thus the blood levels of isoflavones sampled at least one hour after feeding as reported in Cao et al.
(2009) may not represent the maximum concentration for each infant.

CAN SOY INFANT FORMULA OR ITS ISOFLAVONE CONTENTS
ADVERSELY AFFECT HUMAN DEVELOPMENT?

Appropriate levels of sex hormones are essential for normal development and function of the repro-
ductive system. Because soy infant formula contains isoflavones with estrogen-like activity, concern
has been expressed that feeding soy infant formula might adversely affect development of the repro-
ductive system. There are presently not enough data from studies in humans to confirm or refute
this possibility (Figure 2). Likewise, data from the studies in laboratory rodents and primates are
not sufficient to permit a firm conclusion regarding the developmental toxicity of soy infant formula
(Figure 3). However, blood levels of total genistein in infants fed soy infant formula can exceed blood
levels in rats administered genistein in the diet or in mice treated by subcutaneous (sc) injection at
dose levels that induce adverse developmental effects. Because of the high blood levels of isoflavones
in infants fed soy infant formula and the lack of robust studies on the human health effects of soy
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Figure 2. The Weight of Evidence that Soy Infant Formula or its Isoflavone
Contents Causes Adverse Developmental Effects in Humans

o CLEAR Evidence

of adverse effects

43149 dIN
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Developmental toxicity # Q INSUFFICIENT Evidence

for a conclusion
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of no adverse effects

Growth in healthy full-term infants » Q SOME Evidence

of no adverse effects
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of no adverse effects

'Based on consideration of the following endpoints: bone mineral density, allergy/immunology,
thyroid function, reproductive endpoints, cholesterol, diabetes mellitus, and cognitive function.

Figure 3. The Weight of Evidence that Soy Infant Formula, Other Soy Products, or
Individual Isoflavones Cause Adverse Developmental Effects in Laboratory Animals

Genistein" » @ CieArevidence
of adverse effects
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"Manifested as: decreased age at vaginal opening; abnormal estrous cyclicity; decreased fertility, implants, and litter
size; and histopathology of the female reproductive tract.
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infant formula, the possibility that soy infant formula may adversely affect human development can-
not be dismissed.

SUPPORTING EVIDENCE

Human Studies

There is a relatively large literature describing growth or other health parameters in infants fed soy
infant formula. These studies provide sufficient evidence to conclude that use of soy infant formula
does not impair growth during infancy in healthy full-term infants. However, this literature is con-
sidered insufficient to reach a conclusion on whether the use of soy infant formula adversely affects
human development with respect to effects on bone mineral density, allergy/immunology, thyroid func-
tion, reproductive system endpoints, cholesterol, diabetes mellitus, and cognitive function (Figure 2).
Commonly encountered limitations of these studies include: inadequate sample size, short-duration
of follow-up, unspecified method of assignment to feeding groups, the use of self-selected breast- and
formula-feeding mothers, changes in feeding methods (i.e., formula-type and/or breast milk), lack
of information regarding the introduction of solid foods, and inadequate consideration of potential
confounding variables. When the expert panel reviewed this literature, only 28 of the ~80 published
human studies on soy infant formula were considered to have utility for the NTP-CERHR evaluation
process (see Expert Panel Report, Table 153).

A number of critical research needs were also identified during the course of the evaluation based on
case reports, pilot studies in humans, or findings in laboratory animals. In particular, there is a need
to (1) assess the potential impacts of soy infant formula use on reproductive tissues or function during
infancy, childhood, and later in life and (2) monitor soy infant formula fed-infants who have con-
genital hypothyroidism for possible decreases in the effectiveness of thyroid hormone replacement
therapy, i.e., L-thyroxin. A discussion of the findings, conclusions, and research recommendations
regarding effects of soy infant formula on growth and the gastrointestinal system, reproductive system
and breast tissue, and thyroid function are described below.

Growth and Gastrointestinal Effects

Although the NTP considered the human studies insufficient to assess whether the use of soy infant
formula adversely affects development, the NTP concurs with the expert panel that there is suf-
ficient evidence to conclude that use of soy infant formula does not negatively impact growth in
healthy, full-term infants. Of the 28 human studies considered by the expert panel to have utility
for the NTP-CERHR, 13 of the studies assessed growth outcomes and 11 of 13 studies reported no
decreases in growth measurements (Chan et al. 1987; Hillman 1988; Hillman et al. 1988; Jung and
Carr 1977; Kohler et al. 1984; Kulkarni et al. 1984; Lasekan et al. 1999; Mimouni et al. 1993; Sel-
lars et al. 1971; Steichen and Tsang 1987; Venkataraman et al. 1992). Two of the 13 studies reported
significant decreases in growth measurements in infants fed soy formula when compared to infants
fed casein- and rice-based hydrolyzed formulas (Agostoni et al. 2007) or compared to infants fed
a milk-based formula (Cherry ef al. 1968). In addition to these “limited” utility studies, there were
a large number of “no utility” studies of small sample size included in the expert panel report that
consistently reported similar growth trajectories of anthropometric measurements among the different
infant feeding groups. Based on this overall pattern of response, the NTP concludes there is “some
evidence of no adverse effects” on growth in healthy full-term infants (Figure 2).
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It is worth noting that although all of the studies of gastrointestinal effects reviewed by the expert
panel were classified as having “no utility,” extensive reviews by the AAP and ESPGHAN have noted
the possibility of adverse effects in a subset of infants with documented cow milk protein allergy
(Agostoni et al. 2006; Bhatia and Greer 2008). Infants with documented cow milk protein-induced
enteropathy or enterocolitis frequently are sensitive to soy protein and should not be given soy protein
formulas. Instead, the recommendation is to provide formula derived from hydrolyzed protein or
synthetic amino acids (Agostoni et al. 2007).

Reproductive System

The NTP ;considered the existing literature in humans “insufficient” for assessing impacts on the
reproductive system from the use of soy infant formula (Figure 2); only three studies were con-
sidered by the expert panel to be of sufficient utility for assessing these types of effects (Boucher
et al. 2008; Freni-Titulaer et al. 1986; Strom et al. 2001). The most comprehensive assessment of
reproductive function of men and women following the consumption of soy formula as infants did
not report significant impacts, but it also lacked sufficient power for several endpoints (i.e., cancer,
reproductive organ disorders, hormonal disorders, libido dysfunction, sexual orientation, and birth
defects in the offspring) to rule out increased risks (Strom et al. 2001). Two significant findings were
reported in this study related to menstrual cycling in adult women who were fed soy formula during
infancy. One was that women who had been given soy infant formula reported having longer men-
strual periods (adjusted mean difference of 0.37 days; 95% CI, 0.06-0.68, P=0.02) and a soy infant
formula-associated increase in the risk of experiencing extreme menstrual discomfort (unadjusted
RR, 1.77;95% CI, 1.04-3.00, P=0.04). However, these findings would not be considered statistically
significant if a multiple comparison adjustment were applied to account for the number of hypothesis.
The remaining two studies of “limited” utility dealt exclusively with an association of soy infant
formula consumption and effects on the breast, i.e., premature thelarche (Freni-Titulaer et al. 1986)
or risk of breast cancer in adulthood (Boucher et al. 2008). These two studies are discussed below
in the context of other findings on the breast following consumption of soy formula during infancy.

Subsequent to the expert panel evaluation, a study was published that reported a 25% higher early
uterine fibroid diagnosis (diagnosis by the age of 35) for women who reported being fed soy formula
during infancy (relative risk=1.25, 95% confidence interval of 0.97 — 1.61) (D’Aloisio et al. 2010).
There was also a higher risk of a similar magnitude in association with being fed soy formula within
the first two months of life (adjusted RR=1.25; 95% CI: 0.90, 1.73). These findings were based on
assessment of 19,972 non-Hispanic white women of 35 to 59 years of age at enrollment in the NIEHS
Sister Study. The most common signs of fibroids are longer menstrual periods, heavy bleeding, and
pelvic pain (Mayo Clinic), all of which were evaluated to some degree in the Strom et al. (2001)
study. Indications of heavy bleeding were not observed in that study based on self-reported assess-
ment of menstrual flow, but a significant association was reported between use of soy infant formula
and longer menstrual periods (discussed above) based on assessment of the number of days requiring
pads or tampons. With respect to pelvic pain, the other significant finding from Strom et al. (2001)
was a higher reporting of extreme menstrual discomfort in women who consumed soy infant formula
in infancy. The finding of higher risk of early uterine fibroid diagnosis associated with use of soy
infant formula is also broadly consistent with reports that in utero exposure to the synthetic estrogen
diethylstilbestrol is also associated with fibroid diagnosis (Baird and Newbold 2005; D’ Aloisio et al.
2010) as well as histopathological findings reported in the uterus of adult mice treated with genistein
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as neonates (Newbold ef al. 2001). One limitation to the D’Alosio ef al. (2010) study is the use of a
self-administered family history questionnaire and dichotomous response (“ever” or “none” on soy
infant formula feeding; “yes” or “no” on soy infant formula feeding < 2 months of age) for assessing
exposure to soy infant formula. The NTP agrees with the author’s interpretation that the association
with early diagnosis of uterine fibroids is interesting and needs to be replicated. Another observa-
tion from the NIEHS Sister Study, currently available only in abstract form, are findings that use of
soy infant formula was associated with both higher odds of very early menarche (<11 yrs) and late
menarche. (D’Aloisio et al. 2009).

In addition to the three studies considered of “limited” utility described above (Boucher et al. 2008;
Freni-Titulaer et al. 1986; Strom et al. 2001), the expert panel evaluated four other studies of infants
fed soy infant formula that included assessment of reproductive system development; however, these
studies were considered to have “no utility” for the evaluation (Bernbaum et al. 2008; Giampietro et
al. 2004 Zung, 2008 #2434; Gilchrist et al. 2009). The expert panel spent a considerable amount of
time discussing the outcomes from two of these studies. One was a pilot study to identify estrogen
responsive endpoints in infants (Bernbaum et al. 2008), and the other was an interim analysis from an
ongoing prospective cohort design study (Gilchrist ez al. 2009).

The pilot study by Berbaum et al. (2008) was conducted as part of the Study of Estrogen Activity and
Development (SEAD), a series of mostly cross-sectional pilot studies designed to establish methods
for future larger studies evaluating the estrogenic effects of soy infant formulas (or any putative estro-
genic exposure) on the developing infant (http://www.niehs.nih.gov/research/atniehs/labs/epi/studies/
sead/index.cfm)’. SEAD had a mixed, cross-sectional study design that included equal numbers of
infants fed soy infant formula, cow milk formula, or breast milk. The pilot study evaluated breast and
genital development in infants during the first 6 months of life, i.e., breast buds, breast adipose tissue,
testicular volume and position, vaginal discharge, and cell maturation. Of these measurements, the
authors considered measurement of breast buds and cell maturation of the vaginal wall to be the most
valuable for evaluating exposures to compounds with estrogenic-like activity in humans. Breast bud
diameter was maximal in the week after birth and smaller in older infants, both male and female, at 2
weeks to 6 months. The maturation index of cells of the vaginal wall was maximal in 1 week old infants
and lowest at 1 month. Breast bud diameter and vaginal wall cell maturation index were considered
the most estrogen-sensitive endpoints because they displayed a pattern of reversion during the period
when infants would be withdrawing from the high maternal estrogen exposures that occur during
pregnancy. While the authors very clearly described this study as a pilot and of too small a size to make

7 Analysis of isoflavones in the blood, urine, and saliva from these children based on feeding regimen are
presented in Cao et al. (2009). Other data from this pilot study have only appeared in abstract form and
include characterization of sex hormones (Pediatric Academic Societies, 2007 meeting), thyroid hormones
(International Society for Environmental Epidemiology, 2009 meeting), and ultrasound evaluation of breast,
testes, ovary, thyroid, and uterus (Pediatric Academic Societies, 2006 meeting). Abstracts from the Pedi-
atric Academic Societies meetings that mention the SEAD study and have not yet been presented in peer-
reviewed publications are available at http://www.pas-meeting.org/2009Baltimore/abstract _archives.asp.

[8406.2] Umbach, D., Phillips,T., Davis,H., Archer, J., Ragan, B., Bernbaum, J., Rogan, W. (2007)
Relationship of Endogenous Sex Hormones and Gonadotropins to Soy infant formula Diet in Infants;

[2757.8] Estroff, J., Parad R., Stroehla, B., Umbach, D., Walter Rogan, W. (2006) Developing Methods for
Studying Estrogen-like Effects of Soy Isoflavones in Infants 3: Ultrasound
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reliable inferences about feeding regimens, the trajectory of maturation index appeared to differ in the
infants fed soy infant formula (P=0.07), such that these infants tended to have a higher maturation
index at 3 to 6 months compared to infants fed breastmilk or a cow milk-based formula. Vaginal cell
maturation indices are used as a measure of estrogen effects in adult women and have also been used
in the diagnosis and evaluation of treatment for precocious puberty in girls [reviewed in Berbaum et
al. (2008)]. The expert panel considered this pilot study of “no utility” for the evaluation given the
variability observed and because the sample size was very small (once gender and age were considered)
and thus underpowered statistically to detect any relevant associations. Based on the results of the
pilot studies, a prospective study (Infant Feeding and Early Development, or IFED) of infants fed soy
infant formula, cow milk formula, or breast milk (n=300; 50 boys and 50 girls in each feeding group)
has been planned and will include assessment of the endpoints evaluated in the pilot studies as well
as others that allow testing of additional hypotheses, e.g., altered response to vaccination, changes in
play behavior, or language acquisition in toddlers. Recruitment for this prospective study, which will
be carried out at the Children’s Hospital of Philadelphia, is expected to begin in spring 2010.

The study by Gilchrist ef al. (2009) was an interim report from a prospective, longitudinal study in
children aged 2-3 months through 6 years who were breast-fed, cow milk formula-fed, or soy infant
formula-fed as infants being conducted by the Arkansas Children’s Nutrition Center (ACNC). The
completed study will include assessments of growth, development, body composition, endocrine status,
metabolism, organ development, brain development, cognitive function, language acquisition, and
psychological development at 3, 6, 9, 12, and 18 months and at 2, 3, 4, 5, and 6 years. The interim
examination of the data published by Gilchrest et al. (2009) summarized differences in hormone-
sensitive organ size at 4 months of age in infants fed soy infant formula (SF) (n=39, 19 males and
20 females), milk formula (n=41, 18 males and 23 females), or breast milk (n=40, 20 males and 20
females) (Gilchrist ef al. 2009). A major limitation in the study is the amount of cross-feeding that
occurred in the cohort.8 All breastfed infants were stated to be exclusively fed breast milk the entire
study time. Only 23% of infants in the SF group were exclusively fed soy infant formula from birth,
45% were switched to exclusive soy infant formula feeding within 4 weeks, and 32% were switched to
soy infant formula between 4 and 8 weeks. Thus, the length of soy infant formula exposure varied from
2 to 4 months. Fifty-four percent of the infants in the milk formula group were stated to be exclusively
fed milk formula from birth, 41% switched from breast milk to cow’s milk formula within 4 weeks, and
5% switched between 4 and 8 weeks. At age 4 months, anthropometric measures (weight, length, and
head circumference) were assessed using standardized methods, and body composition was assessed
by air displacement plethysmography. Breast buds, uterus, ovaries, prostate and testicular volumes
were measured by ultrasonography.

Gilchrist ef al. (2009) concluded that the results did not support major diet-related differences in
reproductive organ size as measured by ultrasound in infants at age 4 months, although there was
some evidence that ovarian development might be advanced in milk formula-fed infants and that

8 The Berbaum ez al. (2008) study appears to have required stricter criteria for feeding regimen eligibility compared
to Gilchrist et al. (2009). In Berbaum et al. (2008), breast milk and cow’s milk regimens prohibited use of soy
foods in baby’s lifetime; however, infants in the soy infant formula group were allowed breast milk or cow milk
while the baby was in the hospital just after birth. In older infants, > 3 months, soy infant formula regimen must
have been fed exclusively and continuously for at least two-thirds of the child’s lifetime, including 2 weeks before
the study examination.
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testicular development might be slower in both milk formula and soy infant formula infants as com-
pared with infants fed breast milk. The direction of effect on testicular volume was opposite of that
reported by Tan et al. (2006) in a study of marmoset monkeys with seven sets of co-twins where one
twin from each set was fed a cow milk-based formula as the control and the other twin was fed soy
infant formula milk for 5-6 weeks during infancy (infants also nursed during this period).

With respect to future consideration of the cohort described in Gilchrist et al. (2009), the expert
panel noted the benefit of longitudinal data in characterizing differences in developmental endpoints
across the exposure groups as a valuable study design feature. However, when exposure is mixed due
to the cross-feeding across groups, the effects may be attenuated or exaggerated which makes the
results thus far of no utility. Given that the report by Gilchrist et al. (2009) is an interim report from
an ongoing prospective study, the expert panel noted that the completed study would have greater
value if continued recruitment did not permit such extensive dietary transitions or data are collected
prior to these transitions. The NTP recognizes the value of the prospective studies being conducted
through the Arkansas Children’s Nutrition Center study (directed by Dr. Thomas Badger) and the
Infant Feeding and Early Development study directed by Dr. Walter Rogan at the Children’s Hospital
in Philadelphia. Both are important studies as each is designed to address different aspects of the issue
regarding potential health effects of soy infant formula. The Infant Feeding and Early Development
study has more stringent criteria for designating an infant as “soy formula fed” and may be better able
to address potential health effects in infants exclusively fed soy infant formula, while the Arkansas
Children’s Nutrition Center study may be a better indicator for infants who are cross-fed.

Effects on the Breasts

Seven studies evaluated by the expert panel included some assessment of the breast, either breast bud
size in infants, age at breast development in girls, or risk of breast cancer in adulthood. Some of these
studies were small in sample size or had other experimental features that resulted in their classification
as “no utility” by the expert panel. However, the NTP considered findings from all of the studies for
any overall pattern of response on breast development (Table 3) given that understanding possible
effects on breast tissue, especially breast cancer risk, is of particular interest in the context of soy
use, such as based on geographical differences in dietary ingestion of soy, e.g., Western versus Asian
diets, or use of soy supplements.

One study assessed the association between use of soy infant formula in infancy and breast cancer
in adulthood. Boucher et al. (2008) compared women with and without breast cancer and reported
reduced, but non-significant, associations between soy infant formula intake and breast cancer: soy
infant formula only during first 4 months of life: OR=0.42, 95% CI=0.13 -1.40; soy infant formula only
during 5—-12 months of age: OR=0.59, 95% CI=0.18 — 1.90). Although non-significant, this pattern
is consistent with conclusions from meta-analyses of limited human data and the animal model data
(discussed below) that provide some support for a potential modestly protective effect for some soy
or soy isoflavone exposures, e.g., childhood/adolescent exposure might have a small reduction in risk.

Other studies assessed breast bud development in infants or indication of premature thelarche,
defined as breast development before the age of 8 without evidence of sexual hair development,
estrogenization of vaginal mucosa, acceleration of linear growth, rapid bone maturation, adult body
odor, or behavioral changes typical of puberty.
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One study of “limited utility” based on retrospective patient recall reported that use of soy infant
formula may be associated with premature thelarche, or the start of breast development, before age 8
in girls, without other indications of sexual maturation (130 subjects from 552 potentially eligible girls)
(Freni-Titulaer et al. 1986). Age-matched controls were recruited and parents were interviewed with
regard to family history and possible exposures including the use of soy infant formula. Multivariate
analysis did not show a significant relationship between premature thelarche and soy infant formula
feeding except when the analysis was restricted to girls with onset of premature thelarche before 2
years of age (OR 2.7, 95% CI 1.1-6.8). Other significant factors included maternal ovarian cysts
(OR 6.8, 95% CI 1.4-33.0) and consumption of chicken (OR 4.9, 95% CI 1.1-21.9). Consumption
of corn was protective (OR 0.2, 95% CI 0.0—0.9). All other studies reporting on breast develop-
ment in infants or young children were considered of “no utility” by the expert panel. The clinical or
pathophysiological outcomes of premature thelarche are not clear. For example, a study by de Vries et
al. (2009) suggests that premature thelarche does not predict precocious puberty. In this study, breast
development and puberty were followed in 139 girls diagnosed with premature thelarche; it regressed
in 50.8%, persisted in 36.3%, progressed in 3.2%, and had a cyclic course in 9.7%. With respect to age
at diagnosis, progressive or cyclic course was more commonly found among girls presenting after 2
years (52.6%) compared with girls presenting at birth (13.0%) or at 1 to 24 months (3.8%). Precocious
puberty occurred in 13% of girls and was not related to age at premature thelarche or clinical course.

The only other study reporting an association between soy infant formula and breast development
reported an increased prevalence of breast buds in females during the second year of life (but not
during the first year) (Zung et al. 2008), a finding that was interepreted by the authors as suggesting
that soy phytoestrogens may have a “’preserving” effect on breast tissue in infants. The authors also
suggested that the lack of association during the first year could be a function of the high plasma levels
of endogenous estrogens that infants have at that time, potentially masking any estrogenic effects of
soy phytoestrogens. Giampietro et al. (2004) also looked at female infants during this age range, but
reported no difference in breast bud prevalence in children ages 7—96 months. Gilchrist et al. (2009)
also reported no differences in breast bud volume at 4 months of age in girls or boys in relation to
feeding regimen and there were no apparent differences in pattern of breast bud development in girls
or boys based on feeding regimen in the pilot data presented in Bernbaum et al. (2008). However,
infants in both of these studies were assessed at < 6 months which would limit the ability to identify
any effect consistent with the “preserving” effect reported in Zung et al. (2008).

Thyroid

Although the expert panel considered the evidence insufficient to reach a conclusion on whether use
of soy infant formula produces or does not produce adverse effects on thyroid function, they identified
continued observational studies of thyroid function in infants fed soy infant formulas as a research
need. This recommendation was based on case-studies for a special cohort of infants and children
with congenital hypothyroidism (CH) fed soy infant formula who demonstrated a delay of thyroid
stimulating hormone (TSH) levels returning to normal after adequate treatment; these children may
need increased doses of levothyroxine (also called L-thyroxin) and closer follow-up. This conclusion
is consistent with the recommendation of the New Zealand Ministry of Health that clinicians treating
infants with hypothyroidism who consume soy-based infant formula closely monitor the doses of thy-
roxin required to maintain a euthyroid state (New Zealand Ministry of Health 1998). In addition, the
New Zealand Ministry of Health recommends that clinicians treating children for medical conditions
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who consume a soy-based infant formula be assessed for thyroid function if there are concerns for
unsatisfactory growth and development.

In the 1950s and 1960s, cases of altered thyroid function, mostly goiter, were reported in infants fed
soy infant formula at a time when the formula contained soy flour. The cases of goiter in infants were
consistent with reports from the 1930s that rats fed soybeans developed goiters (reviewed in the UK
Committee on Toxicity Report on Phytoestrogens and Health (2003), Fitzpatrick (2000), McCarrison
(1933), Sharpless (1938), and Wilgus et al. (1941). The problem of goiter in infants fed soy infant for-
mula was eliminated in 1959 by adding more iodine to the formulas and in the mid-1960s by replacing
the high-fiber soy flour with soy protein isolate. Although the early reports of goiter in infants fed soy
infant formula have mostly ceased since manufacturers began supplementing soy infant formula with
iodine,’ there have been reports that use of soy infant formula in infants with congenital hypothyroidism
may decrease the effectiveness of thyroid hormone replacement therapy, i.e., L-thyroxin (Chorazy et
al. 1995; Conrad et al. 2004; Jabbar et al. 1997). This effect has been attributed to fecal wastage with
decreased enterohepatic circulation (Chorazy et al. 1995; Jabbar et al. 1997; Shepard 1960).

Laboratory Animal Studies

Only two studies have assessed the effects of direct ingestion of soy infant formula in laboratory
animals during infancy. Thus, there is insufficient evidence to reach a conclusion on whether use of
soy infant formula causes, or does not cause, developmental toxicity in animal models. The weight-
of-evidence determinations presented in Figure 3 also include conclusions based on animal studies
administering (1) the individual isoflavones found in soy infant formula, namely genistein; (2) diets
with high isoflavone content compared to soy-free or low soy diets; and (3) soy protein isolate or
mixtures of isoflavones (i.e., genistein and daidzein).

Weight of Evidence Conclusions Based on Animal Studies of Genistein, Daidzein,
Equol, and Glycitein
The expert panel reviewed more than 120 laboratory animal studies involving treatment with genistein or
other individual isoflavones in its evaluation of soy infant formula. Of these, 74 were considered to be of
“limited” or “high” utility (see Expert Panel Report, Tables 154—156). Seventy of these studies involved
treatment with genistein. Based on these studies, exposure to genistein produced clear evidence of
adverse effects on the female reproductive system following treatment during development (Figure 3).
Studies that demonstrated clear evidence of developmental toxicity for genistein involved treatment only
during the period of lactation in rodents (PND 1—-21) as well as multigenerational studies that included
exposure during gestation, lactation, and post-weaning. A study of neonatal mice treated orally with
genistin, the glucoside form of genistein that predominates in soy infant formula, also supports clear
evidence of adverse effects on development of the female reproductive tract.

In contrast, only a very small number of studies have been published on the other isoflavones associated
with soy infant formula, daidzein and its estrogenic metabolite equol, and no studies have evaluated the
effects of developmental exposure to glycitein. Detection of typical estrogenic effects in these studies
was mixed. For example, two of the four studies considered of “limited” utility by the expert panel

9In 1998, the New Zealand Ministry of Health noted one case report (Labib e al. 1989) on thyroid abnormalities
associated with soy-based infant formula since iodine supplementation.
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evaluated age at vaginal opening in rats treated with equol (Bateman and Patisaul 2009) or daidzein
(Kouki ef al. 2003) and neither reported the classic estrogenic effect of earlier age at opening. As part
of a study that was primarily designed to assess the impact of in utero treatment of genistein and daid-
zein on uterine HOX10 gene expression, Akbas ef al. (2007) evaluated uterotrophic response to these
isoflavones in adult mice and did not detect an increase in uterine weight in mice treated with a single
dose of 2 mg/kg of daidzein. Kouki et al. (2003) reported no effect on estrous cyclicity in rats treated
by sc injection with ~19 mg daidzein/kg bw/day on PND 1-5. In contrast, treatment with the same
dose levels of genistein caused the predicted estrogenic effect in all of these studies. However, two of
the four studies did report effects that were consistent with an estrogenic effect. Bateman and Patisaul
(2009) reported that sc injection of 10 mg equol/kg bw/day on PND 0-3 (day of birth, PND=0) in rats
induced abnormal estrus cycles beginning at week 5 following vaginal opening. Genistein and estradiol
benzoate also induced abnormal estrous cycles in this study. Kouki et al. (2003) reported a significant
decrease in ovarian weight on PND 60 in rats treated by sc injection with ~19 mg daidzein/kg bw/day
on PND 1-5; this same effect was observed in animals treated with estradiol or genistein. Based on the
small number of studies and the inconsistent findings, the evidence is insufficient to determine whether
daidzein or equol produces or does not produce developmental toxicity in laboratory animals.

“Clear Evidence” of Adverse Effects of Genistein/ Genistin in Studies Where Treatment Occurred
During Lactation

Genistein induced adverse effects on the female reproductive tract when administered via sc injection
during the period of lactation. Many of these studies were conducted by the same research group and
used an experimental design where CD-1 mice were treated on PND 1-5 with genistein, typically by
sc injection, and the reproductive system was assessed during late postnatal life or adulthood (Jefferson
et al. 2009b; Jefferson et al. 2005; Newbold et al. 2001; Padilla-Banks et al. 2006). In young animals,
neonatal treatment with 50 mg genistein/kg bw/day on PND 1-5 led to a higher incidence of multi-
oocyte follicles on PND 4-6 (Jefferson et al. 2006) and PND 19 (Jefferson et al. 2002) compared to
age-matched controls. In adulthood, the effects of neonatal exposure to 50 mg genistein/kg bw/day
were manifest as a lower number of live pups per litter (Padilla-Banks et al. 2006), a lower number of
implantation sites and corpora lutea (Jefferson et al. 2005), and a higher incidence of histomorphological
changes of the reproductive tract (i.e., cystic ovaries, progressive proliferative lesions of the oviduct,
cystic endometrial hyperplasia, and uterine carcinoma) (Newbold ez al. 2001) relative to control females.
In addition, the reproductive performance of the neonatally-treated mice was tested during adulthood
and there was a significant negative trend for the number of dams with litters at PND 1-5 dose levels
of 0, 0.5, 5, or 50 mg genistein/kg bw/day (Jefferson et al. 2005). In this study, there were no live litters
produced by female mice treated with 50 mg genistein/kg bw/day as neonates and a reduction in the
litter size in the females exposed to 0.5 and 5 mg genistein/kg bw/day on PND 1-5. Because the effects
were more pronounced in animals at 6 months of age than at 2 or 4 months of age, the authors suggested
that reproductive senescence may occur earlier in these animals as a result of the neonatal treatment
(Jefterson et al. 2005). Finally, an alteration in the distribution of females in various stages of the estrous
cycle was observed in animals exposed to >0.5 mg genistein/kg bw/day on PND 1-5 (Jefferson et al.
2005). Recently, oral treatment with 50 mg/kg bw/day of genistein on PND 1-5 in C57BL/6 mice was
shown to cause effects that are consistent with the findings described above, including: an increased
number of multi-oocyte follicle nests at PND 5 and 6 months of age, and a decrease in the number of
estrous cycles during a 25-day period at 6 months of age (Cimafranca et al. 2010). However, there was
no effect on fertility or age at vaginal opening in these animals.
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Figure 4. Genistein Blood Levels in Infants Fed Soy Formula and Neonatal Mice Treated
on PND 1-5 with 50 mg/kg/d Genistein by SC Injection® or Orally®
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2CD-1 mice (Doerge et al., 2002).

®C47BL/6 mice (Cimafranca et al., 2010).

€95th percentile (Cao 2009, personal communication).

*The estimated aglycone is based on findings from adults that approximately 1—3% of total genistein is present in
the unconjugated form (Setchell ef al. 2001).

The NTP considered the blood profiles of unconjugated genistein as comparable in infant mice fol-
lowing treatment by the oral route or subcutaneous injection. This conclusion is most directly sup-
ported by comparing the blood levels of unconjugated genistein measured in neonatal mice following
treatment on PND 1-5 with 50 mg/kg/d genistein by subcutaneous injection (Doerge et al. 2002) or
orally (Cimafranca et al. 2010) (Figure 4).

Similar effects on female reproductive tract development were observed with oral treatment with
genistin, the glycosylated form of genistin, directly to mouse neonates on PND 1-5 (Jefferson et al.
2009a). The effects of neonatal genistin exposure (expressed as aglycone equivalents) were manifested
as a reduction in the number of live pups per dam at 37.5 mg/kg bw/day, altered estrous cyclicity at >25
mg/kg bw/day, impaired fertility (based on a reduction in the number of plug positive dams delivering
pups), and a higher incidence of multi-oocyte follicles at PND 19 at > 12.5 mg/kg bw/day. Interest-
ingly, neonatal treatment with genistin administered orally on PND 15 elicited a greater uterotrophic
response on PND 5 compared to oral administration of the comparable dose level of genistein. Genistin,
expressed in aglycone equivalents, significantly increased uterine wet weight on PND 5 following
treatment on PND 1-5 with 25 and 37.5 mg/kg bw/day relative to controls, whereas genistein did
not produce any uterotrophic response at 37.5 mg/kg bw/day. In addition, although genistein induced
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Figure 5. Genistein Blood Levels in Infants Fed Soy Formula and
Neonatal CD-1 Mice Treated Orally with 37.5 mg/kg/d Genistin®
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25+
T —@— Total Genistein
--O- - Aglycone Genistein
E 20
2
©
o
-1 15
-8 Total Genistein
% 10.2 uM (2764 ng/ml)
[ 10 A
‘@
wd
2
o
O 57
Estimated Aglycone*
~0.3 uM (83 ng/ml)
0 JAN

Time (hours)

aSerum levels in mice from Jefferson et al. (2009a), doi: 10.1289/ehp.0900923.

b95th percentile (Cao 2009, personal communication).

*The estimated aglycone is based on findings from adults that approximately 1—-3% of total genistein is present in
the unconjugated form (Setchell ez al. 2001).

a significant uterotrophic response at a higher dose level (75 mg/kg bw/day), the magnitude of the
response was smaller than that produced by genistin at lower administered dose levels.

The reason for the greater potency of genistin in the neonatal uterotropic assay is not entirely clear, but
this finding is consistent with the much higher maximum blood levels of total genistein detected in the
mice after treatment with 60 mg genistin/kg bw/day (37.5 mg genistein/kg bw/day when expressed as
aglycone equivalents) or 37.5 mg/kg bw/day genistein (5189 versus 270.2 ng/ml, respectively). The
level of the biologically active unconjugated aglycone form of genistein was similarly elevated in the
mice treated with genistin compared to genistein. Blood levels of total genistein following this oral
treatment with genistin were also higher than those reported by this research group in mice that were
treated with 50 mg/kg bw/day genistein by sc injection on PND 1-5 (Doerge et al. 2002), the dose level
and route of administration that caused many of the effects described above. This treatment resulted in a
maximum serum concentration!? of total genistein of 1350 ng/ml (5 uM), of which ~46% (621 ng/ml or
2.3 uM), was present as unconjugated genistein By way of comparison, blood levels of total genistein
in infants fed soy infant formula at higher percentiles fall within the range of values reported by Jef-
ferson et al. (2009a) for genistin-treated mice (Figure 5). The findings of higher blood levels following

19Sample collected 30 minutes following dose administration
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genistin treatment are supported by a rat study by Kwon et al. (2007), which reported that genistin is
more bioavailable than genistein possibly because it can be absorbed after hydrolysis to genistein, as
well as absorbed in its intact form by passive transport across the membrane of the small intestine and
via a sodium-dependent glucose transporter (SGLT1) in the small intestine brush border membrane.

Adverse effects on female reproductive development were also observed in rats exposed to genistein
via sc injection or orally as neonates. These effects included earlier onset of vaginal opening and
altered estrous cycling in Long Evans rats treated with 10 mg/kg bw/day by sc injection on PND 0-—3
(day of birth, PND 0) (Bateman and Patisaul 2009); earlier onset of vaginal opening, altered estrous
cyclicity, and a decrease in the number of corpora lutea in Wistar rats treated with 19 mg/kg bw/
day on PND 1-35 by sc injection (Kouki ef al. 2003); and decreased fertility, poly-ovular follicles in
weanling females, and decreased number of implants per litter in Sprague Dawley rats treated orally
with genistein at dose levels of 12.5 to 100 mg/kg bw on PND 1-5 (Nagao et al. 2001).

With respect to sexual maturation, an earlier onset of vaginal opening was observed in rodents exposed
directly to genistein during the period of lactation. This effect was seen in CD-1 mice treated by sc
injection on PND 15—-18 with 10 mg/kg bw/day (3.1 day advance) (Nikaido et al. 2005) and rats
treated by sc injection as neonates with 10 mg/kg bw/day (~2-day advance) (Bateman and Patisaul
2009) or ~19 mg/kg bw/day (7 day advance) (Kouki et al. 2003). A 4-day earlier onset of vaginal
opening was also reported in a study where rats were treated by sc injection with 2 mg genistein/
kg bw/day on PND 1-6, followed by oral treatment with 40 mg/kg bw/day on PND 7-21 (Lewis
et al. 2003). An exception to this pattern was a delay in vaginal opening reported by Jefferson et al.
(2009a) in CD-1 mice treated orally with 37.5 mg/kg bw genistin on PND 1-5; 50% of these females
exhibited a 2-day delay and some did not have complete vaginal opening even 5 days after the last
of the control animals. Also, Cimafranca et al. (2010) did not see any alterations in timing of vaginal
opening in C57BL/6 mice orally treated with 50 mg/kg/d genistein as neonates.

“Clear Evidence” of Adverse Effects of Genistein in Studies with Gestational, Lactational, and
Post-Weaning Treatment

Clear evidence of adverse effects on the female reproductive tract was also observed in the NTP
multigenerational reproductive toxicity study presented in NTP Technical Report 539 (NTP 2008a)
where animals were fed dietary genistein at dose levels of 0, 5, 100, and 500 ppm. Additional data
that assist in interpreting some of the effects observed in the multigenerational study are reported in
NTP Technical Report 545, a chronic 2-year bioassay of genistein at these same dose levels where
animals were treated from conception through weaning, 20 weeks of age, or until the end of the 2-year
period (NTP 2008b). The study designs for these NTP Technical Reports are presented in Figure 6.
A comparison of blood levels of genistein reported in human infants fed soy formula and in rats fed
a diet containing 500 ppm geinistein (Chang 2000) is show in Table 4.

A number of effects related to growth and reproductive and developmental parameters were observed
at 500 ppm (~35 mg/kg bw/day in males and ~51 mg/kg bw/day in females during the entire feeding
period):
* Reduced litter size: Litter size of the 500 ppm group in the F, generation was significantly smaller
compared to controls and the litter sizes in the F|, F,, and F; generations showed negative exposure
concentration trends. These trends appeared to be largely determined by the 12% to 31% reduction
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in litter size in the 500 ppm group of those generations. No other impacts on fertility and no histo-
pathologic lesions were observed in females.

Figure 6. Study Designs of NTP Multigenerational Study (Technical Report 539)
and Chronic Two-Year Bioassay (Technical Report 545)
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*Negligible lactational transfer.
aPublished in NTP Technical Report 545.
PF, generation was mated as F, to F; to produce Fj litters.

Table 4. Genistein Blood Levels in Human Infants Fed Soy Formula and in Rats
Fed a Diet of 500 ppm Genistein in a Multigenerational Study Design

Blood Genistein

Population Total Genistein, Aglycone, Reference
ng/ml ng/ml (%)
Infants fed soy th . « | Personal communication;
infant formula 95'™ percentile 2764 27.6-82.9 (1-3) Ca0 2009
21.5-107.3 (female)
Rats? PND 140 kS (tomels) 16.2-81 (male) Chang 2000
1620 (male) o
(1-5%)
75t percentile 1455 14.6-43.7 (1-3)*
Infants fedsoy | =~ - e Cao 2009
infant f 1
fant Iormya 1 Nedian 891 8.9-26.7 (1-3)*
5.1-25.3 (female)
Rats® PND 21 Sl (il 5.6—28.2 (male) Chang 2000
564 (male) (1-5%)

*The fraction of total genistein present as aglycone has not been established for human infants. The estimated range
of 1-3% is based on data from adults (Setchell ef al. 2001).
2Shaded cells represent studies of rats fed genistein.
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* Accelerated vaginal opening: Females exposed to 500 ppm showed an accelerated time of vagi-
nal opening (approximately 3 days) in the F; and F, generations, while the 5 ppm group showed
an earlier time of vaginal opening (1.3 days) in the F; generation. Other studies administering
genistein via the diet during gestation, lactation, or/and postnatal life also observed a younger age
at vaginal opening (Casanova et al. 1999; Delclos et al. 2001; You et al. 2002a).
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* Altered estrous cyclicity: When examined shortly after vaginal opening, estrous cycles of 500
ppm females in the F, and F, generations were significantly longer (approximately 3 days and 1
day, respectively) than those of their respective control groups. Other estrous cycle disturbances
were confined to the 500 ppm group of the F, generation and included reduced time in proestrus
and an increase in the number and percentage of aberrant cycles, with the exception of decreased
time in diestrus for 100 ppm females in the F, generation. When the estrous cycles of animals
were examined prior to termination from PND 130 — 140, the only significant effects were a
decreased time in estrus and increased time in diestrus in 5 ppm females of the F, generation, and
an increased number of abnormal cycles in 500 ppm females of the F; generation.

Alterations in estrous cyclicity were also observed in the NTP 2-year chronic bioassay presented
in NTP Technical Report 545 (NTP 2008b). In this study, animals were either (1) exposed from
conception through 2 years, designated F, continuous, or F,C; (2) exposed from conception
through 20 weeks followed by control diet to 2 years, designated F, truncated at PND 140 or
F,T140; or (3) exposed from conception through weaning followed by control diet to 2 years,
designated F; truncated at PND 21, or F;T21. Estrous cycles were monitored starting at 5 months
of'age (~PND 150) to provide an estimate of when the animals began to show aberrant cycles, a
condition known to precede reproductive senescence. An earlier onset of aberrant estrous cycles
was observed at 500 ppm in the F,C, F,T140, and F;T21 (with some evidence for effects at 5
or 100 ppm that were considered “marginal”). In all cases, the prevalent stage that caused the
judgment of aberrant cycling was estrus, which appeared consistent with an acceleration of the
senescence pattern typical of the Sprague-Dawley rat. While aberrant estrous cycles were not
observed in PND 130—-140 rats in the NTP multigenerational study, those females delivered
and nursed litters shortly before evaluation, which may have had an impact on the observed
cycle effects. The interpretation of earlier onset of reproductive senescence is consistent with
the finding by Jefferson et al. (2005) related to the number of plug-positive mice that produced
litters following treatment with genistein by sc injection on PND 1-5 (Jefferson et al. 2005).
One hundred percent of plug-positive mice in the control group delivered litters when assessed at
2, 4, or 6 months of age, while the percentages decreased at these time points in animals treated
with 0.5 mg/kg bw/day (100, 100, and 60%) or 5 mg/kg bw/day (75, 88, and 40%). Mouse dams
exposed to the highest dose (50 mg/kg bw/day) on PND 1-5 did not produce litters even at 2
months of age.

* Decreased body weight: While pup birth weights were not significantly affected by genistein in
the F, through F, generations (with the exception of 100 ppm males in the F, generation), both
sexes in all generations showed depressed body weight gains during the pre-weaning period in
the 500 ppm groups. Male pup pre-weaning body weight gains were also depressed in the 5 and
100 ppm groups in the F, generation. In the postweaning period, exposure to 500 ppm genistein
reduced body weights predominantly in females of generations in which rats were ingesting the
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compound throughout adulthood (F,, through F,). In the F, generation, postweaning body weights
were reduced in all 100 and 500 ppm groups, with a more pronounced effect in the females. In
the unexposed F, generation, female post-weaning body weight was also depressed, although to
a lesser extent than in the earlier generations. Significant decreases in postweaning body weight
in males were confined to the F,; generation and were not seen in the similarly exposed F, genera-
tion. In the unexposed Fy generation, pup birth weights in all exposed groups of both sexes were
significantly lower than those in the controls, although this was interpreted as more likely a chance
observation rather than a carryover effect from exposures in earlier generations. Other studies
administering genistein via the diet during gestation, lactation or/and postnatal life also observed
transient or permanent decreases in body weight (Awoniyi et al. 1998; Casanova ef al. 1999; Del-
clos et al. 2001; Ferguson et al. 2009; Flynn et al. 2000; Masutomi et al. 2003; You et al. 2002a).

* Decreased anogenital distance: Male and female pups exposed to 500 ppm in the F, generation
had slightly reduced anogenital distances relative to controls when analyzed with body weight as a
covariate. Female pups also had reduced anogenital distances in the F, (500 ppm) and F; (100 ppm)
generations, although the statistical significance was dependent on the analysis method applied.

* Increased time to testicular descent: Increased time to testicular descent was observed in 500
ppm males of the F; generation, although no other effects of genistein on male sexual develop-
ment were reported.

Given the experimental design of multigenerational studies, it is impossible to determine whether the
observed effects could be attributed to exposure during the period of lactation only. Exposures through
placental transfer, lactational exposure, and feed ingestion could all have contributed to the reported
findings. Studies conducted in conjunction with the NTP multigenerational study showed that genistein
readily crosses the placenta; however, there was only limited lactational transfer via milk during nursing
(Doerge et al. 2001). Specific findings were that fetal serum concentrations of total genistein were ~ 13-
to 28-fold lower than maternal concentrations following treatment of Sprague-Dawley rat dams with a
single gavage dose of 20, 34, or 75 mg/kg bw genistein on GD 20 or 21 (Doerge et al. 2001). However,
the percent of genistein present as aglycone was greater in the fetuses at all dose levels (27 to 34%)
compared to dams (8 to 18%), which resulted in blood levels of the biologically active genistein aglycone
that were more similar between the fetus and dam as compared to the levels of total genistein. In contrast,
there was limited transfer of genistein from dams to rat pups during lactation. Doerge et al. (2006) fed
rat dams 500 ppm genistein (~51 mg/kg bw/day) in the diet starting immediately after parturition and
assessed internal exposures to genistein in the pups during the early postnatal period when pups were
exclusively nursing. The average serum levels of genistein measured on PND 10 from dams were ~2.6
times higher than milk levels of genistein collected on PND 7 (1.22 uM or 329.7 ng/ml compared to 0.47
UM or 127.0 ng/ml, respectively). On a daily intake basis, the estimated dose of genistein to dams from
the feed was ~ 100 higher than to the neonates from milk (51 versus 0.51 mg/kg bw/day). Serum levels
in the pups were ~ 30 times lower than in dams, 0.039 uM compared to 1.22 uM. The limited lactational
transfer of genistein suggests that effects observed in the F; generation (treatment from conception to
PND 21) were induced by in utero exposure or indicate a very sensitive response to neonatal exposure.
With respect to support for sensitivity of response from lactational exposure, the body weight gain in
pups from PND 7—10 was significantly lower for pups of genistein-fed dams (1.26 g) compared to pups
from control dams (1.46 g) in the lactational transfer study (Doerge et al. 2000).
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“Insufficient Evidence” for a Conclusion Based on Animal Studies of Soy Infant Formula
Only three publications report on the developmental effects of exposure to soy infant formula. One
study in rats initiated treatment after the period of lactation and had several technical limitations that
led the expert panel to consider it of “no utility” for the evaluation (Ashby ef al. 2000). Two other
publications reported data based on the same group of male marmosets treated during infancy and
assessed either as juveniles (Sharpe et al. 2002) or adults (Tan et al. 2006), and both of these stud-
ies were considered of “limited” utility by the expert panel. While there were permanent effects on
testicular cell populations (discussed further below), there were no obvious effects on reproductive
function, i.e. fertility or permanent changes in testosterone levels. Overall, the evidence is insufficient
to determine whether soy infant formula causes or does not cause developmental toxicity, due to the
small number of studies, the limitations in their experimental designs, and failure to detect adverse
functional effects.

Two studies reported the effects of feeding soy infant formula (versus standard cow milk formula)
directly to infant marmosets (non-human primates) during the period of lactation (from PND 4 or
PND 5 to PND 35 to PND 45; n=13 twin sets, plus four singletons) (Sharpe et al. 2002). Upon
completion of treatment, the soy infant formula-fed males had significantly lower plasma testos-
terone levels than their cow milk formula-fed co-twins. Histopathological analysis on the testes of
a subset of the co-twins on PND 35 to PND 45 revealed an increase in Leydig cell abundance per
testes in the soy infant formula-fed marmosets compared to their cow milk formula—fed co-twin, in
the absence of a significant change in testicular weight. A follow up study was conducted on the
remaining animals when they were sexually mature (80 weeks of age or older; n=7 co-twin sets)
(Tan et al. 2006). The males fed soy infant formula as infants had significantly heavier testes and an
increase in the number of Leydig cells and Sertoli cells per testis as compared to cow milk formula-
fed controls in the absence of a significant effect on timing of puberty, adult plasma testosterone
levels, or fertility. The authors’ suggest that the increase in testes weight was likely due to an increase
in testicular cell populations. Tan et al. (2006) also state that the permanent change in Leydig and
Sertoli cell populations may be due to compensation for Leydig cell failure following soy infant
formula exposure during lactation. Since the animals were also allowed to nurse from their moth-
ers, the authors suggest these studies may actually underestimate the effects of soy infant formula
on human testicular development. In addition, the small number of animals studied and the lack of
information on normal variability in the endpoints limit the utility of these studies.

“Insufficient Evidence” for a Conclusion Based on Animal Studies of Soy Protein
Isolate, Soy-Based Diets, or Mixtures of Isoflavones™

Twenty-eight studies involving administration of soy protein isolate, soy-based diets, or mixtures of
isoflavones to experimental animals were also judged by the expert panel to have utility in their evalu-
ation. However, the heterogeneity of this literature in terms of administered form of soy, amount of

1 The NTP considered whether information on domesticated animals, namely pigs, could be considered in reaching
conclusions related to use of soy infant formula. However, the literature on livestock pigs was considered of very
limited utility because (1) soy protein as an amino acid source is not typically introduced into the diet of pigs
until after weaning, and (2) no specific safety assessments of soy isoflavones in diets fed to swine appear to have
been conducted (December 3, 2009 public comment received from Dr. Hans H. Stein of the National Soybean
Research Laboratory in Urbana, IL available at http.//cerhr.niehs.nih.gov/evals/genistein-soy/SoyFormulaUpdt/
pubcom/HansSteinl2—02-2009.pdf)
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isoflavones, and differences in the experimental protocols hinders a clear interpretation of the toxicity
literature. As a result, the NTP concurs with the expert panel that although some of the studies have
identified potential developmental effects, these studies have yet to be replicated and overall provide
insufficient evidence to conclude that soy isoflavone mixtures, including soy-based diets, produce or do
not produce developmental toxicity in experimental animals.

Most of the developmental studies performed in rodents examined the effects of dietary soy products or
soy-isoflavone preparations added to soy-free diets, and it is not clear to what extent these treatments
are appropriate models for soy infant formula. In addition, the dietary interventions used in the experi-
mental animal studies differ from one another, which can complicate interpretation of the literature. For
example, one research group used a soy-based diet containing 102 mg genistein and 87 mg daidzin/kg diet
(Masutomi et al. 2004) while another researcher used a phytoestrogen-free casein-based diet (AIN-93g)
supplemented with soy protein isolate containing 286 mg genistein and 226 mg daidzein/kg diet (Ronis et
al. 2009). There is also a paucity of dose-response studies of dietary soy product or soy-isoflavone prepa-
rations; for example, only one study evaluated by the expert panel utilized a soy-free diet supplemented
with an isoflavone mixture giving rise to five different isoflavone intake levels (McVey ef al. 2004a, b).

A generally consistent pattern of increased testicular weight was observed in rats and mice treated

with soy diet or isoflavone supplements during gestation and lactation or continuous exposure, similar
to the effect described above in marmosets treated with soy infant formula during infancy. Increased

testicular weights were observed in 5/8 studies (Akingbemi et al. 2007; Mékeld et al. 1995; McVey et al.
2004b; Odum et al. 2001; Ruhlen et al. 2008), while one study in rats reported a decrease (Atanassova

et al. 2000) and two studies in rabbits observed no effect on testicular weight (Cardoso and Bao 2007,
2009). In particular, Akingbemi et al. (2007) reported an increase in testes weights (absolute and rela-
tive) on PND 28 rats with exposure to a soy-based diet supplemented with 5—1000 ppm and 50—1000

ppm isoflavones, respectively. At PND 90, absolute testes weights were decreased by the 50—1000

ppm isoflavone supplementation concurrent with an increase in serum testosterone levels at 1000 ppm

isoflavone supplementation, relative to controls. McVey ef al. (2004b) reported an increase in absolute

testes weights at PND 28, but not at PND 120, in male rats continually exposure to soy-based diets

containing from 36.1 to 1047 ppm isoflavones. Makela et al. (1995) observed increased testes weights in

rats with continual exposure to a soybean diet at 12 months of age, but not at 2 months of age. Increased

testes weights in rats were also observed by Ruhlen et al. (2008) at PND 90 and Odum et al. (2001) at
PND 68 and PND 128 with continual exposure to soy-based diets relative to soy-free diets. In contrast,
Atananssova et al. (2000) reported decreased testes weights in soy-diet control males relative to soy-free

diet fed males. Interestingly, there was a decrease in spermatocyte nuclear volume per Sertoli Cell on

PND 18 and PND 25 as well as a decrease in Sertoli Cell nuclear volume per testes at PND 18 in soy-diet
control males relative to soy-free diet males (Atanassova et al. 2000).

There was less consistent data on timing of puberty and growth in rats and mice following exposure
during gestation and lactation or continuous exposure to soy diet or supplements. Two of four studies
reported a decrease in the age of vaginal opening of 5.9 days (Guerrero-Bosagna et al. 2008) or 1 day
(Hakkak et al. 2000), and the remaining two studies reported an increase in age at vaginal opening
(Odum et al. 2001; Ruhlen ef al. 2008). Inconsistent effects were also reported for growth in rodents
treated during development. Studies reported increases in body weight (Masutomi et al. 2004); both
increases and decreases in body weight, depending on time at assessment (Akingbemi et al. 2007;
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Mardon et al. 2008; Odum et al. 2001; Ruhlen et al. 2008); decreases in body weight (Atanassova
et al. 2000; Gorski et al. 2006; Lephart et al. 2001; Lund et al. 2001); or no effect on body weight
(McVey et al. 2004b; Pastuszewska et al. 2008).

Timing of Exposure and Effects on the Mammary Gland

Female

Timing of exposure during development appears to be important in determining the impact of soy isofla-
vones on mammary gland developmental pace and susceptibility to cancer risk. In general, there appears
to be a lack of consensus in whether or not there is a “protective” effect or increased risk for hyperplasia/
tumors following genistein treatment during the period of lactation. In an evaluation of three studies
in rodents, (Cabanes et al. 2004; Hilakivi-Clarke et al. 1999b; Padilla-Banks et al. 2006), the common
theme observed in the treated animals was that terminal end buds (TEBs) were in greater in number
earlier in development and lower in number later in development when compared to controls, suggest-
ing precocious development of the mammary epithelium. All of these studies utilized a sc injection of
genistein directly to the pups at dose levels ranging from 0.7 — 50 mg/kg bw/day, and varied slightly in
the timing of exposure, but all studies included at least 5 days of the nursing period. TEBs are considered
to be very susceptible to chemical carcinogens, thus a decrease in the abundance of TEBs is an indicator
of decreased cancer susceptibility (Russo ef al. 1990). One of the three studies (Hilakivi-Clarke et al.
1999b) reported decreased multiplicity of tumors, but not incidence, in genistein-dosed rat offspring
exposed to a chemical carcinogen, when compared to controls. Another study in rats (Cabanes et al.
2004) reported development of lobulo-alveolar structures, often correlated with decreased sensitivity to
a carcinogen. However, a study in mice (Padilla-Banks ez al. 2006) and a fourth study in rats (Foster ez al.
2004) each observed hyperplasia and preneoplastic lesions in female offspring allowed to age normally
following genistein exposure via sc injection to the pups during lactation. Some of these changes were
similar to the types of changes normally observed in lactating animals (e.g., secretory changes in epi-
thelial cells and lobular expansion) in addition to findings of increased incidences of atypical epithelial
hyperplasia, microcalcifications, and in sifu carcinoma (rats only) as compared to controls.

In contrast, exposure to genistein only during the period of gestation has been associated with effects on

the pup mammary gland that are consistent with an increased susceptibility to mammary gland carcino-
genesis. An increase in TEBs in female mice was observed on PND 35 and 45 following administration

of genistein (~0.7 to 0.8 mg/kg bw/day) to the dam via sc injection on GD 15-20 (Hilakivi-Clarke

et al. 1998). In another publication, this research group reported an increased incidence of mammary

gland tumors in rats following dimethylbenzanthracene (DMBA) treatment on PND 50, following

gestational exposure on GD 15-20 (~0.1 or ~ 1.5 mg/kg bw/day via sc injection to dams, but not ~0.5

mg/kg bw/day)(Hilakivi-Clarke et al. 1999a).

The NTP conducted a 2-year cancer bioassay of genistein that included a group of rats exposed via
diet beginning with conception throughout life (National Toxicology Program (NTP) 2008) (Figure 6).
There was some evidence of carcinogenicity based on an increased incidence of mammary gland
adenoma or adenocarcinoma (combined) and pituitary gland neoplasms in females. The effects of
genistein on the mammary gland were less clear with shorter periods of exposure, and equivocal
evidence of mammary gland adenomas or adenocarcinomas was reported for females exposed from
conception to weaning or conception to PND 140. In addition, there were conflicting results from two
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studies with dietary exposure to genistein: one study using only prenatal exposure reported an increase
in the number of TEBs at 8 weeks of age and a higher incidence of chemically-induced mammary
tumors, but no changes in latency to tumors or multiplicity (Hilakivi-Clarke ez al. 2002), and another
study (Fritz et al. 1998) reported a persistent decrease in TEBs leading to a reduced tumor multiplicity
and no change in tumor latency following gestational and lactational genistein exposures (incidence
was not reported). Two common threads were apparent: developmental timing of genistein exposure
was related to TEB versus mature duct end numbers and the level of TEBs present at the time of
carcinogen exposure was related to number of tumors.

Exposure to dietary soy protein isolate appears to have a protective effect on female mammary gland
development based on three rodent studies evaluating the effects reported for the abundance of TEBs
or response to a chemical carcinogen challenge. In two studies, soy protein isolate was adminis-
tered in diet to rats from preconception (Hakkak et al. 2000) and/or during pregnancy, lactation, and
throughout life of the F, female offspring (Simmen et al. 2005). In both of these experiments, F,
rats exposed to soy protein isolate displayed a longer latency to develop mammary gland tumors
and a lower incidence of females with at least one mammary gland tumor following exposure to a
chemical carcinogen on PND 50. Thomsen et al. (2006) administered a soy protein isolate in diet to
mice during lactation or during lactation and throughout adulthood. They reported exposure to soy
protein isolate during lactation increased the number of TEBs immediately after weaning (PND 28)
compared to controls. On PND 42-43, the female rats continually exposed to soy protein isolate
had a lower number of TEBs and on PNDs 70-73, there was no treatment difference in the number
of TEBs. The authors speculated that treatment enhanced normal development and that the effects
of treatment on tumor susceptibility may depend on the timing of exposure, such that a protective
effect may be expected if carcinogenic insult is initiated late in puberty, i.e., PND 42-43, versus at
an earlier point in development.

Male

One of the most consistent findings of the NTP studies was morphological changes in the mammary
gland of male rats (Latendresse et al. 2009; 2008a). In the NTP perinatal dose selection study for
genistein that tested dose levels of 5, 25, 100, 250, 625, and 1,250 ppm, an increased incidence of
mammary gland hypertrophy was observed in males at >25 ppm and hyperplasia at >250 ppm. In a mul-
tigenerational evaluation of 0, 5, 100, or 500 ppm genistein (Latendresse ef al. 2009), the incidence of
mammary gland alveolar/ductal hyperplasia was significantly higher in 500 ppm males in the F,, through
F, generations and in 100 ppm males in the F, and F, generations. In the F; generation, a significant,
positive, linear, exposure- concentration trend in the incidences of mammary gland hyperplasia occurred,
but no exposed group differed significantly from controls in pairwise comparisons. Both developmental
and adult exposures contributed to the maintenance of these effects. More dramatic effects of genistein
on the incidences of male mammary gland hyperplasia were observed in the continuously exposed F,
and F, generations as compared to the late adolescent and adult exposures of the F, generation and the
pre-weaning-only exposure of the F; generation. Mammary gland hyperplasia was absent in males not
directly or indirectly exposed to genistein (F, generation)(Latendresse et al. 2009; 2008a).

Mammary gland hyperplasia was also observed in the NTP 2-year chronic study at a lower incidence
compared to the multigenerational study. In the 500 ppm dose group of the chronic study, the propor-
tion of male mammary glands having hyperplasia (ductal and alveolar combined) was 19% of the
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F,C (exposed conception to 2 yr) and 20% of the F;T140 (exposed conception to 140d) (Latendresse
et al. 2009). In the multigenerational study, the incidence of mammary gland hyperplasia at 500
ppm was 60% in the F, males and 72% in the F, males (Latendresse et al. 2009). There was no clear
evidence of progression of male mammary gland hyperplasia to neoplasia in the chronic study; i.e.,
there was “no evidence” of carcinogenicity activity in males of any generation for mammary gland
or other tissue. Based on these data, Latendresse et al. (2009) concluded that the decline in incidence
of mammary hyperplasia observed in the NTP chronic study was most likely due to regression of
hyperplasia and glandular involution. Three other studies of dietary exposure during gestation and
lactation or continuous exposure in male rats have reported an increase in mammary gland branching
and epithelial cell proliferation (You et al. 2002a); an increase in mammary gland branching, TEBs,
and lateral buds in male rats (You ef al. 2002b); and an increase in size and tissue density of the
mammary glands (Wang et al. 2006).

Consideration of Equol Production

The metabolic profile of daidzein varies in humans with 30 to 50% of individuals being classified as
equol producers, and some individuals producing little or no equol, presumably due to differences
in microbial factors, dietary consumption, lifestyles, or genetic factors (Atkinson et al. 2008a) (see
Section 2.1.1.2 of the final expert panel report for additional discussion). Human infants are generally
considered less able to produce equol compared to adults due to immaturity in gut microflora and/
or underdeveloped metabolic capacity (Setchell ef al. 1997). The expert panel considered the issue
of equol production and concluded that rodent and monkey models receiving soy infant formula or
other isoflavone mixture that included daidzein were relevant for humans because: (1) daidzein has
estrogenic activity of its own and (2) some portion of human infants produce equol. The NTP concurs
with this conclusion but recognizes that additional in vivo studies specifically designed to address the
interactions between various soy isoflavones would be useful.

Equol is an estrogenic metabolite of daidzein with in vitro-based estimates of estrogenic potency
that are generally intermediate between daidzein and genistein, e.g., Table 5. Overall, equol elicits
estrogenic responses based on in vivo studies using classic measures of estrogenicity, although some

Table 5. Comparison of In Vitro Measures of Isoflavone Estrogenicity
Relative Binding Affinity, % *

Relative Estrogenic Activities

Compound ERa ER Binding® | . Yeast »|  E-screen®
ransactivation
E, 100 100 1 -+ ++++ -+
Genistein 2.07 14.8 7.1 +++ ++++ +++
Daidzein 0.55 0.46 0.8 ++ ++ ++
Equol 1.70 4.45 2.6 ++ +++ -+
Glycitein 0.32 0.44 1.4 ++ N.D. ++

aRelative binding affinity =(ICs, of E,)+(ICj, of test compound) x 100.

®Based on comparisons to E, alone: ++++ (> 100%), +++ (66%—99%), ++ (33%—66%), + (1%—33%).
Potency estimates for ER binding were based on binding data for at least one ER type.

N.D.=Not determined.

From Table 1 in Choi ef al. (2008).
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studies suggest that equol may not be exerting these effects with a potency predicted from the in vitro
studies (Bateman and Patisaul 2009; Breinholt ef al. 2000; Medlock et al. 1995; Nielsen et al. 2009;
Rachon et al. 2007; Selvaraj et al. 2004); see also Expert Panel Report, Section 2.2.9.2. For example,
neonatal treatment with 10 mg genistein/kg bw/day by sc injection caused a ~2-day advancement in
the day of vaginal opening, while there was no effect in animals treated with the same dose level of
equol (Bateman and Patisaul 2009). However, the estrous cycles of these animals were significantly
altered and less than 30% of females in both groups displayed regular estrous cycles (most animals
were in persistent estrus or diestrus) by 10 weeks of age. Kouki et al. (2003) found less indication for
estrogenic activity of daidzein compared to genistein in a study that compared the effects of neonatal
treatment with ~ 19 mg/kg bw/day of either isoflavone (by sc injection). Estrogenic responses reported
for genistein, but not detected for daidzein, included earlier onset of vaginal opening, persistent or
prolonged estrous, loss of corpora lutea, and reduced lordosis quotient in female rats. Allred et al.
(2005) reported that a smaller percentage of equol is circulating in the unconjugated form compared
to genistein following oral exposure and suggested this may contribute to a reduced in vivo potency
relative to in vitro predictions. In this study, the percentage of genistein present as aglycone (9%) was
higher than the percentage of equol present as aglycone (1%) following ingestion of a soy flour diet
in female Balb/c mice.

Assessment of other non-estrogenic endpoints leads to similar conclusions. Studies, mostly in vitro,
have also examined effects of soy isoflavones on endpoints such as: effects on bone, cardiovascular/
lipid regulation, cell growth, inflammation, immunity, and neurology (Expert Panel Report, Table
78). Of the 77 studies that presented data on these endpoints, the majority reported a similar pattern
of relative ranking of genistein > equol>daidzein based on magnitude of effect or relative potency.
Across these studies, genistein was more potent than equol or daidzein in 60 of approximately 117
endpoints examined. The relative effects for all three isoflavones were similar in another 52 of these
endpoints. Daidzein or equol caused a greater effect as compared to genistein for only five endpoints.
It is worth noting that 16 of these studies also reported that genistein inhibited tyrosine kinase activity,
while inhibition of this enzyme by daidzein was not observed. The tyrosine kinase activity data sug-
gest that the effects of genistein could be due in part to a non-estrogen receptor mode of action. In all
cases where an effect was observed, the isoflavones acted in the same direction (e.g., genistein and
daidzein both inhibited bone resorption (Blair ef al. 1996)). Collectively, these data do not support
the notion that daidzein or equol markedly “offset” genistein activity.

One factor in interpreting the isoflavone literature is consideration of species differences in the ability
to produce equol, an estrogenic metabolite of daidzein. It is generally accepted that a greater propor-
tion of rodents and monkeys metabolize daidzein to equol compared to humans, at least in adulthood.
The metabolic profile of daidzein varies in humans with some individuals producing little or no equol,
presumably due to differences in microbial factors, dietary consumption, lifestyles, or genetic factors
(Atkinson et al. 2008a). Human infants are generally considered less able to produce equol compared
to adults due to immaturity in gut microflora and/or underdeveloped metabolic capacity (Setchell et
al. 1997). No information has been published on the equol production capacity for infant rodents or
monkeys, but the same pattern observed in human infants also appears to hold true for pigs. Gu et al.
(2006) did not detect equol in the sera of one month old piglets fed ~8.6 mg/kg bw daidzein since
infancy. In contrast, other studies have reported equol in the serum of older pigs (Farmer et al. 2010;
Kuhn et al. 2004; Walsh et al. 2009).
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The species differences in daidzein metabolism are not considered a significant factor in rodent studies
where only genistein was administered and animals were fed a soy-free- or low-phytoestrogen diet.
However, it can complicate the interpretation of studies that include daidzein for reaching conclusions
on potential effects in human infants fed soy infant formula. One concern is that use of rodents or
monkeys as animal models may “overestimate” the potential health risk to human infants fed soy infant
formula. A negating effect of daidzein and/or equol on estrogenic effects of genistein is not generally pre-
dicted unless perhaps the binding of less potent isoflavone, i.e., daidzein, to estrogen receptors limits the
access of genistein to those receptors. However, this would only make sense conceptually if the relative
concentrations of the weak binders were much higher than concentrations of genistein, and they are not.

Based on detection frequency, the percentage of infants with detectable levels of equol in urine or plasma
is similar to the percentage of adults considered to be “equol producers.” Equol was detected in the urine
0f 25% of 4—6 month old infants (Hoey et al. 2004) and in the plasma of 4 of 7 (57%) 4-month old infants
fed soy infant formula (Setchell ef al. 1997), values that are comparable to the frequently cited range of
30-50% of adults considered to be equol producers (Atkinson et al. 2008a; Atkinson et al. 2008b; Bolca
et al. 2007; Hall et al. 2007; Setchell ef al. 2003). In a larger sample, Cao et al. (2009) were not able to
detect equol in the blood (n=27) or saliva (n=120) of infants aged 0 to 12 months on a soy infant formula
diet for at least two weeks, although it was detectable in the urine of a small proportion, 6 of 124 (5%), of
infants. One reason why equol might not have been detected in the Cao et al. (2009) study is because of
the relatively high limit of detection. The mean plasma concentration of equol measured in soy formula
fed infants by Setchell ez al. (1997) was ~ 2 ng/ml (range across infants in all feeding groups was <LOD
to ~5.5 ng/ml) while the limit of detection in whole blood for equol in Cao et al. (2009) was 12 ng/ml.

Both Setchell ez al. (1997) and Cao et al. (2009) reported detecting equol in a greater proportion of infants
fed cow milk-based formula compared to other feeding methods. In Setchell ez al. (1997), 100% of infants
fed a cow milk-based formula had detectable plasma levels of equol with a peak level up to 2 orders of
magnitude higher than in infants fed soy-based formula. In contrast, equol was only detected in 4 of 7
(57%) infants fed soy infant formula and 1 of 7 (14%) breastfed infants. In Cao et al. (2009) equol was
also detected in a higher percentage, 22%, of infants fed a cow milk-based formula compared to those fed
soy infant formula (5%) or breast milk (2%), although the geometric means of urinary equol in the infants
were comparable between feeding regimens (soy infant formula, cow milk formula, and breast milk were
2.3 ng/ml, 2.4 ng/ml, and 1.7 ng/ml equol, respectively). The finding of equol being more readily detected
in infants fed a cow milk-based formula is not unexpected given that cows can produce equol from either
the formononetin found in red clover or daidzein found in soy (King ef al. 1998). There are also data
suggesting that equol concentrations may be higher in organic milk products presumably because organic
dairy cows eat more forage legumes compared to conventionally raised cows (Hoikkala et al. 2007).

Of the infants who do produce equol, they do not seem to produce equol to the same extent as adults.
This conclusion is based on the most recent CDC data from NHANES. The geometric mean (10th —
90th percentile) of equol detected in urine for people aged 6 years and older was 8.77 pg/L (<LOD
- 38.5) (U.S. Centers for Disease Control and Prevention 2008). This value is approximately 3.7 to
5.2-fold higher than urinary concentrations of equol measured in infants by the CDC and reported in
Cao et al. (2009), which included infants fed soy infant formula who were exposed to higher daidzein
levels than older children and adults.
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Limitations of Studies that Only Administer Genistein

A major limitation in extrapolating the results of the genistein-only studies in laboratory animals that
presented evidence of development toxicity to humans fed soy infant formula is the uncertainty on
whether another component of soy infant formula, either isoflavone or other, could act to dampen the
effects of genistein. As discussed above, a “negating” effect of daidzein or equol on genistein would
not be predicted given that they all exhibit estrogenic activity; the prediction would be an exacerba-
tion of estrogenic response. However, to date, these predictions have not been tested for the endpoints
described above that present “clear evidence” of adverse effect for genistein, i.e., decreased in litter
size, altered estrous cyclicity, etc.

In addition, it is also theoretically possible that non-isoflavone components of soy infant formula may
alter the biological activity of the soy isoflavones. However, assessing such an interaction is complicated
from an experimental design perspective. Treatment of infant animals with soy infant formula in an “off
the shelf” preparation administered in an amount relevant for humans is quite challenging from a logisti-
cal perspective. Oral treatment with soy infant formula at levels that are comparable to intakes for human
infants on a body weight-corrected basis would require that neonatal rodents be treated more than 15
times a day. In addition, neonatal animals need to nurse and interact with their mothers along with ingest-
ing soy infant formula; therefore it is unlikely that sufficient soy infant formula could be administered to
a laboratory animal at the concentration and volume (corrected for body weight) that is administered to a
human infant. For example, the marmoset monkeys discussed in Sharpe et al. (2002) and Tan et al. (2006)
were only fed soy infant formula 3 or 4 times a day during an 8-hour period on the weekdays and 1 or
2 times a day during a 2-hour period on weekends. At other times, the infant marmosets were with their
mothers and free to nurse. On a volume-ingested basis corrected for body weight, the marmosets con-
sumed approximately half the volume of 1-month old human infants exclusively fed soy infant formula,
~0.1 L/kg bw versus ~0.2 L/kg bw. The estimated intake of total isoflavones in the marmosets, 1.6—3.5
mg/kg bw/day, was approximately 20 to 85% of the estimated intake in human infants at 1-month old.

Although it may not be possible to administer infant laboratory animals a soy formula preparation that
directly models human infant exposure, the NTP believes that utilization of the genistein/genistin-
only studies in laboratory animals would be enhanced if the adverse findings (e.g., decreased litter size,
altered estrous cyclicity, early onset of vaginal opening) were also observed following co-treatment
with other soy isoflavones such as daidzein.

SHOULD FEEDING INFANTS SOY INFANT FORMULA CAUSE
CONCERN

Infants fed soy infant formula are reported to consume as much as 6.2 mg/kg bw/day of total genistein,
thus a 5 kg infant would consume ~30 mg/day of total genistein. Blood levels of total genistein in
infants fed a soy infant formula diet can exceed those reported in young rats or mice treated with
genistein during development at dose levels that produced adverse effects, i.e., early onset of sexual
maturation, altered estrous cyclicity and decreased litter size (Table 6). While these types of adverse
effects have not been reported in humans during 60 years of soy infant formula usage, adequate stud-
ies of the reproductive system have also not been conducted on girls or women following use of soy
infant formula during infancy. Thus, the data in humans are not sufficient to dismiss the possibility
of subtle or long-term adverse health effects in these infants.
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In a study of 27 infants fed soy infant formula, the median serum level of total genistein was 890 ng/
ml, with serum levels of total genistein reaching 1455 ng/ml at the 75th percentile (Cao et al. 2009)
and 2763.8 at the 95th percentile (personal communication with Dr. Yang Cao, NIEHS). These blood
levels in infants can exceed maximum concentrations of total genistein associated with dose levels of
genistein that caused adverse developmental effects in rodents. Specifically, the maximum blood level
of'total genistein measured in female mice following daily sc injection of 50 mg/kg bw/day genistein on
PND 1-5 was 1837 ng/ml or 6.8 uM (Doerge et al. 2002). A number of adverse effects on the female
reproductive tract were reported in other studies that used this treatment protocol, including increased
incidence of multi-oocyte follicles (Jefferson et al. 2006; Jefferson et al. 2002), lower number of live
pups per litter (Jefferson et al. 2005; Padilla-Banks et al. 2006), lower number of implantation sites
and corpora lutea (Jefferson e al. 2005), and higher incidence of histomorphological changes of the
reproductive tract (i.e., cystic ovaries, progressive proliferative lesions of the oviduct, cystic endometrial
hyperplasia, and uterine carcinoma) (Newbold et al. 2001). Similarly, blood levels of total genistein
measured in human infants fed soy infant formula can exceed levels of total genistein measured in the
NTP multigenerational study in rats on PND 21 and PND 140 following dietary treatment with 500
ppm (~35-51 mg/kg bw/day) of genistein (Chang et al. 2000).'? Effects observed at the 500 ppm dose
level included reduced litter size, decreased body weight, accelerated vaginal opening, altered estrous
cyclicity, delayed testicular descent, and mammary gland hyperplasia in males (NTP 2008a) (Table 6).

Comparisons based on blood levels of unconjugated genistein between humans and rodents are more
difficult because only total genistein was measured in the infants fed soy formula (Cao et al. 2009).
However, in adults approximately 1-3% of total genistein is present in the unconjugated form (Setch-
ell et al. 2001). If this range is applied to the blood levels of total genistein measured in infants fed soy
formula, then the estimated levels of unconjugated genistein at the 50th percentile would be 8.9-26.7
ng/ml (based on total genistein of 891 ng/ml) and at the 95" percentile the levels would be 27.6-82.9
ng/ml (based on a total genistein of 2763.8 ng/ml). These estimates of unconjugated genistein in infant
blood are similar to the estimated levels of unconjugated genistein in the F, rats on PND 21 or PND
140 in the NTP multigenerational study at a dietary dose level of 500 ppm where adverse effects were
reported (Table 6). The estimated levels of genistein (total and estimated aglycone) in human infants
are also similar to blood levels measured in mice following oral or sc injection treatment with 50 mg/
kg bw/day genistein oral treatment 37.5 mg/kg bw/day genistin on PND 1-5 (Figure 4 and Figure 5).

Estimated concentrations of free genistein and daidzein at blood levels corresponding to the 75th
percentile for infants fed soy formula are approximately 13.39 ng/ml (0.054 uM) and 1.92 ng/ml
(0.008 uM). These estimated values for genistein and daidzein are ~116,000 and ~16,700 times
higher, respectively, than an estimated free E2 in serum from infants of 0.000115 ng/ml (see Appendix
1 for the basis of these calculations). The estimated blood levels of free genistein and daidzein in
infants overlap with concentrations of these isoflavones predicted to elicit estrogenic activity based on
potency estimates relative to estradiol from cell-based transcription assays, which range from 0.000001
t0 0.002 (1x 1076 to 2x 1073) for genistein and 0.0000024 to 0.00014 (2.4x 1076 to 1.4x10~%) for
daidzein as summarized by the UK Committee on Toxicity Report on Phytoestrogens and Health (UK
Committee on Toxicity 2003)]. Data do not exist to permit a similar comparison based on tissue levels

12 The study by Chang et al. (2000) also included measurement of genistein (total and aglycone) in a number of tissues
in the rats on PND 140.
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of isoflavone in infants. However, genistein and daidzein display relatively weak affinities for serum
binding proteins (Nagel ef al. 1998) and there do not appear to be barriers for tissue uptake (Chang
et al. 2000) leading to the prediction that tissue concentrations of the aglycones would similarly fall
within the range considered estrogenic based on the in vitro assays.

The NTP concurs with the conclusion of the CERHR Expert Panel on Soy Infant Formula that
there is minimal concern for adverse effects on development in infants who consume soy
infant formula.

This level of concern represents a “2” on the five-level scale of concern used by the NTP (Figure 7).
It is based primarily on findings from studies in laboratory animals exposed to genistein, the primary
isoflavone in soy infant formula. The existing epidemiological literature on soy infant formula exposure
is insufficient to reach a conclusion on whether soy infant formula does or does not cause adverse effects
on development in humans. There is “clear evidence” for adverse effects of genistein on reproductive
development and function in female rats and mice manifested as accelerated puberty (i.e., decreased
age at vaginal opening), abnormal estrous cyclicity, cellular changes to the female reproductive tract,
and decreased fecundity (i.e., decreased fertility, implants, and litter size). Also, Infants fed soy infant
formula can have blood levels of total genistein that exceed those measured in neonatal or weanling
rodents following treatment with genistein at dose levels that induced adverse effects in the animals.
However, the NTP accepts the conclusions of the expert panel that the current literature in laboratory
animals is limited in its utility for reaching conclusions for infants fed soy infant formula. The NTP
agrees with the expert panel that the individual isoflavone studies of genistein, or its glucoside genistin,
in laboratory animals would benefit from data on the effects of mixtures of isoflavones and/or other
components present in soy infant formula because these mixture studies would better replicate human
infant exposures. In addition, a limitation of many of the studies that observed adverse effects in rodents
is that exposure occurred during the period of gestation, lactation, and beyond weaning, which made it
difficult to distinguish the effects of isoflavones that might have occurred as a result of exposure during
lactation alone. A better approximation of human exposure of infants fed soy infant formula would be
data from animals exposed during lactation only. Thus, the NTP is initiating a series of studies to address
several of the limitations in the laboratory animal studies identified by the expert panel.

Figure 7. NTP Conclusions Regarding the Possibilities that Human Development
Might be Adversely Affected by Consumption of Soy Infant Formula

SERIOUS Concern

for adverse effects

CONCERN

for adverse effects

SOME Concern

for adverse effects
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APPENDIX 1: COMPARISON OF ESTIMATED BLOOD LEVELS
OF “FREE” GENISTEIN AND DAIDZEIN IN INFANTS FED SOY
FORMULA WITH LEVELS OF “FREE” ESTRADIOL

Estimated concentrations of free genistein and daidzein at blood levels corresponding to the 75th per-
centile for infants fed soy formula are approximately 13.39 ng/ml (0.054 uM) and 1.92 ng/ml (0.008
uM). These estimated values are ~116,000 and ~ 16,700 times higher than an estimate of free E2 in
serum from infants of 0.000115 ng/ml (Table 7). The estimated levels of free genistein and daidzein
overlap with concentrations predicted to elicit estrogenic activity based on potency estimates relative to
estradiol from cell-based transcription assays, which range from 0.000001 to 0.002 (1x10-6to2x10~%)
for genistein and 0.0000024 to 0.00014 (2.4 x 1076 t0 1.4 x 10~#) for daidzein as summarized by the UK
Committee on Toxicity Report on Phytoestrogens and Health (UK Committee on Toxicity 2003)].

Basis of calculations

The estimated free concentrations of genistein and daidzein presented above are based on consid-
eration that both the percentage of genistein and daidzein that circulate in the unconjugated state
as well as the estimated portion of the unconjugated forms not bound to serum binding proteins,
i.e., “free”. For infants, 2% of genistein and daidzein was assumed to circulate in the unconjugated
form based on data from adults reporting a range of 1 — 3% (Rufer et al. 2008; Setchell et al. 2001).
Unlike endogenous estrogens, neither genistein nor daidzein are considered to bind with particularly
high affinity to serum binding proteins although relatively few studies have tried to quantitate these
interactions. Nagel et al. (1998) used a relative binding affinity-serum modified access (RBA-SMA)
assay to calculate effective free fractions of genistein (45.8%), daidzein (18.7%), and equol (49.7)

Table 7. Estimated Circulating Levels of “Free” Estradiol in Infants and “Free” Genistein and
Daidzein in Infants Fed Soy Formula

Blood Concentration, ng/ml (uM)

Infant Population Estradiol Genistein

Females
(16d—3y, reference value)? 0.013 0.00013 16,695
Males 0.010 0.00010

(16d -3y, reference value)?

Average female and male

(16d—3y, reference value) 0.0115 0.000115

Infants fed soy formula,
(male and female combined,
75" percentile)3

Ratio of free isoflavone 116,434 16,696
to free estradiol (1.16x10°) (1.67x10%)

1455.1 13.39 518.7 1.92
(5.4 uM) | (0.054 pM) | (2.0 uM) | (0.008 M)

!'For estradiol (E,), free concentrations were calculated based on the assumption that ~1% of total E2 is circulating in free
form. This value is based on a study by Radfer ez al. (1976) that 1.03% and 0.75% of E2 is in the free form in 6-week old
female and male infants. Free genistein and free daidzein concentrations were estimated at 0.92% and 0.37% (Table §).

2 Reference values from Elmlinger ef al. (2002).

3 From Cao et al. (2009).
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Table 8. Estimated Percentage of Genistein and Daidzein Circulating as “Free”
(Unconjugated and Unbound to Serum Binding Proteins) in Human Serum

2

Parameter | Genistein | Daidzein o

. oo

Unconjugated ! 2% 2% o

; : m

Percent unconjugatqd that is potz 45 8% 18.7% AL

bound to serum binding proteins

Free 0.916% 0.374%

I'A central estimate based on the range of unconjugated reported at steady state of 1-3%
(Rufer et al. 2008; Setchell et al. 2001).

2The “effective free fraction” calculated from relative binding affinity-serum modified access
(RBA-SMA) assays by Nagel ef al. (1998).

in serum from adult human males. The isoflavones were considered to have enhanced access to cells
compared to estradiol, which had an effective free fraction of 3.46% based on whole cell uptake
saturation assay. If the Nagel et al. (1998) values for the isoflavones are combined with a value of 2%
present as unconjugated, then an estimated 1% of genistein and 0.4% of daidzein would be present
as “free” in circulation, i.e., unconjugated and unbound (Table 8).

The estimated percent of estradiol circulating as free was based on combining data from two publica-
tions. One is a 1976 publication by Radfer et al. (1976) that reported total and free estradiol levels in
human infants during the first weeks after birth (estimates of percent free were not provided in male
infants prior to 2 weeks of age). The second publication reported reference levels of total estradiol
from infancy to adolescence in a clinically normal set of German children (Elmlinger et al. 2002)
(Table 9). Radfer et al. (1976) reported a sharp decline in levels of total estradiol for both male and
female infants during the first weeks of life; however, the percentage free in female infants was con-
stant during this time. The percentage of free estradiol levels decreased from 2.9% at 24-hours to 1.0
% at 6 weeks. In males, the percent free at 6 weeks was lower compared to females, at 0.75% (Table 9).
The percent free was similar in boys and girls at 0-8 years of age, 0.81% and 0.87%, respectively.
By way of comparison, ~ 1.8 and 2.3% of total estradiol is free in adult men and women, respectively
(Nagel and vom Saal 2004).
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APPENDIX I.
NTP-CERHR SOY INFANT FORMULA EXPERT PANEL

A 14-member panel of government and non-
government scientists, and was prepared with
assistance from NTP staff At a public meeting
held on December 16-18, 2009 (74 FR 53509),
the expert panel discussed these studies, the
adequacy of available data, and identified
data needed to improve future assessments.
The finalized report presents conclusions on
(1) the strength of scientific evidence that soy
infant formula or its isoflavone constituents are
developmental toxicants based on data from in
vitro, animal, or human studies; (2) the extent
of exposures in infants fed soy infant formula;
(3) the assessment of the scientific evidence

that adverse developmental health effects may
be associated with such exposures; and (4)
knowledge gaps that will help establish research
and testing priorities to reduce uncertainties
and increase confidence in future evaluations.
Panel conclusions were based on the scientific
evidence available at the time of the public
meeting. The NTP-CERHR released the final
expert panel report on January 15, 2010 (75 FR
2545. The NTP-CERHR Expert Panel Report on
Genistein and Soy Infant Formula is provided
in Appendix II. The expert panel report is also
available on the CERHR website (http:/ntp.
niehs.nih.gov/go/evals)
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PREFACE

The National Toxicology Program (NTP) and the National Institute of Environmental Health Sciences
(NIEHS) established the NTP Center for the Evaluation of Risks to Human Reproduction (CERHR)
in June 1998. The purpose of CERHR is to provide timely, unbiased, scientifically sound evaluations
of human and experimental evidence for adverse effects on development and reproduction caused by
substances to which humans may be exposed. CERHR is headquartered at NIEHS, Research Triangle
Park, NC. Additional information about the center and documents related to previous evaluations are
available at http://ntp.niehs.nih.gov/go/ohat.

Soy infant formula contains soy protein isolates and is fed to infants as a supplement to or replacement
for human milk or cow milk. Soy protein isolates contains estrogenic isoflavones (“phytoestrogens”)
that occur naturally in some legumes, especially soybeans. Phytoestrogens are non-steroidal, estrogenic
compounds. In plants, nearly all phytoestrogens are bound to sugar molecules and these phytoestrogen-
sugar complexes are not generally considered hormonally active. Phytoestrogens are found in many food
products in addition to soy infant formula, especially soy-based foods such as tofu, soy milk, and in some
over-the-counter dietary supplements. Soy infant formula was selected for expert panel evaluation because
of (1) the availability of large number of developmental toxicity studies in laboratory animals exposed to
the isoflavones found in soy infant formula (namely, genistein) or other soy products, as well as a number
of studies on human infants fed soy infant formula, (2) the availability of information on exposures in
infants fed soy infant formula, and (3) public concern for effects on infant or child development.

The current assessment of soy infant formula is an update to a previous CERHR expert panel evaluation
completed in 2006. On March 15—-17, 2006, CERHR convened an expert panel to conduct evaluations
of the potential developmental and reproductive toxicities of soy infant formula and its predominant
isoflavone constituent genistein. The expert panel reports were released for public comment on May
5,2006 (71 FR 28368). On November 8, 2006 (71 FR 65537), CERHR staff released draft NTP Briefs
on Genistein and Soy Formula that provided the NTP’s interpretation of the potential for genistein and
soy infant formula to cause adverse reproductive and/or developmental effects in exposed humans.

CERHR has not completed these evaluations, finalized the briefs, or issued NTP-CERHR monographs
on these substances. Since 2006, a substantial number of new publications related to human exposure
or reproductive and/or developmental toxicity have been published for these substances.

CERHR determined that updated evaluations of genistein and soy infant formula were needed.
However, the current evaluation focuses only on soy infant formula and the potential developmental
toxicity of its major isoflavone components, e.g., genistein, daidzein (and estrogenic metabolite, equol),
and glycitein. This updated evaluation does not include an assessment on the potential reproductive
toxicity of genistein following exposures during adulthood as was done in the 2006 evaluation.
CERHR narrowed the scope of the evaluation because the assessment of reproductive effects of
genistein following exposure to adults was not considered relevant to the consideration of soy infant
formula use in infants during the 2006 evaluation. To obtain updated information about soy infant
formula for the CERHR evaluation, the PubMed (Medline) database was searched from February
2006 to August 2009 with genistein/genistin, daidzein/daidzin, glycitein/glycitin, equol, soy, and other
relevant keywords. References were also identified from the bibliographies of published literature.
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PREFACE

The updated draft expert panel report represents the efforts of a 14-member panel of government and
non-government scientists and was prepared with assistance from NTP staff. The CERHR expert
panel used the draft Expert Panel Report on Soy Infant Formula to reach conclusions on (1) the
strength of scientific evidence that soy infant formula or its isoflavone constituents are developmental
toxicants based on data from in vitro, animal, or human studies; (2) the extent of exposures in infants
fed soy infant formula; (3) the assessment of the scientific evidence that adverse developmental
health effects may be associated with such exposures; and (4) knowledge gaps that will help establish
research and testing priorities to reduce uncertainties and increase confidence in future evaluations.
The expert panel reached conclusions for soy infant formula at a public meeting held December
16-18, 2009. This final report has been reviewed by members of the soy infant formula expert panel
and by CERHR staff scientists. Copies have been provided to the NTP Executive Committee, which
is made up of representatives of NTP-participating government agencies. An abbreviated version of
the final Expert Panel report was published in Birth Defects Research Part B [Volume 92, Issue 5,
October 2011, Pages: 421-468 .

The Expert Panel report on Soy Infant Formula was considered extensively by NTP staff in preparing
the 2010 NTP Brief on Soy Infant Formula, which represents the NTP’s opinion on the potential for
exposure to soy infant formula to cause adverse developmental effects in humans. The NTP concurred
with the expert panel that there is minimal concern for adverse effects on development in infants who
consume soy infant formula. This conclusion was based on information about soy infant formula
provided in the expert panel report, public comments received during the course of the expert panel
evaluation, additional scientific information made available since the expert panel meeting, and peer
reviewer critiques of the draft NTP Brief by the NTP Board of Scientific Counselors on May 10,
2010!. The Board voted in favor of the minimal concern conclusion with 7 yes votes, 3 no votes,
and 0 abstentions. One member thought the conclusion should be negligible concern and 2 members
thought the level of concern should be higher than minimal concern. The NTP’s response to the May
10, 2010 review (“peer-review report”) is available on the NTP website at Attp.//ntp.niehs.nih.gov/
go/9741. This monograph includes the NTP Brief on Soy Infant Formula as well as the final Expert
Panel report on Soy Infant Formula. Public comments received as part of the NTP’s evaluation of
soy infant formula and other background materials are available at Attp.://ntp.niehs.nih.gov/go/36476.

CONTACT INFORMATION
Kristina Thayer, PhD (Director, OHAT)
NIEHS/NTP K2-04

PO Box 12233

Research Triangle Park, NC 27709
919-541-5021

thayer(@niehs.nih.gov
http://ntp.niehs.nih.gov/go/ohat

' Meeting materials are available at http://ntp.niehs.nih.gov/go/9741.

Final CERHR Expert Panel Report on Soy Infant Formula
1-xvii

m
x
©
(1)
=
-+
O
Q
>
o
X
1)
©
o
=
-+

>
o
o
m
=2
=
x




o
—
o

_

-_

x o2

o3

S

o o

a -

< g

o
x
Ll

NOTES TO READER

The findings and conclusions presented in the final expert panel report are those of the expert panel
and should not be interpreted as representing the views of the NTP.

This report is prepared according to the Guidelines for CERHR Panel Members established by NTP/
NIEHS. The guidelines are available on the CERHR web site (http://ntp.niehs.nih.gov/go/ohat). The
format for Expert Panel Reports includes synopses of studies reviewed, followed by an evaluation of
the Strengths/Weaknesses and Utility (Adequacy) of the study for CERHR evaluation. Statements and
conclusions made under Strengths/Weaknesses and Utility evaluations are those of the expert panel
and are prepared according to the NTP/NIEHS guidelines. In addition, the expert panel often makes
comments or notes limitations in the synopses of the study. Bold, square brackets are used to enclose
such statements. As discussed in the guidelines, square brackets are used to enclose key items of
information not provided in a publication, limitations noted in the study, conclusions that differ from
those of the authors, and conversions or analyses of data conducted by the expert panel.

This document is not completely 508 compliant. If you have difficulty accessing this document,
contact Dr. Kristina Thayer at http.://ntp.niehs.nih.gov/go/ohat or 919-541-5021.
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ANCOVA
ANOVA
AUC
BLQ
BMD,,,
BMD; gp
BMDL
bw

Cmax
CASA
CERHR
CI

CYP
DNA
ELISA
EPA

ER

FDA
FSH

GC
GD
GLP
GnRH
HDL
HPLC
IFL

ip

1Q

IU
UIER
v
kcal
kD

kJ
LC
LDL

mol
mRNA
MS

ng

ABBREVIATIONS

analysis of covariance

analysis of variance

area under the time-concentration curve
below the limit of quantification
benchmark dose, 10% effect level
benchmark dose, 1 control standard deviation
benchmark dose 95™ percentile lower confidence limit
body weight

maximum plasma concentration
computer-assisted sperm analysis
Center for the Evaluation of Risks to Human Reproduction
confidence interval

cytochrome P450

deoxyribonucleic acid

enzyme-linked immunosorbent assay
Environmental Protection Agency
estrogen receptor(s)

Food and Drug Administration
follicle-stimulating hormone

gram(s)

gas chromatography

gestation day(s)

good laboratory practice
gonadotropin-releasing hormone
high-density lipoprotein

high performance liquid chromatography
isoflavone

intraperitoneal(ly)

intelligence quotient(s)

international unit

urinary isoflavone excretion rate
intravenous(ly)

kilocalorie(s)

kilodalton(s)

kilogram(s)

kilojoule(s)

liquid chromatography

low-density lipoprotein

luteinizing hormone

molar

milliequivalent(s)

milligram(s)

mole(s)

messenger ribonucleic acid

mass spectrometry

nanogram(s)
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ABBREVIATIONS

NADPH nicotinamide adenine dinucleotide phosphate

NCI National Cancer Institute

NICHD National Institute of Child Health and Human Development

NIEHS National Institute of Environmental Health Sciences

NIH National Institutes of Health

nM nanomolar

NTP National Toxicology Program

ODMA O-desmethylangolensin

OECD Organization for Economic Co-operation and Development

OR odds ratio

0z ounce(s) o
P450s cytochrome P450 b >
PAS periodic acid-Schiff +
PCR polymerase chain reaction S m
PCNA proliferating cell nuclear antigen a %
pg picogram(s) —
pM picomolar 3=
PND postnatal day(s) e
ppm parts per million ~

12 coefficient of determination

R Spearman’s rank coefficient of correlation

RIA radioimmunoassay

RM3, RM1 Rat and Mouse No. 3, Rat and Mouse No. 1

RNA ribonucleic acid

RR risk ratio

RT reverse transcription

sc subcutaneous(ly)

SD standard deviation

SDN-POA sexually dimorphic nucleus of the pre-optic area

SEM standard error of the mean

siRNA small interfering RNA, silencing RNA

SULT sulfotransferase

tmax time to maximum plasma concentration

TPO thyroid peroxidase

UDPGT uridine diphosphate-glucuronosyltransferase

UGT UDP-glucuronosyltransferases, uridine 5’-diphospho-glucuronosyltransferase

USDA US Department of Agriculture

V/F bioavailability fraction

WISC-R Wechsler Intelligence Scale for Children—Revised

ug microgram(s)

uL microliter(s)

uM micromolar
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CHAPTER 1: CHEMISTRY, USE AND HUMAN EXPOSURE
Chemistry

1.0 CHEMISTRY, USE, AND HUMAN EXPOSURE
1.1 Chemistry

1.1.1 Nomenclature

The terms “soy,” “soybean,” “soya,” and “soya bean” are commonly used for the leguminous Asian
plant, species Glycine max. Soybean is also used to designate the edible seed of this plant. In this
report, the term “soy” is used as an adjective to denote products derived from the edible seed (e.g.,
soy milk, soy infant formula, soy meal) and soybean is used to refer to the edible seed itself.

99 ¢¢

Soy isoflavones such as genistein, daidzein, and glycitein exist in several forms, as aglyones which
have no sugar residue attached or as three glucoside conjugates, beta-, acetyl-, and malonyl-
glucosides which have a sugar group attached to position 7 of the A ring (/). Carbohydrate conjugates
are generically called glycosides and glucose conjugates are called glucosides. The terms genistein,
daidzein, and glycitein refer specifically to the unconjugated aglycones. Isoflavone glucosides are
the major isoflavone glycosides and are called genistin, daidzin, and glycitin. Others are acetyl- and
malonyl- glycosides (Figure 1). The term “total” genistein, daidzein, or glycitein is used in this report
to refer to the respective aglycone and its conjugates.

The Chemical Abstracts Service (CAS) registry number for genistein is 446-72-0 and the International
Union of Pure and Applied Chemistry (IUPAC) name is 5,7-dihydroxy-3-(4-hydroxyphenyl)-chromen-
4-one. Synonyms for genistein include 4’,5,7-trihydroxyisoflavone, 5,7,4’-trihydroxyisoflavone,
genisterin, prunetol, and sophoricol. The CAS registry number of daidzein is 486-66-8 and the [IUPAC
name is 7-hydroxy-3-(4-hydroxyphenyl)-chromen-4-one. Synonyms include 4’,7-dihydroxyisoflavone,
7,4’ -dihydroxyisoflavone, and daidzeol. For glycitein, the CAS registry number is 40957-83-3 and the [TUPAC
name is 7-hydroxy-3-(4-hydroxyphenyl)-6-methoxy-chromen-4-one. Synonyms include 7,4’-dihydroxy-6-
methoxyisoflavone and 7-hydroxy-3-(4-hydroxyphenyl)-6-methoxy-4H-1-benzopyran-4-one (2).

1.1.2 Formula and Molecular Mass of Genistein, Daidzein, and Glycitein
The molecular formulas, molecular masses, and structures for genistein, daidzein, glycitein and their
derivatives are listed in Figure 1 (2-4).

Figure 1. Chemical Structures of Isoflavones Found in Soy Formula

Isoflavone Structure IUPAC Name
Genistein o OH 5,7-dihydroxy-3-(4-hydroxyphenyl)-
C15H1005 | O chromen-4-one
MW: 270.24 O I
CASRN: 446-72-0 HO
Daidzein o OH 7-hydroxy-3-(4-hydroxyphenyl)
C15H1004 | O chromen-4-one
MW: 254.24 O
CASRN: 486—66—8 HO ©
Glycitein o OH 7-hydroxy-3-(4-hydroxyphenyl)-6-
C16H1205 | O oH methoxychromen-4-one
MW: 284.26 O o
CASRN: 40957-83-3 HO 0
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CHAPTER 1: CHEMISTRY, USE, AND HUMAN EXPOSURE
Chemistry

Figure 1 (continued)
Isoflavone Structure IUPAC Name

Acetylgenistin o o 2 isomers:
C23H22011 oH [(2R,3S,4S,5R,6S)-3,4,5-trihydroxy-
MW: 474.41 6-[5-hydroxy-3-(4-hydroxyphenyl)-4-
CASRN: 73566—-30-0 oxochromen-7-yl]oxyoxan-2-ylJmethyl
acetate]

[(2S,3R,4R,5S,6R)-3,4,5-trihydroxy-
6-[5-hydroxy-3-(4-hydroxyphenyl)-4-
oxochromen-7-yl]oxyoxan-2-ylJmethyl
acctate

Acetyldaidzin [(2R,3S,4S,5R,685)-3.4,5-trihydroxy-6-
C23H22010 [3-(4-hydroxyphenyl)-4-oxochromen-7-
MW: 458.41 ylJoxyoxan-2-ylJmethyl acetate

CASRN: 71385-83-6

Acetylglycitin OH o] [(2R,3S,4S,5R,685)-3,4,5-trihydroxy-6-
C24H24011 HO_~ O)J\ CHy [3-(4-hydroxyphenyl)-6-methoxy-4-oxo-
MW: 488.44 } o chromen-7-yl]oxy-tetrahydropyran-2-yl]
CASRN: 134859-96—4 HO methyl acetate

T
HO

Genistin o 0. O oy 5-hydroxy-3-(4-hydroxyphenyl)-7-
C21H20010 | O /[J\ [(2S,3R,4S,58,6R)-3,4,5-trihydroxy-6-
MW: 432.37 O HO™ Y~ "OH (hydroxymethyl) oxan-2-ylJoxychromen-
CASRN: 529-59-9 HO ° o on 4-one

Daidzin o 0., O gy 3-(4-hydroxyphenyl)-7-

C21H2009 | O LJ\ [(2S,3R,4S,5R,6R)-3,4,5-trihydroxy-
MW: 416.37 O HO™ ~~ "OH 6-(hydroxymet hyl) oxan-2-yl]oxy-
CASRN: 552-66—9 HO © or chromen-4-one

1.1.3 Composition of Soy Infant Formula

Soy infant formula refers to infant food made using soy protein isolate and other components. The
term, “soy formula” is often used as a synonym for “soy infant formula” in this report. Soy products
contain genistin, genistein and other phytoestrogens of the isoflavone class (3, 5; 6). The 3 main
isoflavones found in soy formula are genistein, daidzein, and to a smaller extent, glycitein.

The genistein content of soy formula has been the subject of commentary because of concern about
exposure of infants to estrogenic compounds; however, soy formula and other soy-based foods contain
many components of which genistein is only one. Soy formula may also contain non-isoflavone
constituents of toxicological interest. For example, scientists at Health Canada reported detecting
melamine in liquid and powdered infant formula, including soy-based formulas (7), attributed to it
being a degradation product of a legally-used insectide. However, in all instances, the concentrations
of melamine detected were below the health standard set by Health Canada.

In this report, conclusions regarding soy formula are primarily based on consideration of the literature for
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early-in-life exposures to genistein, daidzein (and equol its estrogenic metabolite), glycitein, isoflavone
mixtures, soy formulas and other soy-based products to humans or experimental animals. The literature
on effects resulting from developmental exposure is much more extensive for genistein, soy diets, or
isoflavone mixtures compared to daidzein, equol, or glycitein. Isoflavones found in soy formula are also
metabolized to a number of other compounds, such as O-desmethylangolensin (ODMA) from daidzein;
however these compounds are essentially uncharacterized with respect to potential developmental toxicity.

In the US, the nutrient composition of soy and other infant formulas is regulated by the Food and Drug
Administration (FDA) and must comply with the Infant Formula Act of 1980 and subsequent amendments
passed in 1986 (8). The specified nutrient levels are based on the recommendations of the Committee
on Nutrition of the American Academy of Pediatrics and are reviewed periodically as new information
becomes available. Table 1 lists the primary ingredients in some common brands of powdered soy infant
formulas. Those ingredients include corn syrup, soy protein isolate, vegetable oils, soy oil, mortierella
alpina oil (source of ARA), crypthecodinium cohnii oil (source of DHA) and sugar (9). In addition, the
formulas are fortified with nutrients such as iron, calcium, phosphorous, magnesium, zinc, manganese,
copper, iodine, selenium sodium, potassium, chloride, choline, inositol and vitamins A, C, D, E, K, and
B (B1, B2, B6, B12, niacin, folic acid, pantothenic acid, biotin). The typical reconstitution of powdered
formula is the addition of 8.7-9.3 g powdered formula to 2 fluid ounces of water (10). Soy formulas are
also available as concentrated liquids and as ready-to-feed formulations (11).

Table 1. Primary Ingredients in Powdered Enfamil, Isomil Brands
and Nestle Good Start Soy Formulas

Ingredient I.’ercen tage
S [weight assumed]
Corn syrup or other source of carbohydrate such as corn maltodextrin 42.6-58.0
Soy protein isolate 14.0-17.0
Vegetable oils 20.0-29.0
Sugar @ 10.1-10.3

aListed as sucrose in some formulations but not specified in others.

From http.//www.drugstore.com (9), and Gerber < http://www.gerber.com/products/>. See nutrition
information for Nestle® GOOD START Soy PLUS™ 2 Formula.

Contaminants of soy protein include phytates (1.5%), which bind minerals and niacin, and protease
inhibitors, which have antitrypsin, antichymotrypsin, and antielastin properties (/2). As discussed
further in Section 1.2.1 formulas are fortified with minerals to compensate for phytate binding and
heated to inactivate protease inhibitors. Aluminum is found in soy formulas at concentrations of
600—-1300 ng/mL, levels that exceed aluminum concentrations in human milk, 4—65 ng/mL (/2).
Mineral salts added to soy formulas are the source of aluminum.

1.1.4 Chemical and Physical Properties of Genistein and

Other Isoflavones Found in Soy Products
In unfermented soy products, small amounts of genistein and other isoflavones (daidzein and to a lesser
extent glycitein) are present as aglycones, the unconjugated forms. Most genistein and other isoflavones
in unfermented soy products are conjugated to a sugar molecule to form glycosides. Chen and Rogan
(13) reported that only 3.2—5.8% of total isoflavone in soy formula consists of unconjugated genistein
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CHAPTER 1: CHEMISTRY, USE, AND HUMAN EXPOSURE
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and daidzein, and that amounts can vary by batch. The majority of isoflavones detected in soy formula
are conjugated to sugar molecules to form glycosides (6). Glucose in glycosides can be esterified with
acetyl or malonyl groups to form acetyl- or malonylglycosides (3). Heat treatment can degrade the
malonyl glucosides into acetyl glucosides, glycosides, and/or aglycones, depending on conditions.
Long-term storage at ambient temperature has been reported to decrease the malonyl glucosides and
increase glycosides and aglycones (reviewed in Mortensen ef al., 2009 (/4)). Genistein derivatives were
the most abundant isoflavones found in 11 varieties of soybeans (3).

As a result of bacterial hydrolysis during fermentation, aglycones represent a larger portion of
isoflavones in miso, tempeh, and soybean paste (3, 15). Isoflavones in cooked soybeans, texturized
vegetable protein, and soy milk powder are more than 95% glycosides. Tofu, made from precipitated
soy milk curd, contains isoflavones with ~20% as aglycones, and tempeh, a fermented soybean
product, ~40% aglycones (reviewed in Xu et al., 2000 (16)). Table 2 compares genistein and genistin
levels in some unfermented and fermented soy foods (reviewed in ILSI, 1999 (15)).

Table 2. Genistein and Genistin Levels in Unfermented and Fermented Soy Foods
Level, ug/g [mg/100 gf

Soy Food — —
Genistein Genistin

Soybeans, soy nuts, and soy powder 4.6-18.2 200.6-968. 1
’ ’ [0.46—1.82] [20.06-96.81]

. 1.9-13.9 94.8—-137.7

Soy milk and tofu [0.19-1.39] [9.48-13.77]

. 38.5-229.1 71.1-492.8
Miso or natto (fermented) 3.85-22.91] [7.11-49.28]

From the International Life Sciences Institute (ILSI) (75).

Conjugation with glucose groups increases water solubility of genistein and other isoflavones, which
are low molecular-weight hydrophobic compounds (3). Glucoside compounds are deconjugated by
gut microflora to form the active aglycone compound (5) under acidic conditions (3) or by metabolic
enzymes (6). Therefore, exposure to a particular isoflavone (e.g., genistein) is theoretically the sum of
the aglycone and respective glycoside compound concentrations converted on the basis of molecular
weight (/7). For example, 1 unit of genistin is equal to 0.6 aglycone equivalents, based on the molecular
mass ratio of genistein to genistin (270.24/432.38). However, the aglycone is reconjugated in the gut
wall leaving approximately 1-2% free aglycone to enter the portal circulation. Chen and Rogan (13)
report that isoflavones are glucuronidated and circulate primarily in conjugated form.

1.2 Use and Human Exposure

1.2.1 Production Information

Genistein and other isoflavones are naturally occurring products that can be extracted from soy and
other beans. No information on production volume for isoflavones was located. The US was the
largest non-Asian producer of soybeans in 2002/2003, averaging 75.11 million metric tons and was
forecasted to increase to 80.69 million metric tons by 2005 (reviewed by Choi and Rhee, 2006 (18)).

The total isoflavone content of raw, mature soy beans can vary significantly, ranging from 18 to 562
mg/100g (14). Major natural sources of variability in isoflavone content are the cultivated variety of
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soybean used and the crop year at the time of cultivation (74). Isoflavone levels can vary as much 2-
to 3-fold in different strains grown under similar conditions (3). Other factors that affect isoflavone
content in soybeans include geographic location, sowing date, climate, and growing conditions such
as temperature and carbon dioxide levels (6, 14).

Specific manufacturing processes of soy foods or soy ingredients can influence the isoflavone content.
As reviewed in Choi et al., 2006 (18) the following manufacturing steps result in loss of isoflavone
content; soaking (12% loss), heat processing (49%) in tempeh production [attributed to leaching
into cooking water], coagulation (44%) in tofu processing, and alkaline extraction (53%) in soy
protein isolate production. While boiling reportedly reduces genistein content, baking and frying do
not appear to alter isoflavone levels in foods (3). Other factors that can affect isoflavone composition
in soybean products include use of elicitors during the growth phase (19), pH conditions during
processing (20), and choice of starter organism used during the fermentation process (27-23).

With the exception of alcohol extraction, the processing of soybeans does not usually reduce isoflavone
content (/5). Commercial processing of soybeans can result in decarboxylation, deacetylation, or
deglycosylation of glycosides. For example, high temperatures can lead to decomposition of malonyl
compounds to their respective acetylglycoside compounds (3, 6). As discussed in Section 1.1.4,
fermentation leads to a higher percentage of isoflavones as aglycones rather than glycosides (3).

In the manufacture of soy infant formula, the hull of the soybean is removed and the pulp is
processed into oil and flake (72). Soy protein isolate is extracted from the flake using a slightly
alkaline solution and is precipitated at the isoelectric point of 4.5. The resulting isolate has a purity
0f>90% soy protein. The soy protein isolate is fortified with L-methionine, L-carnitine, and taurine.
L-methionine improves the biological quality of the protein. Carnitine is needed for oxidation of
long-chain fatty acids. Taurine is a major conjugate of bile acids in infants. Both carnitine and taurine
are added at concentrations found in human milk. Vegetable oils such as soy, palm, sunflower, olein,
safflower, and coconut are added to provide fats. Corn starch, tapioca starch, and sucrose are used
as carbohydrate sources. Phytates, which bind divalent minerals such as calcium, magnesium, iron,
and zinc, are present in soy proteins at 1.5%. Therefore, total phosphorus and calcium are added at
concentrations that are 20% higher than in cow-milk formulas, and the formulas are supplemented
with iron and zinc. Heat applied during the processing of soy protein removes 80-90% of protease
inhibitor activity.

1.2.2 Use and Sales of Soy Products and Soy Formula

Exposure to isoflavones occur principally through foods and dietary supplements made with soybeans
and soy protein but not soy oils. Other plant parts used as food that have been shown to contain isoflavones
include barley (Hordeum species) meal, sunflower (Helianthus) seed, clover (Trifolium species) seed,
caraway (Cuminum cymicum) seed, peanut (Arachis hypogaea), kidney bean (Phaseolus vulgaris),
chickpea (Cicer arietinum), pea (Pisum sativum), lentil (Lens culinaris), kudzu (Pueraria lobata) leaf
and root, mungo (Vigna mungo) sprout, alfalfa (Medicago species) sprout, broccoli (Brassica oleracea
italica), and cauliflower (Brassica oleracea botrytis) (24). Nearly all human isoflavones exposure is
attributable to ingestion of soy products. In countries such as India and South American, the traditional
diet includes relatively high intakes of kidney beans, lima beans, broad beans, butter beans, chick peas,
and/or lentils that can also be important non-soy sources of exposure to isoflavone.
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Some of the most common types of soy foods are tofu, soy milk, soy flour, textured soy protein, tempeh,
and miso (25). Soy protein can be used in baked goods, breakfast cereals, pasta, beverages, toppings,
meat, poultry, fish products, and imitation dairy products such as imitation milk and cheese (26).
Soy is present in 60% of processed foods [not otherwise defined] available from UK supermarkets
(3). The percentage of processed foods containing soy in the US is not known. Exposure to genistein
and other isoflavones can also occur through soy supplements marketed for the relief of menopausal
symptoms or other purported health benefits.

Based on sales of soy products, it appears that exposure to genistein and other isoflavones in the US is
increasing and will continue to increase. The Soyfoods Association of America reports that between 1992
to 2008, sale of soy foods have increased from $300 million to over $4 billion, with a notable increase in
sales occurring after the 1999 FDA approval of a health claim linking soy with heart disease reduction
(27). Food manufacturers in the U.S. introduced over 2,700 new foods with soy as an ingredient from
2000 to 2007, including 471 new products introduced in 2006 alone. Between 2007 and 2008, the fastest
growing markets are for tofu (4.9%), soy milk (3.3%), meat alternatives (8.3%), energy bars (3.1%), and
soy cheese, yogurt and ice cream (2.3%). A 2009 report on consumer attitudes sponsored by the United
Soybean Board reports that 84 percent of consumers perceive soy products as healthy and that 32% of
Americans consume soy foods or soy beverages once a month or more (28). Increases in soy product
sales have been attributed to greater knowledge about and interest in longevity and good health by baby
boomers, growth of the Asian population in the US, greater intake of Asian foods by Americans, and
increased consumption of plant-based foods by young people (reviewed in (25)).

A number of studies have reported on the use of soy foods in the context of infant feeding and feeding
transitions during the first years of life. Recent data from the Infant Feeding Practices Study II (IFPS
1), a longitudinal mail survey of mothers of infants conducted by the FDA in 2005-2007, found that
~6% of infants consume soy foods by 1 year of age (Table 3) (29). Infants may also be exposed to
soy flour and soy oil by the use of soy-containing fortified spreads (FS) as a complementary food to
address growth and nutritional issues in certain countries (30; 31).

Table 3. Percentage of Infants Fed Breast milk, Infant Formula,
or Soy Foods in the Previvous 7 Days

Age, weeks (months)
15-18|19-23|24-28|29-35|36—42

Soy

Product

Number 1961 2240 2302 2101 2139 2046 1990 1920 1779 1782

Breast milk 74.0% | 65.4% | 61.0% | 57.2% | 54.6% | 50.1% | 45.9% | 41.7% | 36.8% | 25.9%
Infant formula | 57.2% | 61.1% | 60.5% | 62.9% | 64.7% | 67.3% | 68.9% | 70.8% | 70.9% | 36.4%
Soy foods 0.0% 0.0% 0.1% 0.2% 0.3% 0.7% 1.2% 2.7% 3.7% 5.8%

From Grummer-Strawn et al., 2008 (29).

While the IFPS II indicated that ~57 to 71% of infants were fed infant formula during the first 10 months
of life, many aspects of formula use patterns are uncharacterized. For example, it is unknown what percent
of infants are exclusively fed formula compared to what percent are fed a mixture of infant formula and
breast milk. It is also unknown what proportion of formula-fed infants are exclusively fed soy formula.
A 1998 infant-feeding survey conducted by Ross Products Division indicated that 18% of infants are fed
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soy formula during the first year of life (32). That percentage of use, when combined with data from the
2000 US census of 4 million American infants younger than 1 year of age, provided the basis for Strom
et al., 2001 (32) to estimate that 750,000 US infants per year are fed soy formula. Another estimate was
that 25% of newborns in the US are fed soy formula (33). A study conducted at Yale University examined
formula changes in 189 breast-fed infants and 184 formula-fed infants and reported that a total of 87
infants [23%] received soy formula sometime during the first 4 months of life (34).

Market sales data are often cited as a surrogate measure for soy formula usage. According to the
International Formula Council (IFC), the international trade association for manufacturers and marketers
of infant formula, 12% of US infant formula dollar sales between June-September 2009 were from soy-
based formula (personal communication with Robert Rankin, Manager of Regulatory and Technical
Affairs at the IFC, October 13, 2009). This value is based on consumer spending data from Nielsen!,
which represents about 60% of the total US market including the Women, Infants, and Children (WIC)
program. Formula sales data from Wal*Mart, club stores (e.g., Costco and BJ’s), and Babies R Us/
Toys R Us are not provided to Nielsen; however, the majority of formula sales by these stores are milk-
based routine formulas. The 12% of sales value compiled for June-September 2009 is representative
of longer periods of recent sales. Dollar sales of soy formula were 11.6% for the 52 week period
ending on September 5, 2009. Other types of formula, categorized as “Routine milk-based formula” and
“Specialty or Tolerance Formulas” represented 61.2% and 27.2% of dollar sales, respectively (personal
communication with Jeremy Jones, Director of Sales Strategy for PBM Products, LLC on October 14,
2009). In the US between 1999 and 2009, estimates of total soy infant formula fed decreased from 22.5%
to 12.7% calculated based on total formula sold corrected for differences in formula cost. i.e., expressed
in equivalent feeding units (public comment from the International Formula Council (IFC), received
December 3, 2009 and personal communication with Dr. Haley Curtis Stevens, IFC).

These recent sales data, when assumed to be representative of actual usage provide a lower estimate
of soy formula usage when compared to actual usage reporting .

The usage and sales of soy formula vary geographically ranging from 2 to 7% of infant formula sales
in the UK, Italy, and France , 13% in New Zealand, and 10-25% in the US (35; 36). A telephone
survey in Israel identified soy formula feeding in 31.5% of 1803 infants at some time during the first
year of life (37). Of the children on soy formula, 65% used it for 12 months or more. The decision to
use soy formula as opposed to cow-milk formula was made by the mother rather than a health care
provider in the majority of instances in the Israeli survey. The mother’s decision was most often based
on her personal preference rather than concerns for cow milk allergies or for symptoms.

Other commonly cited reasons for use of soy formula are to feed infants who are allergic to dairy products
or are intolerant of lactose, galactose, or cow-milk protein (38, 39). Infants are often changed from cow-
milk to soy formula when they have symptoms such as colic, crying, diarrhea, and vomiting (34). Some
parents feed their infants soy formula to maintain a vegetarian lifestyle or because of perceived health
benefits of soy food consumption (33). Soy formula is not currently recommended for preterm infants.
Manufacturers of soy formula and some brand names of soy formula sold in the US are listed in Table 4.

I Nielsen is a major marketing and media information company that measures product sales, market
share, distribution, price, and merchandising conditions in retail outlets such as grocery stores, drug
stores, mass merchandisers and convenience stores.
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Table 4. US Soy Formula Manufacturers and Brand Names

Manufacturer Brand Names

Mead Johnson Enfamil ProSobee LIPIL
Alsoy
Nestle
(Carnation, Gerber) Good Start Soy DHA & ARA
’ GOOD START Soy PLUS
Ross Similac Go and Grow Soy-based Milk
(Abbott Nutrition) Similac Isomil Advance

AAFES/NEXCOM Baby’s Choice Soy Infant Formula
AAFES/NEXCOM Baby’s Choice Soy Infant Formula with DHA & ARA
Albertson’s Baby Basics Soy Infant Formula with DHA & ARA
HyVee Mother’s Choice Soy Infant Formula

HyVee Mother’s Choice Soy Infant Formula with DHA & ARA
Kozy Kids Soy-based Infant Formula with DHA & ARA

Kroger Comforts Soy Infant Formula with Iron and DHA & ARA
Parent’s Choice Infant Formula with Soy and DHA & ARA
PathMark Soy Infant Formula with DHA & ARA

Price Chopper Soy Infant Formula with Iron and DHA & ARA
Rite Aid Soy Infant Formula with DHA & ARA

Target Soy with Iron

Target Soy Infant Formula with Iron and DHA & ARA

Top Care Soy Infant Formula with DHA & ARA

Walgreens Soy Protein Formula with Iron and DHA & ARA
Wegman’s Soy Infant Formula with Iron and DHA & ARA
Western Family Soy Infant Formula with DHA & ARA

Vermont Organics Soy Organic Infant Formula

PBM
(formerly known as Wyeth)

Wyeth-Ayerst Nursoy

Brand names are registered to their owners. Store brand formulas are also sold in the US and the manufacturers may
be othert than those listed above. From (40, 41).

1.2.2.1 Guidelines on Use of Soy Formula

In May 2008, the American Academy of Pediatrics (AAP) released an updated policy statement on the
use of soy protein-based formulas (42). The overall conclusion of the AAP was that, although isolated
soy protein-based formulas may be used to provide nutrition for normal growth and development in
term infants, there are few indications for their use in place of cow milk-based formula. The only real
indications for use are incidences where the family prefers a vegetarian diet or for the management
of infants with galactosemia or primary lactase deficiency (rare). Similar overall conclusions on the
use of soy-based formula were reached in other recent reviews and evaluations (35, 36, 43; 44).

Specific conclusions in the 2008 AAP report include:

* Lactose free and reduced lactose-containing cow milk formulas are now available and could be
used for circumstances in which elimination or a reduction in lactose in the diet, respectively, is
required. Because primary or congenital lactase deficiency is rare, very few individuals would
require a total restriction of lactose. Lactose intolerance is more likely to be dose dependent.
Thus, the use of soy protein-based lactose-free formulas for this indication should be restricted.
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The routine use of isolated soy protein-based formula has no proven value in the prevention or
management of infantile colic or fussiness.

Isolated soy protein-based formula has no advantage over cow milk protein-based formula as
a supplement for the breastfed infant, unless the infant has one of the indications noted above.

Soy protein-based formulas are not designed for or recommended for preterm infants. Serum
phosphorus concentrations are lower, and alkaline phosphatase concentrations are higher in
preterm infants fed soy protein-based formula than they are in preterm infants fed cow milk-based
formula. As anticipated from these observations, the degree of osteopenia is increased in infants
with low birth weight receiving soy protein-based formulas. The cow milk protein-based formulas
designed for preterm infants are clearly superior to soy protein-based formula for preterm infants.

For infants with documented cow milk protein allergy, extensively hydrolyzed protein formula
should be considered, because 10% to 14% of these infants will also have a soy protein allergy.

Infants with documented cow milk protein-induced enteropathy or enterocolitis frequently are
as sensitive to soy protein and should not be given isolated soy protein-based formula. They
should be provided formula derived from hydrolyzed protein or synthetic amino acids.

The routine use of isolated soy protein-based formula has no proven value in the prevention of
atopic disease [hypersensitivity reactions, allergic hypersensitivity affecting parts of the
body not in direct contact with the allergen]| in healthy or high-risk infants.

In 2006, the European Society for Paediatric Gastroenterology Hepatology and Nutrition (ESPGHAN)
Committee on Nutrition published a medical position paper on soy protein infant formula and follow-on
formula (36). Their seven primary conclusions on the use of soy protein-based infant formula were:

Cow’s milk-based formula should be preferred as the first choice for feeding healthy infants
that are not fully breast fed.

Soy protein based formula should only be used in specified circumstances because they may
have nutritional disadvantages and contain high concentrations of phytate, aluminum, and
phytoestrogens, the long-term effects of which are unknown.

Indications for soy formula include severe persistent lactose intolerance, galactosemia,
religious, ethical, or other considerations that stipulate the avoidance of cow’s milk based
formulae and treatment of some cases of cow’s milk protein allergy.

The Committee recommends that the use of therapeutic formulae based on extensively hydrolyzed
proteins (or amino acid preparations if hydrolysates are not tolerated) should be preferred to that
of soy protein formula in the treatment of cow’s milk protein allergy. Soy protein formula should
not be used in infants with food allergy during the first 6 months of life. If soy protein formulae
are considered for therapeutic use after the age of 6 months because of their lower cost and better
acceptance, tolerance to soy protein should first be established by clinical challenge.

Soy protein formulae have no role in the prevention of allergic diseases.

There is no evidence supporting the use of soy protein formula for the prevention or management
of infantile colic, regurgitation, or prolonged crying.

Manufacturers should aim to reduce the concentrations of trypsin inhibitors, lectins, goitrogenic
substances, phytate, aluminum, and phytoestrogens in soy protein formula.
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1.2.2.2 Occurrence and Exposure

Analysis of isoflavones can be divided into a series of steps that involve (1) sample collection, (2)
disintegration of plant tissues and homogenization of a sample, (3) extraction and purification of crude
extracts, (4) separation and identification of individual substances, and (5) detection and quantification
(reviewed in Vacek et al., 2008 (45-47). The stability of isoflavones in a sample can be limited by factors
such as light, temperature (higher temperatures promote hydrolysis), pH, and solvent. Ideally, samples
should be stored in the dark and frozen to minimize degradation. Each step in sample collection and
analysis requires attention as isoflavones may interact with constituents of the matrix and the conjugates
may undergo hydrolysis. Isolation methods used to remove the target analytes from complex samples
are a key step in quantitative analytical determination of the isoflavones. As reviewed in Vacek ef al.,
2008 (45), sample extraction and purification techniques that use a combination of several methods tend
to be more labor intensive but provide the most quantitative recovery, high selectivity in a small extract
volume, and precision. These can include solid phase extraction (SPE), accelerated-solvent extraction,
and Soxhelt extraction. For example, the combination of sonication, to assist in removing the analyte
from the matrix to the extraction solvent, and SPE can result in more concentrated extracts that allow the
determination of very low concentrations of isoflavones, especially when a strong and effective solvent
is used to free the analyte from the sample matrix. Other easier-to-preform automated methods are also
available for sample extractions that are reproducible, but typically less quantitative.

Wang et al., 2002 (48) published a review on the analytical methods for isoflavones that included a comparison
of the sensitivity, specificity, limits of detection for individual isoflavones, and advantages/disadvantages
of the various methods (Table 5). The analytical methods for isoflavones could be divided into two general
categories: (1) those that have an initial chromatographic separation such as GC and high-performance
liquid chromatography (HPLC), and capillary electrophoresis (CE), and (2) those that do not such as matrix-
assisted laser desorption ionization time-of-flight mass spectrometry (MAL-DI-TOF-MS), deconvolution
UV and infrared (IR) spectroscopy, and immunoassay. HPLC is the most common method used to separate
isoflavones used because it requires simple sample preparation, is highly efficient and reproducible, and
has been extensively studied (49). Isoflavones in biological samples such as urine, blood, or breast milk are
present mostly as glucuronides and sulfates, and sample preparation for these matrices typically includes
treatment with b-glucuronidase like that isolated from Helix pomatia that contains both glucuronidase and
arylsulfatase activities. The growing consumption and promotion of isoflavones as beneficial for health has
led to calls to develop internationally harmonized methods for the detection and quantification of isoflavones
in food, supplements, and biological samples to address issues related to food laws on safety, contaminants,
allowable additive, label claims, and trade agreements (discussed in Akhtar and Abdel-Aal, 2006 (50)).

1.2.2.3 Environmental

Phytoestrogens have been detected in aqueous samples from a variety of environmental sources including
drainage water from pastures, rivers, creeks and samples from waste water treatment plants using various
methods (57-55). There are indications of seasonal patterns in the concentrations detected. For example, in
Portugal, levels of genistein and daidzein were maximal in early summer in several river estuaries (54, 55).

Lundgren and Novak, 2009 (56) determined the concentrations of phytoestrogens in wastewater
streams from 19 plant-processing industries, e.g., biodiesel, ethanol, soy products, peanuts and corn,
and three wastewater treatment plants located in the midwestern US. Genistein was detected in 14
of the 19 industry wastewater streams and daidzein was detected in 12 of 19. Concentrations of
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Table 5. Analytical Methods for Isoflavones

Technique Sensitivity Specificity |
. * High resolution * Complex work up
GC-MS 30 fmol | High * Good for unknowns + Difficult chemistry
uv 2 pmol Moderate * Good for soy food and | *Low sensitivity
(and DAD) p Better with DAD conjugates * Less specific
Fluorescence 200 fmol | Good * Sensitive ’ L1rri1ted to fluorescent
ED Better with detec- | * Suitable for biological | *Cannot determine
20 fmol .
(and array) tion array samples novel compounds
MS 1-500 fmol | High * Ease of use and * Limited chromato-
sensitive graphic resolution
* High separation * Limited injection
uv 50 fimol Moderate resolution sample volume
(and DAD) Better with DAD | *Excellent mass * Poor concentration
sensitivity sensitivity
CE Fluorescence 1-5 fmol | Moderate * Sensitive * Limited fluorescent
analysis
ED . . s
1-2 fmol | Moderate * Sensitive * Limited specificity
(and array)
MS 100 amol | High * Sensitive * Difficult 1nt(?rface
* Low resolution
UV and IR Spectroscopy | Not Reported | Fair * High throughput * Lack of specificity
MALDI-MS 100 fmol | High * High throughput * Lack of quantitation
Immunoassay 1-100 fmol | Good * High throughput * Cross reactivity

Modified from Table 1 in Wang et al., 2002 (48).

Abbreviations:

CE=capillary electrophoresis; DAD=%ode array detection; ED=electrochemical detection;

GC-MS=gas chromatography-mass spectrometry; HPLC=high performance liquid chromatography;
IR =infrared; MALDI-MS =matrix-assisted laser desorption ionization-mass spectrometry; UV =ultraviolet;

genistein ranged from below the limit of detection to 151,00 ng/L and concentrations of daidzein
ranged from below the limit of detection to 108,000 ng/L. The highest concentrations were in effluents
from industries processing soy products. Eight of the industries’ effluents contained concentrations
of total phytoestrogens in excess of 1000 ng/L. Wastewater treatment plants using aerobic biological
treatment appeared to effectively remove phytoestrogens.

1.2.2.4 Genistein and Other Isoflavones in Food and Soy Supplements

Food

Intake of soy foods is significantly correlated with urinary genistein and the sum of all isoflavones
indicating that nearly all genistein and isoflavones exposure in humans occurs from ingestion of soy
products (57, 58). Measurements of the isoflavone content for a wide variety of food items and/or
associated dietary intake assessments are available in a number of databases (reviewed in Schwartz
et al., 2009 (59)). The 17 databases reviewed by Schwartz et al., 2009 (59) could be classified as
one of three general types, (1) literature compendia or reviews to help identify sources of isoflavone
exposure (n=4), (2) dietary intake assessments based on food frequency questionnaires or national food
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consumption studies (n=10), and (3) comprehensive databases for nutritional research that provide
sufficient information on food samples, analytical methods, and the quality of individual values to be
used as a resource in nutrition research by regulatory agencies, food industry, and scientists (n=3).
Not all of the databases reviewed in Schwartz et al., 2009 are publically accessible.

One of the major publically-available databases for the US of isoflavone content in food was created
by the Agricultural Research Service (ARS) of the USDA and recently updated in September 2008
(60). The “USDA database,” formally titled the “USDA Database for the Isoflavone Content of
Selected Foods - Release 27, was compiled from an extensive review of various data sources and
scientific articles published in peer-reviewed journals. A total of 265 articles were retrieved through
literature searches and 66 articles contained acceptable analytical data for isoflavone content of foods
and food ingredients. These data were merged with the earlier data from 1999 to update the database
(61). All the data were evaluated by a data quality evaluation system developed by the Nutrient Data
Laboratory of the ARS/USDA. The 2008 update of the USDA database contains values for genistein,
daidzein, and glycitein (expressed as aglycone equivalents) for 557 food items, including food items
which may contain soy ingredients. These food items included bakery products like bread, doughnuts,
and muffins, meat products like sausages and canned food items like tuna or meatless chili in the
production of which soy flour (bakery products) or soy protein (meat products, chili) may have been
added. The database also includes isoflavone content for soy- and cow’s milk-based infant formula
and those data are discussed in Section 1.2.2.5.

USDA data on isoflavone content for select foods are presented in (Table 6). The data presented in
the USDA database for the main food sources of isoflavones are generally consistent with reports and
reviews by others. Among soy foods, the highest quantities of isoflavones and their glycosides are
found in soybeans and soy flour ((24), reviewed in Mortensen et al., 2009 (14)). The main food sources
are soy foods, “new generation” soy products such as soy burgers and soy cheese, and commonly
consumed foodstuffs in the production of which soy flour or soy protein isolates are used (/4). Similar
to the data presented in the USDA database, Mazur et al., 1998 reported non-measureable levels of
isoflavones in fruits and berries. Cruciferous vegetables such as cauliflower and broccoli had non-
detectable to very low levels of isoflavones.

Table 6. Isoflavone Contents in Various Food Items

Average Content
Database

Entry Food Item Genistein | Daidzein ISOJT‘ZZZMB Protein
Number (mg/100g) | (mg/1008) | (. 0/19pq) | @1002)
Soy Foods and Products

16115 | Soy flour, full fat, raw 99 73 178 34.5

16111 | Soybeans, mature seeds, roasted (soy nuts) 76 62 149 39.6

16122 | Soy protein isolate 57 31 91 80.7

43212 | Bacon, meatless, unprepared 46 64 118 32

08385 | Kellogg’s SMART START soy protein 42 42 94

99072 | Soybean chips 27 27 54 —

11450 | Soybeans, green, ras (includes edamame) 23 20 49 12.9
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Table 6 (continued)
Average Content
Database o) Toral
Entry Food Item Genistein, | Daidzein, Iso ﬂZ:Zl1es Protein,
Number mg/100g | mg/100 g mg/100 g | g/100g
16112 | Miso 23 16 41 11.7
99510 | Soy yogurt 17 14 33 —
16427 | Tofu, regular, raw 13 9 23 8.1
16114 | Tempeh 36 23 61 —
Soy milk, fluid, chocolate,
16168 with added calcium, vitamins A and D 4 3 78 2.6 ')
>
16113 | Natto 38 33 82 — o
99472 | Soy cheese American 9 6 18 — g
Chicken nuggets, meatless, canned S
16173 ’ ’ ’ 9 15 5 <
prepared -
16107 | Sausage, meatless 9 14 18.5 @ %
16147 | Veggie vor soy burger 5 2 6 15.7 = o
Legumes and Legume Products Q. %
I =
16006 | Beans, baked, canned, plain or vegetarian 0.01 0 0.01 t c X
16014 | Beans, black, mature seeds, raw 0 0.01 0.01 — é =
99503 | Black bean sauce 4 6 10 — :1
16032 | Beans, kidney, red, mature seeds, raw 0.01 0.01 0.02 — %
B o
16056 Chickpeas (garbonzo beans, bengal 0.06 0.23 0.38 o @
gram), mature seeds, raw 2
16085 | Peas, split, mature seeds, raw 0.11 0.33 0.44
Vegetables, Fruits, and Fruit Juices
11001 | Alfalfa seeds, sprouted, raw 0.02 0.02 0.04
11011 | Asparagus, raw 0 0.03 0.03
99549 | Broccoli sprouts, raw 0 0.04 0.04 —
99571 Clover, red 10 11 21 —
09116 | Grapefruit, raw, white, all areas 0.03 0.04 0.06
09209 Orange juice, chilled, includes from 001 001 001 o
concentrate
09298 | Raisins, seedless 0.05 0.03 0.08 —
11529 | Tomatoes, red, ripe, raw, year round avg 0 0 0 —
Dairy, Eggs, Poultry, Meat and Seafood
05327 | Chicken breast tenders, uncooked 0.25 0.20 0.55 —
01123 | Egg, whole, raw, fresh 0.02 0.03 0.05 —
99533 Non—dairy creamer, with added soy flour 014 0.06 021 o
or soy protein
99485 | Ensure, liquid nutrition 2.58 1.40 4.33 —
Fish, tuna, light, canned in water,
15134 without salt, drained solids 0.05 0.04 0.09 o
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Table 6. (continued)

Average Content

Database
Entry Food Item Genistein | Daidzein Iso;lZ?oInes Protein
Number (mg/100g) | (mg/100 g) (mg/100 g) (g/100 g)
1185 | Uit st dramed solids. 0.15 0.12 0.28 -
07022 | Frankfurter, beef 0.80 1.00 1.90 —
23501 gig‘zgz‘éﬁrzggﬁgab%f patties with 1.09 0.67 1.86 —
@ Nuts and Seeds
a 12061 Nuts, almonds 0.01 0 0.01 —
§. 12087 | Nuts, cashew nuts, raw 0.01 0 0.01 —
""'=' 12151 | Nuts, pistachio nuts, raw 1.75 1.88 3.63 —
_® 12220 | Seeds, flaxseed 0.04 0.02 0.07 —
g :Es Other Beverages
% -:g 14006 | Alcoholic beverage, beer, light 0 0 0 —
E % 14003 | Alcoholic beverage, beer, regular, all 0 0 0 —
& e 14003 | Alcoholic beverage, wine, table, red, Merlot 0 0 0 —
D, Coffee, brewed from grounds,
g 14209 prepared with tap water 0.01 0.03 0.04 o
(7))
QE, 14201 gr(;ngeé; igﬁfagﬁtifgzgs%feinated 0 0 0 o
L:) 99107 | Tea, green, Japan 0.02 0.01 0.02 —
14355 | Tea, brewed, prepared with tap water 0 0 0 —
Baked Products, Fast Food, and Sweets
18248 | Doughnuts, plain 2.44 2.58 5 5.87
18035 | Bread, multi-grain (includes whole grain) 0.15 0.20 0.38 —
18069 E;‘Z?Sag}gg‘}tcggﬁegﬁgsyrepared 0.13 0.06 0.19 -
18127 Ei‘;‘ivftﬁagl;:;fges créme-filled, choco- 0.15 0.13 0.20 —
18356 E:\r/:zt Vf,?:llls; :ilsr;rrizmon, commercially pre- 0.65 0.70 1,50 o
99564 | Desserts, frozen, Glace Soy milk 6.2 7.0 14 —
99555 | JACK IN THE BOX, Beef Monster Taco 13.1 2.60 15.9 —
22903 lf)ﬁffigf’fgﬁféﬁm topping, regular crust, 0.01 0.01 0.01 —
99557 | Subway, meatball sandwich 2.7 3.0 6.0 —

Data obtained from the USDA Database for the Isoflavone Content of Selected Foods—Release 2 < http.//www.ars.
usda.gov/Services/docs.htm?docid = 6382> and a presentation prepared by scientists at the Nutrient Data Labora-
tory of the ARS/USDA (Joanne M. Holden, Seema Bhagwat, and David Haytowitz) on July 28—-29, 2009 (“Soy
Protein/Isoflavone Research: Challenges in Designing and Evaluating Intervention Studies,” NIH workshop held in
Bethesda, MD on July 2829, 2009)
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The isoflavone content of soybeans show considerable variability when based on samples from the US or
when all sources are combined (Table 7). The review by Schwartz et al., 2009 (59) also noted significant
variation in isoflavone content for similar food items reported in multiple databases . This observation
was not unexpected given all the factors that can influence isoflavone content and measurement such as
cultivar, environmental conditions, processing methods, sample work-up, and analytical method. For
example, six databases presented information on total isoflavone content of soybeans in a manner that
allowed comparison and estimates ranged from 469—-2389 mg/kg fresh weight. Total isoflavone values of
362-2209, 1421, and 1036 mg/kg fresh weight were reported in the 1999 version of the USDA database
(11), and those developed by Ritchie et al., 2006 (62), and Thompson et al., 2006 (63), respectively.

Table 7. Variability in Isoflavone Content of Soybeans

Average Isoflavone Content, mg/kg (range)

Source
Genistein Daidzein Glycitein I Total
soflavones
U.S. 86 (20—180) 61 (10-191) 13 (1-122) 160 (18—388)
All sources 81 (6—276) 62 (3—-191) 15 (10-122) 155 (10—440)

From a presentation prepared by scientists at the Nutrient Data Laboratory of the ARS/USDA (Joanne M. Holden,
Seema Bhagwat, and David Haytowitz) on July 28—29, 2009 (“Soy Protein/Isoflavone Research: Challenges in
Designing and Evaluating Intervention Studies,” NIH workshop held in Bethesda, MD on July 28—29, 2009).

Other food items of interest were not reported in the USDA database but have been discussed elsewhere.
For example, Setchell e al., 1998 reported detecting only trace levels of isoflavones in soy oil (64).
A review by Mazur et al., 1998 (24) indicated that Kudzu root, used as an herbal medication and, to a
lesser extent as a food, contained genistein and its glycoside at 12.6 mg/100 g dry weight. Kuhnle et
al., 2008 (65) analyzed the phytoestrogen content (isoflavones: biochanin A, daidzein, formononetin,
genistein, and glycitein; lignans: secoisolariciresinol and matairesinol; coumestrol; equol; enterolactone;
and enterodiol) of 115 foods of animal origin including dairy products, eggs, meat, fish, and seafood
as well as vegetarian substitutes. Isoflavones were detected in all foods of animal-origin analyzed,
although at much lower levels than in soy-based food products (< 10 ug/100 g of wet weight). By way
of comparison, the isoflavone content of beef products was 1-3 pug/100 g wet weight and for the meat
substitute soy-based/vegetarian burger the isoflavone content was 4410-4415 pg/100 g wet weight.

In addition to the USDA database, two other large, publically accessible databases used for isoflavone
intake assessment have been recently published and were included in the review by Schwartz et
al., 2009 (59). Thompson and other researchers at the University of Toronto and at Cancer Care,
also located in Toronto, developed a database to estimate isoflavone intake for epidemiological and
clinical studies (63). Thompson et al., 2006 (63) simultaneously measured nine phytoestrogens
(including isoflavones, lignans, and coumestan) in 121 food items relevant to Western diets to provide
more accurate intake estimations for epidemiological and clinical studies. The relative ranking of
phytoestrogen content (based on total analyte measured per 100 g food item) presented from highest
to lowest, was nuts and oilseeds, soy products, cereals and breads, legumes, meat products, and
other processed foods that may contain soy, vegetables, fruits, alcoholic, and nonalcoholic beverages.
Another comprehensive database to estimate isoflavone intake was developed by researchers in the
United Kingdom (62). Ritchie et al., 2006 (62) measured total genistein and daidzein content in
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approximately 300 food items available in the United Kingdom and combined this information with
recipe calculations to develop isoflavone content for ~6000 foods.

Haytowitz et al., 2009 (66) estimated dietary intake of total isoflavones and contribution by individual
food items in the U.S. diet by combining data from (1) the 2008 USDA Database for the Isoflavone
Content of Selected Foods, Release 2.0, (2) the 2006 USDA Food and Nutrient Database for Dietary
Surveys (FNDDS),? and (3) weighted two-day food consumption data for the U.S. population from
What We Eat in America (WWEIA)3, dietary intake component of the National Health and Nutrition
Examination Survey (NHANES). Data on isoflavone content for 290 of the 557 foods described in
the USDA database was combined with data from 2006 version of the FNDDS to estimate isoflavone
content in typical food portions. Then, the dietary intake data from the 2005-2006 WWEIA-NHANES
survey was included in the analysis to estimate the dietary intake of total isoflavones and contribution
by individual food items. Soy products, such as soymilk, meatless vegetarian products, and tofu are
the major contributors of isoflavones to the diet. Other food items, where soy products are used as
ingredients (such as doughnuts, frankfurters, infant formulas, bread and rolls) may also contribute
significant amounts of isoflavones to the diet (Table 8).

The USDA data on relative contribution by individual food items to total isoflavone intake are similar
to findings from other Western countries. Ritchie et al., 2006 (62) used their database and a 7-day
food diary to estimate isoflavone intake in groups of vegetarians (n=10) and omnivores (n=9). In
the vegetarian group, the mean isoflavone intake was 7.4 mg/d and main food sources of isoflavones
were soya milk (plain), meat-substitute foods containing textured vegetable protein and soya protein
isolate, soya mince, wholemeal bread and rolls, white bread and rolls, croissants and pitta breads,
beans, raisins and soya sauce. Main food sources of isoflavones for the omnivorous group (mean
intake of 1.2 mg/d) were soya yogurts, wholemeal bread and rolls, white bread and rolls, garlic bread,
nan bread and brown bread, sultanas and scones.

Frenchetal.,2007 (67) conducted a study in premenopausal Canadian women to examine the association
between dietary intake of phytoestrogens estimated from food frequency questionnaire with urinary
metabolites. [The degree of correlation between urinary isoflavone concentrations and estimates
of dietary intake ranged from 0.5 to 0.6; these data are discussed more in Section 1.2.2.7].

2 The FNDDS is a database of foods, their nutrient values, and weights for typical food portions. U.S.
Department of Agriculture (USDA), Agricultural Research Service. (2008). USDA Food and Nutrient
Database for Dietary Studies, 3.0. Food Surveys Research Group Web site: http.//www.ars.usda.gov/
Services/docs.htm?docid=17031.

3 What We Eat in America (WWEIA), NHANES is a national food survey conducted as a partnership
between the U.S. Department of Health and Human Services (DHHS) and the U.S. Department
of Agriculture (USDA). WWEIA represents the integration of two nationwide surveys - USDA’s
Continuing Survey of Food Intakes by Individuals (CSFII) and HHS’ NHANES. Under the integrated
framework, DHHS is responsible for the sample design and data collection. USDA is responsible
for the survey’s dietary data collection methodology, development and maintenance of the food and
nutrient databases used to code and process the data, and data review and processing. The two surveys
were integrated in 2002. U.S. DHHS, National Center for Health Statistics. 2008. National Health and
Nutrition Examination Survey 2005-2006 Data Files. Attp://'www.cdc.gov/nchs/about/major/nhanes/
nhanes05-06.htm
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APPENDIX II

Chemistry, Use and Human Exposure
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The top ten contributors to isoflavone intake were soy beverages (49.6%), tofu (16.2%), soy nuts
(10.8%), cooked soy beans (9.8%), soy “meat” alternatives (3.8%), split green peas (2.2%), soy flour
(1.9%), miso soup (1.7%), textured vegetable protein or TVP (1.4%), and tofu “yogurt” (1.1%). A
similar study by Tseng et al., 2008 (68) was conducted in a sample of US women to evaluate the use
of a soy food questionnaire and the Willett food frequency questionnaire. Although there was some
variation in the top sources of isoflavones compared to the study by French et al., 2007 (67), soy milk,
soy nuts, tofu, and soy bars were ranked the highest.

Some information on soy food consumption is available for infants and toddlers. Recent data from the
IFPS II indicates that ~6% of infants consume soy foods by 1 year of age (Table 3). Gerber sponsors
the Feeding Infants and Toddlers Study (FITS), a survey of the eating habits and nutrient intakes of
> 3,000 children from 4 to 24 months of age. Based on survey data collected in 2002, Skinner et al.,
2004 (69) reported soy milk as one of the frequently consumed beverages in children 15-18 months of
age, but not in younger infants or toddlers 19-24 months of age. The exact frequency of consumption
was not reported but products were not considered frequently consumed unless consumption occurred
in> 10% of the sample. A 2006 presentation from the Executive Director of the Soyfoods Association
of North America, Nancy Chapman?, cited FITS data to say that out of 600 toddlers 15-24 months
old, almost 4% consumed soymilk at least once a day. Overall, soy milk is one of the fastest growing
markets in the soy food industry (28). However, it is unclear whether this trend extends to infants and
toddlers although data obtained from a 2008 update to FITSS should be informative.

On September 12, 2008, the USDA Food and Nutrition Service (FNS) published a final rule in the
Federal Register (73 FR 52903), that provides detailed nutritional standards for nondairy alternatives
to milk in federally subsidized school lunches, breakfasts or after-school snacks. This rule allows
school nutrition programs to serve nondairy beverage alternatives to fluid milk, including soy milk,
as long as certain nutritional standards are met in the product and a written substitution request is
provided by the parent or legal guardian. Schools were also granted the discretion to select acceptable
nondairy beverages and given the option of providing milk substitutes to children with milk allergies,
religious or ethical beliefs or other needs that preclude the consumption of milk but are not based on
a medical disability. Some common brands of soymilk sold in the U.S. include WestSoy, EdenSoy,
Silk Soymilk, Wildwood SOYmilk, and ZenSoy (70).

Although phytoestrogens are more typically associated with soy products, equol, a metabolite of
daidzein, is routinely measured in cow’s milk. Cows are considered to “equol producers” whereas
less than half of humans readily produce this estrogenic metabolite. Leguminous plants used in cattle
nutrition, such as red clover and alfalfa, contain high concentrations of phytoestrogens, resulting
in significant equol production in the cows that graze on these forage plants. King et al., 1998 (71)
conducted HPLC analyses on Australian cow milk and reported mean isoflavone levels of <5 ng/mL
daidzein, 4-29 ng/mL genistein, and 45-293 ng/mL equol. The amount of equol detected in cow’s milk

4 Presentation available at http.//www.soyfoods.org/wp/wp-content/uploads/2006/12/soymilk_in_
school_meals.pdf.

5 Nestlé Nutrition is funding Mathematica to conduct the 2008 Feeding Infants and Toddlers Study (FITS
2008), a followup to the FITS 2002 study. This survey will obtain updated information on the diets and
eating habits of U.S. infants and toddlers 0 to 48 months of age. The time frame for the project is 2008-
2009 (http://www.mathematica-mpr.com/nutrition/fits2008.asp).
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varies and appears to vary based forage plant selection and growing season. Equol concentrations may
be higher in organic milk products presumably because organic dairy cows eat more forage legumes
compared to conventionally raised cows. The forage legumes bind nitrogen from the air thereby
making them a tool in reducing fertilizer use. For example, Hoikkala et al., 2007 (72) reported ~6.5
times higher concentrations of equol in Finnish samples of organic cow’s milk than in conventional
milk (411 ng/mL compared to 62 ng/mL). In Finland, the legume red clover is commonly used in
organic farms whereas barley, oats, and rapeseed meal are used on conventional dairy farms. U.S.
retail sales of organic milk have been growing since the mid-1990s, with sales of organic milk and
cream up 25 percent from 2004. In contrast, overall sales of milk have remained constant since the
mid-1980s and organic milk and cream now make up an estimated 6 percent of retail milk sales (73).

Dietary supplements

Exposure to genistein and other isoflavones can occur through intake of dietary supplements often
used because of the perception that they can improve cardiovascular health or reduce the symptoms
of menopause (recent reviews on the use of soy or isoflavone supplements for health benefit are
summarized in Chapter 2. When compared to soy food products, including soy-based infant formula,
the highest isoflavone concentrations are found in nutritional supplements which may be consist of
up to 40% total isoflavones (reviewed in Mortensen et al., 2009 (14)).

A large number of publications have reported on the isoflavone content of botanicals and soy supplements.
The NTP-CERHR Expert Panel Report on the Reproductive and Developmental Toxicity of Genistein
and Soy Formula is not intended to provide a comprehensive presentation of this literature. However,
it is clear that isoflavone content in dietary supplements is quite variable and presents a challenge to
designing and evaluating intervention studies of soy protein or isoflavones. A further challenge is that
the reporting in this literature is often imprecise in describing whether the measured value represents
the aglycone or the combination of aglycone and glycoside. In addition to the reports described below,
a number of other studies have been published since the 2006 NTP-CERHR evaluation of genistein and
soy formula that report isoflavone content in dietary supplements (74, 75).

Setchell et al., 2001 (76) analyzed 33 commercially available phytoestrogen supplements to determine
the types and levels of compounds present. [Either the information provided by the author or
the types of compounds identified in the supplements indicated that 28 of the supplements
were derived from soybeans.] The composition of the supplements was highly variable, and many
contained unidentified compounds. The soy-based supplements consisted primarily of genistein,
daidzein, and glycitein-derived glycosides. Aglycones represented <10% of the formulation for the
majority of soy-based supplements (22/28). Five of the soy-based supplements contained 10-26%
aglycones, and 1 of the supplements contained 47.2% aglycones. Total isoflavones per capsule or
serving were measured at 2.8—58.0 mg for the soy-based supplements. Isoflavone levels were found
to vary by more than 10% of the manufacturers’ reported values for about half of the 33 phytoestrogen
supplements analyzed. The UK Committee on Toxicity (3) reported that 4 surveys of soy supplements
found that actual levels of 1soflavones differed from values listed on labels and that, in most cases,
actual levels were below those reported by manufacturers.

Doerge et al., 2000 (77) measured isoflavone levels in a soy supplement purchased at a local health
food store. The majority of isoflavones were present as acetyl glucosides and malonyl glucosides.
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Total genistein content (aglycone + conjugates) was 4 mg/tablet and total daidzein (aglycone +
conjugates) was 8.9 mg/tablet. The values represented 84% of daidzein levels and 48% of genistein
levels listed on the product label.

More recently, Grippo et al., 2007 (78) measured concentrations of 5 flavonoids, including genistein and
daidzein, in 19 botanical and ephedra-containing dietary supplements. Over half (11/19) of the supplements
contained measurable amounts of genistein and the majority of the supplements (17/19) contained measurable
amounts of daidzein, with a total isoflavone concentration of up to 22 mg/day per recommended dosage. The
amount of genistein and daidzein in the supplements expressed as mg per recommended daily dose (RDD)
ranged from 0.0330 to 7.30 mg/RDD for genistein to 0.024 to 17.7 mg/RDD for daidzein.

Thompson et al., 2007 (79) evaluated 21 non-vitamin and non-mineral dietary supplements for
phytoestrogen analysis. Brands that were analyzed were the most frequently reported non-vitamin
and non-mineral supplements used in a random survey of 479 Canadian women conducted in 2003.
This study reports total isoflavone concentration values within the range of other studies evaluating
supplements. In addition, as reported in other studies there seems to be discrepancies in the label
claim and the analytical data presented in this study. Study data indicated amounts per tablet/capsule
were 2-3 times lower than the stated amounts on the product label. The supplement with the highest
weights of genistein, daidzein, and glycitein contained 9814.1 mg/tablet of genistein, 3130.5 mg/
tablet of daidzein and 363 mg/tablet of glycitein. Because the recommended label dose is for two
capsules per day, use of this supplement may result in a daily dose of ~19,600 mg/day of genistein,
~6260 mg/day of daidzein and ~725 mg/day of glycitein.

In 2005, the Agency for Healthcare Research and Quality, part of the US Department of Health and
Human Services, released a report it had commissioned entitled “Effects of Soy on Health Outcomes”
to assess the clinical trial literature on soy supplements and soy foods (80). Of the soy supplement
trials, 57 % used soy protein with isoflavones, 36 % used isoflavones alone, and 6 % used soy protein
without isoflavones. The total isoflavone intake in the reviewed studies ranged from 0 to 185 mg per
day and the total protein intake from soy ranged from 0 g to 154 g per day. The median intake of soy
protein per day, 36 g, was considered equivalent to over 1 pound of tofu or ~ 3 soy protein shakes per
day. For individual isoflavones, the range of intakes based on ingestion of a supplement or soy food
was 0—85.2 mg/day for genistein, 0—75 mg/day for daidzein, and 0—66 mg/day for glycitein.

1.2.2.5 Genistein and Other Isoflavone Levels in Infant Formula and “Weaning” Foods

Levels of isoflavones infant soy formula are summarized in Table 9. This table includes information
reported in the survey of soy foods conducted by the US Department of Agriculture (USDA) and lowa
State University (1/) as well as other sources. Unpublished data and analyses conducted at lowa State
University are included in the USDA-IOWA survey. Methodological details on most of the studies
cited in Table 9 are briefly summarized below. Results are presented for the most common isoflavones,
genistein, daidzein, and glycitein, although some studies did not include glycitein values. Glycoside
values were converted to free-form (aglycone) values. Total isoflavones were calculated if values
were available for daidzein and genistein equivalents, but it was noted that reported total isoflavone
values may not equal values obtained by adding individual isoflavone equivalents. The cited literature
includes results for formula powders, liquid concentrates, and reconstituted or ready-to-eat formulas. As
expected, levels of isoflavone equivalents expressed as mg/100 g were higher in soy formula powders
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and liquid concentrates. Percentages for individual isoflavones were genistein equivalents 36.8—70.1%,
daidzein equivalents 18.2—45.8%, and glycitein equivalents 4.0—-14.8%. [ To aid in making comparisons,
CERHR converted the measured values to a common metric of “ready to feed (mg/L)” using assumptions
described in the annotations below Table 9. Reconstituted or ready-to-feed soy formulas purchased in
the US contained genistein equivalents 13.6—~32.4 mg/L formula (6, 81), daidzein equivalents 7.5-19.1
mg/L formula (Murphy et al., unpublished data as cited in USDA-Iowa Database (71); (6), glycitein
equivalents 2.6—4.2 mg/L formula ((81); Murphy et al., 1997 and unpublished data as cited in USDA-
Iowa Database (7)) and total isoflavone equivalents of 20.9-47 mg/L formula (6; 87). Estimated
isoflavone intakes for soy formula fed infants based on these summary values are presented in Table 26.

The UK Ministry of Agriculture, Fisheries, and Food summarized and compared levels of isoflavones
and their conjugates measured in soy formula from other countries, and concluded that isoflavone
levels in soy formula from the UK were similar to concentrations reported in other countries;
differences most likely resulted from batch variations in soy isolate isoflavone levels, slight variations
in formulas, and minor differences in analytic methodology. A comparison of levels of isoflavones
in formula normalized to “as prepared” from different countries is presented in Table 10. The lowest
total isoflavone content of 10 mg/L. was measured in a sample of Nestle Alsoy powdered formula
purchased in Sao Paulo by Genovese et al., 2002 (88) and the highest, 47 mg/L, was reported for a
sample of Abbott Nutrition (formerly Ross), by Setchell et al., 1998 (6).6

6 A higher isoflavone content of 93 mg/L, based on the sum of genistein and daidzein, was presented for
liquid Korean soy infant formula by Lee et al., 2003 [93] [4.67 mg/100 ml genistein and 4.64 mg/100
ml of daidzein, equal to 46.7 mg/L genistein and 46.4 mg/L daidzein for a combined isoflavone
content of 93 mg/L]. The study also measured the isoflavone content in samples of casein-based formula
and breastmilk. In addition, the authors reported urine and plasma concentrations in infants fed soy
formula (n=10), casein-based formula (n=14), or breast milk (n=15) for 4 months. Infants in the 3
groups were also compared on weight, length, head circumference, chest circumference, and infant
development based on the developmental quotient. However, the main text of the article is written in
Korean and many specifics of the study are unknown. Moreover, the isoflavone levels presented in the
publication raise concerns on the reporting quality of the study. The value of 93 mg/L in soy formula is
approximately twice the amount of the next highest reported level, 47 mg/L by Setchell ez al., 1998 [6]; a
difference that also represents the typical dilution factor for liquid concentrates which raises uncertainty
on whether the liquid formula sample was a “ready-to-feed” sample or a liquid concentrate. [A visiting
scientist at the NIEHS translated the article for CERHR but it did contain additional information
on the brand name, type of sample, or number of samples tested]. Lee ef al., 2003 also presented
information on serum and urine isoflavone levels in soy formula fed infants, but the presented values are
difficult to reconcile with other estimates as the blood-based estimates are lower (plasma=392.1 ng/ml
verus 684 from Setchell et al., [84] and 757 from Cao et al., 2009 [94], but the urine values much higher
(urine=17.89 pg/ml [17,900 ng/ml] verus 5891 ng/ml from Cao et al., 2009 [94]. Additional concerns
are raised about the study because the reported concentrations of genistein + daidzein in breast milk were
much higher, 0.16 mg/100ml [1.6 mg/L, equal to 1600 ug/L or ng/ml] than any other reported value
including a total isoflavone level of 32 ng/ml from breast milk samples collected from vegan women as
described in Mortensen et al., 2009 [14]. Yet, despite the much higher reported breast milk levels, the
plasma levels of genistein and daidzein in the breastfed infants in the Lee ef al., 2003 study, 3.8 and 3.4
ng/ml, were similar to the whole blood levels reported in Cao ef al., 2009 [94] (10.8 ng/ml of genistein,
5.3 ng/ml of daidzein) and plasma by Setchell ef al., 1997 [84] (2.8 ng/ml of genistein and 1.5 ng/ml of
daidzein). CERHR attempted to contact the corresponding author but was not able to obtain clarification
on the study. Because of the uncertainty in the published values, the Lee et al., 2003 [93] is not considered
in the Expert Panel’s evaluation of soy formula.
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The UK Ministry of Agriculture, Fisheries, and Food summarized and compared levels of isoflavones
and their conjugates measured in soy formula from other countries, and concluded that isoflavone
levels in soy formula from the UK were similar to concentrations reported in other countries;
differences most likely resulted from batch variations in soy isolate isoflavone levels, slight variations
in formulas, and minor differences in analytic methodology. A comparison of levels of isoflavones
in formula normalized to “as prepared” from different countries is presented in Table 10. The lowest
total isoflavone content of 10 mg/L was measured in a sample of Nestle Alsoy powdered formula
purchased in Sao Paulo by Genovese et al., 2002 (88) and the highest, 47 mg/L, was reported for a
sample of Abbott Nutrition (formerly Ross), by Setchell et al., 1998 (6).7

The isoflavone content of soy-based infant formulas are hundreds of times greater than those reported
for casein-based formula (cow or goat milk) or breast milk (Table 11). Based on formula samples
obtained in the UK, Kuhnle ef al., 2008 (65) reported the total isoflavone content of the soy infant
formula as ~1,000 times higher than in the non-soy infant formula [brand names are not provided;
the formula is described as “baby formula powder”]. The isoflavone content of cow’s milk is
higher than a casein-based formula, but still much lower than a soy-based infant formula (Table 11).

7 Ahigher isoflavone content of 93 mg/L, based on the sum of genistein and daidzein, was presented for
liquid Korean soy infant formula by Lee et al., 2003 [93] [4.67 mg/100 ml genistein and 4.64 mg/100
ml of daidzein, equal to 46.7 mg/L genistein and 46.4 mg/L daidzein for a combined isoflavone
content of 93 mg/L]. The study also measured the isoflavone content in samples of casein-based
formula and breastmilk. In addition, the authors reported urine and plasma concentrations in infants
fed soy formula (n=10), casein-based formula (n=14), or breast milk (n=15) for 4 months. Infants
in the 3 groups were also compared on weight, length, head circumference, chest circumference,
and infant development based on the developmental quotient. However, the main text of the article
is written in Korean and many specifics of the study are unknown. Moreover, the isoflavone levels
presented in the publication raise concerns on the reporting quality of the study. The value of 93
mg/L in soy formula is approximately twice the amount of the next highest reported level, 47 mg/L
by Setchell et al., 1998 [6]; a difference that also represents the typical dilution factor for liquid
concentrates which raises uncertainty on whether the liquid formula sample was a “ready-to-feed”
sample or a liquid concentrate. [A visiting scientist at the NIEHS translated the article for CERHR
but it did contain additional information on the brand name, type of sample, or number of
samples tested]. Lee ef al., 2003 also presented information on serum and urine isoflavone levels in
soy formula fed infants, but the presented values are difficult to reconcile with other estimates as the
blood-based estimates are lower (plasma=392.1 ng/ml verus 684 from Setchell et al., [84] and 757
from Cao et al., 2009 [94], but the urine values much higher (urine=17.89 pg/ml [17,900 ng/ml] verus
5891 ng/ml from Cao et al., 2009 [94]. Additional concerns are raised about the study because the
reported concentrations of genistein + daidzein in breast milk were much higher, 0.16 mg/100ml [1.6
mg/L, equal to 1600 pg/L or ng/ml] than any other reported value including a total isoflavone level
of 32 ng/ml from breast milk samples collected from vegan women as described in Mortensen et al.,
2009 [14]. Yet, despite the much higher reported breast milk levels, the plasma levels of genistein and
daidzein in the breastfed infants in the Lee et al., 2003 study, 3.8 and 3.4 ng/ml, were similar to the
whole blood levels reported in Cao et al., 2009 [94] (10.8 ng/ml of genistein, 5.3 ng/ml of daidzein)
and plasma by Setchell et al., 1997 [84] (2.8 ng/ml of genistein and 1.5 ng/ml of daidzein). CERHR
attempted to contact the corresponding author but was not able to obtain clarification on the study.
Because of the uncertainty in the published values, the Lee et al., 2003 [93] is not considered in the
Expert Panel’s evaluation of soy formula.
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Table 10. Comparison of Isoflavone Content in Infant Soy Formulas from Different Countries

Individual Isoflavones, mg/L formula as fed,’

Total Isoflavones,
% of total
Country mg/L formula Reference
as fed! Genistein Daidzein Glycitein
UsS 20,98 _47b 12.12-~31.2b 7.1a-~13.5b 1.72-~2.4b | 2Franke et al., 1998 (81)
(n=20) ’ (57.7%-~66.3%) | (~28.8%—-34%) | (~5%—8.3%) |bSetchell etal., 1998 (6)
aUK Ministry of Agriculture
a__ b _ b a_ b g
(n[il;) 1874670 (51230640/ —2?0/) (26678210/ _1?750/) (202 —6Zi§/) Fisheries, and Food (3)
R R 07070 1 bHoey et al., 2004 (87)
_ 2-21. ight et al.,
A(“nsfjl)la 172-219 NS NS NS Knight et al., 1998 (89)
New Zealand 11.2-18 5.9-15 .
(n=5) 17.1-33 (55%—65.4%) (34.6%—45%) NR Irvine et al., 1998 (91)
Brazil 59-16.2 2.4-8.6 1.6-2.4
(n=7) 10-274 (59.3%-59.8%) | (23.9%-31.7%) | (9%-—163%) |Ocnoveseetal, 2002 (88)

ICERHR converted between mg/kg (or pg/g) and mg/L because the density of prepared formula is similar to water
(specific gravity is 1.03) Personal communication from Mead Johnson Medical Nutrition Affairs.
NS=Not specified; NR = Not reported

Table 11. Isoflavone Concentrations in Samples of Soy-Based Formula,
Cow’s Milk-Based Formula, Cow’s Milk, or Human Breast Milk

Country

Soy-Based Formula

Total Isoflavone, mg/L*

Reference

Genovese et al., 2002 (88),

US, UK, NZ, Australia, Brazil (Table 9) 10—47 Setchell et al., 1998 (6)
Casein-Based Formula

NZ < LOD Irvine et al., 1998 (90; 91)

US <LOD Setchell et al., 1998 (6)

Australia 0.001-0.03 Knight et al., 1998 (89)

UK 0.08" Kuhnle et al., 2008 (65)
Breast Milk

Chinese (1=1) | Posobne chalnge b0B D | Moreweneiab 20091y

US, omnivorous (n=9) 0.0056, mean Setchell et al., 1998 (6)

US (n=1) Eg:fﬁg; challenge 0001 Setchell et al., 1998 (6)

US (n=7) Easeline 0.0013, mean Franke et al., 2006 (95) as cited in

ost-soy challenge 0.0185, mean Mortensen et al., 2009 (14)

UK, omnivorous (n=14)

0-0.002, range

Friar and Walker (96) as cited in
Mortensen et al., 2009 (14); (3)

NZ (n=11, 2 were v

egetarian)

< LOD (50 ng/L)

Irvine et al., 1998 (91)

UK, vegetarian (n=14)

0.001 —0.010, range

UK, vegan (n=11)

0.002-0.032, range

Friar and Walker (96) as cited in
Mortensen et al., 2009 (14); (3)
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Table 11 (continued)

Country Total Isoflavone, mg/L Reference
Cow’s Milk
. King et al., 1997 as cited in
Australia 0.05-0.330 Mortensen et al., 2009 (714)
Antignac et al., 2003 as cited in
France 0.005-0.032 Mortensen et al., 2009 (14)

Modified from Mortensen et al., 2009 (74).

aTotal is based on genistein and daidzein only.

bCERHR calculated as prepared (mg/L) from powdered formula based on the assumption that 0.135 kg of powder is
used to reconstitute 1L of formula (92).

Mortensen et al., 2009 (14) recently reviewed the literature on isoflavone content in breast milk, cow’s
milk-based infant formula, and cow’s milk. Two of the reviewed studies measured total isoflavone
in cow’s milk and reported ranges of 0.05-0.350 mg/L (King et al., 1997 as cited in Mortensen ef al.,
2009 (14)) and 0.005-0.032 mg/L (Antignac et al., 2003 as cited in Mortensen et al., 2009 (14)). The
isoflavone content of breast milk is discussed further in Section 1.2.2.6.

Weaning foods can also be another source of isoflavone exposure in infants. The UK Committee on
Toxicity (3) reported total isoflavone levels in “weaning foods,” which included 22—66 mg/kg in instant
weaning foods and 18—78 mg/kg in ready-to-eat weaning foods (Table 12). [Genistein levels were
not quantified separately. Examples of weaning foods examined were not provided, and it is not
known if similar weaning foods are available in the US.] Irvine et al., 1998 (90) measured genistein
and daidzein in 3 different infant cereals [composition not indicated] and 2 different infant dinners
[composition not indicated] purchased in New Zealand, genistein + glycoside levels were measured
at 3—287 mg/aglycone equivalents/kg food and daidzein + glycoside levels at 2—-276 mg/aglycone
equivalents/kg food (90). [It is not known if similar cereals and dinners are available in the US.]

Table 12. Concentration of Isoflavones in Soy-Containing Weaning Foods

Total Total Total
Genistein, Daidzein, Isoflavone, Reference

mg/kg mg/kg mg/kg
Infant cereals (n = 3) 3-287 2-276 [5-563]°
Infant dinner (n = 2) o 32-58 | 31-45 [63-103]¢ | Irvine et al., 1998 (90)?
R S B i e
Instant weaning foods 22-66
Ready to eat weaning foods | o 18-78
Soyyogurts .29783 | UK Committee on
Soy milk 130-300 Toxicity, 2003 (3)b
Soydes‘s‘ertm U e TR
N U e

2Data on infant cereals, infant dinners, and rusks were obtained from food products used in New Zealand (90).
bModified Table 4.8 from the UK Committee on Toxicity report “Phytoestrogens and Health”(3).
¢CERHR calculated based on sum of genistein and daidzein.
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CHAPTER 1: CHEMISTRY, USE, AND HUMAN EXPOSURE
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The study authors noted that a single serving of 1 of the cereals could result in isoflavone exposures
ranging from 0.01 to 0.8 mg aglycone equivalents/kg bw/day in a 4-month-old infant, thus potentially
increasing isoflavone intake by more than 25% compared to the same aged infant on a soy-based
infant formula (estimated to be 2.9 mg aglycone equivalents/kg bw in this study).

Brief descriptions of studies reporting isoflavone levels in infant soy formula

In studies supported by Wyeth Laboratories, Protein Technologies International, and the National Institutes
of Health (NIH), Setchell et al., 1997 (84) measured isoflavone levels in infant soy formulalaand in
the blood of infants (n=7) consuming soy formula. Results of the study, as well as additional details
about methodology, were published in a later report by Setchell et al., 1998 (6). Following extraction
with methanol, isoflavone levels in 5 US infant formulas were measured by high performance liquid
chromatography (HPLC). Genistein and daidzein conjugates, mainly glycosides, were the most abundant
isoflavone-related compounds identified. Mean percentages of isoflavones and their respective conjugates
were reported at 67.1% genistein equivalents, 28.7% daidzein equivalents, and ~5% glycitein equivalents
in soy infant formula. Levels of individual isoflavones, based on conversion to aglycone concentrations,
are presented in Table 9. The total isoflavone content ranged from 2.6—4.1 mg/100 g formula as prepared.
When converted to mg/L, these values, ~26—41mg/L, are similar to those reported by Setchell ef al.,
2007 (84). Estimated infant exposures resulting from soy formula intake are summarized in Table 26.

Franke et al., 1998 (81) measured isoflavone + conjugate levels in 4 US brands of soy formula using
methanol extraction and HPLC with diode-array ultraviolet detection. Isoflavone conjugation patterns
were similar to those found in soy foods and included malonates (32—-43%), glucosides (37-52%),
acetates (6—7%), and aglycones (9—13%). Total isoflavones were measured at 155.1-281.4 pg/g.
Percentages of each type of isoflavone included 55.3—57.7% genistein equivalents, 34—36.1% daidzein
equivalents, and 7.4—8.5% glycitein equivalents. Based on an intake of 1 L formula, a body weight
of 4.5 kg, and instructions for preparing formula, the authors estimated infant isoflavone equivalents
exposure at ~7 mg/kg bw/day (). The authors stated that isoflavone + conjugate exposure in infants
fed soy formula is 4—6 times higher than in adults eating a soy-rich diet (~30 g/day).

Irvine et al., 1998 (90) used an HPLC technique to measure isoflavone equivalent levels in infant
soy formulas and foods such as cereals and pureed meats or vegetables purchased in New Zealand.
In both soy formula and infant foods, the majority of genistein and daidzein were present as their
respective glucosides. In soy formula, total concentrations of isoflavones (mean+ SEM) were 87+ 3
ug/g genistein and 49+ 2 ng/g daidzein. [If it is assumed that genistein and daidzein are the only
isoflavones in the formulas, the percentages of total isoflavone represented by each compound
are 64% genistein equivalents and 36% daidzein equivalents.]

Murphy et al., 1997 (§2) analyzed 6 brands of soy formula sold in the US and reported that total
isoflavone levels were similar across brands and were comprised of 59% genistein equivalents, 29%
daidzein equivalents, and 12% glycitein equivalents. Levels of isoflavones and their conjugates are
reported in the USDA survey and summarized in Table 9.

Hoey et al., 2004 (87) used a liquid chromatography-mass spectrometry (LC-MS) method to measure
isoflavone + conjugate levels in 3 soy-based infant formulas from the UK. The total isoflavone content
of soy formulas consisted of ~58—67% genistein equivalents, 27-29% daidzein equivalents, and
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6—-16% glycitein equivalents. The study authors estimated that 4—6-month-old infants consumed
between 17.5 and 33.0 mg/day isoflavone equivalents or 1.7—4.4 mg aglycone equivalents/kg bw/
day. Hoey et al., 2004 (87) also measured isoflavone levels in cow milk-based infant formulas from
the UK. Isoflavones were not detected in the majority of the cow-milk infant formulas (0.5 mg/kg
detection limit). Infants fed the cow-milk formula with the highest isoflavone content (2.1 mg/kg
formula) were estimated to consume 0.16—0.27 mg/day isoflavone equivalents, or 0.02—0.03 mg
aglycone equivalents/kg bw/day.

The UK Ministry of Agriculture, Fisheries, and Food (5; 96) conducted a survey of isoflavone levels
in 6 brands of infant soy formulas. The formulas were analyzed for 14 different isoflavones and their
conjugates and 1 coumestan compound using methanol extraction followed by HPLC and LC-MS.
Isoflavone levels were normalized to aglycone concentrations. Isoflavones were detected in all soy
formulas at concentrations of 18—41 mg/L made-up formula. The majority of isoflavones were present as
glycosides, but smaller amounts of acetyl and malonyl forms and aglycones were also present. The most
abundant isoflavones, genistein-, daidzein-, and glycitein-related compounds, represented an average
of 58, 36, and 6% of formulations on a molar basis, respectively. The isoflavones/conjugates glycitein,
6'-O-acetylglycitin, formononetin, and biochanin A and the coumestan coumestrol were not detected.
Eight batches of 1 soy formula, SMA Wysoy, purchased at different times and locations were analyzed to
determine variation between batches. Isoflavone concentrations were 18—33 mg aglycone equivalents/L
formula as made up. The UK Ministry of Agriculture, Fisheries, and Food concluded that isoflavone
levels did not vary enough to significantly impact exposure. Statistical analyses by analysis of variance
(ANOVA) and F-test did not find a significant difference at the 5% level in isoflavone levels between
batches of the same brand and between different brands. The UK Ministry of Agriculture, Fisheries,
and Food (96) analyzed 3 cow-milk formulas for isoflavones using HPLC and LC-MS methods, and
reported that isoflavone levels were below the detection limit of 0.25—-0.5 mg/L

Genovese et al., 2002 (88) used HPLC and photodiode array detection to measure isoflavone content
of 7 brands of soy-based infant formula purchased in Brazil. Most isoflavones were present as either
B-glycosides (53—71.7%) or malonylglycosides (11.6—42.7%) in all formulas; the percentage range of
isoflavones detected as aglycones was 2.4 to 29.7%. In all brands, the relative ranking of isoflavones
as proportion detected was total genistein > total daidzein > total glycitein.

1.2.2.6 Biological Monitoring of Isoflavones in Blood, Urine, Amniotic Fluid, and
Breastmilk

Genistein and daidzein exist mainly as glycosides in unfermented soy foods. Due to their high
water solubility and molecular weight, isoflavone glycosides are not readily absorbed across the
gastrointestinal tract (reviewed in (3)). For absorption to occur, isoflavones must first be hydrolyzed
to their aglycones, which have some hydrophobicity and lower molecular weights. Absorption occurs
primarily in the small and large intestine. Isoflavones are readily absorbed as indicated by frequent
detection in the blood or urine, including in populations that do not consume diets traditionally
associated with high intake of soy foods.

Fetal and maternal samples during pregnancy
Seven studies, briefly described below, were identified that measured isoflavone levels in fetal
(amniotic fluid or cord blood) and/or maternal blood samples during delivery (Table 13) [97-103].
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OOnly amniotic fluid measurements were identified for samples collected in the U.S. For genistein,
the range of central tendency values (mean or median concentration) was 1.08 nM [0.29 pg/L] to
1.69 nM [0.46 ng/L]. For daidzein, the range was 0.94 nM [0.24 pg/L] to 9.52 nM [2.42 png/L]. These
concentrations were much lower than those reported in Japanese samples. In a study of Japanese
women, Adlercreutz et al., 1999 (97) reported mean amniotic fluid concentrations of genistein (64 nM
[17.3 ng/L]), daidzein (67.8 nM [17.2 pg/L]), equol (68.0 nM [16.5 ng/L]) and O-desmethylangolensin
(23.6 nM [6.1 pg/L]) in amniotic fluid samples collected at delivery. The Expert Panel did not identify
any other reports of equol or O-desmethylangolensin in amniotic fluid samples.

Foster et al., 2002 (100) measured genistein and daidzein in 57 human amniotic fluid samples collected
between 15 and 23 weeks of gestation. Samples were collected in Los Angeles [ethnic composition
and dietary factors not discussed]. Measurements were made by GC/MS after glucuronidase
treatment to hydrolyze the conjugates. Genistein was measurable in 42 of the samples (89.5%) with a
mean + SD concentration of 1.08 £0.91 ng/mL [4.0 + 3.4 nM] (range 0.5-4.86 ng/mL [1.5-17.9 nM]).
Daidzein was detected in 32 of 57 samples (68.4%) with a mean + SD concentration of 0.94 +0.91 ng/
mL [3.7£3.6 nM] (range 0.5-5.52 ng/mL [2.0 - 21.7 nM]

In a different paper (99), these authors reported genistein concentrations in 59 amniotic fluid
samples obtained from 53 pregnant women at 15-23 weeks of gestation (4 sets of twins and 1
woman who was sampled 3 times). There were 42 women with measurable amniotic fluid genistein
concentrations. The mean + SD genistein concentration was 1.69 +1.48 ng/mL [6.25+5.48 nM]
(maximum 6.54 ng/mL [24.2 nM]). For daidzein, the mean=+SD genistein concentration was
1.44+1.34 ng/mL [5.66 £5.27 nM] (maximum 5.52 ng/mL [21.71 nM]). [In Table 2 of the
publication, the mean = SD genistein is reported as 1.37+1.00 ng/mL (5.07 +£3.7 nM) with
a median of 0.99 ng/mL (3.7 nM). The mean +SD daidzein is reported as 1.14+1.00 ng/mL
(4.48+3.93 nM) with a median of 0.75 ng/mL (2.95 nM). It is not known whether there are
any samples represented in both papers.]

Adlercreutz et al., 1999 (97) used a GC/MS method to measure maternal plasma, cord plasma, and
amniotic fluid phytoestrogen levels in 7 healthy omnivorous Japanese women (20—-30 years old)
who had just given birth. Total genistein levels in maternal blood and unconjugated and conjugated
levels in cord plasma and amniotic fluid are summarized in Table 14.Genistein, daidzein, equol, and
O-desmethylangolensin were detected in cord blood and amniotic fluid, and levels were reported to
be variable between subjects. Correlations between maternal blood and cord blood or amniotic fluid
genistein levels were not statistically significant. Most of the genistein, daidzein, or equol measured
in amniotic fluid or cord blood was represented by glucuronide or sulfoglucuronide conjugates
(Table 14). [Unconjugated and sulfate conjugates of genistein represented 10—15% of total
genistein in cord blood and amniotic fluid.] The study authors concluded that phytoestrogens cross
the placenta.

Engel et al., 2006 (98) measured genistein and daidzein in 21 amniotic fluid samples obtained prior
to 20 weeks gestation. The samples were collected from women referred to the Mount Sinai Medical
Center for the sole indication of “advanced maternal age” (>35 years). Measurements were made by
use of an electrochemical detector in combination with HPLC. The median concentration (range) for
genistein was 1.38 (0.20—7.88) png/L and for daidzein was 9.52 (3.84-17.4) ng/L.
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Nagataetal.,2006 (102) evaluated isoflavone exposure in 194 Japanese women by estimating the dietary
intake and measuring of genistein, daidzein and equol in maternal urine, serum during gestation and at
delivery, as well as serum in umbilical cord samples. Isoflavones were measured using HPLC-MS/MS
(for serum) or HPLC (urine) after the addition of B-glucuronidase/sufatase to the samples. The
geometric mean and range of concentrations of genistein, daidzein, and equol for maternal and cord
blood serum samples are presented in Table 13. Urine concentrations measured during pregnancy and
at delivery are reported in Section 1.2.2.6. Genistein and daidzein in umbilical cord serum were highly
correlated with those in both maternal urine (r=0.63, P<0.0001 and r=0.58, P <0.0001 for genistein
and daidzein, respectively, after controlling for covariates) and serum (r=0.70, P<0.0001 and r=0.68,
P<0.0001 for genistein and daidzein, respectively after controlling for covariates) at delivery. [Equol
correlations were not reliable due to low detection frequency (less than 50% of samples were
above LOD).] The authors also reported correlations between isoflavones in maternal samples and
cord blood with hormone levels of estradiol, estriol, and testosterone (discussed in Section 3.4). In
umbilical cord blood, no significant correlation between the hormone and isoflavones were reported.
There were a few significant associations between maternal hormone levels and isoflavones during
pregnancy, but the pattern varied depending on stage of pregnancy and whether isoflavone exposure
was based on dietary records or measured concentrations in urine or serum.

Mustafa ef al., 2007 (101) measured free and conjugated genistein, genistin, daidzein, daidzin, and
coumesterol in 300 cord blood samples collected in Malaysia. Samples were collected from women
who delivered babies in seven Malaysian hospitals located in urban and rural locations. In addition,
103 matching pairs of maternal and cord blood samples were analyzed to compare the distribution of
isoflavones in maternal and cord plasma. Total isoflavone (conjugated and free forms) concentrations
were determined by LC-MS preceded by solid-phase extraction using C18 column and passage through
DEAE sephadex gel. The mean concentrations of total phytoestrogens in cord plasma samples were
genistein (3.7 +2.8 ng/ml), genistin (19.5+4.2 ng/ml), daidzein (1.4 +2.9 ng/ml), daidzin (3.5+3.1
ng/ml), and coumesterol (3.3 +3.3 ng/ml) [The authors state that concentrations of both free
and conjugated isoflavones were measured. However, the reported values are presented as
“total” concentration for each isoflavone and information on the relative distribution of free
and conjugated, i.e., the percent of total as free, was not presented in the paper.] Although
no statistical analyses are presented, the distribution of phytoestrogen was reported as higher in
samples collected from rural areas compared to that of urban areas. The concentrations of isoflavones
measured in the matching maternal and cord plasma samples were very similar [no correlations or
other statistical analyses are reported]. The highest concentrations of phytoestrogens were detected
in women who reported being daily consumers of bean sprouts (referred to as “taugeh” in Malaysia)
and the lowest was in consumers of soy-based and soy-based milk. The authors did not conclude that
taugeh was the main source of isoflavones compared to soy foods because of imbalances in sample
size between food consumption groups.

Todaka et al., 2005 (103), funded by the Japanese Ministry of the Environment and the Ministry of
Education, Culture, Sports, Science, and Technology, investigated the concentrations of phytoestrogens
in maternal and cord blood serum in women giving birth by cesarean section. Their investigation
involved 51 mother-infant pairs in which they determined concentrations of total genistein, daidzein,
equol, and coumestrol. They also determined sulfate conjugated genistein concentrations in 10 of
these mother-infant pairs. Because the mothers fasted for 15 hours prior to surgery, time for substantial
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metabolism and excretion of these phytoestrogens, they also analyzed these phytoestrogens in the
serum of 10 males and 10 females to determine levels in adults soon after breakfast. Analyses were
done using electron spray ionization-liquid chromatography/tandem mass spectrometry (LC-MS/
MS). The limit of detection was 0.5 ng/mL and data below this limit were considered zero. 4’-OH
and 7-OH sulfate conjugated genistein was analyzed using a HPLC-UV apparatus.

Total genistein was detected in 100% of cord bloods with a mean concentration of 19.4 ng/mL, and
in 96% of maternal bloods with a mean concentration of 7.2 ng/mL. Total daidzein was detected in
80% of cord bloods with a mean concentration of 4.3 ng/mL, and in 75% of maternal bloods with
a mean concentration of 1.8 ng/mL. Total equol was detected in 35% of cord bloods with a mean
concentration of 0.9 ng/mL, and in 37% of maternal bloods with a mean concentration of 2.0 ng/
mL. Total coumestrol was not detected in any cord bloods and in only one maternal blood. Free
(unconjugated) genistein, daidzein, equol, and coumestrol (detection limit=0.5 ng/mL) were not
detected in any serum samples from maternal or cord blood.

There was no difference in the serum concentrations of phytoestrogens in male and female
newborns and no correlation between serum concentrations and birth weights. Total genistein and
daidzein concentrations were significantly higher in cord serum than in maternal serum while equol
concentrations were significantly higher in maternal serum than in cord serum. Among the 10 mother-
infant pairs analyzed for sulfate-conjugated genistein, this conjugated form was found in only one
maternal serum sample but was detected in 8 cord samples (mean=5.2 ng/mL) and constituted
about 10.7% of total genistein. Among the 10 male and 10 female adult volunteers sampled, mean
phytoestrogen concentrations (ng/mL) were: total genistein=94.7 and free genistein=2.4, total
daidzein=26.0 and free daidzein=2.1, total equol=4.0 and no free equol was detected. These levels
are substantially higher than in maternal blood serum samples that were collected following 15 hours
of fasting. The author’s concluded that phytoestrogens are transferred from mother to fetus and that
metabolic and/or excretion rates of phytoestrogens are different between mother and fetus and tend
to stay longer in the fetal side than in the maternal side.

Infants

Several studies, briefly described below, have compared isoflavone levels in infants who are fed soy
formula, cow’s milk formula, or breast milk (summarized in Table 15). The highest blood-based
concentrations of genistein were measured in a sample of 27 soy formula-fed infants from the US
(94). The geometric mean and median concentrations of genistein in whole blood were 757 and 890.7
ng/ml, respectively. At the 75™ percentile, the genistein concentration was 1455.1 ng/ml. The mean
concentration reported by Cao et al., 2009 (94) is higher than the previous blood-based measurement
of genistein in infants fed soy formula reported by Setchell ef al., 1997 (84) of 684 ng/ml in plasma
samples from seven infants.
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Figure 2. Hypothetical Comparison of Serum Isoflavone Levels from Conception
Through Weaning in Typical Asians and Soy-Formula-Fed Infants in the US

2000
1500
1000

Japanese

500

Total Isoflavones (nmol/L)

American

-9 0 9 18
Age (months)

Modified from Figure 1 in Badger et al., 2002 (33).

Differences in soy food exposure patterns throughout life were noted for Americans compared to
Asians (33) (Figure 2). In the US, typical diets are low in soy food intake, and the fetus is thus
exposed to low levels of genistein. Significant exposure to genistein and its conjugates occurs in the
approximately 25% of infants who are fed soy formula. After those infants are weaned, soy food
intake and genistein exposure drops and typically remain low over the lifetime. In Asian cultures
consuming soy products, the fetus is exposed to genistein and its conjugates as a result of maternal
soy food intake. At birth, most infants are either breast fed or fed cow-milk formula, so exposure
to genistein is very low during infancy. Upon weaning, the infants begin receiving soy foods and
exposure to soy products and genistein + conjugates remain high over their lifetime.

Cao et al., 2009 (94) measured the isoflavones in the blood, saliva, and urine of 166 full-term infants
who were fed soy formula, cow milk formula, or breast milk. Automated online solid-phase extraction
combined with HPLC-MS/MS was used for urinary measurements and LC/MS/MS was used for saliva
and blood spots. Daidzein and genistein were detected in the blood, saliva, and urine of the majority
of infants on soy formula. Both the measured concentration and detection frequency of daidzein and
genisten in these infants were higher for urine than blood or saliva (Table 15 and Table 16). For example,
all the samples from soy formula fed infants had detectable levels of daidzein or genistein in urine but
the percent of samples with detectable levels in blood or saliva ranged from 83 to 96%. In contrast,
the majority of infants fed cow’s milk formula or human milk did not have detectable concentrations
of daidzein or genistein in blood or saliva. Urinary concentrations of daidzein and genistein were
approximately 500-times lower in these infants compared to infants on a soy formula diet. Equol was
not detected in blood or saliva from any infant and was only detectable in a minority of urine samples
(5% soy formula fed, 22% of cow milk formula fed, and 2% of breast milk fed infants). Other isoflavone
metabolites, such as O-desmethylangolensin, were either not measured (94) or not detected (84)

Setchell et al., 1997, 1998 (6, 84) used an enzymatic deconjugation process and a gas chromatography/
mass spectrometry (GC-MS) method to measure plasma total isoflavone levels in seven 4-month-
old male infants fed Isomil soy formula. Blood samples were obtained between 9 and 11 AM and
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Table 16. Detection Frequency of Daidzein, Genistein, and Equol
in Infants Fed Soy Formula, Cow Milk Formula, or Breast Milk

Frequency Detection by Feeding Method,

% detection (n /n
Isoflavone | Sample L?DI ————— >L0D/ " ttal Reference
(ng/ml) Soy Cow Milk
Formula Formula
Whole 10 96% 3% 5%
blood (26/27) (1/30) (1/20)
S . 83% 7% 7%
Daidzein Saliva 0.76 (100/120) (9/120) (7/120) Cao et al., 2009 (94)
Urine 16 100% 78% 30%
: (125/125) (100/128) (38/128)
Whole 27 96% 10% 5%
blood (26/27)2 (3/30) (1/20)
o . 91% 5% 2%
Genistein Saliva 1.4 (109/120) (6/120) 3/121) Cao et al., 2009 (94)
Urine 08 100% 91% 49%
: (125/125) (116/128) (63/128)
Whole 12 0% 0% 0%
blood (0/27) (0/30) (0/20)
. 0% 0% 0%
L Saliva 3.6 (0/120) (0/120) (0/121) Cao et al., 2009 (94)
" Urine 33 >0 22% 2%
(6/124) (27/125) (2/128)
Plasma 57% 100% 14% Setchell et al., 1997
4/7) (7/7) (/7 (84)

2Table 4 in the Cao et al., 2009 publication states the number of blood samples with non-detectable levels of genistein in the soy
formula-fed infant group as 0/27, or 4% < LOD. CERHR has confirmed that the number should be 1/27 < LOD for genistein in
blood of soy group (personal communication with co-authors Yang Cao and David Umbach, October 13 and 15, 2009).

the infants were not fasted before collection. Mean £ SD plasma genistein was 683 +£442.6 ug/L,
and mean = SD plasma daidzein was 295.3+59.9 ug/L. Equol was detected in 4 of 7 infants in the
soy formula group, 7 of 7 infants in the cow milk formula group, and 1 of 7 infants fed breast milk.
Total isoflavones were reported at 552—1775 pg/L (mean 980 ng/L) [Plasma glycitein levels were
not measured.] The study authors noted that they did not attempt to measure the extent of isoflavone
conjugatioOn in infant serum. Total plasma isoflavone levels were 50—100-fold higher in infants fed
soy formula compared to 4-month-old male infants fed breast milk (mean+SD 4.7+ 1.3 ug/L, n=7)
and cow milk formula (mean+SD 9.3+1.2 ng/L, n=7). Plasma isoflavone levels in infants fed soy
formula were also higher compared to adults (50-200 pg/L) and Japanese adults (40—240 pg/L)
ingesting similar levels of isoflavones + conjugates from soy-based foods.

Franke et al. in two separate studies (81, 104) measured isoflavone and metabolite levels in the breast
milk and urine of postpartum women who consumed roasted soybeans. Plasma levels were also
examined in 1 study (81). In the first study (104), isoflavone levels were measured in soybeans and
found to be (in aglycone equivalents): daidzein 830 mg/kg soybean, genistein 913 mg/kg soybean, and
glycitein 174 mg/kg soybean. Authors estimated the 3 daidzein doses at 0.08, 0.15, and 0.30 mg/kg
bw and the 3 genistein doses at 0.08, 0.17, and 0.33 mg/kg bw. In the second study (87), the soybeans
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reportedly contained daidzein 0.85 mg/kg soybean and genistein 1.1 mg/kg soybean, and the authors
stated that consumption of 20 g soybeans would result in intake of 37 mg isoflavones. [Based on the
authors’ value for isoflavone intake, it appears that the units of isoflavones in soybeans should
have been mg/g soybean instead of mg/kg soybean, consistent with data reported for mature
soybeans in the USDA (11) survey. Assuming that the correct unit for the isoflavones is mg/g
soybean, 20 g soybeans would contain ~17 mg total daidzein and 22 mg total genistein.] Milk
samples were collected each time the infant was nursed, and blood samples were drawn in 1 study
following an overnight fast. Isoflavones and metabolites were hydrolyzed enzymatically, extracted
from samples using methanol or ethyl acetate, and analyzed by HPLC.

In both studies, isoflavone levels in milk were below the detection limit (1-3 pM) prior to hydrolysis,
suggesting that isoflavones occur in milk as glucuronide and sulfate conjugates. Soybean intake resulted
in a rapid and dose-dependent increase in genistein and daidzein derivatives in milk. Concentrations
peaked 10—14 hours following consumption of soybeans and returned to baseline levels 2—4 days
later. A biphasic pattern of isoflavone detection was observed in milk after consumption of 20 g
soybeans. Milk samples did not contain glycitein or the metabolites equol and O-desmethylangolensin
at detectable levels. Milk contained higher concentrations of genistein than daidzein conjugates.
Levels of genistein conjugates were also higher in plasma [data were not shown]. In urine, the ratio
of isoflavones to metabolites suggested preferential excretion of metabolites [data were not shown].
In contrast to results for milk and plasma, urinary conjugates of daidzein were higher than conjugates
of genistein. Glycitein and the isoflavone metabolites equol and O-desmethylangolensin were also
detected in urine.

In the Franke et al.,1996 (104) study, intake of 5, 10, and 20 g soybeans by a single subject resulted in
maximum milk total genistein levels of 32, 46, and 71 nM and total daidzein levels of 16, 34, and 62 nM,
respectively. The respective maximum urinary excretion rates for total genistein were 60, 300, and 300
nmol/hour and for total daidzein, 150, 500, and 600 nmol/hour. Milk and urine levels were compared
to those of a Chinese woman who ate her usual diet, which included 1 serving/day of tofu soup. The
woman’s milk contained total genistein at 30—50 nM and total daidzein at 80—110 nM; urinary excretion
rates ranged from 8 to 33 nmol/hour for total genistein and from 80 to 150 nmol/hour for total daidzein.
In the Franke et al., 1998 (81) study, mean total isoflavone concentrations after consumption of 20 g
soybeans were 0.2 uM in milk and 2 uM in plasma; urinary excretion rate for isoflavone was 3.0 umol/
hour. [The data for “total isoflavones” were presented in the study abstract.]

Franke ef al., 2006 (95) compared isoflavones patterns in the urine and plasma of tofu-fed infants and
breastfed infants and their mothers following maternal consumption of a soy protein beverage. Three
infants consumed a tofu sample with an average of 7.4 mg isoflavones that resulted in a mean and
standard deviation dose of 0.694+0.42 mg/kg. Sixteen mothers drank a soy protein beverage once
daily for 2 - 4 days that contained ~ 55 mg isoflavones (total daidzein:genistein:glycitein=1:1:0.1,
mainly as glucosides and malonylglucosides) which resulted in an average body weight adjusted dose of
1.01£0.03 mg/kg. Samples of mother’s urine (n=16), breastmilk (n=16), infant urine (n=13), and infant
plasma (n=11) were collected in the afternoon following maternal consumption of the soy beverage
in the early morning. Daidzein, genistein, glycitein, equol, dihydrodaidzein, dihydrogenistein, and
O-desmethylangolensin were measured in breast milk, maternal urine, infant urine, and infant plasma by
HPLC with photodiode array detection followed by electrospray ionization ion trap mass spectrometry.
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CHAPTER 1: CHEMISTRY, USE, AND HUMAN EXPOSURE
Use and Human Exposure

Levels of genistein, daidzein, and glycitein were not presented individually, although the authors
reported that glycitein values were negligible in breastmilk, contributing ~2% towards the
concentrations of total isoflavones. The daidzein-to-genistein ratio in breast milk was reported as 0.6
(95). Isoflavone concentrations were significantly correlated within type of biological matrix for an
individual and within mother-infant pair for breastfed infants: mother’s milk versus mother’s urine,
r=0.661; mother’s milk versus infant urine, r=0.775; mother’s urine verus infant urine, r=0.863, and
infant plasma versus infant urine, r=0.975.

Baseline urine and milk samples were available for seven mother-infant pairs. Based on these
samples, statistically significant increases in mean (+ SEM) isoflavone excretion rates were
observed in mother’s urine (18.4+13.0 verus 135+26.0 nmol/mg creatinine), mother’s milk
(5.1£2.2 versus 70.7+19.2 nmol/L), and infant urine (29.8 £11.6 verus 111.6 £ 18.9 nmol/
mg creatinine) following the mothers ingestion of the soy protein beverage. Inclusion of study
participants who only donated specimans following the intervention resulted in slightly higher
but similar means: 157.1+ 18.5 nmol/mg creatinine for mother’s urine, 95.4+19.6 nmol/L for
mother’s milk, and 186.1 +25.1 nmol/mg creatinine. Plasma samples were available for 11 of the
breastfed infants=19.7 nmol/L (median: 2.5nmol/L; range:0.2—148.5nmol/L). Compared to either
the mothers fed a soy beverage or their breastfed infants the tofu-fed infants had much higher
average levels of isoflavones in urine (229 nmol/mg creatinine; median:145nmol/mg creatinine;
range: 61-482nmol/mg creatinine) and plasma (1048.6 nmol/L; median: 663.1 nmol/L; range:
629.1-1853.6nmol/L).

For each group, the authors also calculated a body weight- and time-adjusted urinary isoflavone
excretion (UIE) value that was further adjusted for dose per kg body weight [(nmol-h-!kg -1)/ (mg-kg
I.d -1). The authors consider UIE expressed relative to time as more accurate than expressed relative
to creatinine because creatinine is largely dependent upon muscle and body composition differs
markedly in adults and infants. Dose per body weight corrected UIE in breastfed infants was 18.4
percent of the maternal value (25.5+3.3 versus 136.5+ 16.3), a statistically significant difference. In
contrast, the UIE/dose was 24% higher in tofu-fed infants (169.4 £32.1 versus 136.5); however, this
increase was not statistically significant.

Breast milk

Seven studies were identified that report isoflavone levels in breast milk and those studies are outlined
in Table 17. The highest background concentrations of isoflavones were observed in milk from
women eating vegan and vegetarian diets.

Total levels of isoflavones in breast milk of mothers on an omnivorous, vegetarian, or vegan diet were
reported by the UK Committee-on-Toxicity (3). No information was provided on the methodology
used to measure isoflavone levels in breast milk. [Levels of genistein, daidzein, and equol were not
reported separately in the UK Committee-on-Toxicity report. CERHR was not able to obtain
the original report prepared by the UK Ministry of Agriculture, Fisheries, and Food.] Levels
of isoflavones in breast milk were orders of magnitude lower than levels in soy formula, which were
reported at 18—41 mg aglycone equivalents/L prepared formula in a UK Ministry of Agriculture,
Fisheries, and Food survey (5; 96).
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CHAPTER 1: CHEMISTRY, USE, AND HUMAN EXPOSURE
Use and Human Exposure

Setchell et al., 1997, 1998 (6, 84) used a gas chromatography (GC)-MS method to compare isoflavone
levels in soy formula and human milk and to measure isoflavone levels in human milk following
soy food ingestion. In comparison to soy formula, levels of isoflavones (measured by GC/MS) were
substantially lower in cow-milk formula (below detection limit, which was not reported) and in milk
collected from 9 healthy, omnivorous, lactating women (mean+SD=5.6+4.4 ng/L) (6). Equol was
detected in 7 of 9 human-milk samples. A >10-fold increase in milk isoflavone levels was observed
following ingestion of 30 mg isoflavones + conjugates in the form of 10 g toasted soy nuts. [Figure
2 in the study report suggests that milk daidzein levels increased >40-fold and genistein levels
increased >10-fold 1 day after the ingestion of soy nuts.] The study authors noted that isoflavones
occur predominantly as glucuronide conjugates in human milk.

Irvine et al., 1998 (90) used an HPLC method to measure isoflavone levels in dairy-based formula
and in human milk. Levels of genistein and daidzein were below the detection limit (0.05 mg/L [50
pg/L]) in human milk samples from 11 mothers and in the dairy-based formulas. [Based on this level
of detection, measurable levels of isoflavones would not be expected based on concentrations of
genistein, daidzein, and total isoflavones reported in [3; 6].]

Franke et al., 1998a, 1998b (81, 105) published two analytical methods papers on the use of HPLC
with diode-array ultraviolet scanning to measure isoflavones in human fluids, including breast
milk. As part of this work, genistein and daidzein was measured in samples of breast milk collected
before and after consumption of roasted soy beans (5g at time 0, 10g at 24-h, 20g at 72-h) in 1 or
2 women. [The sample size is unclear. The same set of data appear to be presented in both
[81; 105], however (105) suggest n=2 and (81) suggest n=1.] Concentrations of genistein and
daidzein were undetectable at baseline and increased to ~70 nmol/L [~19 pg/L] and ~56 nmol/L [~14
ng/L], respectively, after the soy challenge. Franke et al., 1998b (105) reported a lack of detectable
isoflavones after extraction without enzymatic hydrolysis, suggesting that isoflavones in milk occur
primarily as glucuronide and/or sulfate conjugates.

Adults (blood)

Genistein and daidzein are readily detected in blood, including in populations not characterized as
having high isoflavone intake such as Asian or vegetarian populations. Table 18 surveys studies that
report blood levels of isoflavones in adults resulting from typical dietary exposures. The daidzein
metabolite, equol, can also detected in blood, but has a lower frequency of detection than daidzein
and only ~30-50% of individuals are considered to be equol “producers” (106). Fewer studies include
measurement of glycitein. If glycitein is measured in humans, it is generally following intentional
dosing of subjects with a soy protein or isoflavone supplement.

Only one study that reported background blood-based measurements of isoflavones was identified
for adults in the US (107). A number of US studies reported blood levels of isoflavones following
ingestion of soy-based foods or supplements and these are discussed in Chapter 2. While these
studies may contain data on pre-dosing blood levels, they have limited use in characterizing
background exposures isoflavones in the general population because the sample sizes are typically
small and study protocols often instruct subjects to avoid ingestion of soy products during the
experiment.
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Table 19. Comparison of Urinary and Serum Concentrations of Isoflavones from a

Genistein 129 4.7

Daidzein 317 3.9
Equol 36 <LOD

O-DMA 50 1.0

From Valentin-Blasini et al., 2003 (107).

Valentin-Blasini et al., 2003 (107) measured serum levels of genistein, daidzein, equol, and
O-desmethylangolensin from 209 samples taken from a nonrepresentative sample of adults who
participated in NHANES III, 1988-1994 (see Table 19). Samples were analyzed by solid-phase
extraction (SPE) followed by HPLC and tandem mass spectrometry and were hydrolyzed by the
addition of b-glucuronidase/sulfatase. In serum, the concentrations of genistein were the highest (4.7
ng/ml, range of n.d.—203 ng/ml), followed by daidzein (3.9 ng/ml, range of n.d.—162 ng/ml), O-DMA
(1.0 ng./ml, range of n.d.—29 ng/ml), and equol (< LOD, range of n.d.—8.2 ng/ml). [The authors
noted that levels of equol reported by other investigators were below the limit of detection in
this study, described as being in the “low” ng/ml range]. Serum levels were several times lower
than the corresponding urine measurements. Highly significant correlations between levels in urine
and serum samples from the same persons were observed for genistein (r=0.79, P=0.0001), daidzein
(r=0.72, P=0.0001), and O-desmethylangolensin (r=0.41, P=0.0007).

In Finland and Canada, genistein blood concentrations were reported at 0.5—8 nM [0.14—2.16 pg/L
aglycone equivalent] in omnivores and 17—45 nM [4.6—12 pg/L. aglycone equivalent] in vegetarians.

Mean plasma levels of isoflavones in infants fed soy formulas were ~5—20 times higher than Japanese
adults or adults ingesting similar levels of total isoflavones from soy-based foods ~90—-1200 nM
[24—324 ng/L aglycone equivalent]), ~50 times higher than vegetarian adults in Western populations,
and ~500 times higher than omnivorous adults in Western populations (6, §4). Dietary exposure
estimates comparing total isoflavone intake in infants ingesting soy formula versus adults are fairly
consistent to comparisons based on plasma total isoflavone levels.

Adults (urine)

In July 2008, the U.S. Centers for Disease Control and Prevention (CDC) released the “National Report
on Biochemical Indicators of Diet and Nutrition in the U.S. Population 1999-2002” (115). This report
presents information on urinary concentrations of genistein, daidzein, and equol in ~5350 Americans age
6 years and older who took part in CDC’s National Health and Nutrition Examination Survey (NHANES)
during all or part of the four-year period from 1999 through 2002. Results are summarized in Table 20.
[The Expert Panel noted several points regarding the data presented for NHANES 1999-2002.
Biomonitoring data have been used to estimate prevalence and magnitude of exposure to isoflavones
but not to estimate isoflavone intake. Genistein was not measured in children younger than 6 years
of age, butitis very likely that genistein would be detected in that age group. Genistein measurements
were not separately reported for Asian Americans because of the comparatively small group size.
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CHAPTER 1: CHEMISTRY, USE, AND HUMAN EXPOSURE
Use and Human Exposure

Itis possible that Asian Americans consume more genistein-containing products than other races/
ethnicities in the US. It is not possible to determine regional/geographical variations from the
NHANES data. Total (conjugated + free) concentrations of genistein were measured using high
performance liquid chromatography coupled to isotope dilution tandem MS (HPLC-MS/MS).]

The CDC made several observations based on the uncorrected tables of 1999-2002 data contained
in the report. These observations between demographic groups noted below were based on non-
overlapping confidence limits from univariate analysis without adjusting for demographic variables
(i.e., age, sex, race/ethnicity) or other determinants of these urine concentrations (i.e., dietary intake,
supplement usage, smoking, BMI). The CDC noted that multivariate analysis may alter the size
and statistical significance of these categorical differences. Also, additional significant differences
of smaller magnitude may be present if confidence limits slightly overlap or if differences are not
statistically significant before covariate adjustment has occurred.

* Urinary isoflavone (genistein, daidzein, equol, and ODMA) concentrations are generally lower
in adults than they are in children and adolescents.

* Males and females have similar phytoestrogen concentrations.

* Non-Hispanic whites have higher equol concentrations than non-Hispanic blacks and Mexican
Americans. Mexican Americans have lower ODMA concentrations than non-Hispanic blacks
and non-Hispanic whites.

Overall, the CDC concluded that urinary isoflavone concentrations show only small variations by
demographic variables such as age, sex, or race/ethnicity. The Third National Report on Human
Exposure to Environmental Chemicals also looks at the urinary phytoestrogens for the same period
but in separate two-year periods (1999-2000 and 2001-2002) (116). Least squares adjusted geometric
means were compared, adjusted for covariates of race/ethnicity, age, sex and urinary creatinine. Some
of the observations made were:

* “In NHANES 2001-2002, both urinary genistein and daizein levels were higher in the group
aged 6-11 years than in either of the groups aged 12-19 years or 20 years and older, and
females had higher levels than males. One study found that levels were higher in males for all
phytoestrogens except equol (Lampe et al., 1999).”

e “In NHANES 2001-2002, adjusted geometric mean levels of urinary equol were higher for
non-Hispanic whites than for Mexican Americans or non-Hispanic blacks. Adjusted geometric
mean levels of urinary equol were higher in the group aged 6-11 years than in either of the
other two age groups.”

e “In NHANES 2001-2002, adjusted geometric mean levels of urinary O-desmethylangolensin
were higher in non-Hispanic whites than in Mexican Americans. The group aged 20 years and
older had lower adjusted geometric mean levels of urinary O-desmethylangolensin than either
of the other two age groups.”

* “In NHANES 2001-2002, both urinary enterodiol and enterolactone levels were higher in the
group aged 6-11 years than in the group aged 12-19 years. Levels of the lignans previously
have been reported to differ by race (Horn-Ross et al., 1997), and in an NHANES III statistical
analysis, to differ by income, gender, and age (Valentin-Blasini et al., 2003).”
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CHAPTER 1: CHEMISTRY, USE, AND HUMAN EXPOSURE
Use and Human Exposure

[The Exposure Report does not make any comparisons with the 1999-2000 data, nor does it
state a reason for this. The comparisons made seem to be consistent with the observations in
the 1999-2002 set used in the National Report on Biochemical Indicators of Diet and Nutrition.]

A previous CDC assessment of isoflavone concentrations in ~2500 urine samples from individuals
who participated in the NHANES in 1999 and 2000 was published by Valentin-Blasini et al., 2005
(117). Phytoestrogens were detected in over 70% of the samples analyzed; enterolactone was detected
in the highest concentrations, and daidzein was detected with the highest frequency. This publication
also included a summary of daily urinary excretion rates of genistein, daidzein, equol and O-DMA
reported in different studies for various populations. Valentin-Blasini et al., 2005 (117) concluded
that, in general, the reported concentrations were similar to those in US adults with non-supplemented
diets. However, populations with isoflavone enriched diets, whether by food or dietary supplements,
had much higher isoflavone concentrations, up to two orders of magnitude higher. In addition, Asian
populations typically had much higher concentrations as well. Table 21 summarizes daily urinary
excretion rates of genistein, daidzein, and equol based on the most recent CDC report (115), studies
summarized in Valentin-Blasini et al., 2005 (117), and new literature published since the initial NTP-
CERHR Expert Panel evaluation of soy formula (17)

1.2.2.7 Estimated Isoflavone Intake in Adults

A relatively large number of studies have published estimates of isoflavone intake and a survey of
those studies is presented in Tables 22-25, with an emphasis on studies with large sample sizes that
represent typical consumption in Western and Asian countries or intakes in specific populations of
interest, e.g., vegetarians.

In the US, estimates of isoflavone intake based on samples that are designed to be representative of the
general population range from 0.68 mg/day (66) to 1.2 mg/day (121). The estimate of 0.68 mg/day of
total isoflavones (Table 22) is based on work conducted by researchers at the USDA who also estimated
dietary intake of genistein (0.33 mg/day), daidzein (0.31 mg/day), and glycitein (0.03 mg/day) in the U.S.
diet by combining data from the 2008 USDA Database for the Isoflavone Content of Selected Foods, the
FNDDS, and the WWEIA, which is the dietary intake interview component of NHANES (Haytowitz et
al., 2009 (66), discussed in more detail in Section 1.2.2.4).

Table 22. Per Capita Consumption of Isoflavones in the U.S. Diet for All Ages

Isoflavone | Consumption, mg/day
Total isoflavones 0.68
Genistein 0.33
Daidzein 0.31
Glycitein 0.03

From http://'www.ars.usda.gov/SP2UserFiles/Place/12354500/Articles/EB09 Isoflavone.pdf.

Chun et al., 2007 also used the USDA isoflavone database and NHANES dietary recall data to
estimate intakes (Table 23). Through a series of steps, Chun et al., 2007 converted the 1999-
2002 NHANES dietary recall data to USDA Standard Reference codes and linked them with the
2002 USDA database (referred to by the authors as the USDA Flavonoid Database, or FLDB).
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Table 23. Total Isoflavone Intake Based on in Adult Participants in NHANES 1999-2001 who
Completed the 24-hour Dietary Recall and Food Frequency Questionnaire

Population Isoflavone Intake,
put mg/day (mean =SD)

All 8809 | 12402
Sex
Men 4461 1.1+£0.2
Women 4348 1.3+£0.2
Age
19-30 1873 1.2+04
31-50 2835 1.3+0.2
51-70 2582 1.2+0.2
70+ 1519 0.9+0.2
Ethnicity
Non-Hispanic white 4512 1.2+0.2
Non-Hispanic black 1762 1.2+0.3
Mexican-American 2141 0.8+0.2
Others 694 1.7£0.4
Poverty-Income Ratio“
<1.0 1503 0.5+0.1
1.0-1.3 820 0.8+0.4
1.3-1.85 1078 0.5+0.1
>1.85 4496 1.5+0.2
Current Smoking
No 4247 1.5+0.3
Yes 4088 0.9+0.1
Vitamin Supplement Use
No 4994 0.8+0.2
Yes 3719 1.6+0.3
Food Group (based on 24-h dietary recall)®
) o Non-consumers 2963 0.6+0.1
Fruits and frultJulces ............................... s e O PRSPPSO PSOOPOPPRRPOPOO
Consumers (3rd tertile, > 300.8 g/d) 1947 2.0+0.3
Non-consumers 729 0.8+0.4
Vegetables and Vegetable products .............................. s s
Consumers (3rd tertile, > 261/1 g/d) 2691 1.7+£0.4
Wine Non-conswmers . 8159 | . 1102
Consumers (3rd tertile, > 206.5 g/d) 207 22+1.0
Non-consumers 6934 1.1+0.1
fea ‘Consumers (3rd tertile, > 606.8 ¢/d) | 621 |  23+08

aPoverty income ratio=ratio of median family income over the poverty index; a value of <1.30 is required for eligibility in food assis-

tance programs.

b All subjects who did.not consume the food in the 1-d 24-h dietary recall were grouped as non-consumers.

From Chun et al., 2007 (121).
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CHAPTER 1: CHEMISTRY, USE, AND HUMAN EXPOSURE
Use and Human Exposure

Intake was based on 45% of all foods recalled in NHANES 1999-2002. Isoflavones contributed
0.6% to the total intake of flavonoids. There appeared to differences in intake based on age, ethnicity,
income, and use of alcohol and vitamin supplements. There were no apparent differences based on
alcohol use or non-leisure time physical activity level. Chun et al., 2007 noted a number of limitations
to the estimated intakes, including the exclusion of intakes from herbal and isoflavone supplements.

It is not clear why the estimates of total isoflavone consumption of 0.68 mg/day calculated by
Haytowitz et al., 2009 (66) is lower than the estimate of 1.2 mg/day presented by Chun et al., 2007
(121). Both estimates are based on use of at least some of the same databases. Differences in intake
estimates could reflect use of different versions of various databases, i.e., Hawtowitz used the 2008
USDA isoflavone, 2006 FNDD, and 2005-2006 NHANES data files while Chun used 2002 USDA
isoflavone and 1999-2000 NHANES data. However, the use of more recent databases by Haytowitz
et al., 2009 (66) might be expected to result in higher estimated intakes given the rise in popularity
of soy foods and products. Other differences in methodology as well as assumption used to fill fields
with missing values in the USDA database, e.g., zero or another value based on other information
may contribute to the differences in estimated intakes.

In 2009, Chun et al. (122) applied a similar strategy to that used in the 2007 publication on 2,908 US
adults in the 1999-2002 NHANES for which both dietary recalls and urinary isoflavone concentrations
were available to assess the validity of estimating dietary intake based on urinary concentrations.
Daily isoflavone intake was reported by 35% of subjects. Total isoflavone intake averaged 1.0+0.2
mg/1,000 kcal/day for the total sample (Table 24) and 3.1+0.7 mg/1,000 kcal/day for those who
consumed isoflavones. Genistein was the major contributor (55%) to total daily isoflavone intake,
followed by daidzein (35%), glycitein (7%), biochanin A (1%), and formononetin (1%). Chun ef al.,
2009 (122) also reported statistically significant, dose-dependent associations between total urinary
concentrations with overall dietary isoflavone intake regardless of dietary isoflavone source, but no
association was detected between the overall isoflavone intake and urinary concentrations of equol.

Table 24. Isoflavone Intake based on in Adult Participants in NHANES 1999-2001
for which Dietary Recall and Urinary Isoflavone Concentrations were Available

Isoflavone Intake, mg/1,000 kcal/day

Population (mean+SD)
Genistein Daidzein Glycitein Total®
All 2,908 0.6+0.1 0.4+0.1 0.1+£0.0 1.0£0.2
Sex
Male 1,495 0.6+0.2 0.4+0.2 0.1+£0.0 1.1£04
Female 1,413 0.6+0.1 0.4+0.1 0.1+£0.0 1.0£0.2
Age
19-29 585 0.7+0.5 0.4+0.3 0.1+0.1 1.2+09
40-49 528 0.9+0.3 0.6+£0.2 0.1£0.0 1.7+0.5
>70 535 0.3£0.1 0.2+0.1 0.0+£0.0 0.6+0.2

aTotal isoflavone intake is based on the sum of genistein, daidzein, glycitein, biochanin A and formononetin.
From Chun et al., 2009 (122).
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One of the studies reported values for vegetarians residing in the UK. The review by the UK Committee
on Toxicity (3) reported total isoflavone intakes of up to 150 mg/day in vegans, a value that is about an
order of magnitude higher than maximum isoflavone intakes for other populations listed in Table 25.

Several studies reporting genistein and daidzein aglycone + glycoside intakes in Asian populations
were included in Table 25 because the values may compare to intakes by Asian Americans consuming
their traditional diets. Asian Americans consuming traditional diets are likely to be a subpopulation
among the most highly exposed to genistein and its conjugates. Estimates of aglycone + conjugated
genistein and isoflavone intake within all population groups are highly variable. [While these
estimates cover a wide range, there are clues to suggest that the divergent values are not artifacts
of different methodology. For example, two studies of vegetarian intake [3; 123] yield similar
intake estimate despite using different methods to estimate intake: questionnaires and analytical
measurement. In one of these papers (123) questionnaires were used to study omnivores, yielding
intake estimates 10—100-fold higher than those from two other questionnaire studies [124; 125],
which assessed older populations. Higher intake estimates in populations of Asian people may
be attributable to diets including more soy products.]

A recent review by Mortensen et al., 2009 (14) reports the estimated isoflavone intake in adults from
15 countries, including 2 studies evaluating vegetarians, vegans and soy-consumers in European
countries. Mortensen et al., 2009 (14) observed that a traditional Asian diet leads to a mean daily
isoflavone intake of ~8-50 mg in Asian populations with the intake of older Japanese adults ranging
from 25-50 mg/day. The estimated Korean intake is ~14.9 mg/day and the mean isoflavone intake
of women in China is reported in the range of ~7.8-61 mg/day and differs depending on the region
in China. Intakes of isoflavone in Western populations are lower than in Asian populations, mainly a
result of differences in diet. In addition, Mortensen et al., 2009 report that the intake of vegetarians
and soy-consumers (3-12 mg/day) is lower than the estimated intake in Asian population (15-60 mg/
day); however the estimated isoflavone intake of vegan breast-feeding mothers in the UK (75 mg/
day) is higher than the Asian population.

Validation of food intake questionnaires

Most of the studies cited in Table 25 rely on food frequency questionnaires (FFQ) to estimate
isoflavone intake. A number of studies have tried to assess the degree of correlation between reported
isoflavone intakes from a questionnaire with a biologically-based indicator of exposure, typically
urinary isoflavone concentrations. French et al., 2007 (67) reported that recent, i.e., previous 2
days, dietary isoflavone intake significantly correlates with urinary excretion of metabolites (r=0.64
P<0.001), as does habitual (previous 2 months ) dietary intake (correlation value r=0.54, P=0.004).).
In this case, the dietary assessment was done by food frequency questionnaire containing 53 items
completed during an interviewer-assisted interview.

Lampeetal.,1999,2003 (57, 58) examined the cross-sectional association between urinary isoflavonoid
and lignan excretion and intakes of vegetables and fruits in a healthy adult population in the US (49 males
and 49 females; 18—37 years old, 91% Caucasian). Dietary intakes were assessed using 5-day dietrecords
and a food frequency questionnaire. Vegetable and fruit intake groupings (total vegetable and fruit, total
vegetable, total fruit, soy foods, and vegetable and fruit grouped by botanical families) were used to
assess the relationship between vegetable and fruit intake and urinary isoflavonoid and lignan excretion.
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Gas chromatography/mass spectrometry (GC/MS) was used to measure isoflavones in 3-day composite
24-h urine samples. Intake of soy foods was correlated significantly with urinary genistein (r=0.40,
P=0.0001) and the sum of isoflavonoids (r=0.39; P=0.0001). Intake of soy foods is significantly
correlated with urinary genistein and the sum of isoflavonoids indicating that nearly all genistein
exposure in humans occurs from ingestion of soy products (57; 58).

Horn-Ross et al., 2006 (126) studied a cohort of 195 members of the California Teachers Study who
provided, over a 10 month period, four 24h dietary recalls, pre and post study FFQ and two 24h urine
specimens. The author states that the pre- and post- study FFQ often referred to as reliability under
the assumption that any reported changes in intake during this period are due to reporting errors rather
than true changes in eating habits. Overall, validity correlations ranged from 0.41 to 0.55 between
the FFQ and urinary isoflavone levels. Correlations between dietary intake and creatinine-adjusted
urinary phytoestrogen levels to 1) 24h dietary recall- r=0.41(genistein) and r=0.46, (daidzein) and
2) pre-study FFQ r=0.45, r=0.55. The study also addressed participants who did not use antibiotics
within a year of the study (antibiotics can diminish the presence of gut microflora and potentially alter
isoflavone metabolism) and found that correlations were improved (genistein r=0.74).

Jaceldo-Siegel et al., 2008 (137) assessed soy protein intake estimates from FFQ in a sample of The
Adventist Health Study-2 with a wide range of soy intakes. They evaluated the correlation coefficients
between soy protein intake from 24h recalls and urinary isoflavonoids; these were 0.72 for daidzein,
and 0.67 for genistein. Correlation coefficients of FFQ and urinary excretion were 0.50 for daidzein
and 0.48 for genistein. The study authors suggest that in The Adventist Health Study-2 FFQ is a valid
instrument for assessing soy protein in a population with a wide range of intakes.

Lee et al.,2007 (138) assessed the validity and reproducibility of the FFQ used in the Shanghai Men’s
Health Study (SMHS) of dietary isoflavone intake. The correlation coefficient between the 2 FFQ
administered 1 year apart was 0.5 for soy protein intake and ranged from 0.5 to 0.51 for isoflavone
intake. The correlations of isoflavone intake from the second FFQ with those from the multiple 24-h
dietary recall ranged from 0.38 (genistein) to 0.44 (glycitein). The author concludes that the SMHS
FFQ can reliably and accurately measure intake of isoflavones.

The study by Nagata et al., 2006 (102) described earlier included an assessment of the correlation between
soy intake as determined by a 5-day diet record and isoflavone concentrations in cord serum and maternal
urine. After controlling for covariates, maternal intake of dietary isoflavones was significantly correlated
with cord serum isoflavone levels for both genistein (0.27, P=0.001) and daidzein (0.25, P=0.002).
Dietary intake was moderately correlated with maternal urinary isoflavones during pregnancy. For
example, at 29 weeks of gestation the correlations between intake and urinary isoflavones were 0.30 for
genistein (P=0.0001) and 0.27 for daidzein (P=0.0004) at the 29th week after controlling for covariates.

1.2.2.8 Estimated Isoflavone Intake in Infants

While most estimates of adult exposure were based on dietary surveys, infant exposures were based on
isoflavone levels measured in soy formula and assumed body weight and formula intake (Table 26).
Depending on infant age, isoflavone equivalents intake for US infants was estimated at 1.9—11.5 mg/kg
bw/day. The UK Ministry of Agriculture, Fisheries, and Food estimated isoflavone + conjugate intake in
1-2-month-old and 4—-6-month-old infants based on survey results, average body weight, and intake data.
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CHAPTER 1: CHEMISTRY, USE, AND HUMAN EXPOSURE
Utility of Data

Isoflavone + conjugate intake was estimated at 5 mg aglycone equivalents/kg bw/day in 1-2-month-
old infants and 4.5 mg aglycone equivalents/kg bw/day in 4—6-month-old infants. A comparison of
estimated isoflavone equivalents intake from soy formulas available in different countries is included
in Table 26, which also includes estimates of individual isoflavone equivalents levels based on mean
levels detected in formula. Table 27 presents a comparison of estimated total isoflavone intake in a
I-month old infant fed soy formula, casein-based formula, and breast milk.

Based on information presented above, mean or median genistein + conjugate exposures are estimated
at <1 mg aglycone equivalents/day (0.01 mg aglycone equivalents/kg bw/day assuming a 70 kg bw)
in US adults with no specified dietary preferences, 10—15 mg aglycone equivalents/day (0.1-0.2
mg aglycone equivalents/kg bw/day) in semi-vegetarian or vegetarians in 1 US survey, and 5-50
mg aglycone equivalents/day (0.1-1 mg aglycone equivalents/kg bw/day) in Asian adults. Based
on mean mg/kg bw/day intake estimates, infants fed soy formula can be exposed to isoflavone +
conjugate levels that are 2—3 orders of magnitude higher than US adults with low isoflavone exposure,
1-2 orders of magnitude higher than vegetarians in Western countries, and within the same order
of magnitude to 1 order of magnitude higher than Asians. Exposure comparisons of isoflavone +
conjugate intake in infants and adults based on food or formula intake were fairly consistent with
conclusions based on blood isoflavone levels.

1.3 Utility of Data

As noted previously, the Expert Panel report is not intended to serve as a comprehensive inventory
of every study that reports estimated daily isoflavone intake or levels in urine or blood. Instead, the
focus is to summarize studies that are designed to be the most representative of typical intake or
exposures, such as those that rely on NHANES data for US populations, or others based on large
sample sizes. In addition, smaller studies are cited as they help inform isoflavone exposures in
populations of special interest, such as Asian countries or vegetarian populations with relatively
high usage of soy products.

There are numerous databases that present the isoflavone content of food items (reviewed in Schwarz
et al., 2009 (59). The USDA maintains an extensive database that lists the isoflavone content of
557 food items, including several brands of soy formula and food items which may contain soy
ingredients (60). The isoflavone databases are the primary basis from which estimates of daily intakes
in adults are derived. Studies summarizing daily intakes in adults and infants are presented in Table
25. For the US population, there are two recent studies that estimate isoflavone intake in adults
who participated in the dietary recall portion of the NHANES and can be considered nationally
representative estimates (Haytowitz et al., 2009 (66) and Chun et al., 2007 (121)). In addition, other
U.S. studies have estimated intake in individuals, mostly women, enrolled in other research studies
such as the Framingham Offspring Study (de Kleijn et al., 2001 (124)), California Teachers Study
cohort (Horn-Ross et al., 2006 (126)), and the Family Risk Assessment Program (Tseng et a. 2008
(68)). A number of smaller studies have estimated isoflavone intake in special populations, including
Hawaiian women (Maskarinec et al., 1998 (127)) and participants in a case-control study of men with
prostate cancer (Strom et al., 1999 (125)). Kirk et al., 1999 (123) compared isoflavone intake in a
small sample of omnivorous, semi-vegetarian, and vegetarian men and women from a naturopathic
university in Bellevue, Washington.
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CHAPTER 1: CHEMISTRY, USE, AND HUMAN EXPOSURE
Summary of Human Exposure Data

A large number of studies have measured isoflavone levels in urine and blood. In July 2008, the
CDC released the “National Report on Biochemical Indicators of Diet and Nutrition in the U.S.
Population 1999-2002” (115) that included information on urinary concentrations of genistein,
daidzein, and equol in ~5350 Americans age 6 years and older who took part in CDC’s National
Health and Nutrition Examination Survey (NHANES) during all or part of the four-year period from
1999 through 2002. The National Report does not include blood-based measurements of isoflavones,
but in 2003, researchers from the CDC published serum levels of isoflavones in a non-representative
subset of 209 adults who participated in NHANES (707). Studies are also available that present blood
or urine levels for Europeans, Japanese (including pregnant women), and vegetarians/vegans.

Exposures of infants to isoflavones and their conjugates through consumption of soy formulas have been
estimated based on levels of isoflavones + conjugates measured in formulas, formula intakes, and infant
body weights (Table 26). Estimated intakes of isoflavones have also been calculated for breastfed infants
and those who consume a cow’s milk-based formula (Table 27). Two US studies have compared blood
levels of isoflavones in infants fed soy formulas to levels measured in infants fed cow milk or human
milk (Cao et al., 2009 (94) and Setchell et al., 1997 (84), summarized in Table 15).

The available data provide a good foundation for estimating approximate exposure and dose within
broad populations or within individuals when the soy formula and the infants’ weight and age are
known.

1.4 Summary of Human Exposure Data

In children and adults, exposures to isoflavones occur through consumption of soy foods such as
tofu, soy milk, soy flour, textured soy protein, tempeh, and miso (25). Infants can be exposed by
consuming soy-based infant formula, the breast milk of mothers who consume soy products, or
by use of soy in weaning or “transition” foods. Soy oils or soy sauces contain little-to-no genistein
(15, 64). Soy protein can be used in baked goods, breakfast cereals, pasta, beverages, toppings,
meat, poultry, fish products, and dairy-type products including imitation milk and cheese (27, 28).
Soybean derivatives are present in 60% of processed foods available from UK supermarkets (3). The
percentage of processed foods containing soybeans in the US is not known. Exposure to genistein can
also occur through soy supplements marketed for the beneficial effects on health, such as improved
cardiovascular health and treatment of menopausal symptoms (9).

Based on sales of soy products, it appears that exposures to soy isoflavones in the US is increasing
and will continue to increase. The Soyfoods Association of America reported soyfood sales have
increased from $300 million to over $4 billion between 1992 and 2008, attributing this increase to
new soy food categories being introduced, soy foods being repositioned in the market place, and new
customers selecting soy for health and philosophical reasons (27).

The primary isoflavones detected in soy products, including soybeans and soy formula, are derived
from genistein, daidzein, and to a smaller extent, glycitein. These isoflavones are often referred to
as phytoestrogens because of their ability to bind to estrogen receptors and display weak estrogenic
activity compared to estradiol (at least based on in vitro model systems), with a relative estrogenic
potency of genistein > daidzein > glycitein (3, 5, 141).
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The majority of isoflavones in soy formula and unfermented soy products are conjugated to sugar
molecules to form the glycosides genistin, daidzin, and glycitin (142; 143). Glucose groups in glycoside
compounds can also be esterified with acetyl or malonyl groups to form acetyl- or malonyl glycosides
(3) (Figure 1). The terms genistein, daidzein, and glycitein refer specifically to the unconjugated
(aglycone) forms of the isoflavones. Small amounts of genistein and daidzein (3.2—5.8%) are present
in soy products in their unconjugated (aglycone) forms (73). As a result of bacterial hydrolysis during
fermentation, aglycones represent a larger proportion of the isoflavones in fermented soy products such
as miso, tempeh, and soybean paste (3, 15). Because glycosidic compounds are rapidly deconjugated
in the gut to form the biologically active aglycone compound, exposure to a particular isoflavone is
theoretically the sum of the aglycone and respective glycoside compound concentrations converted
on the basis of molecular weight (3, 5). Unfortunately, there is an inconsistency in the literature where
many studies do not clarify whether the presented isoflavone levels were normalized on an aglycone
basis. Failure to convert the major glycosides, i.e., genistin, daidzin, glycitin, to the appropriate
aglycone equivalents can overestimate isoflavone levels or intake by ~1.6-fold. Information in the
Expert Panel report is normalized to aglycone equivalents where feasible.

Isoflavone levels in soybeans can vary as a result of crop strain, geographic location, climate, and
growing conditions (3; 6). Heating of soy products can cause decarboxylation, deacetylation, or
deglycosylation of glycosides with decomposition of malonyl compounds to their respective
acetylglycosides (3, 6). Except for alcohol extraction, processing soybeans does not usually reduce
isoflavone content (75).

Soy formula refers to infant food made using soy protein isolate and other components such as corn
syrup, vegetable oils, and sugar (9). Decades ago soy formula included soy flour. However, in the 1950s
and 1960s, cases of altered thyroid function, mostly goiter, were reported in infants fed soy formula.
This problem was eliminated by adding more iodine to the formulas and replacing soy flour with soy
protein isolate. Although the early reports of goiter in infants fed soy formula have mostly ceased since
manufacturers began supplementing soy formula with iodine in 1959, there is still concern that use
of soy formula in infants with congenital hypothyroidism may decrease the effectiveness of thyroid
hormone replacement therapy, i.e., L-thyroxin. The soy protein isolate is fortified with L-methionine,
L-carnitine, and taurine and other nutrients (8, 42). Soy protein isolate includes phytates (1.5%),
which bind minerals, and protease inhibitors, which have antitrypsin, antichymotrypsin, and antielastin
properties (42). Phosphorus, calcium, iron, and zinc are added to soy formula to compensate for phytate
binding of minerals. Heat applied during the processing of soy protein removes 80-90% of protease
inhibitor activity. Aluminum is present in soy formulas because of the addition of mineral salts.

Many aspects of infant formula use are unknown, including what percent of infants are exclusively
fed formula compared to what percent are fed a mixture of infant formula and breast milk. It is also
unknown what proportion of formula-fed infants are exclusively fed soy formula. A 1998 infant-feeding
survey conducted by Ross Products Division indicated that 18% of infants are fed soy formula during
the first year of life (32). According to market data and hospital discharge records, another estimate
was that 25% of newborns in the US are fed soy formula (33). A study conducted at Yale University
assessed formula changes in 189 breast-fed infants and 184 formula-fed infants and reported that 23%
of infants in the study received soy formula sometime during the first 4 months of life (34). Based on
recent market data, sales of soy formula in the US represent ~12% of the US infant formula dollar
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sales (personal communication with Robert Rankin, Manager of Regulatory and Technical Affairs at
the IFC, October 13, 2009). In the US between 1999 and 2009, estimates of total soy infant formula
fed decreased from 22.5% to 12.7% calculated based on total formula sold corrected for differences
in formula cost. i.e., expressed in equivalent feeding units (public comment from the International
Formula Council (IFC), received December 3, 2009 and personal communication with Dr. Haley
Curtis Stevens, IFC). When sales are considered as a surrogate measure of actual reported usage, these
data provide a lower indication of usage compared to other frequently cited estimates. The usage and
sales of soy formula vary geographically ranging from 2 to 7% of infant formula sales in the UK,
Italy, and France , 13% in New Zealand (35, 36), to 31.5% in Israel (37).

Commonly cited reasons for use of soy formula are to feed infants who are allergic to dairy products
or are intolerant of lactose, galactose, or cow-milk protein (38; 39). In May 2008, the American
Academy of Pediatrics (AAP) released an updated policy statement on the use of soy protein-based
formulas (42). The overall conclusion of the AAP was that, although isolated soy protein-based
formulas may be used to provide nutrition for normal growth and development in term infants, there
are few indications for their use in place of cow milk-based formula. The only real indications for
use are instances where the family prefers a vegetarian diet or for the management of infants with
galactosemia or primary lactase deficiency (rare). Soy formula is not currently recommended for
preterm infants. Similar conclusions were reached in 2006 by the European Society for Paediatric
Gastroenterology Hepatology and Nutrition (ESPGHAN) Committee on Nutrition (36).

A number of studies in the US and abroad have measured total isoflavone levels in infant formulas
(Table 9). For formulas from the US, the range of total isoflavone levels reported in reconstituted
or “ready-to-feed” formulas was 20.9—47 mg/L formula (6, 8§/). When normalized to aglycone
equivalents, genistein is the predominant isoflavone found in soy formula (~58-67%), followed by
daidzein (~29-34%) and glycitein (~5-8%). In contrast to the isoflavone content of soy beans and other
soy products such as soy supplements or soy protein isolates, the isoflavone content in soy formula is
less variable. The range of total isoflavones content in soy formula samples collected in the US and
other countries is 10-47 mg/L (Table 10) (6, 88).

Isoflavone exposure through soy formula intake has been estimated in the US and other countries
based on total isoflavone levels measured in soy formulas and assumptions of formula intakes and
infant body weights. In the US, total isoflavone intake by infants was estimated at 2.3—9.3 mg/kg
bw/day, depending on age of the infant (Table 26), the estimated intake for genistein, expressed
in aglycone equivalents, ranges from 1.3 to 6.2 mg/kg bw/day. These intakes are several orders of
magnitude greater than infants who consume breast milk or a cows milk-based formula (Table 27).

Soy formula fed infants have higher daily intakes of genistein and other isoflavones compared to other
populations (excluding regular consumers of soy supplements) (Table 28). However, differences
in strategies used to develop the intake estimates and sample representativeness limit the ability to
compare across studies, especially for those based on dietary surveys. In addition, isoflavone intake
seems to be inherently highly variable in adult populations and there is support for the notion that this
variability cannot solely be attributed to differences in study methods. Recognizing these caveats, the
relative ranking of total isoflavone intake appears to be infants exclusively fed soy formula > vegans >
Japanese consuming a traditional diet > vegetarians > soy consumers.
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Table 28. Comparison of Estimated Intake of Genistein and Total Isoflavones
in Infants Fed Soy Formula to Other Populations

Daily Intake, mg/kg bw/day*

Population Reference
Genistein Total Isoflavone
US infants (soy formula) 1.3-6.2 2.3-93 Table 26
aHaytowitz et al., 2009 (66)
a_ b a_ b
US adults (general) 0.0052-0.056° | 0.00972—0.096 b Tseng ct al., 2008 (68)
US vegetarians 0.14 0.21 Kirk et al., 1999 (123)
Not soy consumers 0.005 0.009
Europeanmen ....................... Y OO PS OO
Soy consumers 0.057 0.100 .
e ) RSOOSR SO SRR SURTOROROROOONY SO Mulhganetal’2007(128)
Not soy consumers 0.004 0.007
Europeaﬂwomen ....................... O B
Soy consumers 0.062 0.112
Vegans (UK) o 1.07 Friar and Walker, 1988 (96) as

cited in Mortensen et al., 2009 (14)

aFukutake et al., 1996 (144) as
Japanese 0.0772 —0.43" 0.67° cited in Fitzpatrick, 1998 (129)

bArai et al., 2000 (1/4)

*Daily intakes for adults were based on mg/day estimates presented in Table 25 divided by 70 kg body weight.

Mean blood-based levels of isoflavones in infants fed soy formulas are considerably higher than
other populations, including vegans and Japanese adults (Table 29). For example, concentrations
of total genistein in whole blood samples from US infants fed soy formula are 1455 ng/ml at the
75% percentile (94). This value is almost 5 times higher than the maximum genistein concentration
detected in plasma in a small study of Japanese men, n=6 (109). The mean level of genistein in the
blood of the soy formula fed infants reported by Cao et al., 2009 (94), of 757 ng/ml is almost 20-times
higher than the mean level of genistein detected in a sample of vegetarians and vegans in Oxford,
England (113). Average blood levels of total genistein in the soy formula-fed infants are ~160-times
higher than the mean levels of total genistein in omnivorous adults in the US reported by Valentin-
Blasini et al., 2003 (107) (757 ng/ml versus 4.7 ng/ml). A similar pattern is observed based on urinary
concentrations of isoflavones (Table 30).

Table 30. Comparison of Urinary levels of Genistein, Daidzein, and Equol
in Infants Fed Soy Formula to the General US Population

Urinary Concentration (geometric mean),
Population ug/L or ng/ml Reference

Genistein Daidzein
US infants
Fed soy formula 27 5891 5097 2.3 Cao et al., 2009 (94)
US children 721-726 33.8 88.1 11.5 U.S. CDC, 2008 (115)
Ages 611 years
US adults
Ages 40—59 years 951 23.7 52.3 8.39 U.S. CDC, 2008 (115)
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CHAPTER 2: PHARMACOKINETCS AND GENERAL TOXICOLOGY
Absorption, Distribution, Metabolism, and Elimination

2.0 PHARMACOKINETCS AND GENERAL TOXICOLOGY

2.1 Absorption, Distribution, Metabolism, and Elimination

This section describes the toxicokinetics and metabolism of the major isoflavones found in soy formula
and other soy foods, genistein and daidzein. Toxicokinetic data are also presented for glycitein when
possible although relatively few studies have evaluated this isoflavone. A large number publications
discuss the administration, distribution, metabolism, and elimination (ADME), including the report
“Phytoestrogens and Health” prepared by the UK Committee on Toxicity of Chemicals in Food,
Consumer Products and the Environment (3) and reviews by Whitten and Patisaul, 2001 (708),
Cassidy et al. (145) Nielsen, 2007 (143), Prasain and Barnes, 2007 (146), and Larkin et al., 2008 (1).

Genistein, daidzein, and glycitein exist mainly in their glycosidic forms in unfermented soy foods.
Before isoflavone glycosides can be absorbed into the systemic circulation, they must first be
hydrolyzed to their aglycones, which have greater hydrophobicity and lower molecular weight. Prior
to absorption, most genistein and daidzein are conjugated with glucuronic acid by uridine diphosphate
(UDP)-glucuronosyltransferases; a smaller amount is conjugated to sulfate by sulfotransferases.
Conjugation of isoflavones can also occur in liver. The glucuronide and sulfate conjugates enter the
systemic circulation, and the majority of isoflavone compounds in the circulation are present in the
conjugated form. Toxicokinetics and metabolism data in humans and experimental animals indicate
that genistein and daidzein are absorbed into the systemic circulation of infants and adults.

Conjugated isoflavones undergo enterohepatic circulation, and on return to the intestine, they are
deconjugated by bacteria with B-glucuronidase or arylsulfatase activity. The metabolites may be reabsorbed
or further metabolized by gut microflora. Isoflavones can undergo further biotransformation that ultimately
leads to the formation of 6’-hydroxy-O-desmethylangolensin from genistein and O-desmethylangolensin
from daidzein. The metabolic profile varies among humans, with some individuals producing little or
no O-desmethylangolensin or equol, an intermediate metabolite of daidzein that is biologically active.

The detection of genistein, daidzein, and equol in serum, urine, and breast milk in humans and
experimental animals indicate that genistein and daidzein are absorbed into the systemic circulation
of infants and adults. Isoflavones distribute to fetal fluids in humans and experimental animals and
a limited number of studies in humans indicate that amniotic fluid or cord blood concentrations of
genistein, daidzein, and equol are similar to concentrations in maternal blood. Details of the human and
experimental animal studies on which these conclusions are based are presented in the sections below.

2.1.1 Humans

The detection of genistein, daidzein, and equol in serum, urine, amniotic fluid, cord blood, and breast milk
in humans demonstrate fetal exposure and absorption into the systemic circulation of infants and adults.
Relatively few studies include measurement of glycitein and it has not been measured in biomonitoring
studies of the general population conducted by the CDC as part of NHANES (7/5) or measured in the
plasma or urine of soy formula-fed infants (84, 91; 94, 95). If glycitein is measured in humans, it is
generally following intentional dosing of subjects with a soy protein or isoflavone supplement. There
are few human studies in infants or children that present data relevant to toxicokinetics and metabolism
Therefore all studies dealing with phamarcokinetics and metabolism in infants or children are described
in this section. Review articles were referenced to summarize the most relevant studies in adults.
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CHAPTER 2: PHARMACOKINETCS AND GENERAL TOXICOLOGY
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2.1.1.1 Absorption

Isoflavones exist mainly as glycosides in unfermented soy foods. Due to their high water solubility
and molecular weight, isoflavone glycosides are not readily absorbed across the gastrointestinal tract
(reviewed in (1, 3, 147)). For absorption to occur, isoflavones must first be hydrolyzed to their aglycones,
which have some hydrophobicity and lower molecular weights. Aglycones undergo passive diffusion
across the small and large intestinal brush border (7). Glycosidase activity occurs in food product (by
endogenous enzymes or those added during processing), in cells of the gastrointestinal mucosa, or colon
microbes and isoflavones can be measured in blood within an hour of soy ingestion (1, 148).

Mammalian B-glucosidases identified in the small intestine include broad spectrum cytosolic
B-glucosidase enzyme and the membrane-bound lactase phlorizin hydrolase (LPH) enzyme. LPH
can be found on the luminal side of the brush border of the small intestine and cause the release of
aglycones which diffuse into the epithelial cells. As noted in the review by Larkin et al., 2008 (1),
hydrolysis within the intestine would require initial uptake of the glycoside form which has been
demonstrated for other flavonoids, but not conclusively for isoflavones (749).

The toxicokinetics and bioavailability of isoflavones, particularly for genistein and daidzein, are
relatively well-studied in adults. Cassidy et al., 2006 (145) reviewed 16 human studies® that measured
isoflavone bioavailability in plasma, urine, or feces and used all of the data points from these studies
to calculate summary estimates of C,,,, tnax t1/2» AUC, urinary excretion, and fecal excretion. Each
of the 16 studies summarized by Cassidy et al., 2006 (145) did not necessarily include values for all of
these parameters, i.e., some focused on urinary or fecal excretion and did not assess C,,,, tmax» OF t1/2-
This set of studies was also considered in a subsequent review article by Nielsen and Williamson, 2007
(143), although there were some differences between the overall goals of the review articles that resulted
in slight variations in the published summary values (personal communication with Gary Williamson,
October 16, 2009). In brief, the Nielsen and Williamson, 2007 (143) review was most interested in
comparing the data for genistein and daidzein to genistin and daidzin and presented summary values
derived from studies in the same concentration range. This resulted in slight differences in the published
summary values, i.e., normalized C_,, for genistein=0.64 uM in Nielsen and Williamson, 2007 (143)
compared to 0.49 uM in Cassidy et al., 2006 (145). In addition, there are small differences in the percent
urinary excretion (average value and range) between the two review articles, i.e., 20% in Nielsen and
Williamson, 2007 (143) compared to 19% in Cassidy et al., 2006 (145).

The studies considered in the reviews by Cassidy et al., 2006 (145) and Nielsen and Williamson, 2007
(143) included men and women, both pre- and post-menopausal.

Based on the summary of these studies presented in Nielsen and Williamson, 2007 (143) and Cassidy
et al., 2006 (145), pharmacokinetic parameters (C, .y, tmax> t1/2, AUC) are similar for genistein and
daidzein. For genistein, the average t,,,, was 5.7 hours (range of 3.5-9.3 hours) and for daidzein, it
was 6.2 hours (range of 4.0—8.3 hours). These estimates are consistent with the range of peak values
of ~6—8 hours reported by others for genistein and daidzein following ingestion of soy or isoflavones

8 The sixteen studies summarized were: King and Bursill, 1998 [150], Richelle et al., 2002 [151],
Zubik and Meydani, 2003 [152], Busby et al., 2002 [153], Setchell et al., 2001 [76], Setchell et al.,
2003 [154], Xu et al., 1994 [155], Xu et al., 1995 [156], Zhang et al., 1999 [157], Zheng et al., 2003
[158], Rowland et al., 2003 [159], Faughnan ef al., 2004 [160], Tew et al., 1996 [161], Watanabe et
al., 1998 [162], and Shelnutt et al., 2002 [163].

Final CERHR Expert Panel Report on Soy Infant Formula
11-76



CHAPTER 2: PHARMACOKINETCS AND GENERAL TOXICOLOGY
Absorption, Distribution, Metabolism, and Elimination

((112);reviewed in (1; 3; 108)). The maximum concentrations (C,,,,) of genistein and daidzein, when
normalized to ingestion of 1 umol/kg body weight, were also similar at 0.49 (145) or 0.64 uM (143)
or 0.50 (143) or 0.54 uM (145), respectively. As discussed above, there were slight variations in the
published summary values between the two reviews.

The average half-life of elimination (t;,) estimates from reviews by Nielsen and Williamson 2007
(143) and Cassidy et al., 2006 (145) did not differ appreciably between genistein, 9.5 hours (range
6.1-17 hours), and daidzein, 7.7 hours (range 4.2—16 hours). These estimates are generally similar to
those presented in a recent review by Larkin et al., 2008 (1); 3—9 hours for daidzein and 8—11 hours
for genistein after intake of soy foods or pure isoflavone glycosides.

The AUC values, when normalized to ingestion of 1 pmol/kg body weight, were 11 umol*hour/L for
genistein and 18 umol*hour/L for daidzein, although Cassidy et al., 2006 (145) noted these values
as having a high degree of uncertainty because of considerable variability between studies. [The
basis for the variability noted in Cassidy et al., 2006 is not specifically described, but plausible
explanations are variability in factors such as the isoflavone composition, administered dose,
food matrix, sample collection time, and the number of time-points evaluated. For example,
if measurements are not made at or near t,, , then under-estimates of AUC are possible. Or,
if too few time points are assessed, then AUC can be over-estimated.] Absorption half-lives for
both daidzin and genistin, presumably as glucuronides and sulfates of daidzein and genistein, were
reported at ~1-3 hours following intake of foods containing <210 mg of each isoflavone or providing
doses of <2 mg/kg bw/day of each isoflavone ((164; 165); reviewed in (108)).

In 2001, Whitten and Patisaul (708) published a review of phytoestrogens that included a summary
of human plasma concentrations following a single dietary dose of genistein or daidzein. Single soy
meals providing genistein and daidzein doses of 0.07—1.3 mg/kg and 0.06—1.2 mg/kg produced peak
plasma genistein and daidzein concentrations of 0.100-2.15 pM and 0.06—2.22 uM, respectively.
Plasma C,,, concentrations of genistein and daidzein are reached within 4—8 hour, with an absorption
half-life of 1-3 hour (Table 31). The excretion half-life ranges from 3 to 8 hour. Based on a variety
of approaches, daidzein bioavailability (16—66%) appeared to greater than genistein bioavailability
(5-37%). Data, albeit limited, from children is consistent with these values. Irvine et al. (1998)
presented data from four soy formula-fed infants in whom urinary recovery of daidzein and genistein
was reported to be 38 £4% and 13 +3% of daily isoflavone intake, respectively.

Setchell et al., 2001 (76) reported that < 4% of total genistein in plasma is circulating in the
unconjugated or “free” form in women. The percent unconjugated genistein in plasma was similar
following administration of genistein (1.6—3.7%) or genistin (1.1-1.5%). For plasma daidzein, a
somewhat higher percent was present in the unconjugated form following administration of daidzein
(2.7-8.4%) compared to administration of daidzin (1.1-1.7%). Rufer et al., 2008 (166) reported
a higher percentage of total daidzein present in the unconjugated form based on a study in men,
although the percentages did not vary based on whether the aglycone or glucoside was administered.
They reported 3.4—12.9% in the unconjugated form following ingestion of daidzein as the aglycone
and 3.1-11% unconjugated following ingestion of daidzein in glucoside form. The fraction of total
genistein and daidzein in circulation present in the unconjugated biologically active form is low,
ranging from ~ 1-3% at steady state (76), although the percentage as unconjugated maybe greater
near C,,, (46).
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In some reviews, such as the one conducted by Whitten and Patisaul (108), recoveries were considered
to represent bioavailability. Note, estimation of bioavailability in this way is reasonable if urine
collections cover 5 half-lives after a single dose, or a “dosing interval” for continuous dosing. Because
recovery of daidzein and its metabolites usually exceeds that of genistein and its metabolites, it has
been concluded that daidzein is generally more bioavailable than genistein; however, this conclusion is
not supported by blood data that sometimes indicate higher levels of total genistein than total daidzein.

Huang et al., 2008 (167) used in vitro and in vivo models to evaluate the topical delivery of isoflavones
for clinical applications. Genistein and daidzein were moderately absorbed by the skin and that skin
absorption was generally higher for genistein compared to daidzein.

Bioavailability based on administered form

Studies in humans that report the bioavailability and other pharmacokinetic parameters of isoflavones
ingested as glycosides versus aglycones have reported conflicting findings (reviewed in (3, 143;
145)). Attempts to reconcile the conflicting findings are complicated by differences in experimental
approaches used in these studies, i.e., administered form of the isoflavone, dosage, etc., as well
as the different definitions of bioavailability used in the isoflavone literature. Prasain and Barnes
(146) discussed the various approaches used to assess the bioavailability of isoflavones. In brief,
bioavailability is frequently evaluated differently in the pharmaceutical and nutritional literatures.
In pharmacology (and toxicology) the term absolute bioavailability refers to the ratio of AUC after
oral ingestion to the AUC after systemic administration, i.e., IV injection. This is the fraction of
the compound absorbed through non-intravenous administration compared with the corresponding
intravenous administration of the same drug. This approach may underestimate bioavailability
at the tissue level if circulating isoflavones in the conjugated form are converted to aglycones by
B-glucuronidases and sulfatases secreted by cells within target tissues.

In the nutrition literature, bioavailability is often assessed by the percent of administered isoflavone that
is recovered in the urine. Higher degrees of recovery in urine are interpreted as more bioavailability
based on the assumption that the isoflavone must have been present in blood prior to reaching the
kidney and ultimately being excreted in urine. Prasain and Barnes, 2007 (/46) noted a number of
limitations in the use of urine to assess isoflavone bioavailability. First, compounds with short half-lives
do not reside in the body long. In such cases, bioavailability could be limited even if a high degree of
recovery in the urine was observed. In contrast, compounds that are retained in tissues may be excreted
more slowly or to a lesser extent in urine and therefore considered less bioavailable. Also, compounds
that undergo extensive reabsorption in the proximal tubules of the kidney may be interpreted as having
poor bioavailability because they may not appear in high levels in the urine. Prasain and Barnes, 2007
cite the example of bile acids as a case where 95-98% of the oral dose is taken up from the intestines
yet there is little appearance in the urine due to extensive reabsorption in the kidney.

Bloedon et al., 2002 (168) conducted a pharmacokinetic study of two formulations of purified isoflavones
in postmenopausal women and calculated relative bioavailability of the formulations using total genistein
measurements from plasma AUC and for urinary excretion. The formulations were administered to
deliver the same dose levels of genistein or daidzein, but differed in composition based on percentage
of isoflavones present in unconjugated form and constitution of genistein, daidzein, and glycitein.
Formulation A contained 100% unconjugated isoflavones (87% genistein, 12% daidzein, and 1%
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glycitein), and formulation “B” contained 70% unconjugated isoflavones (44% genistein, 23% daidzein,
and 2% glycitein). Relative bioavailability for plasma and urine was calculated at the ratio of formulation
A/B. In general, the relative bioavailabilities were similar using the two approaches although it appeared
that for genistein relative bioavailability based on urine was lower compared to plasma AUC and for
daidzein, relative bioavailability based on urinary excretion was higher than estimates based on plasma
AUC. For example, at administered doses of genistein of 4, 8, and 16 mg/kg the relative bioavailabilities
based on plasma AUC of'total genistein were 1.12, 1.11, and 1.28, respectively. The relative bioavailability
estimates for these administered doses based on urinary excretion of total genistein were 1.01, 1.06, and
0.938. For administered doses of daidzein of ~1 and 2 mg/kg, the relative bioavailabilities based on
plasma AUC of total daidzein were ~0.9 and ~1.0, respectively. The relative bioavailability estimates for
these administered doses based on urinary excretion of total daidzein were 0.76 and 0.71.

Based on their review of 16 human studies, Nielsen and Williamson, 2007 (143) concluded that despite
the apparently contradictory findings in the literature, the data are consistent enough to conclude that
(1) at equivalent doses, the C,,, is higher for genistein and daidzein following administration as
glucosides compared to aglycones, and (2) the half-life is not significantly different for aglycone
and glucoside. In addition, they concluded that deglycosylation is required for absorption but does
not appear to be a rate-limiting step. Studies by Setchell ef al., 2001 (76) and Rufer et al., 2008
(166) suggest the percent of genistein and daidzein circulating in the unconjugated forms do not
differ based on administered form. These conclusions support the assumption used by others that
because glycosides are deconjugated in the gut to form the active aglycones, exposure to a particular
isoflavone (e.g., genistein) is theoretically the sum of the aglycone and respective glycoside compound
concentrations converted on the basis of molecular weight (3, 5, 6, 17).

While there is no clear explanation for the conflicting findings on bioavailability of the aglycone and
glucoside one factor may be the differences in the type of isoflavone preparations administered to
subjects, e.g, soybean extracts containing mixtures of isoflavones, purified single isoflavone, ingestion
in tablet or liquid form (742). In addition, comparing the conclusions on bioavailability across studies
is difficult because of the variety of indices used to assess bioavailability, e.g., relative AUC, ¢, 14> tmaxs
urinary excretion and recovery, etc. [The Expert Panel notes that bioavailability in pharmacology
and toxicology refers to the ratio of AUC after oral ingestion to the AUC after iv injection. The term
bioavailability is often used in different ways by different authors.] Several of the more frequently
cited studies in discussions of bioavailability based on the administered form are described below.

Setchell et al., 2001 (76) reported a longer time to achieve maximal plasma concentrations (t,,,,) of
genistein and daidzein following ingestion of 50 mg of these isoflavones as glucosides (genistin=9.3h;
genistein=35.2h; daidzin=9.0h; daidzein=6.6h), presumably due to the time required for hydrolysis of the
glucose moiety from genistin and daidzin prior to absorption. The C_,, and relative AUC normalized
for dose for daidzein was higher following administration of the glucoside compared to the aglycone
(AUC=4.52+0.49 png/(ml-h) versus 2.94+0.22 pg/(ml-h). In addition, the half-life of elimination for
daidzein was approximately twice as long following administration of the aglycone (9.3 hours versus
4.59 hours). In contrast, there appeared to be little difference following ingestion of genistin or genistein
for plasma genistein for C,,, (341 ng/ml and 341 ng/ml) relative AUC (4.95 pg/(ml-h) verus 4.54 pg/
(ml-h)) and or half-life for genistein (7.0 hours versus 6.78 hours). A study conducted by Rufer ef al.,
2008 (166) also provides support for increased bioavailability of daidzein following administration of
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the glucoside based on a higher AUC and C_,,, compared to administration of the aglycone. [Rufer et
al., 2008 (166) did not assess genistein.] Following administration of 1 mg/kg bw of daidzin or daidzein,
the respective AUC values were 38.5 umol-h/L and 8.3 pmol-h/L and the respective C,, values were
2.54 ng/ml and 0.43 ng/ml. However, in contrast to Setchell et al., 2001 (76), Rufer et al., 2008 (166) did
not observe any difference in t,;, leading the authors to suggest that the hydrolysis of the O-glucosidic
bond is not a rate-limiting factor in absorption. Proposed factors to explain a greater bioavailability of
the glucoside include a protective effect of the glycoside moiety to prevent degradation from intestinal
bacteria and a greater water solubility of the glucoside compared to the aglycone (7143, 166).

In contrast, Izumi et al., 2000 (169) reported that genistein and daidzein ingested as aglycones were
absorbed more quickly and in higher amounts than when ingested as glucosides. Subjects ingested
single, low- and high-dose tablets of isoflavones as aglycones or glucosides. Other subjects ingested
aglycone or glucoside tablets for 4-weeks. Intakes of genistein and daidzein were similar, but not
identical, between the aglycone and glucoside treatment groups. For example, the genistein and
daidzein intakes in the single, low dose isoflavone aglycone groups were 0.78 and 0.92 mmol while
in the single, low dose glucoside single groups the intakes for genistein and daidzein were 0.9
and 0.8 mmol. Depending on the specific isoflavone and administered dose, the maximum plasma
concentrations were ~3 to 7 times greater following ingestion of isoflavone aglycones compared to
ingestion of isoflavone glucosides. Izumi et al., 2000 (169) also reported that plasma concentrations
of both genistein and daidzein were higher at the mid-point and end of the 4-week period when the
tablets (taken daily) were administered as isoflavones aglycones compared to glucosides. Hutchins
et al., 1995 (119) concluded that the bioavailability of isoflavones may be increased when ingested
as aglycones based on finding significantly higher recoveries of genistein and daidzein in urine
collected from men following ingestion of fermented soy product with a higher isoflavone aglycone
content (tempeh) compared to an unfermented soy product (soybean) for a 9-day period. The percent
recoveries of genistein and daidzein in urine from men on the tempeh diet was 1.9% and 9.7%,
respectively, compared to 1.3% and 5.7% from men on the soybean diet.

Yet other studies have reported no differences in t,,, C,.x» AUC, or half-life when isoflavones are
ingested as glycosides or aglycones (151, 152). [In Zubik et al., 2003 (152), C,,,,, and AUC (but not
tax)> Were significantly higher for daidzein following administration of the aglycone. The authors
note that daidzein intake was higher in the aglycone treatment group (0.0624 nmol total intake)
compared to the glucoside treatment group (0.0492 nmol total intake).] With respect to conclusions
based on urinary measurements, Xu et al., 2000 (16) observed that bioavailability of isoflavones, assessed
by urinary reovery as a percentage of intake did not vary when they were administered to women as foods
containing a high percentage of aglycones (e.g., tempeh) compared to a high percentage of glycosides
(e.g., soybeans). [The authors commented that the percentage of ingested dose of daidzein and
genistein recovered in urine appeared smaller, “lesser bioavailability” for tempeh (9% and 38%
for genistein and daidzein) compared to other soy products such as tofu, cooked soybean, or
texturized vegetable protein (13-16% and 45-51% for genistein and daidzein) but this difference
was not statistically significant. The authors noted that detecting a significant difference would
have been difficult given the small sample size used and interindividual variation]. Maskarinec et
al., 2008 (170) reported no difference in bioavailability estimated from overnight urinary isoflavonoid
excretion following ingestion of one serving of fermented soy food (miso soup) or unfermented soy food
(soy milk) with equivalent isoflavone content in a group of 21 women of Japanese ancestry. The authors
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conclude that these preliminary results do not support the hypothesis that consumption of fermented soy
foods leads to greater isoflavone exposure than ingestion of unfermented soy foods.

Impact of food matrix

The impact of food matrix is another factor that has been considered in assessing the impact of
administered form on isoflavone bioavailability; however, the literature is not consistent. One
conclusion presented in a review by Cassidy et al., 2006 (142) that considered this issue is that the
amount of isoflavone, and hence, bioavailability can be more influenced by storage and processing
factors rather than food matrix used to deliver the isoflavones, e.g., cooked soy beans, tofu, soy milk
powder, etc. Cassidy et al., 2006 (171) conducted a detailed evaluation of genistein and daidzein
kinetics after ingestion of different soy foods. This evaluation is summarized in Table 32. The rate
and extent of isoflavone absorption is greater from liquid than from solid matrices (171, 172).

Toxicokinetics of unconjugated and total genistein and daidzein

Most of the available pharmacokinetic information for humans is based on measurement of the total
isoflavone (unconjugated + conjugated). However, two studies conducted by the same research group,
briefly described below, have compared the pharmacokinetics of unconjugated and total genistein,
daidzein, and glycitein following administration of isoflavones in post-menopausal women (768) or
men (153) (Table 33 and Table 34). The reported terminal “pseudo’ half-lives for total genistein (in
women an average of 10.1 hours; range of 7.8-13.4; in men an average of 9.2 hours, range of 6.1-12.6)
and total daidzein (in women an average of 10.8 hours; range of 5.7-16.1; in men an average of 8.2
hours, range of 4.2-16) were similar to the average values presented in Nielsen and Williamson 2007
(143) and Cassidy et al., 2006 (145) based on reviews of 16 human studies (genistein=average of 9.5
hours, range of 6.1-17; daidzein=average of 7.7 hours, range of 4.2-16).

Correlations of isoflavone concentrations between plasma, urine, or other fluid matrices

The gold standard for an estimate of systemic exposure following a given dose of the compound(s) of
interest is the AUC. The primary value of correlation studies should be to determine the strength of the
relationship between surrogate measures of exposure, such as C,, ., and urinary recovery (preferablybased
on the total mass of aglycone and metabolites eliminated in a collection interval covering five half-lives
and expressed relative to the administered dose). In this regard, the study by Bloedon ez al. (2002) (168)
in post-menopausal women and Busby et al., 2002 (153) in healthy men are most helful.

Both studies utilized the same study design and formulations. Two different isoflavone preparations
were used in these studies. Formulation A contained 100% unconjugated isoflavones (87% genistein,
12% daidzein, and 1% glycitein), whereas Formulation B contained 70% unconjugated isoflavones
(44% genistein, 23% daidzein, and 2% glycitein). Four doses of genistein were used (2, 4, 8, and 16
mg/kg body wt) for each of two isoflavone formulations. The authors stated that these genistein doses
range from 2 to >20-times the amount of total isoflavone present in the average Japanese diet. The
amounts of daidzein and glycitein that were provided by formulation A at each genistein dose were 0.28,
0.55, 1.1, and 2.2 mg/kg bw for daidzein and 0.014, 0.029, 0.057, and 0.11 mg/kg bw for glycitein. For
formulation B, the doses of daidzein were 1.0, 2.1, 4.2, and 6.8 mg/kg bw and for glycitein they were
0.08,0.17,0.34, and 0.68 mg/kg bw. The total number of dose groups was eight, four for Formulation A
and four for Formulation B. Plasma samples were obtained at the following time points: 0 (immediately
before administration of the formulation), 0.5, 1, 1.5, 3,4.5, 6,9, 12, 15, 18, and 24 hours post-dose.
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CHAPTER 2: PHARMACOKINETCS AND GENERAL TOXICOLOGY
Absorption, Distribution, Metabolism, and Elimination

Urine was collected over 24 hours post-dose at the following time points: immediately before
administration of the formulation and at intervals ending 3, 6, 12, and 24 h post-dose. Plasma and
urine samples were analyzed for free genistein, free daidzein, free glycitein, and their respective totals
(free plus sulfate and glucuronide conjugates) fractions by HPLC.

Both studies demonstrated excellent correlation between dose administered and both C,,, and AUC.
In pre-menopausal women (768), mean C,,,, values for total genistein and total daidzein increased
linearly with increasing doses (r2 > 0.92) for both formulations tested, which differed only in the daidzein
content. The linearity of mean C,,, values with increasing doses could be established for free daidzein in
formulation B (~4-fold higher daidzein content relative to formulation A; r2=0.97) and for free genistein
in formulation A; (r2=0.96). For AUC, mean AUC values increased linearly with increasing doses for total
genistein and total daidzein from both formulations (r2 > 0.98) and for free genistein and free daidzein as
well (r2> 0.88). Based on the 24-hour urinary recovery of genistein glucuronide and sulfate conjugates,
the reported C,,,,, and AUC values appear to reflect 10-14% of the administered dose. Although the
absolute amount of genistein conjugates recovered in the urine appeared to be dose-dependent (urinary
recovery as a percentage of dose was similar at each dose level), no correlations between urinary recovery
and either C,,, or AUC were reported. Similar results were observed in men (753).

Weaker relationships were observed when urinary concentrations or recoveries were correlated with
single blood or plasma concentrations rather than AUC values. Valentin-Blasini et al., 2003 (107)
measured serum levels of genistein, daidzein, equol, and O-desmethylangolensin from 209 samples taken
from a nonrepresentative sample of adults who participated in NHANES III, 1988-1994. Serum levels
were several times lower than the corresponding urine measurements and highly significant correlations
between levels in urine and serum samples from the same persons were observed for genistein (r=0.79,
P=0.0001), daidzein (r=0.72, P=0.0001), and O-desmethylangolensin (r=0.41, P=0.0007).

Setchel et al., 2003 (173) reported statistically significant correlations of between genistein serum
C,,.x and urinary excretion expressed as either concentration (r2=0.286) or total output during a
24-hour period (r?=0.424).These same correlations were lower and not statistically significant for
daidzein, r=0.085 and 0.056 (173). The authors concluded that because the data were considerably
scattered, urinary isoflavone concentrations for a given individual provide only a crude estimate of
intake and are limited as predictors of systemic bioavailability.

Mathey et al., 2006 (174) measured isoflavones in the plasma and urine of post-menopausal women
who ingested high quanities of soy isoflavones in a Prevastein extract for 30 or 60 days. The daily
intake from the Prevastein was 100 mg of total isoflavones expressed as aglycone equivalents (~1.4
to 1.6 mg/kg bw/day) and was 55-75% genistein and 20—40% daidzein. The correlation coefficients
between plasma and urine were generally low and ranged from 0.56 to 0.81 for genistein and 0.15 to
0.23 for daidzein, depending on whether the samples were collected at day 15 or day 30 of treatment.
When all samples collected between 15 to 60 days of treatment were considered, the correlations were
higher for both genistein (r=0.59) and daidzein (r=0.36).

Franke et al., 2008 (175) reported that the correlation between plasma isoflavone and urinary isoflavone
excretion rate (UIER) were significantly improved when time-based measurements covering the same
time interval are used (i.e., AUC) rather than estimates that do not consider the time interval (i.e.,
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plasma concentration and UIER). This conclusion was based on a study where Franke ef al., 2008
(175) used urinary excretion rate to assess how oral antibiotic use affects isoflavone bioavailability in
chidren and adults. This study included data on the correlation between plasma and urine isoflavone
values. The data related to antibiotic use in children and adults is discussed further in Section 2.1.1.3
(see “Urinary exretion rate to estimate apparent bioavailability in infants, children, and adults™) Eight
men and six women consumed 10 g of soy nuts (~ 22.1 mg isoflavone aglycone equivalents). Blood
samples were collected at 3-6 hours and 4-9 hours after soy intake. Each participant emptied their
bladder shortly after the first blood draw and the urine sample for analysis was collected between the
two blood draws. The authors did not adjust final urinary excretion rates for body weight because
the body weights of study participants were similar. The correlation coefficient between isoflavone
levels in urine and plasma was calculated using linear regression. [soflavone levels in the two matrices
were better correlated, r=0.93 (P<0.001) when AUC for both plasma and urine (both time-based
units) were used rather than UIER (a time-based measure, nmol/h) and plasma isoflavone levels at
first collection (a non-time-based unit, nM). The correlation between UIER and plasma level at first
collection was 0.68 and was not statistically significant. Overall, the authors concluded that urine can
be used as a reliable surrogate to estimate isoflavone intake and systemic exposure.

Nagata et al., 2006 (102) evaluated isoflavone exposure in 194 Japanese women by estimating the
dietary intake and measuring genistein, daidzein and equol in maternal urine [creatinine normalized],
serum during gestation and at delivery, as well as serum in umbilical cord samples. Isoflavones were
measured using HPLC-MS/MS (for serum) or HPLC (urine) after the addition of B-glucuronidase/
suflate to the samples. The geometric mean and range of concentrations of genistein, daidzein,
and equol for maternal and cord blood serum samples are presented in Chapter 1 in Table 9. After
controlling for covariates, genistein and daidzein in umbilical cord serum were highly correlated
with levels in both maternal urine (r=0.63 [r2=0.40], P<0.0001 and r=0.58 [r2=0.34], P <0.0001 for
genistein and daidzein, respectively) and serum (r=0.70 [r2=0.49], P<0.0001 and r=0.68 [r2=0.46],
P<0.0001 for genistein and daidzein, respectively) at delivery.

Adlercreutz et al., 1999 (97) measured genistein, daidzein, O-desmethylangolensin, and equol in maternal
plasma, cord plasma, and amniotic fluid samples collected from seven Japanese women at delivery.
Average levels of isoflavones and metabolites in cord blood and amniotic fluid were similar to maternal
cord blood levels (see Table 9 in Chapter 1). However, maternal plasma levels of genistein and daidzein
were not significantly correlated with levels in either cord plasma (fyaemal plasma-cord plasma=—0-338 for
genistein [r2=0.11]; 0.439 for daidzein [r2=0.19]) or amniotic fluid (fyaternal plasma-amniotic fiuid=0-330
for genistein [r2=0.28]; 0.418 for daidzein [r?=0.17]). Levels of O-desmethylangolensin and equol in
maternal plasma correlated significantly with levels in cord plasma and amniotic fluid with correlations
ranging from 0.967 to 0.998. Significant correlations for all the isoflavones and metabolites ranging
from 0.889 to 0.998 were found between cord plasma and amniotic fluid. The authors concluded that
phytoestrogens cross the placenta. Levels in fetuses were similar to maternal levels, and conjugation
patterns were reportedly similar to those observed in Japanese individuals.

Two infant studies are relevant (described further below), but compared to the adult studies described
above, correlations were determined between spot urine concentrations and spot blood/plasma levels.
Cao et al., 2009 (94) calculated correlations between genistein and daidzein levels in the urine [spot,
per unit volume], saliva, and blood of infants fed soy formula. The study design did not permit an
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estimation of isoflavone dose, and the time of blood collection relative to feeding was not specified.
Overall, coefficients of determination, r2, between urine and saliva or urine and blood were less than
0.1. Thus, although statistically significant correlations between blood and spot urine concentrations
were observed in this study, a spot urine concentration provided no information regarding the total
systemic isoflavone exposure.

Franke et al., 2006 (95) reported correlations between fluid levels in individual infants and mothers
as well as between mothers and infants as part of a study designed to compare isoflavones patterns in
the urine [spot, creatinine normalized] and plasma of breastfed infants and their mothers following
maternal consumption of a soy protein beverage; three tofu-fed infants were included in the study
for comparison. Isoflavone concentrations were significantly correlated within type of biological
matrix for an individual and within mother-infant pair for breastfed infants: mother’s milk versus
mother’s urine, r=0.661; mother’s milk versus infant urine, r=0.775; mother’s urine versus infant
urine, r=0.863, and infant plasma versus infant urine, r=0.975. Thus, a relationship between blood/
plasma isoflavone concentration and urinary concentrations exists in children as in adults.

Relationship between administered dose and blood and urinary isoflavone pharmacokinetic
parameters

Cassidy et al., 2006 (145) reviewed 16 human studies and concluded that C_,, was the
pharmacokinetic value that correlated the most with administered dose. Between doses of 0.2 and
59 umol/kg body weight, the correlation with peak plasma concentration of genistein was r2=0.974.
For daidzein, the r2 was 0.958 between 1 and 31 pmol/kg body weight. Weaker correlations of
0.730 and 0.716 were calculated for genistein and daidzein were administered as glucosides. No
significant correlations were observed between administered dose and area under the curve, urinary
excretion, or fecal excretion. A more detailed description of these 16 human studies and additional
summary values are presented in Nielsen and Williamson (743). Correlation coefficients were
calculated between plasma C,,,, and administered doses of <~8 umol/kg bw of genistein (r>=0.50)
or daidzein (r2=0.87) and administered doses of < ~6 umol/kg bw genistin (r2=0.73) or daidzin
(r2=0.72). [These values were presented in the caption for Figure 3 in the Nielsen and Williamson
review. The figure legends and figure caption do not match. CERHR assumed that the caption text
stating “genistein, r2=0.73; and daidzein, r2=0.72” actually refers to correlation graphs presented
for genistin and daidzin.]

With respect to infants, assuming that the infants in the study by Franke ez al., 2006 (95) consumed
approximately equivalent volumes of milk, the data from that study imply that a significant relationship
also exists between isoflavone dose and concentration in blood and urine in this age group.

Many studies have measured genistein and daidzein in plasma, urine, bile or feces, saliva, breast milk,
and amniotic fluid. A less extensive literature exists on the measurement of these isoflavones in other
human fluids or tissues, and these studies are generally limited to assessment of the breast or prostate
(reviewed in Larkin et al., 2008 (1)). Setchell et al., 2001, 2003 (76, 173) have reported relatively
large volumes of distribution for genistein, daidzein, and glycitein indicating widespread distribution
to tissues. Bloedon et al., 2002 (168)and Busby et al., 2002 (153) reported much higher volumes
of distribution for unconjugated, or “free”, genistein and daidzein compared to total genistein and
daidzein (Table 33 and Table 34) indicating tissue-level exposure to the biologically active forms.
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Distribution to the embryo or fetus

In humans, genistein, daidzein, and equol can be measured in cord blood and amniotic fluid, indicating
distribution to the embryo or fetus. Studies reporting the isoflavones concentrations in fetal and/or
maternal compartments are summarized in Table 13 and Table 14 in Chapter 1. Other studies described
in detail in Chapter 1 indicate that genistein, daidzein, and equol also distribute to breast milk and
that breast milk concentrations increase following ingestion of soy foods (see Table 17). [CERHR
did not identify any studies that attempted to measure glycitein in breast milk, amniotic fluid,
cord blood, or maternal blood collected at delivery.]

Tissue distribution

Studies in humans reported that daidzein concentrations in prostate fluid were ~2—4 times higher
than plasma levels and equol concentrations in prostate fluid were 44 times higher than in plasma
(reviewed by (108). Recent studies generally support this conclusion.

There do not appear to be any data concerning isoflavone concentrations in tissues or matrices beyond
blood/plasma and urine in children.

Volume of distribution

A study by Setchell et al., 2001 (76) of three healthy premenopausal women reported the mean
volume of distribution normalized to bioavailability fraction (V4/F), another measure of systemic
exposure, for genistein and daidzein following single ingestion of 50 mg [~0.8 mg/kg assuming a
60 kg bw] of the compounds as aglycones and glycosides Following intake of each compound in its
glycosidic form, the mean volume of distribution for the bioavailable fraction was reported at 161.1
L [~2.7 L/kg bw assuming a 60 kg bw] for genistein and 236.4 L [~3.9 L/kg bw] for daidzein.
Ingestion of the glycosidic compounds resulted in volumes of distribution for the bioavailable fraction
of 112.3 L [~1.9 L/kg bw] for genistein and 77 L [~1.3 L/kg bw] for daidzein. The V4/F was large
for both daidzein and genistein, indicating extensive tissue distribution. The V 4/F for daidzein was
much higher than for genistein (236 L versus 161 L), which the authors noted provides an explanation
of why genistein levels in plasma exceed daidzein concentrations when equivalent amounts of the
two isoflavones are ingested. [It does not appear that the authors conducted statistical analyses
to determine whether the difference in V4 /F between genistein and daidzein were statistically
significant.] The V /F for glycitein was relatively high at 415 L.

Setchell et al., 2003 (173) calculated the mean Vy/F in premenopausal women who ingested a single
0.4 or 0.8 mg/kg bw dose of [13C]genistein or [13C]daidzein on four separate occasions. Consistent
with the earlier finding of Setchell et al., 2001 (76), V,;/F was higher for daidzein compared to
genistein although the differences were not statistically significant. The average of the two visits when
women ingested the low dose of 0.4 mg/kg bw was 224.1 L [~3.7 L/kg bw assuming a 60 kg bw] for
genistein and 305.7 L [~5.1 L/kg bw] for daidzein. At the higher dose of 0.8 mg/kg bw, the average
V4 was 243.1 L [~4.1 L/kg bw assuming a 60 kg bw] for genistein and 399.2 L [~6.7 L/kg bw] for
daidzein. Differences between the 0.4 and 0.8 mg/kg bw dose groups were not statistically significant.

Bloedon et al., 2002 (168) and Busby et al., 2002 (153) reported that mean volumes of distribution for
total genistein and daidzein were similar in men and women volunteers who consumed soy products
containing 70—100% unconjugated isoflavones.[Because the doses were administered orally, V4
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is V4/F.] However, they did not observe a larger V4/F for daidzein compared to genistein like that
reported by Setchell et al., 2001 (76) and Setchell et al., 2003 (173). Detailed descriptions of these
studies are provided in Section 2.1.1 and results are summarized in Table 33 and Table 34. Bloedon
et al., 2002(168) calculated V4/F in postmenopausal women following administration of one of four
formulations that provided different doses of unconjugated genistein (1 to 16 mg/kg bw) and daidzein
(0.28 to 8.4 mg/kg bw). The range of average V4 /F for each group were 1.23 to 2.12 L/kg bw for total
genistein and 1.41 to 3.28 for total daidzein. In the same studies, volumes of distribution were presented
for unconjugated genistein and daidzein and these were higer. For the unconjugated isoflavones, the
mean volumes of distribution were 66 to 441 L/kg for free genistein [the low value is based on two
subjects] and 81.3-245 L/kg bw/day for free daidzein. Busby et al., 2002 (153) calculated Vy/F in
healthy men following administration of one of four formulations were used that provided different
doses of unconjugated genistein (1 to 16 mg/kg bw) and daidzein (0.28 to 8.4 mg/kg bw). The range of
average Vy/F for each group were 1.1 to 6.4 L/kg bw for total genistein and 1.0 to 3.38 for total daidzein.
In the same studies, volumes of distribution were presented for unconjugated genistein and daidzein
and these were higher. For the unconjugated isoflavones, the mean volumes of distribution were 15.9 to
877 L/kg bw for free genistein [these values were based on either one or two subjects] and 15-245
L/kg bw for free daidzein [the “15” value is based on n=1]. The study authors noted that the higher
volumes of distribution for the free versus total isoflavones suggest that free genistein and daidzein are
more likely to enter or be sequestered within tissues. [There are problems in the reporting of volumes
of distribution for the aglycones in these studies. The Expert Panel finds ranges of 16—877 and
15-245 L/kg bw/day to be implausible in this variability. In addition, volumes of distribution in
the range of <10 L/kg bw in some reports are not consistent with volumes of distribution in the
hundreds of L/kg bw in other reports. It is possible that the lower values were obtained from a
mixture of aglycones and glucuronides with glucuronides predominating. The higher number
may not take into consideration the bias toward the conjugated compounds in equilibrium.]

2.1.1.2 Metabolism

The metabolic fate of genistein, daidzein, and glycitein have not been completely characterized, but
the major known metabolic pathways for genistein and daidzein are presented in Figure 3. In both
animals and humans the major pathways are glucuronidation and sulfation.

Gu et al., 2006 (176) compared the isoflavone profiles for genistein, daidzein, equol, and glycitein
and other isoflavone metabolites in women, following ingestion of soy protein isolate (results
are summarized in Table 59). In addition to equol, other metabolites measured were O-DMA,
dihydrogenistein, and dihydrodaidzein. Among the ten women, urinary glucuronide conjugates
constituted 85%, sulfate conjugates were 13.3% and the free aglycone was 0.1%.

Much less information is available on the metabolism of glycitein. Rufer et al., 2007 (177) characterized
the phase 1 metabolism of glycitein in rat liver microsomes, human liver microsomes, and human
fecal flora. In rat liver microsomes, glycitein was converted to 10 metabolites with 8-hydroxy(OH)-
GLY as the main metabolite. In human liver microsomes, glycitein was metabolized to six metabolites
with 8-OH-GLY and 6-OH-daidzein being the major products. Following incubation with human
fecal flora, glycitein was metabolized to four metabolites with 6-OH-daidzein as the main product.
In addition, in vivo metabolism was studied in Sprague-Dawley rats. Three oxidative, 2 bacterial
metabolites, and 6-OH-daidzein were identified in rats treated with a single dose of glycitein. Most
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Figure 3. Biotransformation of Genistein and Daidzein
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of the human studies on the metabolism of genistein and daidzein as aglycones were obtained from
literature based primarily on exposure to glycosides through soy products. Variations in metabolic
pathways of isoflavones have been reported to occur as a result of differences in microflora, intestinal
transit time, pH, or redox potential, factors that can be affected by diet, drugs, intestinal disease,
surgery, and immune status (reviewed in Munro et al., 2003(178)).

Metabolism of isoflavone glycosides begins with hydrolysis of the compounds to their respective
aglycones, a step that is generally considered a prerequisite before the compounds can enter the
systemic circulation. This initial deconjugation of the glycoside occurs mostly in the large intestine,
but also in the mouth, stomach, and small intestine (reviewed in Larkin ez al., 2008 (1)).[In accordance
with well-understood principles of absorption, genistin and daidzin in soy products will not be
readily absorbed because their high water solubility prevents passage through the lipid bi-layers
of enterocytes. Also in agreement with theory is a prolonged t,,, (time to C,,,, indicating
that the glucosides must first traverse the small intestine and reach the large intestine before
bacterial flora deconjugation to genistein and daidzein, which are insoluble in water but soluble
in lipids. The lipid solubility of genistein and daidzein facilitates their absorption in the large
intestine.] Because glycosides are relatively quickly deconjugated in the gut to form the active
aglycones, exposure to a particular isoflavone is theoretically the sum of the aglycone and respective
glycoside compound concentrations converted on the basis of molecular weight (3; 5; 6).
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Microbes in the intestinal tract catalyze reduction, demethlyation, and ring fission reactions to produce
unconjugated aglycones and their metabolites, which are then absorbed and transported to the liver. Prior
to entering the systemic circulation, these compounds are hydroxylated by P450s or conjugated with
glucuronic acid by uridine diphosphate (UDP)-glucuronosyltransferase (UDPGT, UGT); a much smaller
amount is conjugated to sulfate by sulfotransferase (SULT) enzymes (3, 179, 180) to form the more water-
soluble isoflavone glucuronides and sulfates that are excreted in urine. In volunteers given an isoflavone
aglycone formulation providing genistein doses of 2—16 mg/kg bw, ~8—18% of the genistein dose was
excreted in urine as genistein conjugates within 24 hours (153, 168), and less than 0.3% of the dose was
excreted as free genistein (768). Conjugation occurs in the liver, but at least for genistein, appears to
occur to a significant degree in intestinal cells prior to transport to the liver. Human pharmacokinetic and
bioavailability studies include plasma/serum or urine measurements of isoflavones and do not permit direst
assessment of the contribution of intestine, liver, or other organs involved in isoflavone metabolism (7)

Most isoflavones in the circulation are present in conjugated form. In individuals who ingested a soy
supplement consisting of isoflavone glycosides, glucuronides represented 69-98% of circulating
genistein and 40—62% of circulating daidzein (77). In the same study, sulfate conjugates represented
4% of circulating daidzein compounds in 1 man but were not detected in a female subject. Genistein
sulfates were not detected. Setchell et al., 2001 (76) reported mean steady-state circulating
unconjugated isoflavones at 2.7% for daidzein and 1.6% for genistein when the compounds were
taken as aglycones or glycosides.In studies where humans were exposed to genistein alone or in
combination with other isoflavone aglycones (calculated as genistein doses of 1-16 mg/kg bw), most
of the genistein was present in plasma in conjugated form (76, 153, 168); free genistein represented
1-3% of total plasma genistein levels. One review reported that ~10% of isoflavonoids are circulated
in plasma unconjugated (108). Also, isoflavones can bind to plasma or serum proteins such as albumin
(181). The conjugated isoflavones can be transported through systemic circulation to tissues and
eventually excreted via the kidneys or secreted in bile and returned to the intestine (7). Upon return to
the intestine, they are deconjugated by bacteria possessing B-glucuronidase or arylsulfatase activity.
The metabolites may be reabsorbed and returned to the liver via the portal vein for reconjugation and
additional enterohepatic circulation or renal excretion (7).

A number of studies report that the shape of the plasma appearance and disappearance curves show
early peaks prior to obtaining C ., (76; 148; 151; 166). For example, Zubik et al., 2003 (152) and
Kano et al., 2006 (148) noted that plasma concentrations of genistein and daidzein peaked at 1-2
hours and again at 4-8 hours following ingestion as aglycones or glucosides. This biphasic patterns
are consistent with enterohepatic circulation or no enterohepatic circrulation but uptake in the small
intestine as well as the large intestine (discussed in (166)). This early peak also suggest that hydrolysis
and initial absorption occur readily in the duodenum and proximal jejunum following ingestion (7).

Setchell et al., 2001 (76) reported a small rise in the plasma concentration of daidzein after the
administration of glycitin, but based on the overall plasma profiles there appeared to be negligible
biotransformation of glycitin, other than initial hydrolysis of the glycosidic group. Demethoxylation
to daidzein was a minor biotransformation pathway.

Bursztykaetal.,2008(182) compared the metabolism of genistein in rats and humans using liver microsome
and hepatocytes. Human and rat liver microsomes and cryopreserved hepatocytes were incubated with
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[14C] genistein. Metabolite profiling was obtained using an HPLC system and identification was based
on their retention times as compared with those of authentic standards and on LC—MS (ESI-MS/MS)
or NMR analyses. In liver microsomes of both species, three hydroxylated metabolites were produced:
8-hydroxygenistein (8-OH), 6-hydroxygenistein (6-OH), and 3’-hydroxygenistein (3’-OH). Similarly,
the same glucuronide and sulfate conjugates were produced in rat and human cryopreserved hepatocytes
(genistein 4’-O-sulfate 7-O-glucuronide, genistein 7-O-glucuronide, genistein 4’-O-glucuronide,
genistein 7-O-sulfate and genistein 4’-O-sulfate), with genistein 7-O-glucuronide identified as the major
metabolite. In rat liver microsomes, the main metabolite produce was 3’-OH; however, in humans 3’-OH
and 8-OH were produced in the same range.

UGT, SULT, and CYP Isoforms
A number of studies, summarized in Table 35, have characterized the UGT, SULT, or cytochrome
P450 (CYP) isoforms involved in the metabolism of genistein, daidzein, and glycitein [77; 183-187].

Doerge et al., 2000 (77) characterized the enzymatic basis for isoflavone conjugates using microsomal
recombinant human UGT isoforms (1A1, 1A4, 1A6, 1A7, 1A9, and 1A10), recombinant human SULT
isoforms (1A1*2, 2A1, 1E, 1A2*1, 1A3), and by human tissue microsomes prepared from the liver,
kidney, and colon. For genistein, the relative activity of the recombinant UGT isoforms was 1A10 >
1A9>1A1>1A6>1A7>>1A4. [For 1A4, K, was <0.03 and a K, value was not presented.] For
daidzein, the UGT isoform activity decreased in the order of 1A9 > 1A1 > 1A4 >> 1A10=1A6=1A7
[For 1A10, 1A6,1A7, K, values were < 0.13 and K, values were not presented]. For both genistein
and daidzein, formation of the 7-glucuronide was favored over the 4’-isomer. UGT 1A9 and 1A1
displayed 2- to 3-fold higher substrate activity for daidzein compared to genistein. The UGT 1A10
isoform, which is present in colon, gastric, and biliary epithelium but not in liver, was observed to
have the highest activity and specificity for genistein. No activity was observed for daidzein and any of
the recombinant human SULTS tested. [A daidzein sulfate metabolite was identified and a sulfate-
glucuronide diconjugate was possibly detected in human volunteers after ingestion of a high-
dose soy nutritional supplement, suggesting the participation of other SULT isoforms in vivo.]
For genistein, the activity for recombinant SULTs decreased in the order of 1A1*2 > 2A1 > 1E >>
1A2*1=1A3. Results from the glucuronidation of genistein in human tissue microsomes showed activity
decreased in the order of kidney > colon > liver. The glucuronidataion of daidzein was similar in the
kidney and liver but no activity was observed in colon microsomes. The relative acitivity of genistein to
daidzein, based on k_,/k,, ratio of genistein-7-glucuronide (G7) to daidzein-7- glucuronide (D7), were
similar in the liver (0.85), 1.8-fold greater in the kidney, and much greater in the colon (k, for G7=56,
k.o for D7=<0.08). Based on these observations, the study authors concluded that the intestine plays a

cat
major role in the glucuronidation of genistein and that most daidzein glucuronidation occurs in liver (77).

Results presented in Doerge et al., 2000 (77) related to the involvement of SULT1A1 and SULT2A1
in genistein metabolism are consistent with recent findings from Chen et al., 2008 (188) that genistein
can induce the protein and mRNA expression of SULT1A1 and SULT2A1 in HepG2 and Caco-2 cells.

Liu et al., 2007 (184) characterized UGT isoforms responsible for the metabolism of genistein in
intact Caco-2 cells and cell lysates using short interfering RNA (“silencing RNA”, siRNA). They
found that a number of well-expressed UGT isoforms in Caco-2 cells, UGT1A1, UGT1A3, UGTI1A®6,

and UGT2B7, were involved in the metabolism of genistein.
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CHAPTER 2: PHARMACOKINETCS AND GENERAL TOXICOLOGY
Absorption, Distribution, Metabolism, and Elimination

The UGT1A1 isoform glucuronidated genistein the fastest followed by UGT1A3 (35% of that of
UGT1A1), UGT2B7 (16%), UGT1A6 (15%), and UGT2B17 (4%). Chen et al., 2008 (185) reported
that daidzein was a substrate for both recombinant human UGT1A3 and UGT1A9.

Pritchett ef al., 2008 (186) characterized UGTs involved in the glucuronidation of genistein and
daidzein using human liver microsomes characterized for specific UGT activities (UGT1A1 with
17a-ethynyloestradiol, UGT1A9 with propofol, UGT1A4 with trifluoroperazine) or commercially
available microsome preparations from recombinant cells expressing UGT isoforms (1A1, 1A4, 1A6,
1AS8, 1A9, 1A10(a), IA10(b), 2B7, 2B15; 1A10(a) was a Gentest Supersome and 1 A10(b) was a Panvera
baculosome). Statistically significant linear correlations were observed between the rates of generation of
the major glucuronide of both genistein and daidzein and the measured activities of UGT1A1, UGT1A9,
but not UGT1A4. In the recombinant cell systems, UGTs 1A9, 1A10(b), 1A1, and 1A8 catalysed the
glucuronidation of both genistein and daidzein. UGT1A10(a), purchased from Gentest, only catalysed
genistein glucuronidation. No glucuronidation activity towards either isoflavone was observed for 1A4,
2B7, and 2B15.

Tang et al., 2009 (187) characterized the isoform specific glucuronidation profiles for genistein,
daidzein, and glycitein using 12 recombinant human UGTs (1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9,
1A10, 2B4, 2B7, 2B15, 2B17) and human intestinal and liver microsomes. Three concentrations of
each isoflavone were incubated for 1 hour with a panel of BD Supersomes expressing the 12 human
UGT isoforms. This provided a fingerprint of the major isoforms responsible for metabolizing each
isoflavone at “low,” “medium,” and “high” concentrations. The authors then made predictions about
tissue specific glucuronidation patterns based on the fingerprint results and the expression patterns of
the UGT isoforms in liver and intestine. These predictions were tested by incubating the isoflavones
with human liver and intestinal microsomes. Each isoflavone had a distinct metabolic fingerprint that
was dependent on isoflavone structure and concentration. While the top isoforms differed based on
which isoflavone and concentration was tested, UGT1A1, 1A8, 1A9, and 1A10 were always the top
four for each isoflavone across concentrations (Table 36). [Figure 3 of Tang et al., 2009 (187) shows
minor activities for 1A3, 1A6, and 1A7 in the glucuronidation of genistein.] In addition, UGT1A7
was shown to be important for the metabolism of glycitein. UGT1A1 and 1A9 were considered the most
important isoforms at low concentrations of genistein, daidzein, and glycitein. At high concentrations,

Table 36. Relative Rates of UGT Enzymes at Low, Medium, and High
Concentrations of Genistein, Daidzein, or Glycitein

Relative Rate Ranking (based on nmol/min/mg)* Glucuronidation
Isoflavone in Human Liver
' « s « . b €T 1 and Intestinal
‘Low” (2.5 um) ‘Medium ‘High” (35 um) Microsomes
Genistein 1A9>1A1>>1A8>1A10 | 1A8>1A9>>1A1>1A10| 1A8>1A9>1A10>1A10 | Intestine >Liver
Daidzein 1A9 >1A1 1A9>1A1>>1A8 1A1>1A9>>1A8>1A10| Intestine >Liver

Glycitein® | 1A1>>1A9>1A8>1A10 | 1A1>>1A8>1A10>1A9 | 1A8 >1A1>1A10>>1A9 | Intestine >Liver

aRelative tissue expression: UGT1A1=liver >small intestine; 1 A8 and 1A10=small intestine >liver; 1A9=liver.
510 pM for genistein and glycitein; 12 uM for daidzein.
CUGT1A7 was shown to be important for the metabolism of glycitein although it was not in the top four isoflorms at
any concentration tested.
From Tang et al., 2009 (187).
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CHAPTER 2: PHARMACOKINETCS AND GENERAL TOXICOLOGY
Absorption, Distribution, Metabolism, and Elimination

UGT1AS displayed the highest enzymatic rate for genistein and glycitein (Table 36). The authors
suggest that the presence of 4 isoforms with overlapping specifities results in a low potential for
variations in isoflavone bioavailability based on genetic polymorphisms. Glucuronidation by human
intestinal microsomes was faster compared to human liver microsomes for both genistein, daidzein,
and glycitein, regardless of dose. For genistein concentrations of 2.5, 12.5 and 35 pM, the range of
glucuronidation rates were ~3.5 to ~5 nmol/min/mg in human intestinal microsomes compared to
~1 to ~1.5 nmol/min/mg in human liver microsomes. For these same concentrations of daidzein, the
range was ~2 to ~4 nmol/min/mg in human intestinal microsomes compared to ~0.75 to ~2 nmol/
min/mg in human liver microsomes. For glycitein, the range was ~5 to ~10 nmol/min/mg in human
intestinal microsomes compared to ~2.75 to ~3 nmol/min/mg in human liver microsomes.

It is important to distinguish between UGTs and SULTs that are capable of conjugating isoflavone
aglycones and those that are guantitatively important in the disposition of the compounds. The latter
requires knowledge of the relative abundance of each isoform in tissues most important in determining
the systemic availability of isoflavones—intestine and liver. High quality data to address relative
abundance are not available. Moreover, for the purposes of evaluating the disposition of isoflavones
in soy formula in infants, tissue specific ontogeny data for each of the involved enzymes are needed.
Such ontogeny data are largely limited to the liver (189).

There is also evidence that cytochrome P450 (CYP) may be involved in the metabolism of isoflavones.
Unidentified metabolites considered to be hydrolysis products have been detected following in vitro
incubation of genistein with human recombinant CYP1A1, 1A2, 1B1, 2E1, or 3A4 isoforms (reviewed
in (3)). Since the UK Committee on Toxicity evaluation, additional support for CYP involvement in
isoflavone metabolism has appeared in the published literature. For example, Atherton et al., 2006
(183) investigated CYP-mediated metabolism of genistein and daidzein using human liver microsomes
characterised for specific CYP activities or commercially available microsome preparations from
recombinant cells expressing CYPisoforms (1A1, 1A2, 1B1,2B6, 2D6, 2E1, 3A4, Gentest Supersomes).
For both genistein and daidzein, three major metabolites of daidzein and genistein were detected by HPLC
analysis following incubation with human liver microsomes. The retention time on HPLC analysis was
consistent with hydroxylated metabolites. Because the appearance of these metabolites was NADPH-
dependent, their formation was consistent with catalysis by CYP. In addition, the liver preparations with
the lowest rates of ethoxyresorufin O-dealkylation, indicating CYP1A2 activity, generated the lowest
quantities of genistein and daidzein metabolites. CYP2E1 was implicated in the metabolism of genistein
and daidzein in studies of chemical inhibitors of specific CYP activities in humal liver microsomes, but
not in the screen of CYP Supersomes. Recombinant CYP1A1, 1A2, 1B1, and to a lesser degree, 3A4,
generated metabolites of both genistein and daidzein. Overall, the authors concluded that CYP1A2
is a major contributor to the metabolism of genistein and daidzein in the liver and that extra-hepatic
metabolism may occur through the involvement of CYP1A1 and 1B1 isoforms.

Equol “producers”

The metabolic profile of daidzein varies among individuals. Some individuals produce little or no equol
or O-desmethylangolensin (ODMA). A growing literature exists on factors that may contribute to equol
and/or ODMA production status, i.e., microbial factors, dietary consumption, lifestyles, anthropmetric
factors (190), as well as possible phenotypic differences between equol or ODMA producers and non-
producers in relation to hormone levels and breast density (190, 191). In particular, characterizing factors
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that distinguish individuals who metabolize equol from daidzein (“producers”) from “nonproducers” is
an active area of research in understanding the clinical effects of isoflavone and soy exposure. Equol has a
higher estrogenic potency compared to daidzein and inter-individual differences in the abilitity to produce
equol is suggested as a contributing factor in variability in individual biological response to soy (142).

Approximately 30-50% of individuals are able to convert daidzein to equol (106, 172; 173; 190, 191).
Setchell et al., 2003 (173) reported that 3 of 8 subjects administered [!3C]daidzein converted this
isoflavone to ['3CJequol. Serum concentrations of [!3C]equol peaked 24 hours after administration
of ['3C]daidzein and equol was detected in 4 seperate collections from these women indicating they
consistently produced equol. Half-lives for equol formation were reported at 2—4 hours in adults
eating soy foods (164, 165). A review by Price and Fenwick (192) reported that most equol was
excreted as the glucuronide, with smaller amounts excreted as the sulfate conjugate in some humans.

Equol production appears to be enhanced following ingestion of diadzin compared to daidzein, and
more prevalent production has been reported in individuals who consume a diet high in carbohydrate
and fiber and low in dietary fat (reviewed in(745)). In a sample of postmenopausal women, Bolca et
al., 2007 (172) reported that women with higher intakes of polyunsaturated fatty acids and alcohol
consumption were more likely to be strong equol producers. Fujimoto et al., 2008(193) reported a
significantly lower proportion of equol producers in men aged 10-19 compared to older men in a
study of Japanese (10% of men aged 10-19 and 44% of men aged 50-59) and Korean (45% of men
aged 10-19 and 65% of men aged 50-59) men. The equol producers consumed significantly more
isoflavones than the non-producers.

Metabolic capacity of infants

In adults, approximately 30 to 50% of individuals are considered to be equol producers; however,
young infants are generally considered less able to produce equol due to immaturity in gut microflora
and/or underdeveloped metabolic capacity (84, 142; 194). However, Hoey et al., 2004 (§7) reported
detection of equol in the urine of 25% of 4-6 month old soy formula-fed infants and Setchell et al.,
1997 (84) measured detectable concentrations of equol in the plasma of 4 of 7 (57%) soy formula-fed
infants (both of these studies are described in more detail below). While categorizing an individual
as an “equol producer” is not simply a matter of detecting equol in urine or blood, the detection
frequency of equol in infants overlaps with the percentage of adults considered to be equol producers.

Setchell et al., 1997(84) reported the mean plasma concentration of equol measured in soy formula fed
infants as ~2 pg/L. The plasma concentration is either lower (97) or similar to (102, 103) mean serum
or plasma concentrations reported in Japanese women at delivery (Table 9 in Chapter 1) and higher
than average levels reported in typical European populations or vegans and vegetarians in the UK (173).

Based on the most recent CDC data from NHANES, the geometric mean (10t-90™ percentile) of
equol detected in urine for people aged 6 years and older is 8.77 pg/L (SLOD—-38.5) (115). This value
is approximately 3.7 to 5.2-fold higher than urinary concentrations of equol measured in infants by
the CDC and reported in Cao et al., 2009 (94), including for infants fed soy formula who have much
higher exposures to daidzein. Interestingly, urinary concentrations of equol did not differ appreciably
in infants as a function of feeding method. The geometric mean for infants fed soy formula, cow’s
milk formula, and breast milk were 2.3 ng/ml, 2.4 ng/ml, and 1.7 ng/ml respectively.
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The ability of infants to absorb and metabolize isoflavones was demonstrated by Hoey et al., 2004
(87). The study examined 60 infants and children, aged 4 months to 6 years, who were assigned to
either a soy-formula or control group (n=30 in each) depending on whether they had consumed soy
or cow-milk formula during infancy. Subjects were also divided into 4 groups according to age (4—6
months, 7-12 months, 1-3 years, and 3—7 years). Genistein, daidzein, and glycitein were present in
the urine of all soy-fed infants in the 4—6-month age group, while O-desmethylangolensin and equol
were detected in 75 and 25% of soy-fed infants, respectively. In contrast, isoflavonoids were very
low or not detected in the 4—6-month control group. In subjects aged 7 months to 7 years who were
given a soy challenge, ODMA was present in the urine of 75% of soy subjects and 50% of control
subjects, while equol was present in the urine of 19% of soy subjects and 5% of control subjects. These
percentages were similar between groups in the 3—7-year age group. Analysis of fecal samples showed
that the total bacterial count was significantly higher in cow milk-fed infants than in the soy formula-
fed infants. More specifically, the bacterial counts for Bifidobacteria, Bacteroides, and Clostridia
were significantly higher in the cow milk-fed group, while the combined count for Lactobacillus +
Enterococcus was not significantly different between groups. There were no significant differences
between the soy-formula and control groups in fecal enzyme activities, pH, or short-chain fatty acid
concentrations. The researchers concluded from the 4—6-month age group data that the isoflavones
genistin, daidzin, and glycitin were well absorbed after hydrolysis in the gut because significant
concentrations of their glucuronides were found in urine samples. They also deduced that the ability
to hydrolyze glycosides to aglycones developed by the age of 4—6 months because such hydrolysis
is required for absorption. Although a higher percentage of soy formula-fed infants than cow milk-
fed infants of the younger age groups were able to convert daidzein to equol, the percentages were
similar among the older children. Thus, the authors concluded that isoflavone exposure early in life
has no lasting effect on isoflavone metabolism. They also noted the influence of formula type on the
composition of the microflora present in the gut of infants.

Setchell et al., 1997 (84) detected equol in the plasma of 4 of 7 (57%) of infants fed a soy-based
formula. Equol was detected in 100% of infants fed a cow milk-based formula and with a peak level up
to 2 orders of magnitude higher than in infants fed soy-based formula. This finding can be explained
by the detection of equol in cow’s milk. In contrast, equol was only detected in 1 of 7 (14%) breastfed
infants. In a larger sample, Cao ef al., 2009 (94) were not able to detect equol in the blood (n=27)
or saliva (n=120) of infants on a soy formula diet, although it was detectable in the urine of a small
proportion, 6 of 124 (5%), of infants exclusively fed soy formula for at least two weeks. Equol was
detected in a higher percentage, 22%, of infants fed a cow’s milk-based formula. Differences in the
blood-based measurements of equol in the Setchell e al., 1997 (84) and Cao et al., 2009 (94) studies
likely reflect differences in limit of detection. The mean plasma concentration of equol measured in
soy formula fed infants by Setchell e al., 1997(84) was ~ 2 ug/L while the limit of detection in whole
blood for equol in Cao et al., xxYEAR(94) was 12 ng/ml [12 ug/L].

2.1.1.3 Excretion

Most ingested genistein and daidzein is excreted in urine, with very little excreted in feces. Reviews
by Nielsen and Williamson, 2007 (143) and Cassidy et al., 2006 (145) include summary descriptive
statistics for urinary and fecal excretion based on 16 human studies. [Cassidy et al., 2006 (7145) noted
that these values have a high degree of uncertainty because there was considerable variability
in estimates between individual studies.] Following ingestion of the aglycone, the average urinary
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recovery of genistein was 11% (range of 8.3-18) and for daidzein it was 34% (range of 26-50%). These
values were generally similar to reported mean recoveries of genistein and daidzein following ingestion
of the glycosides genistin (19-20%; range of 5.3-39%) and daidzin (36 and 50%; range of 15-62%). The
percentage excreted in feces was much lower for both genistein (average of 3%, range of 0.5 to 8.6%)
and daidzein (3.7%; range of 0.6 to 5.5%). These relative excretion patterns of isoflavones in urine
and feces are consistent with other estimates of ~30% in urine and 1-4% in feces. ((16) and reviewed
in (3; 15)). These fecal excretion data are in contrast to experimental animal data (795), which show
fecal excretion of 14C-genistein and/or derivatives at 30-36% of dose. Relative to the amount ingested,
these proportional recoveries are considered low suggesting bacterial degradation, non-absorption of
a significant amount of ingested isoflavone, the existence of uncharacterized metabolites, and bilary
excretion as a limiting factor to systemic availability ((753); Hendrich et al., 1998; Kulling et al., 2000;
Xuetal., 1994; Lampe ef al. 1998 as reviewed in Larkin et al., 2008 (1)). [A strong possibility must be
entertained that some of the material escaped detection due to bacterial degradation. Therefore,
fecal excretion of genistein and/or derivatives is almost certainly much higher than indicated.]

Isoflavones are excreted in urine mostly as glucuronides, with much lesser excretion as sulfates and mean
excretion rates for genistein and daidzein have been reported to peak 6-12 hours or 8-12 hours after intake
(Adlercreutz et al., 1993; Watanabe et al., 1998; King and Bursill 1998; and Lu ef al., 1995 as reviewed
in Larkin et al., 2008 (1)). Lu et al., 1998 (164) reported that total urinary excretion consisted of 1%
aglycones and 99% glucuronidated metabolites. Bloedon ef al., 2002 reported that following ingestion
of isoflavone mixtures containing >70% aglycones to postmenopausal women, <0.3% of the dose was
excreted as free genistein or daidzein (768). Chen et al., 2007(196) measured urine samples collected
from 8 Asian and British people before and after a 5-week period of consuming a soy supplement that
contained 98% acetyl glucoside isoflavones. The concentrations of free isoflavones ranged from non-
detectable to 12% of total for genistein and 10% of total for daidzein. Isoflavone glucuronides were present
in the highest concentrations and the sulfate conjugates were detected in urine at higher concentrations
than those of the free isoflavones but with considerable variability amoung subjects (796).

In feces, isoflavones are primarily excreted in the unconjugated form with less than 10% being
conjugated (Adlercreutz et al., 1995 as reviewed in Larkin et al., 2008 (1)). Mean in vitro fecal
degradation half-lives for 14 volunteers were reported at ~8.9 hours for genistein and ~15.7 hours for
daidzein (157; 197). The majority of fecal isoflavones are recovered 2—3 days following ingestion
(reviewed in (3, 173)).

The bulk of urinary excretion of daidzein and genistein occurs within 24 hours of isoflavone ingestion
(Luetal., 1995; Setchell et al., 2003 as reviewed in Larkin et al., 2008 (1)). Luet al., 1998 (164) reported
peak urinary excretion in volunteers who drank soy milk occurred at 8—10 hours, with 95% of excretion
occurring within 24 hours. A constant elimination rate has been reported between 11 to 35 hours after
food consumption (King and Bursill 1998 as reviewed in Larkin ez al., 2008 (1)). Consistent with plasma
pharmacokinetic data that suggest enterohepatic circulation, genistein and daidzein have been reported
to show multiple peaks during excretion (Watanabe ef al., 1998 as reviewed in Larkin ef al., 2008 (1)).

Urinary concentrations of daidzein are typically higher than genistein concentrations following
consumption of soy foods, suggesting to some greater absorption of ingested daidzein compared
to genistein (reviewed in (1, 142)). Proposed explanations for the apparent enhanced elimination
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of daidzein compared to genistein include it having a lower molecular weight and greater water
solubility (Xu et al., 1994 as reviewed in Larkin e al., 2008 (1)). King and Bursill 1998 suggested the
lower hydrophilicity of genistein may promote its excretion in bile (reviewed in Larkin et al., 2008
(1)). It is reported that administration of “probiotics”, dietary supplements of live bacteria or yeasts,
can reduce the urinary output of isoflavones (798).

Urinary excretion in infants, children, and adults

Cruz et al., 1994 (199) measured urinary excretion of genistein, daidzein, and equol in a study of 33
four-month old male infants. Twelve of the infants were fed breastmilk, 8 were fed a cow milk-based
formula, and 13 were fed a soy milk-based formula, either containing no cholesterol or modified to
contain cholesterol. Based on Figure 3 in the publication, urinary levels of each isoflavone were very
low in breastfed infants. The median values of genistein, daidzein, and equol in infants fed a cow milk-
based formula (genistein, ~30 pug/L; daidzein, ~40 pg/L, and equol, ~10 pg/L) appear to be similar to
the geometric mean reported by the CDC for adults aged 20 to 60+ summarized in Table 15 in Chapter
1 (genistein, 31.3—-24.1 pg/L; daidzein,44.8—63.7 pg/L; and equol 8.54—7.52 pg/L) (115). Urinary
concentrations of genistein and daidzein were much higher in infants fed the typical and modified soy
milk-based formulas (genistein, ~300 to ~375 pg/L; daidzein, ~250 to ~700 pg/L).

Setchell et al., 1998 (6) compared the urinary concentrations of genistein and daidzein reported in Cruz
et al., 1994 (199) to levels reported in adults and concluded that the urinary concentrations in infants
were slightly lower than urinary values of adults consuming a similar daily intake of isoflavones which
could indicate poor renal clearance in early life (Frank et al., 1995, Setchell et al., 1984, Morton et al.,
1994, Lu et al., 1995, Hutchins et al., 1995, and Xu et al., 1994 as reviewed in Setchell et al., 1998 (6)).

Irvine et al., (91) measured urinary excretion of genistein and daidzein in 4 infants fed soy formula. The
soy formulas contained genistein equivalents at 81-92 mg/kg formula and daidzein equivalents at44—55
mg/kg formula as determined by HPLC. Based on measured isoflavone levels, recommendations by
formula manufacturers, and infant weights, the authors estimated that the infants received isoflavones
2.9-3.8 mg/kg bw/day from 2 to 16 weeks of age. Once per week until 8 weeks of age and once every
2 weeks up to 16 weeks of age, 3—5 used diapers not containing feces were collected over a 24-hour
period. Urine was diluted with water, squeezed from diapers, and pooled over 24 hours. Samples
were hydrolyzed, methanol-extracted, and analyzed by HPLC. Recovery of isoflavones from diapers
was verified. Data were presented as mean + SEM and analyzed by ANOVA. Average concentrations
of isoflavones in urine were daidzein equivalents 2.9 +£0.3 mg/L and genistein equivalents 1.5+0.2
mg/L. Mean percentages of daily isoflavone intake detected in urine and normalized for creatinine
levels were daidzein equivalents 38 + 4% and genistein equivalents 13 +3%. Percent excretion was not
affected by age. Isoflavone excretion rates varied little between infants and ranged from 0.37+0.03
to 0.58+0.06 mg/kg bw/day for daidzein and from 0.15+0.03 to 0.32+0.04 mg/kg bw/day for
genistein. Age did not affect excretion rate. Urine from 25 infants fed dairy-based formula was also
analyzed, and no isoflavones were detected [detection limit not specified].

In addition to the studies described above, several recent studies from a research group associated with
the Cancer Research Center of Hawaii have been published on elimination patterns of isoflavones in
infants, children, and adults. This research group uses information on urinary isoflavone excretion
rate (UIER) to draw conclusions on isoflavone bioavailability, i.e., higher excretion rates correspond
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to higher bioavailability. The authors use urinary isoflavone analysis as a surrogate for measuring
systemic isoflavone exposure based on the argument that UIER strongly correlates with circulating
isoflavone levels when the timing of collection is correctly considered and when creatinine-based
urinary values are correctly converted to time-based values taking into account BW, sex and age (see
Franke et al., 2006 (95) for a detailed presentation of this argument). The research group expresses
urinary isoflavone excretion (UIE) relative to time and not creatinine based on the rationale that the
latter is heavily influenced by muscle mass which varies as a function of age, gender, and body weight.
UIER patterns in these studies are summarized in Table 37.

Franke et al., 2006 (95), supported by the Solae Company and the NCI, compared isoflavones patterns
in the urine and plasma of tofu-fed infants (aged 9—-25 months) and breastfed infants (2-45 weeks
of age) and their mother milk and urine following maternal consumption of a soy protein beverage.
Three infants consumed a tofu sample with an average of 7.4 mg isoflavones that resulted in an
average (£ SD) dose 0.694 + 0.42 mg/kg. Sixteen mothers drank a soy protein beverage once daily for
2 - 4 days. Each beverage contained ~ 55 mg isoflavones (total daidzein:genistein:glycitein=1:1:0.1)
which were present mostly ( ~82%) as glucosides and malonylglucosides and resulted in an average
body weight adjusted dose of 1.01+0.03 mg/kg. Samples of mother’s urine (n=16), breastmilk
(n=16), infant urine (n=13), and infant plasma (n=11) were collected in the afternoon following
maternal consumption of the soy beverage in the early morning. Daidzein, genistein, glycitein,
equol, dihydrodaidzein, dihydrogenistein, and O-desmethylangolensin were measured in breast milk,
maternal urine, infant urine, and infant plasma by HPLC with photodiode array detection followed by
electrospray ionization ion trap mass spectrometry. Results of this study related to urine elimination
are presented here and data on infant and maternal plasma and breast milk concentrations at baseline
and following soy food consumption are presented in Chapter 1.

Baseline urines were available for seven mother-infant pairs. Based on these samples, statistically
significant increases in mean (£ SEM) isoflavone excretion rates following the mothers ingestion
of the soy protein beverage were observed in mother’s urine (18.4+13.0 verus 135+26.0 nmol/
mg creatinine) and urine of breastfed infants (29.8 +11.6 verus 111.6+ 18.9 nmol/mg creatinine).
Inclusion of study participants who only donated specimans following the intervention (9 additional
mothers and 5 additional breastfed infants) resulted in slightly higher but similar means: 157.1 £18.5
nmol/mg creatinine for mother’s urine and 186.1 +£25.1 nmol/mg creatinine for urine of breast fed
infants. Compared to either the mothers fed a soy beverage or their breastfed infants, the tofu-fed
infants had much higher average levels of isoflavones in urine (229 nmol/mg creatinine; median:
145nmol/mg creatinine; range: 61-482 nmol/mg creatinine).

For each group, the authors also calculated a body weight- and time-adjusted urinary isoflavone
excretion (UIE) value that was further adjusted for dose per kg body weight [(nmol-h!*kg-!)/ (mg-kg
I.d'1. Dose per body weight corrected UIE in breastfed infants was 18.4 percent of the maternal value
(25.5+3.3 versus 136.5+ 16.3), a statistically significant difference. In contrast, the UIE/dose was 24%
higher in tofu-fed infants than the maternal value (169.4+32.1 versus 136.5); however, this increase
was not statistically significant. The authors conclude that more isoflavones appear in children than in
adults after adjustment for isoflavone intake. [In Halm et al., 2007 (200), the authors cite this study
as showing that “relative to their mothers, urinary IFL excretion rate (UIER) was much lower
in infants breast fed from soya-consuming mothers, but higher in babies eating tofu.”]
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Halm et al., 2007 (200), supported by the Revival Company and the NCI, compared isoflavone
excretion rates in 19 children and adolescents (ages 3 to 17) and 18 adults following consumption of
a body weight-adjusted dose of soya nuts of 15g per 54.4 kg body weight (equivalent to 0.615+0-036
SD mg total isoflavones/kg body weight) followed by a 12 hour urine collection. Daidzein, genistein,
glycitein, equol, dihydrodaidzein, dihydrogenistein, and O-desmethylangolensin were measured by
HPLC with photodiode array detection followed by electrospray ionization ion trap mass spectrometry.
Isoflavone content in baseline samples was subtracted from the isoflavone content in the 12-hour urine
collection sample to adjust for background.

Urinary excretion rates were significantly higher in children compared to adults for daidzein (+ 39%;
30.5 versus 22.0 nmol/h per kg), genistein (+ 44%; 12.0 versus 8.5 nmol/h per kg), all non-metabolites
(daidzein + genistein + glycitein; + 41%; 44.8 versus 32.7 nmol/h per kg) and total isoflavonoids
(+ 32%; 51.1 versus 39.7 nmol/h per kg). Urinary excretion rates did not differ for glycitein, equol,
dihydrodaidzein, dihydrogenistein, and O-desmethylangolensin, or all metabolites when considered
together. These data are summarized in Table 37. There were no apparent differences in UIE when the
19 children were divided into two groups, ages 3-9 (n=13) and 12—17 (n=6). The authors interpret these
findings as indicating that isoflavones are more bioavailable in children than adults. They hypothesize that
greater isoflavone uptake in children could be due to their gut flora that is able to hydrolyse isoflavonoids
to the bioavailable aglycone efficiently but does not degrade the aglycones as fast as adults.

Halm et al., 2008 (201), supported by the Revival Company and the NCI, conducted a study to compare
the effects of oral antibiotic use on UIER in children. The authors conducted this study in part to
follow-up on their observation of higher isoflavone bioavailability in one healthy adult subject following
a l-day treatment with oral neomycin and erythromycin. That finding was hypothesized to be due to
a mild reduction of the gut flora that is responsible for the degradation of isoflavones. In the current
study, isoflavone excretion was measured in eleven children aged 4 to 7 at two time points (1) during
oral antibiotic use, and (2) several weeks after antibiotic treatment when the children were healthy. At
each time point urine samples were collected before and after consumption of 15 g soy nuts/54.4 kg
body weight. This resulted in the following doses: total isoflavones=429.3 ug aglycone units/kg bw;
total daidzein=194.3 pg aglycone units/kg bw; total genistein=227.1 ug aglycone units/kg bw; and
total glycitein=7.9 pg aglycone units’kg bw. The post-soy nut consumption urine sample represented
all overnight urine voids, a ~ 12-hour collection period. All children were on antibiotics for at least 3
days prior to the first soy nut challenge, and if possible, the soy challenge was conducted on the second
to last day of the therapy. Daidzein, genistein, glycitein, equol, dihydrodaidzein, dihydrogenistein,
and O-desmethylangolensin were measured by HPLC with photodiode array detection followed by
electrospray ionization ion trap mass spectrometry. Isoflavone content in baseline samples was subtracted
from the isoflavone content in the overnight urine collection sample to adjust for background.

Average UIER (= SEM) was significantly decreased during oral antibiotic use versus when healthy for
genistein (6.4 + 1.0 versus 10.1 &+ 1.6 nmol/h/kg), all non-metabolites (daidzein + genistein + glycitein;
27.5+4.8 versus 36.2 £4.7 nmol/h/kg), and total isoflavones (29.4 £ 5.0 versus 38.8 =4.8 nmol/h/kg).
Although the excretion rate of total isoflavones was significantly lower during antibiotic use, in 4 of
the 11 children the total isoflavone UIER increased during antibiotic use. The authors did not observe
any relationship between UIER and the specific type of antibiotic used, type of illness, age, gender,
or ethnicity. In addition, 4 “non-producers” of desmethylangolensin produced the metabolite while
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on antibiotics and 1 equol “producer” did not have a measurable urine concentration during antibiotic
use. This latter finding was considered consistent with the involvement of several bacteria in daidzein
metabolism. In addition, it suggest that labels of “producers” and “non-producers” for individuals
may not hold over time and can be influenced by multiple factors.

Overall, the observed pattern of UIER is not consistent with the investigators previous observation of
higher isoflavone bioavailability in one healthy adult subject following a 1-day treatment with antibiotics.
The authors suggest that this discrepancy may be due to differences in gut flora between children and adults
that can affect isoflavone absorption and degradation as well as health status and duration of antibiotic
use (sick children receiving antibiotics for 5—14 days compared to a 1-day treatment in a healthy adult).

Franke et al., 2008 (202), supported by the Revival Company and the National Cancer Institute,
conducted a pilot study to compare the effects of oral antibiotics on UIER in 7 children (average age
of 12.2 years) and 12 adults (average age of 37.8 years) after soy consumption. Subjects provided a
baseline and overnight urine sample before and after consuming soy nuts, once while on oral antibiotics
and again at least 4 weeks later when subjects were healthy and no longer taking antibiotics. During oral
antibiotic use versus when healthy, UIER in adults was significantly increased for daidzein (35.2 versus
18.9 nmol/h/kg), daidzein + genistein + glycitein [nonmetabolites (NM); 42.6 versus. 23.6 nmol/h/kg),
and total isoflavonoids (daidzein + genistein + glycitein + dihydrodaidzein + dihydrogenistein + equol
+ O-desmethylangolensin) (51.5 versus 29.6 nmol/h/kg). In contrast, children showed significantly
reduced UIER when on oral antibiotics versus when healthy for daidzein (36.3 versus. 46.8 nmol/h/
kg), dihydrodaidzein (1.2 versus 3.0 nmol/h/kg), NM (46.3 versus 59.5 nmol/h/kg), all metabolites (1.0
versus 4.3 nmol/h/kg; based on dihydrodaidzein + dihydrogenistein + equol + O-desmethylangolensin,
and total IFLs (48.2 versus. 63.8 nmol/h/kg). Significantly higher mean UIER for genistein (10 versus
4.4 nmol/h/kg), daidzein (46.8 versus 18.9 nmol/h/kg), glycitein (2.7 versus 0.3 nmol/h/kg), non-
metabolites (59.5 versus 23.6 nmol/h/kg), and total isoflavones (63.8 versus 29.5 nmol/h/kg) were
reported in healthy children compared to healthy adults. This finding led the authors to conclude that the
apparent isoflavone bioavailability is higher in healthy children compared to healthy adults.

Franke et al., 2008 (175), supported by the Physicians Pharmaceuticals, Inc. and the NIH, compared
the effects of oral antibiotics on isoflavone UIER in children (ages 4—17 years) and adults (>18 years).
A soy nut challenge and urine collection protocol was conducted twice in 16 children and 12 adults,
initially when subjects were on oral antibiotic treatment and repeated at least 4 weeks later when
subjects were healthy and no longer taking antibiotics. In addition, UIER following soy challenge was
evaluated in another 37 children and 34 adults who were healthy and not taking oral antibiotics. The
total numbers of subjects evaluated when healthy and not taking oral antibiotics were 53 children and
46 adults. The article notes that 5 children and 17 adults were given 15 g of soy nuts while other study
participants were given a body weight adjusted amount of 15 g nuts per 54.4 kg body weight. The
authors reported the results from all participants because exclusion of the non-body weight adjusted
participants did not change the results significantly.

Franke et al., 2008 (175) also included an intervention protocol in adults to assess the correlation between
plasma and urine isoflavone values. Those results are also discussed in Section 2.1.1.1 (“Correlations
between isoflavone levels in plasma, urine, and other fluids or tissues”) Eight men and six women
consumed 10 g of soy nuts (~ 22.1 mg isoflavone aglycone equivalents). Blood samples were collected at
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3-6 hours and 4-9 hours after soy intake. Each participant emptied their bladder shortly after the first blood
draw and the urine sample for analysis was collected between the two blood draws. The authors did not
adjust final urinary excretion rates for body weight because the body weights of study participants were
similar. The correlation coefficient between isoflavone levels in urine and plasma was calculated using
linear regression. Isoflavone levels in the two matrices were better correlated, r=0.93 (P<0.001) when area
under the curve (AUC) for both plasma and urine (both time-based units) were used rather than UIER (a
time-based measure, nmol/h) and plasma isoflavone levels at first collection (a non-time-based unit, nM).
The correlation between UIER and plasma level at first collection was 0.68 (not statistically significant).

With respect to UIERS, this study generally replicated findings of two other studies conducted by this
research group (Table 37). First, the authors found that healthy children have significantly higher UIERs
compared to adults as was reported in Halm et al., 2007 (200). Results were statistically significant for
daidzein (27.1 versus 19.3 nmol/h/kg), genistein (9.2 versus 6.1 nmol/h/kg), non-metabolites (36.8 versus
25.8 nmol/h/kg), and total isoflavones (39.6 versus 31.3 nmol/h/kg). Also, compared to when healthy,
children taking oral antibiotics had significantly reduced UIERSs as reported in Halm et al., 2008 (201).
Results were statistically significant for daidzein (26.1 versus 32.7 nmol/h/kg), genistein (6.9 versus 11.3
nmol/h/kg), non-metabolites (34 versus 43.1 nmol/h/kg), and total isoflavones (35.6 versus 47.7 nmol/h/
kg). The new UIER finding reported in Franke et al., 2008 (175) was that the effect of oral antibiotics
on UIER differs in children and adults. As described above and in Table 37, UIER decreased in children
during treatment with oral antibiotics. In contrast, UIER was significantly increased in adults during
antibiotic treatment for daidzein (35.2 versus 18.9 nmol/h/kg), genistein (P=0.56, 6.8 versus 4.4 nmol/h/
kg), non-metabolites (42.6 versus 23.6 nmol/h/kg), and total isoflavones (51.5 versus 29.6 nmol/h/kg).

2.1.2 Experimental Animals

The majority of the literature on pharmacokinetics in experimental animals is based on studies of
genistein and much less information is available for other isoflavones. In contrast to humans, who
are exposed to genistein primarily through soy product intake, many of the toxicokinetic studies in
experimental animal studies involved direct dosing with genistein, generally in the aglycone form. A
relatively limited number of experimental animal studies examined serum or tissue levels of genistein
and other isoflavones following consumption of soybean-based animal feeds. The results of these
studies indicate that consumption of a soy-based diet results in detectable blood levels in adult
animals that are directly consuming the diet as well as in fetuses exposed via the dam and in neonatal
animals during lactation. Pharmacokinetic studies have been conducted in domestic animal species
or livestock, e.g., cats, pigs, cows (203-206). These studies were not considered to any significant
degree in the expert panel evaluation because of the extensive pharmacokinetic literature available in
laboratory animal species that are primarily used as the toxicological models for predicting potential
health effects of genistein in humans, i.e., rodents and non-human primates. In addition, hepatic
conjugation in cats is known to differ from other species such that they more readily form sulfates of
phenolic compounds rather than glucuronides (reviewed in (204)).

2.1.2.1 Absorption

Studies that summarize genistein levels measured in rats or mice fed a phytoestrogens-free diet and
dosed with genistein are summarized in Table 38. This table includes data for adult animals that were
directly administered genistein in addition to information on fetuses and infant rodents whose dams
were treated with genistein.
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CHAPTER 2: PHARMACOKINETCS AND GENERAL TOXICOLOGY
Absorption, Distribution, Metabolism, and Elimination

In 2001, Whitten and Patisaul (708) published a comprehensive review of phytoestrogens that included
a comparison of isoflavone absorption and excretion in several species of animals (Table 39). Some of
their conclusions were that (1) estimates of genistein bioavailability in rats and mice, 10-20%, are similar
to values reported for humans although the rodent data were mostly based on high dose treatment with
genistein aglycone; (2) plasma C,,, is reached in rats within 2 hours and in mice within 3—30 minutes
after oral dosage; (3) oral genistein doses of 20—45 mg/kg, either single or repeated, produce C
plasma concentrations of 2—11 pM in rats; (4) single oral genistein doses of 50—200 mg/kg produce C,,,
free plasma concentrations of 1-4 uM in mice. These doses are considerably higher than those reported
to produce uM plasma levels in humans, but it is unclear whether this difference is due to species
differences or differences based on the administered form, i.e., aglycone, dietary soy, supplements.

max

Less information is available for other isoflavones compared to genistein. Janning et al., 2000 (207)
characterized the toxicokinetics of daidzein in female DA/Han rats following iv (10 mg/kg) or gavage
(10 or 100 mg/kg) treatment. The plasma elimination half-life was ~4.2 hours. The oral bioavailability
of daidzein was higher at 10 mg/kg compared to 100 mg/kg, 9.7% verus 2.2%. Multiple peaks in
plasma concentrations during the course of the study indicated considerable degree of enterohepatic
circulation. Tissue concentrations in the liver, kidney, and the uterus were often higher than plasma
levels indicating uptake and storage of isoflavones and metabolites into tissue.

Comparisons based on administered form

Similar to the literature for humans, studies in experimental animals are inconsistent on the comparative
pharmacokinetics and bioavailability following administration of isoflavones as aglycones or as
glucosides. A number of the recent studies are described below to illustrate this pattern.

Steensma et al., 2006 (224) compared the pharmacokinetics of genistein in both its aglyconic and
glycoside forms in rats following a single 15 mg/kg gavage administration of genistein and genistin.
Rats were cannulated in the portal vein and blood samples were collected in the 7-hour period after
dosing. The AUC and C,,,, for plasma genistein were ~ 3.7 and 6-times higher following administration
of genistein compared to genistin. These results led the authors to conclude that bioavailability was
greater following ingestion of the aglycone. In addition, the time to achieve C,,, occurred fairly early
after dosing and at the same time point for both compounds (t,,,,, of 15 minutes) which led the authors to
conclude that the initial hydrolysis of genistin to its aglycone genistein is relatively fast and not a major
rate-limiting step for the absorbtion of genistin. The author’s analyzed plasma from rats administered
soy extract and found similar genistein bioavailability when compared to the rats treated with genistin
suggesting that other isoflavones present in soy do not impact genistein bioavailability. This study also
reported detecting low concentrations of genistin in plasma following oral administration of either
genistin or the soy extract indicating intestinal absorption of the glycoside. These authors note this latter
finding conflicts with studies in humans conducted by Setchel et al., 2002 (147) that reported a lack
of absorption of the glucoside following ingestion of genistin. The authors suggested the difference in
study outcomes may be because Setchell et al., 2002 collected blood via vein puncture whereas the
rat blood was collected from the portal vein to minimize the contribution of liver metabolism. Plasma
glucosides were also previously observed in mouse Allred et al., 2005 (225).

Kwon et al., 2007 (226), supported by the Korean Ministry of Health & Welfare, characterized the
pharmacokinetics of genistein and genistein-7-glucoside following oral and IV administration in 8-week
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CHAPTER 2: PHARMACOKINETCS AND GENERAL TOXICOLOGY
Absorption, Distribution, Metabolism, and Elimination

old male Sprague-Dawley rats (n=5-6 per dose group). Following oral administration of 4, 20, or 40 mg/
kg genistein, plasma samples were collected at 0, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, and 24 hours. Other animals
were orally dosed with 64 mg/kg genistein glucoside (equal to 40 mg/kg genistein in aglycone equivalents)
and plasma samples were collected at 0, 2, 4, 6, 7, 8, 9, 10, 12, 14, 18, 24, 30, 36, and 48 hours. Following
IV administration of 1 mg/kg genistein or 1.6 mg/kg genistein glucoside (equal to 1 mg/kg genistein in
aglycone equivalents), plasma samples were collected at 0.033, 0.083, 0.167, 0.25, 0.5, 1, 2, 3, 4, 6, 8§,
and 12 hours. Plasma concentrations were analyzed by HPLC following enzymatic hydrolysis with H.
pomatia. Pharmacokinetic data are summarized in Table 40. Compared to oral administration of 40 mg/kg
genistein, the same oral dose in aglycone equivalents of genistein glucoside (64 mg/kg) resulted in a longer
tnax (8 hours versus 2 hours), lower C,,,, (3764 ng/ml versus 4876 ng/ml), higher AUC, _, (51,221 ng i/
ml versus 31,270 ng h/ml), and higher absolute bioavailability (48.7% versus 30.8%) compared to oral
administration of genistein. The authors also compared the pharmacokinetic profile of genistein following
oral administration of genistein with and without enzymatic hydrolysis. The C,,, of plasma genistein without
enzymatic treatment was 3.2% of the plasma C_,, following enzymatic hydrolysis, indicating that 97% of
plasma genistein was circulating as conjugated with B-glucuronide and sulfate. The overall conclusion from
the authors was that the oral bioavailability of genistein glucoside is greater than the aglycone.

Sepehr et al., 2007 (227) characterized the pharmacokinetics of three sources of isoflavones in 3-month
old male and female Sprague-Dawley rats. Rats (n=4 per group) were orally gavaged one time with
either 20 mg/kg of Novasoy™, a commercial supplement with a ratio of genistin, daidzin, and glycitin
of 1.0:0.5:0.2, or mixtures of synthetic aglycones or glucosides designed to achieve the same isoflavone
ratios. The 20 mg/kg mixture of synthetic aglycones contained 11.76 mg genistein, 5.88 mg daidzein,
and 2.36 mg glycitein. The 32.4 mg/kg treatment with a mixture of synthetic glucosides was formulated
to be equimolar to the mixture of synthetic aglycones and contained 19.09 mg genistin (equal to
11.76 mg genistein), 9.62 mg daidzin (equal to 5.88 mg daidzein), and 3.7 mg glycitin (equal to 2.36
mg glycitein). Animals were also treated by IV injection with mixtures of synthetic aglycones and
glucosides in the same proportions used in the oral gavage treatment groups. Absorption was determined
by comparing plasma AUC after IV administration with the plasma AUC after oral administration.
Absolute bioavailability was also calculated. Bioavailability parameters for Novasoy™ were estimated
by comparing AUC__,, post-Novasoy administration by AUCyy, post-glucoside IV injection. Plasma
samples were collected 0, 10, 30 minutes, and 1, 2, 8, 24 and 48 hours post-oral gavage treatment or 0,
10, 30, 45 minutes and 1, 2, 3, 4, 8 hours post-IV dosing. Plasma isoflavones were measured by LC/MS
following enzymatic hydrolysis of isoflavone conjugates with a mixture of glucuronidase and sulfatase
from Helix pomatia. Pharmacokinetic parameters are summarized in Table 41 Overall, bioavailability
of genistein, daidzein, and glycitein was significantly higher following ingestion of Novasoy™ and the
glucoside forms compared to the aglycones in both male and female rats.

Sepehr et al., 2009 (228) characterized the pharmacokinetics of three sources of isoflavones in
20-month old F;44 rats. Rats (n=4 per group) were orally gavaged one time with either 20 mg/kg of
Novasoy™, a commercial supplement with a ratio of genistin, daidzin, and glycitin of 1.0:0.5:0.2,
or mixtures of synthetic aglycones or glucosides designed to achieve the same isoflavone ratios.
The 20 mg/kg mixture of synthetic aglycones contained 11.76 mg genistein, 5.88 mg daidzein, and 2.36
mg glycitein. The 32.4 mg/kg treatment with a mixture of synthetic glucosides was formulated to be
equimolar to the mixture of synthetic aglycones and contained 19.09 mg genistin (equal to 11.76 mg
genistein), 9.62 mg daidzin (equal to 5.88 mg daidzein), and 3.7 mg glycitin (equal to 2.36 mg glycitein).
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Animals were also treated by IV injection with mixtures of synthetic aglycones and glucosides in the
same proportions used in the oral gavage treatment groups.Absorption was determined by comparing
plasma AUC after IV administration with the plasma AUC after oral administration. Absolute
bioavailability was also calculated. Bioavailability parameters for Novasoy™ were estimated by
comparing AUC, post-Novasoy administration by AUCy, post-glucoside IV injection. Plasma samples
were collected 0-48 hours post-oral gavage treatment or 0-8 hours post-IV dosing. Plasma isoflavones
were measured by LC/MS following enzymatic hydrolysis of isoflavone conjugates with a mixture
of glucuronidase and sulfatase from Helix pomatia. Pharmacokinetic parameters are summarized in
Table 42. For genistein, bioavailability was significantly higher when administered as the aglycone
(35%) compared to when administered as the glucoside genistin (11%). The bioavailability of plasma
genistein was lower following ingestion of Novasoy™ when compared to the aglycone (21 versus
35%), but this difference was not statistically different. No statistically significant differences were
observed for the bioavailability of plasma daidzein based on treatment: aglycone (34%), glucoside
(26%), and Novasoy™ (45%). In contrast to the results for genistein, the bioavailability of glycitein
was significantly higher following administration of glycitin (21%) compared to the aglycone (8%).
The bioavailability of glycitein following Novasoy™ ingestion (27%) was also significantly higher
compared to ingestion of the aglycone, but did not differ from ingestion of the glucoside. Equol was
detected by 8 hours post-IV dosing. The authors noted that equol was not detected in a previous study
by Sepehr et al., 2007 in younger rats, aged 3 months (described below). The authors conclude that the
source of isoflavones has significant effects on the bioavailability of genistein and glycitein.

Jefferson et al., 2009 (217) compared serum levels of genistein following administration of 37.5
mg/kg genistein (GEN-37.5) and 60 mg/kg of genistin, which is equivalent to 37.5 mg/kg genistein
in aglycone equivalents (GIN-37.5). Female CD-1 [Crl:CD-1 (ICR) BR] mice pups were orally
treated with GEN-37.5 or GIN 37.5 on PND 1-5. Trunk blood was collected from 4—6 pups at 0,
0.5, 1, 2, 4, 8, 24, or 48 hours following the last treatment. Genistein aglycone and total genistein
was determined by LC-ES/MS/MS before and after enzymatic deconjugation. The pharmacokinetic
data are summarized in Table 43. The main goal of the study was to assess effects on the female
reproductive tract following oral administration of genistein and genistin during neonatal life. Those
data are presented in Chapter 3a. The internal exposure following oral administration of genistein
aglycone are much lower compared to oral administration of genistin (unadjusted AUC,4;,=3.6 versus
12.1 pM-h). The authors compared the data for oral administration of genistein or genistin with
previously published date by Doerge et al., 2002 (216) on CD-1 female mice sc injected with 50 mg/
kg genistein (GEN-50). Conclusions related to route of administration are discussed below.

A study by Supko and Malspeis, 1995 (221) in mice reported that the systemic bioavailability of
genistein was 12% following oral gavage dose of 180 mg/kg genistein. The systemic availability of
genistein following an oral treatment with 80.1 mg/kg of genistin was 10.7%.

Route of administration

The UK Committee on Toxicity (3) reviewed studies that provided information on absorption
and bioavailability of isoflavones. The committee cited a study by Supko and Malspeis, 1995
(221) in mice reported that the systemic bioavailability of genistein was about 20% following
oral gavage dose of 45 mg/kg and 54.3 mg/kg (differing dosing suspensions) to 20-25 g male
Harlan CD2F; mice (age not given). At higher oral dosages, bioavailability was lower (10%).
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Table 43. Comparison of Serum Circulating Levels of Genistein Following Oral Administration
of Genistein or Genistin or SC Injection with Genistein (Jefferson et al., 2009)

Treatment
(mg/kg) Unadjusted | Dose Corrected Unadjusted | Dose Corrected
(uM-h) (AUC,,,/dose) (uM-h) (AUC, agly /dose)
GEN-50 (SC) 147 2.9 100 33 0.66 100
GIN-37.5 (Oral) 90.4 24 83 12.1 0.32 48
GEN-37.5 (Oral) 12.8 0.34 12 3.6 0.10 15

SC = subcutaneous
From Jefferson et al., 2009 (217.)

The authors stated that dissolution problems were likely the cause of poorer bioavailability.
Systemic bioavailability following an ip injection of 185 mg/kg bw was reported as 58%. On average,
the plasma levels following ip injection with 185 mg/kg genistein were about 5 times higher than
levels observed following the oral dose of 180 mg/kg oral. [The expert panel notes that the validity
of the plasma data following the oral dosing is uncertain based on the authors concern about
dissolution. In addition, the relevance of the data in mice that are presumed to be mature based
on the reported weights (20-25grams) to the question of isoflavones in immature rodents and/or
humans is limited.]

A study of genistein bioavailability in adult (8-week-old) ovariectomized Sprague Dawley rats
(214) demonstrated that genistein aglycone represented 12—23% of total genistein levels with dietary
exposure and 44—48% of total genistein levels at the 2 highest sc doses. The study authors noted the
higher levels of free genistein with sc compared to dietary dosing.

>
o
o
m
2
=
x

[The Expert Panel noted that the differences in bioavailability with oral versus parenteral exposure
noted in both studies above is consistent with first pass metabolism either within the gut lumen,
gut wall and/or liver. The values presented in the latter study are consistent with the body of data
presented by others, although it is noted that studies were conducted using different methods. In
general, serum genistein aglycone levels in adult rats were observed at ~1-20% following oral
exposure and ~40-50% following sc exposure. However, although these data are interesting, they
do not inform the question of first pass effects in immature animals or humans.|

o
=
)
=
3
Q
0
o
Z.
>
(1]
.
(9]
wn
)
)
>
Q.
)
1)
>
1)
=
o
g
X,
Q.
-+

<

The study by Jefferson et al., 2009 (217) described above compared serum levels of genistein
following administration of 37.5 mg/kg genistein (GEN-37.5) and 60 mg/kg of genistin, which is
equivalent to 37.5 mg/kg genistein in aglycone equivalents (GIN-37.5) with previously published
data by Doerge et al., 2002 (216) on CD-1 female mice sc injected with 50 mg/kg genistein (GEN-
50) (Table 43). As noted above, the internal exposure following oral administration of genistein
aglycone are much lower compared to oral administration of genistin (unadjusted AUC, 4, =3.6 versus
12.1 pM-h). With respect to differences based on route of administration, the dose-adjusted AUC,,
were similar for genistein administered by sc injection and oral genistin (2.9 versus 2.4 AUC,/
dose). The dose-adjusted AUC,,, were approximately 2-fold higher for genistein administered by sc
injection and oral genistin (0.66 versus 0.32 AUC,;,/dose), which the authors attribute to differences
in percent aglycone AUC between genistein administered by sc injection (22% of total AUC) and
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orally administered genistin (13% of total AUC) due to the bypass of Phase II conjugation in the gut
following injection. The authors conclude that oral genistin is quickly hydrolyzed and absorbed in
neonates.

Doergeetal.,2002(216),supported by the NCTR/FDA, NIEHS, and NTP, examined the pharmacokinetics
of genistein administered by sc injection to neonatal mice. Male and female CD-1 mice were injected
on PND 1-5 with genistein [purity not given] in corn oil at 0 or 50 mg/kg bw/day. The mice (n=3—-8/
sex/time period) were killed on PND 5 at time intervals between 0.5 and 24 hours following exposure,
and blood was collected for a determination of toxicokinetic parameters. Levels of conjugated and
unconjugated isoflavones were measured in serum using LC- electrospray MS. Toxicokinetic parameters
are summarized in Table 44, and serum levels of total and aglycone genistein are reported in Table 38.

Table 44. Toxicokinetic Parameters in Neonatal Mice Given Genisteinby SC Injection
(Doerge et al., 2002)

Genistein ) Elimination AUC, nM-hour Cao BM
Form ‘ Sex ‘ Half-Life, hour [ng-hour/L] Va (L/kg) ‘ [ng/L]
Female 12 331 9] 99 2300 [621]
Aglycone
Male 16 38 [10] 112 1400 [378]
. Female 19 114 [31] Not reported 5000 [1350]
Conjugate
Male 16 121 [33] Not reported 3000 [810]

SC = subcutaneous
The genistein dose was 50 mg/kg bw/day for 5 days.
From Doerge et al., 2002 (216)..

The maximum serum concentration was reached in both sexes at 0.5 hours, the earliest sampling time
point. In males and females, ~31% of genistein was present in aglycone form. [Based on Figures 2
and 3 of the study report, it appears that 31% aglycone was the mean value throughout the time
period; values ranged from ~20 to 40%.] In a comparison with data generated in other studies, the
percentage of aglycone was higher in neonatal mice than in adult rats (1-3%) and mice (6—16%) fed
genistein in aglycone form. Compared to aglycone levels in fetuses or neonates of rats orally dosed
with genistein during the gestation or lactation period, neonatal aglycone levels in this study were
similar or lower than values reported in 1 study (31-53%) (208) but higher than values reported in a
second study (14—-19%) (209). The authors suggested that in addition to exposure route differences,
interspecies and developmental factors could be responsible for variations in aglycone levels reported
in different studies. The study authors concluded that metabolic differences between perinatal and
adult animals have a greater impact on aglycone levels than route of administration.

Because these two studies were performed by the same authors with a similar dosing design and
both address the neonatal CD-1 mouse model, the results are deemed highly relevant and of utility.
However, it is important to note that a comparison of the C,,, data from Jefferson et al. 2009(217)
and Doerge et al.,2002 (216) are puzzling. In contrast to the AUC data, the C,,, values were lower
following subcutaneous exposure in Doerge et al., 2002 (216) compared to those following oral
exposure in Jefferson et al. 2009 (217). Nevertheless, because no AUC data are available for genistein
in infants consuming soy formula (only single concentrations presumably at steady state) for purposes

of comparing the neonatal mouse data to the human infant data, the C_,,, data are relevant. As such,
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the serum C,,, values observed with these dosing schema range from 4.4 to 19 uM total genistein
and 1.4 to 5 uM unconjugated aglycone, within the range of values observed for human infants.

Life stage

[Comparisons of serum aglycone levels in adult and fetal or neonatal rodents of the same study
can be made from the rat data presented in Table 38. A sc dosing study conducted in rats
demonstrated similar percentages of serum aglycone (35-46%) at PND 21, 50, or 100. One
study with gavage exposure demonstrated higher aglycone percentages in fetuses (27-34%)
than dams (5—-18%) on GD 20 or 21 (208). A dietary study in which dams were fed 25 or 250 ppm
genistein did not consistently demonstrate higher percentages of aglycone in dams (1.7-23%)
compared to pups on PND 7 (14-19%) or PND 21 (6.6—33%) (209). In an evaluation of all the
data, percentages of free genistein following oral exposure of adult rats are usually below 10%
but sometimes attain levels of ~20%. Percentages of aglycone following direct and/or indirect
oral exposure to genistein in rat pups <21 days old were reported at 1-33%.]

A study by Cotroneo et al., 2001(215) demonstrated that sc injection of rats with 500 mg/kg bw
genistein on PND 21, 50, or 100 resulted in blood genistein levels that were ~2 orders of magnitude
higher on PND 21 versus PND 50 or 100 (Table 38). [The Expert Panel noted that the higher blood
genistein levels on PND 21 indicate reduced clearance in immature rats].

2.1.2.2 Distribution

Distribution in adults

Chang et al., 2000 reported total and aglycone genistein levels in a number of reproductive and non-
reproductive tissues following dietary administration of genistein aglycone. The fraction present as
aglycone ranged from 11% (testes) to 100% (brain and uterus) (see below). Higher free genistein levels
in rat tissues than rat blood were demonstrated by McClain et al., 2004(229). Male and female rats
were fed diets providing genistein doses of 0.5—-500 mg/kg bw/day for 4 weeks or 5—500 mg/kg bw/
day for 13, 26, or 52 weeks. In plasma, free genistein represented small amounts of the total genistein
value [most often <3%; one sample had a mean value of 22%]. Percentages of free genistein were
higher in liver and kidney than plasma. The study authors could not provide an explanation for the
higher levels of free versus total genistein levels in some liver samples. Total blood genistein levels in
males ranged from 504 to 1896 nM [136 to 512 ug/L] at 5 mg/kg bw/day, 3871 to 16,227 nM [1046
to 4385 ug/L] at 50 mg/kg bw/day, and 22,560 to 52,319 nM [6097 to 14,139 pg/L] at 500 mg/kg
bw/day. The equivalent blood concentration in females rats at each dose level were 169—2053 nM
[46—555 pg/L], 1947-6192 nM [526-1673 pg/L], and 22,250-90,686 nM [6013—-24,507 ng/L].

As discussed earlier, Coldham and Sauer 2000 (795) reported data on tissue distribution, mass balance,
and plasma pharmacokinetics of rats gavaged with 4 mg/kg bw 4C-genistein. The concentration of
[14C]genistein was significantly (P<0.002) higher in liver from females than males and in reproductive
(vagina, uterus, ovary, and prostate) compared with other peripheral organs (Table 45). This same
trend was present for other organs such as brain, fat, thymus, spleen, skeletal muscle, and bone. The
V4 was reported at 1.27—-1.47 L. [This finding suggests that most of the circulating radioactivity
was not genistein but the glucuronide. Plasma protein binding ranged from 77.3 to 97.7%, with
males exhibiting much higher binding than females. It is possible that this gender difference
was due to much higher levels of 17p-estradiol in females, which would displace genistein from
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Table 45. Average Tissue Distribution in Male and Female Rats Following
Oral Dosing with 4 mg/kg [14C] Genistein (Coldham and Sauer, 2000)

Male (ng/g tissue) Female (ng/g tissue)

Tissue Type Tissue
P 7h 24h

Stomach 8,102 4,680 498 7,394 3205 339

Gut  |Smallintestine | 18458 ~ 11,894 1,088 | 25867 = 18864 = 2714

e B T T T e

Excretory |Liver | 980 2666 1062 | 1062 . 236 314
Organs | Kidney 68 515 57 399 71
Heart 121 119 35 155 33

Respiratory |Lung | 300 304 74 A 8
Organs | Plasma 785 779 116 . 163

T B T
Brain 69 4

ot (s g g S

Peripheral | Thymus | 95 = 57 45 26
Organs Spleen 84 : 21

Shelota el |y S

B S
| Testis/ovary 17 - 9% 23 57
Reproductive | poiaeiuerus | 278 454 250 77

Organs ,,,,,,,,, S JEOTTTOTSSoss STt OSSOSO SOOI RO

Vagina - : - : - 289

n=4/sex at each time point.
From Coldham and Sauer, 2000 (795).

protein binding sites. The shorter half-life in females than in males is compatible with a rough
correlation between protein binding and half-life of drugs.]

Goelzer et al., 2001 (230) characterized the tissue distribution of 3-(14C)-genistein administered as a
single oral gavage dose of 5 or 50 mg/kg to male and female rats. For tissue distribution, radioactivity
was determined for an extensive tissue list by quantitative whole body autoradiography at 3, 6, 12,
24 and 72 hours (n=15/sex/dose level). In a separate set of biliary cannulated animals (n=3/sex/dose
level), bile was collected at 2, 4, 6, 12, 24 and 48 hours and replaced with control donor bile; excreta
were collected at 24 and 48 hours and the radioactive content was determined. Most tissues had been
exposed to radioactivity at the first time point, 3 h following dose administration (see Table 46 and
Table 47). Generally, maximum concentrations of radioactivity were achieved at 3 h post dose (first
sampling time) in male animals but were not achieved until 6 h at the low dose level and at 12 h at
the high dose level in female animals, suggesting a sex difference in the routes and rates of absorption
or metabolism. Considering that at 12 h in plasma the radioactivity is almost entirely reflecting
metabolites the radioactivity in the tissues at later time points could also be caused by metabolites.
The concentrations of radioactivity in the tissues exhibited a linear relationship to the dose level.
With the exception of a few tissues, a 10-fold increase in dose gave between an approximately 4 to
16 fold increase in the C,,,, values indicating that the routes of absorption had not been saturated.
Radioactivity was essentially cleared from the tissues within 24 h of dose administration and there
was no evidence of accumulation in any tissue.
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Brain Region

Table 48. Phytoestrogen Levels in Brains of Male Rats Fed
a Phytoestrogen-Containing Diet (Lund et al., 2001)

Isoflavone Levels, ug/kg [nmol/g]*

Daidzein Genistein
Frontal corte 271.0+29.8 295.5+35.4 705.3+£63.4 1272+ 129
X [1.07+0.12] [1.09+0.13] [2.91+0.26] [5.07£0.51]
Hinpocampus 3404 3.1+0.3 28.5+3.4 35.0+4.1
ppocampu [0.013 £0.0016] [0.011+0.0011] [0.12+0.014] [0.14£0.017]
Amvedala 55+0.6 9.9+1.1 57.5+52 72.9+6.9
ve [0.022 +0.0024] [0.037 £0.0041] [0.24 +0.021] [0.30 +0.028]
Cerebellum 58.84+29.8 126.8+29.8 33.4+29.8 219.0+29.8b
[0.23+0.12] [0.47%0.12] [0.14+0.12] [0.84+0.36]

4Data presented as mean+ SEM.
b[SEMs reported by study authors; there appears to be an error because all were the same.]
From Lund et al., 2001 (231).

Isoflavones were detected in brains of adult male rats fed a soy-based diet containing 600 ppm
phytoestrogens (231, 232). As noted in Table 48, total isoflavones were greatest in frontal cortex
> cerebellum > amygdala > hippocampus. In hippocampus, isoflavone levels were similar to those
of rats fed a phytoestrogen-free diet. In the frontal cortex and amygdala, the concentration of equol
was > genistein > daidzein. In the cerebellum, genistein > daidzein > equol. The study authors stated
that cerebellum and frontal cortex contained an abundance of estrogen receptor (ER) B. Levels of
phytoestrogens in the medial basal hypothalamic and preoptic areas were reported at 4.4 ng/g [0.017
nmol/g| daidzein, 3.5 ng/g [0.013 nmol/g] genistein, and 126 ng/g [0.52 nmol/g] equol (232). Levels
of genistein and equol were significantly higher than in rats fed a phytoestrogen-free diet.

Chen et al., 2006 (233) compared the steady state concentrations of genistein in the plasma, liver, and
skeletal muscle of 6 adult (1-year old) and 4 old age (2-years old) Sprague-Dawley rats following
a 5-week treatment with equivalent feed doses of 154 or 308 ppm genistein. Animals fasted for 12
hours prior to sample collection. At both doses, the concentrations of genistein in the old-age animals
were significantly lower compared to the younger adult rats in plasma. For liver and skeletal muscle,
genistein levels were either similar or altered in the old-age rats, depending on dietary concentration
(Table 49). There was a linear relationship between diet concentration and genistein concentration
in the plasma, liver and muscle for adult but not old-age animals (r?=0.76, 0.86, and 0.64). The
authors also noted that in 1-year old animals fed a diet of 62 ppm genistein, the plasma concentrations

Table 49. Mean Genistein Levels in Plasma, Liver, and Skeletal Muscle of Adult and Old Rats
Fed Genistein in the Diet for 5 Weeks (Chen et al., 2006)

Genistein | Plasma, pumol/L Liver, nmol/g Skeletal Muscle, nmol/g
in Diet Adult old Adult old Adult old
154 ppm 0.74 0.40%* 0.40 0.29 0.11 0.32*
308 ppm 1.12 0.53* 0.74 0.37* 0.35 0.33

*Means are significantly different between adult and old-age animals.
From Chen et al., 2006 (233).
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of genistein were not significantly different from control animals whereas levels in the liver and
skeletal muscle were significantly higher compared to control animals, suggesting a longer half-life
of genistein in these tissues compared to blood.

Penza et al., 2007 (234) reported that fasting induces genistein mobilization in mice. In this study, mice
were treated with a loading dose of 50 mg/kg/day of genistein for three days and then fasted for 48 hours,
starting on day 15 from loading. Serum concentrations of genistein were measured at baseline, pre-
fasting (day 15 from loading), and post-fasting (day 17 from loading). Serum genistein was significantly
higher following the 48-hour fasting period compared to pre-fasting measurements (99 versus 163 nM).

Distribution to the fetus and lactational transfer following maternal ingestion

More information on the distribution of isoflavones during pregnancy and lactation is available for
genistein compared to the other isoflavones. The studies described below show fetal transfer for
genistein. Similar to genistein, Janning et al., 2001 (235) reported that the placenta does not represent
a barrier to daidzein based on a toxicokinetic study conducted in pregnant DA/HAN rats.

Weber et al., 2001 (236) assessed placental and lactational transfer of isoflavones as part of a
developmental toxicity study that is discussed in detail in Chapter 3. Throughout pregnancy and
lactation, 10 Sprague Dawley rats received a commercially available high-phytoestrogen diet. The
diet contained phytoestrogens 603 pg/g feed consisting mainly of daidzin, genistin, and glycitin. The
diet was soy-based, according to Lephart et al., 2002 (237). At gestation day (GD) 20.5 [day of plug
not specified] and on postnatal day (PND) 3.5 [day of birth not specified], blood was collected and
pooled from dams and offspring (n=3-5 litters at each collection period) for measurement of total
plasma genistein, daidzein, and equol levels by GC-MS. Blood levels of phytoestrogens in adult
male rats fed the same diets were also examined. As noted from the study results listed in Table 50,
gestational and lactational transfer of isoflavones was demonstrated. GD 20.5 dams were noted to
have lower phytoestrogen plasma levels than male rats. The study authors proposed that changes in
phytoestrogen metabolism or increased circulatory volume in late pregnancy were possible reasons
for the lower plasma phytoestrogen levels in GD 20.5 dams.

Table 50. Isoflavone Levels in Plasma of Rat Dams and Offspring Following Maternal Ingestion
of a Diet Containing 603 ug/g Feed of Phytoestrogens (Weber et al., 2001)

Plasma Aglycone Equivalent Levels, ug/L [nM]

Genistein Daidzein
Fetus, GD 20.5 106.39 [394] 67.53 [266] 51.58 [213]
Dam, GD 20.5 232.31 [860] 193.80 [762] 578.12 [2387]
Pup, PND 3.5 234.85 [869] 341.13 [1342] 161.85 [668]
Dam, PND 3.5 44122 [1633] 339.46 [1335] 906.22 [3742]
Adult male 420.95 [1558] 390.27 [1535] 932.37 [3850]

From Weber et al., 2001 (236).

Brown and Setchell (238) measured serum levels of isoflavones in adult mice and rats and in fetuses
and pups of rats fed various rodent diets. In adult FVB mice fed 1 of 3 soy-based diets (Purina
5008 or 5010 or NIH-07), serum levels of total genistein and daidzein [<100 ng/mL each; <370
nM genistein, <393 nM daidzein] were about an order of magnitude lower than serum total equol
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levels [~ 1300-2300 ng/mL]. Similar results were observed in Sprague Dawley rats fed a soy-based
diet (Purina 5001), with serum levels of total equol [~2100 ng/mL] greatly exceeding those of total
genistein and daidzein [~ 100 ng/mL each; <370 nM genistein, <393 nM daidzein]. Urine levels
of genistein and daidzein glucuronide were about 25% of equol glucuronide levels in mice and 50%
of equol glucuronide levels in rats. Results of serum analysis in rat pups of dams fed Purina 5001 are
presented in Table 51. The total concentration of isoflavones in the Purina 5001 diet was 810 pg/g.
The concentrations of the major individual isoflavones were: genistein (4 pug/g), genistin (318ug/g),
daidzein (59 pg/g), daidzin (262 pg/g), and glycitin (53 pg/g). According to the study authors, serum
isoflavones in newborn pups prior to nursing represent maternal-fetal transfer during gestation. The
authors stated that pups do not start eating feed until 15—16 days of age, and therefore serum levels of
isoflavones in pups before that time point were also of maternal origin. Equol levels were very high at
birth and rapidly declined during the postnatal period. Stomach contents of newborn rats, presumed
to be swallowed amniotic fluid, also contained high levels of isoflavones consisting of 44% genistein
derivatives, 37% equol derivatives, and 19% daidzein derivatives.

Table 51. Serum Isoflavone Levels in Rodent Offspring fed a Soy-Based Diet
(Brown and Setchell, 2001)

Aglycone Equivalents, ng/mL* nM]

Genistein Daidzein Equol
Newborn® 100 [370] 50 [197] 550 [2271]
6-day-old 90 [333] 50 [197] 80 [330]
12-day-old 110 [407] 25 [98] 70 [289]
16-day-old 10 [37] 5120] 60 [248]

aValues estimated from a graph by CERHR.
bMeasured in pups prior to nursing.
From Brown and Setchell 2001 (238).

Doerge et al., 2001(208) evaluated the appearance of maternally administered genistein (>99% purity)
in Sprague Dawley rat pups evaluated shortly after birth. Pregnant animals were exposed either in the
diet or by gavage. The basal diet was a soy- and alfalfa-free diet (5K96) in which genistein and daidzein
levels were determined using HPLC-MS analysis (after hydrolysis of glucoside conjugates) to be 0.54
ng/g feed (genistein) and 0.48 pg/g feed (daidzein). Animals treated with dietary genistein were given
feed with genistein aglycone 500 pg/g feed [S00 ppm; 0.05%]. Based on feed consumption of 30 g/day
and 300 g rat weight, the authors estimated daily genistein doses of 0.05 and 50 mg/kg bw with control
and genistein-supplemented diets, respectively [neither feed intake nor body weight were reported].
Genistein was measured in excess pups that were born in a multigeneration study. [The duration of
treatment was not specified in the current paper, but in a preliminary study by these authors
(239), genistein-supplemented feed was given from the day a vaginal plug was detected (GD 0).]
The pups were killed at the time of litter standardization on PND 1 or 2. Trunk blood was collected by
decapitation. Eight dams on the genistein-treated diet contributed 18 individual pups plus an additional
2 samples that were pooled from 2 or more pups in the same litter. Total serum genistein levels in pups
were measured at a mean+ SD of 176 +307 nM [corresponding to 48 +83 ng/L genistein aglycone
equivalents]; genistein aglycone was measured at 47 nM [13 pg/L], or 53% of the total genistein.
[CERHR calculated that aglycone represents 27% of total genistein. The Expert Panel noted
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that the large SDs suggest a skewed distribution for which the mean may not be the best estimate
of central tendency. The paper noted that the mean=SD serum concentration from the 8 litters
(presumably unpooled fetuses) born to dams given genistein-supplemented feed was 216 +282
nM (genistein agylcone equivalent 58 +76 ng/L) with a range of 46—955 nM (corresponding to
genistein aglycone 12—258 ng/L).] Four pups were analyzed from 2 litters exposed to the control diet,
giving a mean+ SD total genistein level of 3+ 1 nM |[genistein aglycone equivalent 0.8 +0.3 pg/L].

In a separate experiment, female Sprague Dawley rats were maintained on the soy- and alfalfa-free diet
for life. Animals were mated [age not specified], and 20 or 21 days after a vaginal plug, a single gavage
dose of genistein was given. Dose levels were 20, 34, and 75 mg/kg bw [n=1 pregnant animal per dose].
Pregnant rats were killed 2 hours after the gavage treatment, and fetuses were surgically removed. Trunk
blood was collected by decapitating fetuses, and maternal blood was collected by cardiac puncture. [It
is not indicated whether fetal blood was pooled within litters or analyzed separately for each fetus.
Adult concentrations are presented as single values without SD, and offspring values are presented
as mean £SD, suggesting that single dams were used for each dose group and that fetuses were
analyzed individually. A subsequent comment in the Results section raises the possibility that fetal
sera were pooled for analysis, which would make inexplicable the use of mean and SD.] Maternal
and fetal brains were frozen for later analysis of tissue genistein. Serum total and aglycone genistein
levels are summarized in Table 38. Brain genistein levels are shown in Table 52.

Table 52. Brain Genistein Concentration After a Single Maternal Gavage Dose
of Genistein on GD 20 or 21 (Doerge et al., 2001)

Brain Genistein Concentration, pmol/mg [ug/kg] tissue

Adult
Aglycone Aglycone
20 0.25 0.22 0.21+£0.004 0.19+0.004
[68] [59] [57£1] [51+1]
34 Not reported Not reported Not reported Not reported
75 Not reported Not reported O[E; i giOB Oé; i (1)1(;4

n=1 dam (litter) per dose group, 3—4 fetuses/litter for brain determinations. Error is SD.
From Doerge et al., 2001 (208).

The authors concluded that placental transfer into fetal blood and brain probably involved the aglycone,
perhaps after placental hydrolysis of conjugated forms. The higher proportion of the aglycone in the
fetus was considered consistent with limited conjugation ability in the fetal rat.

Soucy et al., 2006(240), supported by the American Chemistry Council, evaluated genistein
distribution and toxicokinetics in Crl:CD(SD) rats trated by gavage on GD 5-19 or just on GD 19
(plug=GD 0). Genistein was administered in sesame oil at 0, 4, or 40 mg/kg bw/day. Genistein,
genistein glucuronide, and genistein sulfate were measured in maternal plasma, fetal plasma (pooled
by litter), and placentas. Detailed results were given for the 40 mg/kg bw/day dose level (Table 53).
Most of the genistein was present in maternal and fetal plasma as the glucuronide at both dose levels.
Unconjugated genistein was the most abundant form in placenta. Genistein appeared in amniotic
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fluid increasingly as the glucuronide during the 24 hours after the last dose on GD 19. Genistein was
present in fetal liver largely as the glucuronide, peaking 8 hours after the last dose at about 300 pumol/
kg tissue [134 ng/kg tissue, estimated from a graph]. Unconjugated genistein peaked in fetal brain
at about 60 pmol/kg tissue [16 pg/kg tissue, estimated from a graph]; conjugates were present at
only small amounts in brain. Genistein and its conjugates were below the limits of detection in pooled
fetal reproductive organs.

Fritz et al., 1998(209), funded by the National Institutes of Health (NIH), treated 7-week-old female
Sprague Dawley rats with dietary genistein (98.5% pure, with 1.5% methanol) at 0, 25, or 250 mg/kg diet
[ppm]. The basal diet was AIN-76A, a phytoestrogen-free rodent feed. At 9 weeks of age, females were
bred 2:1 with males that had been placed on the same diet as the females at the time of mating. Offspring
were sexed at birth. Litters were standardized to 10 pups with 4-6 females. Offspring were weaned on
PND 21. Genistein concentrations were determined by GC-MS in maternal serum during the lactation
period (day not specified), in milk obtained by milking the dams under anesthesia, in serum from PND 7
pups (pooled by litter), in serum from PND 21 pups, and in milk from the stomach of PND 7 and 21 pups.
Pup mammary tissue was also assayed for genistein on PND 7 and 21. Genistein concentrations were
measured before and after incubation with B-glucuronidase/sulfatase enzymes to distinguish between free
and conjugated genistein. Blood genistein levels are listed in Table 38, and milk and mammary gland levels
are listed in Table 54. In serum of dams, free genistein represented 23% of genistein concentration at the
low dose and 2% of the total genistein concentration at the high dose. Free genistein represented 7-33%
of'total genistein concentration in pup serum. [There were no obvious patterns related to dose or age.]

Table 54. Genistein Concentrations in Rats Fed AIN-76 Diet
Supplemented with Genistein (Fritz et al., 1998)

Genistein Concentration in Feed, ppm

Source

Lactating Dam (PND 7 and 21)
Milk from nipples, nM
Total N.D. 6710 137+34
Free N.D. N.D. 78+13
Offspring, PND 7
Milk from stomach, nM

Total 9+2 490+ 62 4439+1109

Free N.D. 473+94 3454 +298
Mammary gland, nmol/kg tissue

Total N.D. N.D. 440+ 129

Free N.D. N.D. 318+56

Offspring, PND 21
Mammary gland, nmol/kg tissue
Total N.D. 0 370+36
Free N.D. N.D. 304+13

To convert nM and nmol to genistein equivalents in pg/L and pg, respectively, multiply by 0.27.
N.D.=Not determined.
From Fritz et al., 1998(209).
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The authors noted that a larger proportion of the genistein in milk from the pups’ stomachs was free
(78-97%) compared to milk from the dams’ nipples (57%), suggesting that genistein conjugates may
be hydrolyzed in the pup stomach. They also noted that the PND 21 pup data on genistein would
reflect ingestion of treated maternal feed as well as transfer of genistein in milk.

Doerge et al.,2000(77) noted that the Fritz et al., 1998(209) study reported the proportion of total genistein
in aglycone form at 72% in rat mammary gland [82% by CERHR calculation] (see Table 54). Based
on this observation, Doerge et al., 2006 raised the possibility of accumulation of aglycones in tissues
or of hydrolysis of glycosides within tissues. [Most likely the aglycone but not the glucuronide
partitions between dam blood fat (0. 2%) and milk fat (3%) according to the lipid content of
these 2 compartments, which represents a 15-fold accumulation reflected in the milk from the
offspring stomachs.] In their own study of lactational transfer of genistein, Doerge et al., 2006 (241)
placed 10 pregnant Sprague Dawley rats on a soy-free diet (5K96) until delivery, when half the dams
were maintained on the basal diet and half were given feed to which genistein 500 ppm was added.
Based on actual feed consumption, the genistein-treated group received a mean+ SD genistein dose
of 51+ 1.8 mg/kg bw/day. Milk was aspirated from dam nipples after oxytocin administration on
PND 7 and blood was collected from dams and pups on PND 10. Conjugated and free genistein were
assayed in milk and serum by LC-MS-MS. No genistein was detected in the milk of control rats.
Findings in genistein-treated rats are summarized in Table 55. There was no correlation between PND
7 milk genistein concentration and PND 10 maternal serum genistein concentration, and there was no
relationship between pup serum total or aglycone genistein concentrations and milk concentrations.

Chang et al., 2000(210) funded by the National Center for Toxicological Research/Food and Drug
Administration (NCTR/FDA), the National Institute of Environmental Health Sciences (NIEHS),
and the National Toxicology Program (NTP), measured serum and tissue genistein (after enzymatic
deconjugation) in Sprague Dawley rats exposed to genistein in the diet. The basal diet was an alfalfa-
and soy-free diet that contained 0.54 pg/g feed [ppm] genistein and 0.48 pg/g [ppm] daidzein.

Table 55. Lactation Transfer of Genistein in Rats Given 500 ppm in Diet (Doerge et al., 2006)

Genistein Concentrations, uM [aglycone equivalent mg/L]

Source
Total Aglycone Total Aglycone
Milk (PND 7)
0474021 0.14+0.08
Mean£SD | 12720.057] | [0.038+0.022) 30
0.28-0.81 0.07—0.24
Range [0.076-0219] | [0.019-0.065] | 'S 2
Serum (PND 10)
1224130 0.042+0.037 | 0.039:0011 | 0.001=0.001
Mean£8D |19 339103511 | [0.011x0.010) | 2% [0.011£0.003] | [0.00030.0003] | >
Ranac 0.15-2.99 00030062 | | 0022-005 | <LOD—0002 | , .o
g [0.041-0.807] | [0.001-0.017] | U [0.006-0.014] | [< LOD—0.0005] | '>~%
n=>5 litters.
LOD =1imit of detection.

2Qutlier excluded by authors in calculation.

From Doerge

etal., 2006(241).
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Treatment groups were born to female rats that (along with sires) had been exposed to genistein [purity
not specified] at 0, 5, 100, or 500 pg/g feed (ppm) since weaning. [Feed consumption and weight
were not specified; assuming a 300 g female rat eats 30 g feed/day, additional genistein exposures
would have been 0, 0.5, 10, or 50 mg/kg bw/day. A 500 g male rat eating 40 g feed/day would have
been exposed to additional genistein at 0, 0.4, 8, or 40 mg/kg bw/day.] Six litters per dose group were
born to and raised by treated dams [litter size or standardization not specified]. Blood samples were
taken from 1 pup/sex/litter at weaning on PND 21 [plug day not specified], and 1 pup/sex/litter was
continued on its dam’s diet until PND 140. Blood samples were obtained from the tail vein 0, 4, 8, and
12 hours after removal from feed. [It is possible that rats sampled on PND 140 were also sampled at
weaning, but the methods are not clear on this issue. The method of sampling weanling rats was
not indicated. On the day after tail vein sampling of PND 140 rats, these animals were killed and
blood collected by cardiac puncture.] Methanolic extracts of mammary gland, thyroid, liver, brain,
and (in males) prostate and testis, or (in females) uterus and ovary were obtained from PND 140 rats
and analyzed for genistein. The method of genistein analysis was LC-electrospray/MS or tandem MS.

Serum total genistein values in weanling and PND 140 rats are given in Table 38; values were obtained
soon after removing the animals from feed, although the time of last feeding was not reported. Two-way
analysis of variance (ANOVA) showed a significant effect of sex and dose on total serum genistein in
PND 140 rats and an interaction of sex x dose. There was no effect of sex on serum genistein in weanling
rats. The authors noted that exposure of PND 21 animals was likely through milk and through ingestion
of the dams’ feed ration. The authors indicate that 1-5% of genistein at both ages was unconjugated.

Genistein serum half-life and AUC for PND 140 rats are shown in Table 56 and contrasted with
the data of Coldham and Sauer (795). There was a statistically significant difference between males
and females for both parameters. Tissue concentrations of genistein are given in Table 57. There
was a significant treatment effect for total genistein and genistein aglycone for all tissues. Pair-wise
comparisons to controls showed elevations of total genistein in all tissues except brain in males and
females fed 100 and 500 ppm genistein. Brain genistein was elevated only in the 500 ppm group. In
females, ovarian, uterine, and liver total genistein concentrations were increased with 5 ppm dietary
genistein compared to the control group. The authors noted that the proportion of total genistein
present as the aglycone in these tissues (10—100%) was greater than the proportion in rat serum
(1-5%). They also found important the differences between males and females in elimination half-
life, AUC, and genistein levels in mammary gland and liver. The authors attributed the increase in

Table 56. Genistein Pharmacokinetic Parameters in PND 140 Rats Exposed to Dietary Genistein at
500 ppm (Change et al., 2000) or a Single Oral Dose of 4 mg/kg bw (Coldham and Sauer, 2000)

Serum Half-Life, hours

AUC, uM-hour
Chang et al., Coldham and Sauer, [ng-hour/L]“
20004 2000
223+1.2
Male 2.97+0.14 12.4 [6000 = 300]
45.6+3.1
Female 426+0.29 8.5 [12,000 + 800]

2Chang et al., 2000 (270). Values are mean+ SEM. n=6 or 4—6 [both n designations appear in the paper].
bColdham and Sauer (795).
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genistein in the female mammary gland to the higher lipid content in female than male mammary
gland, but could not explain differences in liver genistein concentrations.

[There is an apparent contradiction between the half-life data of Chang et al., 2000(210) and those of
Coldham and Sauer, 2000 (795) in Table 56; however, Coldham and Sauer used a single low dose of
4 mg/kg bw, and Chang et al., 2000 used a high daily dose rate of 50 mg/kg bw. Another difference is
that the rats in Change et al., 2000 were dosed continuously with genistein in the diet and sequential
plasma samples obtained after withdrawal from food, i.e., no absorption or distribution phases
complicated the analysis. Greatly decreased half-life at high dose rates is probably due at least in part
to saturation of glucuronidation and, hence, reduced enterohepatic circulation. At high genistein dose
rates, 17p-estradiol cannot displace genistein from plasma protein binding anymore. It can be expected
that a much smaller portion of the higher dose would be bound to plasma proteins, contributing to the
lower half-life. The reversal of male:female half-life ratios at high daily dose rates is probably due to
differential maximum velocity (V ,,,) of various intestinal and possible hepatic UDPGTs.]

In a thyroid toxicity study was conducted with similarly treated rats, Chang et al., 2000(242) noted
that higher levels of aglycone in thyroid suggested that non-polar aglycones preferentially partition
into lipophilic tissues.

Lewisetal.,2003(243), funded by UK Foods Standards Agency, evaluated milk and serum concentrations
of genistein in rats [strain not specified] as part of a study on developmental effects of lactation period
exposure (reviewed in Section 3). Genistein (98.3% purity) was given to 4 lactating rats at a single oral
dose of 16 mg/kg bw. Litter size was reduced to 6 after spontaneous delivery. Milk and plasma samples
were taken every 24 hours for 5 days [method of collection not specified]. One pup/litter/day was
killed and blood obtained for analysis. The experiment was repeated using !“C-genistein at 50 mg/kg
bw. Genistein was quantified by LC with an ultraviolet detection system. Genistein metabolites were
characterized by LC-MS following enzymatic digestion with B-glucuronidase/sulfatase. In an additional
study, rat pups were dosed directly with either sc or oral genistein (either unlabelled or '#C-labeled) on
PND 7. Doses were 0, 0.4, 4, or 40 mg/kg, given once, with cohorts of animals killed and blood collected
at0.5,1,2,4, 6,8, 12, and 24 hours after dosing. Quantification was by LC with ultraviolet detection.

The maximum concentration of genistein in maternal plasma was 180 ug/L [665 nM] without
B-glucuronidase/sulfatase pretreatment and 1800 pg/L [6651 nM] after enzyme pretreatment. Time to
peak plasma genistein in maternal plasma was 8 hours without enzyme pretreatment and 2 hours with
enzyme pretreatment. Milk genistein peaked 13 hours after dosing at 40 png/L [148 nM] for untreated milk
and at 170 pg/L [628 nM] for enzyme-pretreated milk. After administration of 50 mg/kg bw radiolabeled
genistein, peak plasma, erythrocyte, and milk genistein levels obtained in dams at 8 hours were 7100
pg equivalents [26,235 nmol]/kg in plasma, 800 pg equivalents [2956 nmol]/kg in erythrocytes, and
3700 ug equivalents [13,672 nmol]/kg in milk. Pup genistein peaked 24 hours after maternal dosing at
100 pg equivalent [370 nmol]/kg for both plasma and erythrocytes. The authors interpreted the results
as showing that secretion of genistein into milk is approximately 0.04% of the maternal dose at 8 hours.
Plasma concentrations after direct administration of genistein to PND 7 pups are shown in Table 58.

[ThereisanapparentcontradictionbetweenthereportofFritzetal.,1998(209) and thedataprovided
byLewisatal.(243)andDoergeetal.,2006(241)regardingmilkcontentofgenisteinand/orderivatives.
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Table 58. Plasma Concentration of Total Radioactivity after Administration of Single Doses
of [1*C] Genistein to Rat Pups on PND 7 (Lewis et al., 2003)

Dose, mg/kg bw

Hours After
Dose
Female
Oral Administration
5 82+21 910 |  19,400+2080 89+£22 . 761 | 9360+2190
[303+78] © [3367]  [71,788+7697] [329+81]  [2816] = [34,636+8104]
4 20+5 . 230 0 2550+659 24+8 189 | 5040+1680
[74+19] | [851] | [9436+2439] [89+30] . [699] = [18,650+6217]
g 261 251 0 1790+102 42421 272 1650+223
[96+3.7] . [929] = [6623+377] [155+78] | [1007] = [6106+825]
AUCH 460 4580 56,800 790 4760 46,300
[1702] [16,948] [210,184] [2923]  [17,614] [171,329]
SC Administration
) 177424 | 834  7630+1580 16326 = 1140 | 9070+1130
[655+89] = [3086] - [28,234+5847] [603+96]  [4218] | [33,563+4181]
4 8612 | 634 | 5130+388 1329 1160 = 7120696
[318+44] = [2346] = [18,983+1436] [488+33]  [4292] | [26,347+2575]
g 6312 171 2550+1430 90+3 | 588 2540+307
[233+44] © [633] = [9436+5292] [333+11]  [2176] | [9399+1136]
AUCH 780 5320 38,300 970 7520 48,100
[2886] | [19,686] [141,726] [3589]  [27,827] [177,990]

Data expressed as pg genistein equivalents/L [nM].

Mean+SD, n=4.

aSD not given for 4 mg/kg dose.

b AUC expressed in pg equivalents-hour/L [nM equivalents-hour].
From Lewis et al., 2003(243).

Whereas Lewis et al., 2003 reported finding metabolites of genistein only in milk of dams given
a single dose of 14C-genistein, Fritz et al., 1998 recovered mainly the parent compound from the
stomach milk of pups. Fritz et al., 1998 administered genistein in the diet (500 ppm = 50 mg/
kg bw/day) and, therefore, genistein was at steady state, whereas a single genistein dose of 50
mg/kg bw given by Lewis et al., 2003 resulted in undetectable plasma levels after 24 hours. As
discussed above, daily dosing with high dose rates of genistein over prolonged periods of time
reduced the half-life of genistein dramatically, probably as a result of increased free fraction
of the parent compound over the glucuronide. At steady state, equilibration between plasma
and milk does occur, but not after a single dose, which is the most likely explanation for the
observed discrepancy.] According to data available in abstract form, administration of 40 mg/kg bw
genistein on GD 19 to pregnant rats resulted in fetal:maternal plasma ratios of 0.25 for genistein, 0.04
for genistein-7-O-glucuronide, 0.05 for genistein-4-O-glucuronide, and 0.55 for sulfate conjugates at
1 hour following dosing (244).

2.1.2.3 Metabolism

As in humans, most genistein in rats is conjugated with glucuronic acid by UDPGT prior to entering
the systemic circulation. A study examining the ontogeny of UDPGT in rats (245) is presented in
Section 2.5.
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Sfakianos ef al., 1997 (246) conducted a series of studies in female Sprague Dawley rats to determine
intestinal uptake and biliary excretion of genistein. The rats were fed soy- and isoflavone-free diets prior
to the studies. During the studies, rats were anesthetized and 14C-labeled genistein was infused into the
intestine or portal vein. Bile, sera, and serosal fluids were collected over periods of up to 4 hours following
infusion. One to 3 rats were used in analyses to measure genistein and metabolite levels in body fluids or
perfusates. When 14C-genistein was infused into isolated duodenum, radioactivity appeared in bile within
20 minutes and reached equilibrium within 1 hour; biliary output of genistein metabolites decreased from
9.2 to 7.7 to 6.7% when the infusion rate was increased from 62 to 124 to 247 nmol/hour [17 to 34 to 67
ng/L/hour]. When genistein was infused into the duodenum and allowed to proceed down the intestinal
tract, radioactivity peaked in bile within 80 minutes, thus demonstrating efficient intestinal uptake and
biliary excretion; a total of 70—75% of the dose was recovered in bile within 4 hours. Analyses using
HPLC-MS or HPLC following B-glucuronidase treatment confirmed that the primary metabolite in bile
was genistein glucuronide. When collected bile was pooled, diluted, and reinfused into the duodenum
or ileum, radioactivity was immediately detected in bile and continued to increase during the remaining
4-hour period (data not shown by study authors). In studies in which 4C-genistein was infused into the
portal vein, efficient glucuronidation by liver and biliary excretion was demonstrated. Only genistein
glucuronide was detected in peripheral blood when the infusion rate into portal vein was 0.77 nmol/
minute [0.21 pg/minute], while both genistein glucuronide and genistein were detected in peripheral
blood at an infusion rate of 8.82 nmol/minute [2.4 pg/minute]. Although glucuronidation by liver was
demonstrated, collection of blood from the portal vein of a rat following a 1-hour duodenal infusion
with 14C-genistein revealed that most of the radioactivity was represented by genistein glucuronide, thus
indicating that glucuronidation occurs within the intestinal wall. To verify glucuronidation by the intestinal
wall, everted intestinal sac preparations were filled with a solution containing 27 uM [7297 pg/L] genistein
and incubated for 3 hours; both genistein and genistein glucuronide were detected inside the intestinal sac
preparations. Based on the findings of this study, the study authors concluded that genistein undergoes
efficient enterohepatic circulation. Glucuronidation within the intestinal wall was also demonstrated.

The study by Coldham and Sauer, 2000 (795) reported that in adult rats gavaged with 4 mg/kg bw
14C-genistein, the major metabolites in plasma were genistein glucuronide and 4-hydroxyyphenyl-2-
propionic acid, while parent compound was present at trace levels. Major urinary metabolites identified
in this and previous studies in rats included genistein glucuronide, dihydrogenistein glucuronide,
genistein sulfate, dihydrogenistein, 6'-hydroxy-O-desmethylangolensin, and 4-hydroxyphenyl-2-
propionic acid. All metabolites except 4-hydroxyphenyl-2-propionic acid have also been identified in
humans, suggesting common pathways in rats and humans. As in humans, genistein glucuronide was the
most abundant plasma metabolite in rats. Parent compound was the predominant form of genistein in
uterus, while in prostate the most abundant form was the metabolite 4-hydroxyphenyl-2-propionic acid.

Blood profiles of genistein in Sprague Dawley rats dosed with genistein in diet as part of a dose range-
finding study for a two-generation study are summarized in Table 38 (213). Most of the genistein in adult
rats was present as glucuronide conjugates. A small percentage of total genistein was represented by
aglycone [1.4—2.9%] and sulfate conjugates [<1.0—7.3%]. [Glucuronide levels exceeded total genistein
levels.] Two different glucuronide conjugate isomers were identified: 4’-glucuronide and 7’-glucuronide.

Lund et al.,2001 (247) also reported significant production of equol in rats fed a soy-based diet. Serum
total equol levels [~3000—4000 ng/mL; 12,389—-16,519 nM] that were about an order of magnitude
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higher than levels of total genistein [~300—500 ng/mL; 1110-1850 nM] or daidzein [~300-400 ng/
mL; ~1180-1573 nM] in adult rats fed soy-based diets containing phytoestrogens at 600 pg/g diet.
In a review, Setchell (64) reported that high levels of equol equivalents have been detected in portal
venous blood and bile of rats, thus indicating that isoflavones undergo enterohepatic circulation.
Because equol was primarily found as a conjugate of glucuronic acid in venous portal blood, it was
suggested that conjugation within the intestinal wall may occur during absorption.

A k., value of 7.7 uM [2081 pg/L] and V_,,, value of 1.6 pmol [432 pg |/mg protein-minute were
reported for formation of genistein glucuronide following in vitro incubation of genistein with rat
liver microsomes (248).

Species differences in metabolic profiles

Gu et al., 2006 (176) compared the isoflavone profiles for genistein, daidzein, equol, and glycitein and
other isoflavone metabolites in women, female Sprague Dawley rats, Hamphire/Duroc Cross pigs, and
cynomolgus monkeys following ingestion of soy protein isolate (results are summarized in Table 59).
In addition to equol, other metabolites measured were O-DMA, dihydrogenistein, and dihydrodaidzein.
The dietary intake of soy protein (and isoflavones), the duration of soy intake, and age differed among
experiments which precluded direct comparison of serum or urinary isoflavone concentrations. For
genistein, administered doses ranged from 1 to 13 mg/kg, and for daidzein the range was 0.6 to 9.9 mg/
kg. The authors conducted a second rat experiment where dose, duration, and postprandial time course
were matched in young adult female rats (n=4) to those of the female human subjects. In that study,
rats were administered a bolus of soy protein isolate through an intragastric cannula that provided 1.0
mg/kg genistein, 0.6 mg/kg daidzein, and 0.1 mg glycitein. Blood samples were collected through a
femoral cannula at 4 hours post-dose. Total genistein, daidzein, and glycitein and metabolites were also
measured in 3 breastfed infant rhesus monkeys as 2, 4, and 5 months of age to assess the onset of ability
to produce equol. Urinary and serum isoflavone aglycones were measured by LC-MS before and after
enzymatic deconjugation with sulfatase and glucuronidase to obtain unconjugated and total isoflavone
concentrations. Samples were also incubated with B-glucuronidase to obtain the sum of glucuronides
and aglycones. Isoflavone sulfates were calculated by subtracting the glucuronides and aglycones from
the total concentration. Equol was measured by electrochemical detection.

The authors reported significant interspecies differences in metabolism with pigs having an overall
metabolic profile that was the most similar to women. This conclusion was based primarily on
species differences in equol production. Equol was detected in considerably higher serum and urine
concentrations in rats and monkeys compared to women and pigs. For example, serum equol measured
in rats and monkeys represented 77 and 52% of the summed serum isoflavones but were undetectable in
pigs and women. Genistein and daidzein were the major contributors to summed serum isoflavones in
pigs (88%) and women (91%). Similar patterns were observed for urine. The equol contribution to the
summed isoflavones in pigs, monkeys, and rats was 2%, 51%, and 69%. Equol was not detected in the
urine of women. Genistein and daidzein contributed 86%, 38%, 28%, and 81% to the summed isoflavones
in pigs, monkeys, rats, and women. The same pattern was observed when soy protein dose was matched
in rats to the dose administered to women (Table 60). Plasma concentrations of genistein and daidzein
were 11-fold and 4-fold higher in women compared to rats and equol was not detected in the plasma
from urine. The other most apparent difference across species was the relative abundance of aglycone in
urine (Table 59). In pigs and women, < 10% of genistein and daidzein detected in urine were aglycones.
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Table 60. Isoflavones and Metabolites in the Plasma of Women and Rat Serum
after a Matched Single Dose of Soy Protein Isolate (Gu et al., 2006)

Isoflavone and Species® | Intake, mg/kg | Concentration, umol/L
Genistein
Rats 1.0 ~0.15
Women 1.0 ~1.15
Daidzein
Rats 0.6 ~0.20
Women 0.6 ~0.70
Glycitein
Rats 0.1 —
Women 0.1 ~0.08
Equol
Rats ~0.5
N/A
Women -
DMA
Rats ~0.13
N/A
Women ~0.08
Dihydrogenistein
Rats <~0.05
N/A
Women <~0.05
Dihydrodaidzein
Rats ~0.10
N/A
Women ~0.08

aSample sizes were n=4 rats and n=10 women.
—=not detectable; N/A=Not applicable.
From Gu et al., 2006 (176).

In contrast, much higher percentages of genistein and daidzein present as aglycones were detected in
rat urine (41 to 47%) and monkey urine (89 to 91%). Much smaller differences were observed for the
percent as aglycone in animal serum or human plasma. For genistein, 3.6%, 3.5%, 2.2%, and 1.2% was
present as aglycone in rats, monkeys, pigs, and women. For daidzein, the percent present as aglycone
in rats, monkeys, pigs, and women were 7.3%, 0.6%, 5.0%, and 1.4%, respectively.

Consistent with other studies, a relatively small percentage of daily isoflavone dose was excreted in
24-hour urine samples. Based on urinary concentrations of total genistein and dihyrogenistein, the
percent of genistein dose excreted was 2.6%, 44.9%, and 11.8% in rats, pigs, and women. Daidzien
excretion was based on urinary concentrations of total daidzein, equol, O-DMA, and dyhydrodaidzein.
The percent of daidzein dose excreted was 21.2%, 46%, and 55% in rats, pigs, and women. The percent
of glycitein dose excreted in rats, pigs, and women were 4.7%, 17.0%, and 18.1%, respectively.

By six months of age, serum equol accounted for 80% of summed isoflavones in breastfed infant
rhesus monkeys, leading the authors to conclude that infant monkeys are ingesting feed consumed by
the adults in the colony by this age and that the onset of equol production occurs early in monkeys.
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CHAPTER 2: PHARMACOKINETCS AND GENERAL TOXICOLOGY
Absorption, Distribution, Metabolism, and Elimination

2.1.2.4 Elimination

Coldham and Sauer, 2000 (195) conducted a mass-balance study where rats (n=5/sex) were housed
in metabolism cages and urine and feces collected at 4, 8, 12, 24, 48, 72, 96, 120, 144, and 168 hours
after being gavaged with 4 mg/kg bw 14C-genistein (Table 61). About 90% of the dose was recovered
within 48 hours following dosing. Elimination half-life was 12.4 hours in males and 8.5 hours in
females. Total clearance was 1.18 mL/minute in males and 2.0 mL/minute in females. In pregnant
rats treated by gavage with genistein 40 mg/kg bw/day on GD 5-19, mean = SD plasma clearance of
unconjugated genistein was 64.0+61.3 L/hour (240)

Table 61. Average Mass Balance in Male and Female Rats Following Oral Dosing
with 4 mg/kg [14C] Genistein (Coldham and Sauer, 2000)

Mass Balance, % dose

Urine Feces Carcass Wt?s[;zé;ng Recovery
Male 67.3 30.6 0.2 3.7 101.8
Female 66.4 36.0 0.6 1.1 104.1
n=>5/sex.

From Coldham and Sauer, 2000 (795).

Goelzer et al., 2001 (230) characterized the mass balance of 3-(14C)-genistein administered as a single
oral gavage dose of 5 or 50 mg/kg to male and female rats. To determine mass-balance, urine and
feces were collected for 120 hours (n=5/sex/dose level); radioactivity was determined in the excreta
and carcasses. The elimination of radioactivity was rapid with >78% of the administered dose being
recovered in urine and feces within 24 h of dose administration (see Table 62). The major route of
elimination of radioactivity was renal excretion, indicating that absorption of (!4C)-genistein was
extensive. In biliary cannulated animals, 30 to 50 % of the dose was excreted in the bile. Presumably

Table 62. Excretion of Radioactivity Following Oral Administration of [1*C] Genistein
to Rats at Dose Levels of 5 and 50 mg/kg (Goelzer et al., 2001)

Urine, % administered dose Feces, % administered dose

Collcton T
Female Female Female

6 13.16  13.84 | 448 532 - - - i -

12 3501 © 3383 | 3357 @ 21.76 - i - - i -
24 3043 2008 | 2634 2410 | 2059 @ 1772 | 2197 = 27.36
24 hour total 78.60  67.75 | 6439 511§ | 2059 1772 | 21.97  27.36
48 198 1.86 .16 136 | 3.60 = 293 312 2.00
72 0.24 0.24 0.15 019 | 025 037 | 0.19 0.23
96 0.12 0.10 0.15 0.11 | 0.06 0.05 | 0.06 0.04
120 0.06 = 0.05 003 004 | 003 = 004 | 002 = 002
Total 81.00  70.00 | 6589 = 5290 | 2453  2LI11 | 2434  29.65

From Goelzer et al., 2001 (230).
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the radioactivity represents genistein conjugates as the main portion was recovered within 12 h after
dosing. Renal excretion fell by 30 to 50% suggesting significant entero-hepatic circulation, which is
supported by the pharmacokinetic data. Fecal elimination was also reduced considerably indicating
that biliary excretion was also an important route of elimination. Absorption of radioactivity, estimated
from the extent of urinary and biliary excretion, including radioactivity detected in the cage washes,
was >87% of the administered dose emphasizing that absorption of (14C)-genistein was significant
after oral administration. There was no noticeable sex difference in the excretion of radioactivity and
a ten-fold increase in dose administered had no noticeable effect on the rate or routes of excretion.

2.2 General Toxicology and Biological Effects

2.2.1 General Toxicity Studies

McClain et al., 2006 (229) conducted a series of studies to examine toxicity of genistein in rats
[Funding support notindicated. Authors are affiliated with McClain Associates, DSM Nutritional
Products Ltd., or Hoffman-La Roche Ltd]. Two acute studies were conducted in male and female
7-week-old Hanlbm Wistar rats and 8-week-old outbred Wistar Crl:(WI)BR rats. The Hanlbm Wistar
rats were fed a genistein-free diet and the Wistar Crl:(WI)BR rats were fed standard animal diet. The
rats were administered genistein (99.5-99.6% purity) in a single gavage dose of 2000 mg/kg bw
and observed for 2 weeks. The rats were then killed and necropsied. Liver and kidney weights were
measured in the Hanlmb rats. [The number of rats treated and observed was not stated.] All rats
survived, and there were no gross effects at necropsy or changes in organ or body weights. In the
Wistar Crl:(WI)BR rats, lethargy was noted in all males and 1 female on “day 1 and alopecia was
observed on “days 14 and 15.” The study authors concluded that genistein has low acute toxicity.

In subchronic and chronic studies conducted by McClain et al., 2006 (229) outbred Wistar rats were fed
diets containing genistein for 4, 13, or 52 weeks. Assuming exposures started immediately following a
I-week acclimation period, rats were 7 weeks old in the 4- and 13-week studies and 5 weeks old in the
52-week study at the start of dosing. Purity of genistein was reported at 99% for the 4-week study and
>99.4-99.8% for the 13-and 52-week studies. Dietary genistein concentrations were adjusted weekly
to obtain target dose. Diets were assessed for homogeneity and stability of genistein. The 13- and
52-week studies were conducted according to Good Laboratory Practice (GLP). Body weight and feed
intake were measured. Ophthalmology, clinical chemistry, hematology, and urinalyses parameters
were examined near the end of the exposure period in the 4- and 13-week studies, every 13 weeks
in the 52-week study, and following recovery periods. Rats were killed and necropsied following
treatment or recovery periods. Organ weights were recorded and histopathological analyses were
conducted at the end of treatment periods and following recovery periods. Levels of free and total
genistein were measured in plasma, kidney, and liver in the 4- and 13-week studies and in plasma at
26 and 52 weeks of exposure. According to the study authors, blood levels of total genistein at 5, 50,
and 500 mg/kg/day at 52 weeks were equivalent to ~4, 22, and 143 times human exposure levels.
Percentages of free and total genistein in blood and tissues are reported in Secion 2.2.1. Statistical
analyses included Dunnett test, Steel test, and Fisher exact test.

In the 4-week dose range-finding study, 6 rats/sex/group were fed diets providing genistein doses of
0, 0.5, 5, 50, or 500 mg/kg/day genistein. No data were presented by study authors for the 4-week
study, and thus there is insufficient information for Expert Panel review. Briefly, the study did not
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CHAPTER 2: PHARMACOKINETCS AND GENERAL TOXICOLOGY
General Toxicology and Biological Effects

detect treatment-related effects on mortality, clinical signs, or ophthalmological parameters. Body
weight gain was reduced in males and females of the 500 mg/kg/day group.

Non-dose related decreases in red blood cell counts, slightly decreased hemoglobin and hematocrit
values, and slightly increased reticulocyte counts in high-dose females were the only hematological
effects reported. Clinical chemistry findings included increased triglycerides, phospholipids, calcium,
phosphorus, and chloride in males and decreased uric acid and increased total protein in females. [Doses
at which effects occurred were not stated.] Increases in adrenal weight of males and relative liver,
kidney, spleen, ovary, and uterus weights of females in the 500 mg/kg/day group were the only organ
weight effects that authors considered treatment related. Reduced seminal vesicle size was observed at
necropsy in 3 of 6 males from the 500 mg/kg/day group. No treatment-related organ lesions were reported.

In the 13-week study that was conducted according to GLP, 15 rats/sex/group were fed diets containing
genistein doses of 0, 5, 50, or 500 mg/kg/day. Following treatment, 10 rats/sex/group were killed and 5 rats/
sex/group were allowed to recover for 4 weeks to determine reversibility of treatment-related effects. No
treatment-related deaths were observed. Body weights were lower in the 500 mg/kg/day group compared to
the control group [18% lower for males and 10% lower for females]. Body weights of males increased
during the recovery period but were still lower compared to controls at the end of the study. During the
first month of treatment, feed intake was reduced in male rats of the 500 mg/kg/day group. Hematology,
clinical chemistry, and urinalysis parameters were monitored following 11 weeks of treatment [data were
not shown]. Red blood cell parameters were reportedly decreased and reticulocyte levels were increased
in males and females of the 500 mg/kg/day group. Slight changes in clinical chemistry parameters included
decreased glucose and increased uric acid, sodium, and chloride in high-dose males and decreased uric
acid and increased calcium, total protein, and phospholipid in high-dose females. Uric acid crystals were
increased in females of the 500 mg/kg/day group. Non-reproductive organ weight changes in high-dose
males included slight increases in relative (to body weight) heart, thyroid, kidney, and adrenal weights.
Relative to body weight, testis weights was increased [by 19%] in high-dose males [possibly due to
decreased body weight]. Relative liver and kidney weights were increased in females of the 500 mg/kg/day
group. Relative uterine weight of high-dose females was increased [by 41%]. [The study authors did not
present data for non-reproductive organ weights.] All animals were necropsied, and histopathological
evaluations were conducted in tissues from control and high-dose animals. There were no treatment-
related gross or histopathological alterations. Ophthalmologic parameters were also unaffected. With the
exception of body weight effects in males, none of the treatment-related effects were observed following
the 4-week recovery period. [No recovery data were reported by study authors.]

In the 52-week study that was conducted according to GLP, 30 rats/sex/group were fed diets providing
genistein doses of 0, 5, 50, or 500 mg/kg/day. Five rats/sex/group were killed following 26 weeks of
treatment and 20 rats/sex/group were killed following 52 weeks of treatment. Five rats/sex/group were
allowed to recover for 8§ weeks during which time they received no treatment. There were no treatment-
related deaths during the study. A higher rate of alopecia in male and female rats of the high-dose group
was the only clinical sign of toxicity reported. No effects were noted for ophthalmologic parameters.
Body weight gain was reduced in high-dose male and female rats from the week 26 of treatment through
the week 1 of recovery. During that time period body weights of high-dose animals compared to control
animals were ~30-35% lower for males and ~30% lower for females; P<0.01. Feed intake was reduced
by 22% in males and females of the high-dose group but was not statistically different when analyzed on a
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weekly basis. A number of statistically significant effects on hematology and clinical chemistry parameters
were observed. The effects that the authors considered treatment-related in high-dose animals are listed in
Table 63 along with magnitudes of change observed and the weeks for which the effects were observed.
Other statistically significant effects on hematology and clinical chemistry were observed, but the authors
considered the effects to be incidental because there were either no dose-response relationships or values
were within normal ranges. Some of the hematological effects persisted through the recovery period, but
all clinical chemistry effects were resolved during recovery. Organ weights were measured at weeks 26 and
52. The only significant organ weight effects that the authors considered to be treatment-related at 52 weeks
were increased relative weights of adrenal and spleen (males and females), prostate [47%], testis [52%],
ovary [394%], and uterus [275%] in the 500 mg/kg/day group. Increases in adrenal, spleen, and uterus
weights were also observed following 26 weeks of treatment. Increased ovary weight was the only organ
weight effect that persisted through the recovery period. Other significant organ weight effects occurred,
but the study authors concluded that those effects resulted from reduced body weight gain.

Table 63. Hematological and Clinical Chemistry Effects Observed in Rats Treated
with Genistein 500 mg/kg/day (McClain et al., 2006)

Males Females
Parameter Weeks Effect Weeks Effect
Observed Observed

Hematology

Red blood cell count 14-6% 13, 26, recovery 14-5% 13,26
Mean corpuscular volume 14-10% | 13,26, 52, recovery 12% 13
Mean corpuscular hemoglobin 13-11% | 13,26, 52, recovery > :

Reticulocyte count 118% 13 116-36% @ 13,26, recovery
White blood cell count 1 14% 13 — :

Hemoglobin — 14% 13,26
nglzélé I;:tcr)gt)ilil)slfular hemoglobin - 11-3% 13, 52
Clinical chemistry

Bilirubin 122-23% 13,26 1 18-20% 13, 26, 52
Creatinine 16% 13, 26, 52 >

Cholesterol 13-50% 13, 26, 52 >

Glucose 112-29% 26, 52 >

Protein 14-5% 13,26, 52 — :

v-Glutamyl transferase 150-53% 13,26 146—61% 13,26
Uric acid 158% 13 145-55% 13,26
Lactate dehydrogenase — 122-67% 26, 52
Alkaline phosphatase “ 119-27% 13, 26, 52

1,1, Statistically significant decrease, increase or no statistically significant or treatment-related effect.

From McClain et al., 2006 (229).

At the 52-week necropsy, uterine horn dilation was observed in 7 females of the 500 mg/kg/day group and
watery cysts in ovaries were noted in 4, 3, and 12 females of the low-, mid-, and high-dose group. [It is
assumed that ~ 20 females/dose group were examined.] Genistein-related histopathology was observed
at 26 and 52 weeks, and the effects and incidences at 52 weeks are summarized in Table 64 for males and
Table 65 for females. In male rats, epididymal vacuolation was observed at 500 mg/kg/day and prostate
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CHAPTER 2: PHARMACOKINETCS AND GENERAL TOXICOLOGY
General Toxicology and Biological Effects

Table 64. Treatment-Related Histopathological Effects in Male Rats
Given Genistein in Diet for 52 Weeks (McClain et al., 2006)

Animals Affected/Animals Examined
at each Genistein Dose, mg/kg/day

Benchmark dose,
mg/kg/day*”

| BMD,, | BMDL,,

Epididymal vacuolation 6/19 8/20 9/20 11/20
Prostate inflammation 6/20 2/20 14/20° 18/20° 48 34
Fatty change in liver 16/20 15/20 17/20 8/20°¢ 120 84
Bile duct proliferation in liver 3/20 3/20 2/20 6/20
Osteopetrosis 0/20 0/20 0/20 17/20° 346 145

aThe BMD10 is the benchmark dose associated with a 10% effect, estimated from a curve fit to the experimental
data. The BMDL10 represents the dose associated with the lower 95% confidence interval around this estimate.
Benchmark doses are used commonly in a regulatory setting; however, they are used in this report when the under-
lying data permit their calculation, and are only supplied to provide 1 kind of description of the dose-response
relationshlIP in the underlying study. Calculation of a benchmark dose in this report does not mean that regulation
based on the underlying data is recommended, or even that the underlying data are suitable for regulatory decision-
making. Values for this table were calculated using the probit model by CERHR using Environmental Protection
Agency (EPA) Benchmark Dose Software version 1.3.2.

bSignificantly different from control (P<0.05), Fisher exact test by CERHR.
¢Significant trend across doses, chi-squared test by CERHR.
From McClain et al., 2006 (229).

inflammation was observed at >50 mg/kg/day. In female rats, the study authors reported histopathology
alterations in ovaries and uterus/cervix at >50 mg/kg/day. [Although the authors claimed that squamous
metaplasia of the cervix was increased at >50 mg/kg/day, the tables in the study indicate no such increase
until 500 mg/kg/day.] Histopathological changes in vagina and mammary gland were observed at 500 mg/
kg/day. The types of histopathology findings in female reproductive organs are outlined in Table 65. [The
study authors reported an increase in osteopetrosis in males and females at >50 mg/kg/day; however
it appears that the increase at 50 mg/kg/day was observed only at 26 weeks in females (2/5 females
of the 50 mg/kg/day group and 5/5 females of the 500 mg/kg/day group affected versus 0/5 controls
affected).] Extramedullary hemopoiesis [incidence and severity not indicated] was reported to occur in
the spleen at all doses and was stated to be a compensatory response to decreased bone marrow resulting
from bone thickening. Liver histopathology was observed in males and females at 500 mg/kg/day. Many
of the histopathology observations observed at 52 weeks (i.e., effects in liver, bone, epididymides, prostate,
ovaries, uterus, and vagina) were also observed at 26 weeks. Following the 8-week recovery period,
osteopetrosis in females and epididymal vacuolation were the only persistent histopathological effects
observed at the high dose.

Based on mild hepatic effects consisting of minimal bile duct proliferation and increased y-glutamyl
transferase activity, the study authors identified a NOAEL of 50 mg/kg/day. [It is noted that study
authors indicated an increase in ovarian atrophy and prostate inflammation at 50 mg/kg/day;
it was not explained why the effects were not considered in the selection of a NOAEL.]

McClain et al., 2005 (249) examined the effects of subchronic and chronic genistein exposure on
dogs. In a 4-week and a 52-week study, Beagle dogs were orally dosed with capsules containing
genistein doses of 0, 50, 150, or 500 mg/kg/day. [Funding support not stated, but author affiliations
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Table 65. Treatment-Related Histopathological Effects in Female Rats
Given Genistein in Diet for 52 Weeks (McClain et al., 2006)

Animals Affected/Number Examined
at each Genistein Dose, mg/kg/day

Fatty change in liver 6/20 13/19 17/202 1/19
Bile duct proliferation in liver 0/20 3/19 0/20 6/192
Hepatocellular hypertrophy 0/20 2/19 2/20 10/192
Osteopetrosis 3/20 0/20 3/20 18/202
Mammary gland secretion 1/20 1/1b 0/1b 6/20
Mammary gland proliferation 0/20 0/1° 0/1b 4/20
Ovary bursa dilatation 0/20 2/20 1/20 9/202
Ovarian senile atrophy 11/20 14/20 17/20 18/202
Cornual uterine dilation 1/20 1/20 2/20 3/20
Uterine hydrometra 0/20 0/20 0/20 7/202
Uterine squamous hyperplasia 1/20 4/20 1/20 13/202
Cervical squamous hyperplasia 1/20 0/20 1/20 5/20
Uterine gland squamous metaplasia 1/20 1/20 0/20 5/20
Vaginal mucification 4/20 7/20 4/19 14/192
Vaginal cystic degeneration 3/20 3720 1/19 10/192
Vaginal epithelial hyperplasia 1/20 1/20 1/19 5/19

aSignificantly different from control (P<0.05), Fisher exact test by CERHR.
b[It appears that the authors may have made an error in listing the total numbers of animals examined.]
From McClain et al., 2006 (229)

include Nutritional Products and Hoffmann-La Roche, Ltd.] The purity of genistein was reported
at 99.4-100%. Three dogs/sex/group were dosed in the 4-week study, and the authors stated that 4
dogs/sex/group were dosed in the 52-week study. [Based on the number of dogs reportedly killed
at different time intervals, it appears that the control and high-dose groups in the 52-week study
contained 6 dogs/sex.] Dogs were 5.5—6.5 months of age in the 4-week study and 5—6 months of age
in the 52-week study. The dogs were fed a diet containing soybean meal as a protein source. The diet
was analyzed and found to contain 77.1 ppm total genistein. Based on a daily feed intake of 300 g/dog,
the study authors estimated that dogs would be exposed to an additional intake of total genistein of 23
mg/day or 2.3 mg/kg/day genistein for a 10 kg dog. However, this additional intake was considered
to represent a small amount of the administered genistein doses of 50 to 500 mg/kg/day Body weight
and feed intake were measured, and dogs were examined for viability, behavior, and clinical signs of
toxicity. Ophthalmoscopic examinations were conducted and hematological, clinical chemistry, and
urinalysis parameters were measured prior to testing, at the end of the 4-week study, and every 13
weeks in the 52-week study. In the 4-week study, all dogs were killed following the dosing periods.
In the 52-week study, 2 dogs/sex/group were killed after 13 weeks of treatment and 2 dogs/sex/group
were killed after 52 weeks of treatment. Two dogs/sex from the control and high-dose group were
killed following a 4-week recovery period. At necropsy, organs were weighed and histopathological
examinations were conducted. Toxicokinetic analyses were also conducted in the 4-week study and
are discussed in Section 2.1.2.2. Statistical analyses included Dunnett and/or Steel tests.
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In the 4-week study, the only clinical sign was a dose-related increase in pale feces or feces containing
white particles. The authors speculated that white particles in feces may have been unabsorbed genistein,
but they did not measure genistein levels in feces. Genistein had no effect on survival, body weight
gain, feed intake, ophthalmoscopy findings, clinical chemistry measurements, urinalysis endpoints, or
gross or histopathological alterations in organs. The only hematological finding was a slight decrease
in fibrinogen levels in males of the 150 and 500 mg/kg/day group, but due to the small magnitude of
effect in males and lack of effect in female dogs, the authors did not consider the finding to be treatment-
related. Increases in absolute [119%] and relative [133%] uterine weights in high-dose females were
the only organ weight effect observed. The uterine weight effects did not attain statistical significance.

In the 52-week study, genistein treatment had no effect on survival, body weight gain, feed intake, or
ophthalmoscopy findings. Feces that were pale or contained white specks suspected to be unabsorbed
genistein were observed, but no analyses were done to measure genistein levels in feces. Some statistically
significant effects were observed for hematology and clinical chemistry parameters, but there were
either no dose-response relationships or the findings were noted prior to exposure. Therefore, none of
the hematology or clinical chemistry findings were considered treatment-related by study authors. No
treatment-related effects were reported for urinalysis parameters [data not shown by study authors].
In male dogs, testis weight were markedly decreased in 2/2 dogs of the 500 mg/kg/day group following
13 weeks of treatment [mean 75% decrease in relative weight, not statistically significant] and in
1/4 dogs following 52 weeks of treatment [mean 32% decrease in relative weight, P<0.05]. Uterine
weight was increased in the 500 mg/kg/day group following 13 weeks of exposure [83% increase
in relative weight, not statistically significant] but not following 52 weeks of exposure. A slight
reduction in ovary weight was described in the 150 and 500 mg/kg/day group following 13 weeks of
treatment [14% decrease in relative weight, not statistically significant] and in the 500 mg/kg/day
group following 52 weeks of treatment [20% decrease in relative weight, not statistically significant].
No other organ weight effects were considered treatment-related by study authors, and none of the
organ weight changes persisted through the recovery period. [The Expert Panel noted that changes
in testicular, uterine, and ovarian weights at 13 versus 52 weeks of treatment suggest adaptation.|

Gross organ observations in the 500 mg/kg/day group included decreased size of epididymides, testes,
and/or prostate in 2 of 2 dogs at 13 weeks and in 1 of 4 dogs at 52 weeks. In the 150 mg/kg/day group,
reduced size of epididymis, testis, and/or prostate was observed in 2/2 dogs at 13 weeks but was not
observed at 52 weeks. Decreased ovarian sizes were observed in 1/2 animals of each dose group at
13 weeks. At 52 weeks, thickened mammary glands were observed in 1 control female, 2 females
of the 150 mg/kg/day group, and 1 female in the 500 mg/kg/day group. None of the gross findings
were observed following the recovery period. The authors noted some histopathological findings
in males that they considered treatment related. No cases of testicular, epididymal, or prostatic
atrophy were observed in control dogs or in dogs from the two lower dose groups. In the 500 mg/
kg/day group, testicular atrophy was observed in 2/2 males at 13 weeks and 1/4 males at 52 weeks;
epididymal atrophy was observed in 1/4 dogs at 52 weeks; and prostatic atrophy was observed in 2/4
dogs at 52 weeks. Testicular histopathology was characterized by small tubular diameter, reduced
seminiferous epithelial height, occasional tubules containing only Sertoli cells, vacuolation of tubular
epithelium, and presence of multinuclear giant cells. In epididymides, the epithelium was low in
height and no spermatozoa were present. Prostatic acini were not well developed. No treatment-
related histopathology changes were observed in male dogs following the recovery period. There
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were no treatment-related histopathological findings in females. [Changes in histopathology at 13
versus 52 weeks also suggest adaptation.|

The study authors concluded that the transient effects of high genistein doses on the reproductive
tract of dogs were functional and not considered to be adverse effects. Therefore the study authors
identified a NOAEL of >500 mg/kg/day. [Testicular atrophy and increased uterine weights were
observed at that dose, but adaptation occurred.]

2.2.2 Cardiovascular

Because estrogens have hypocholesterolemic properties and mortality rates for cardiovascular diseases
are lower in populations consuming larger amounts of soy products, isoflavones have been suggested
to be protective against cardiovascular disease. In 1999, after evaluating the literature, the U.S. FDA
approved the following food-labeling health claim, or similar variant, for soy protein in the prevention
of coronary heart disease: “Diets low in saturated fat and cholesterol that include 25 grams of soy
protein a day may reduce the risk of heart disease. One serving of (name of food) provides (insert
amount) grams of soy protein.”

Similar petitions have been approved in 8 other countries including Japan in 1996, the United
Kingdom in 2002, South Africa in 2002, the Philippines in 2004, Brazil in 2005, Indonesia in 2005,
Korea in 2005, and Malaysia in 2006 (reviewed in (250)). The FDA approved the health claim based
on evidence that soy foods as part of a diet low in saturated fat and cholesterol can lower total blood
cholesterol and low density lipoprotein (LDL) levels. In 2003, the UK Committee on Toxicity reached
a similar conclusion: “There is evidence from epidemiological studies and intervention trials that
diets containing soy or soy protein isolates can have a hypocholesteromic effect in humans™ (3). Both
the FDA and UK Committee on Toxicity concluded that there was no conclusive evidence that the
hypocholesterolemic properties of soy products are due to isoflavones. [On December 21, 2007, the
FDA announced its intent to reevaluate the scientific evidence for the authorized unqualified
health claim for soy protein and risk of CHD issued in 1999 (251). As of August 2009, this issue
is still under review at the FDA.]

In August 2005, the American Heart Association (AHA) Nutrition Committee approved a science
advisory statement on soy protein, isoflavones, and cardiovascular health (252) that concluded
“Earlier research indicating that soy protein as compared with other proteins has clinically important
favorable effects on LDL cholesterol and other CVD risk factors has not been confirmed by many
studies reported during the past 10 years.” This statement was based on a reevaluation of the 2000
conclusion reached by the AHA Nutrition Committee that “it is prudent to recommend including soy
protein foods in a diet low in saturated fat and cholesterol.” The AHA revisited its initial conclusion
because of the number of well-controlled, randomized trials that have been conducted on soy protein
or soy-derived isoflavones since approval of the 2000 statement.

The AHA separately considered studies that used soy protein with isoflavones (n=22), soy protein
removed of isoflavones (n=7), and studies that compared soy protein with and without isoflavones
or administered isoflavones in pill form (n=19). Based on the 22 randomized trials of soy protein
with isoflavones, the AHA concluded that very large amounts of soy protein were required to achieve
reductions of a few percentage points in LDL cholesterol concentrations, the average effect was 3%,
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when soy protein replaced dairy protein or a mixture of animal proteins in the diet. The AHA considered
the reduction in LDL to be quite small in relation to the amounts of soy protein used in the studies,
more than half the daily protein intake, and noted that the data were mainly obtained from individuals
with high cholesterol (252, 253). The studies provided no evidence that soy protein consumption had
beneficial effects on HDL cholesterol, triglycerides, lipoprotein(a), or blood pressure. The range of
soy protein used in the 22 studies was 25 to 135 g/d and the range of isoflavones was 40 to 318 mg.
The AHA also reviewed 7 trials with soy protein removed of isoflavones. These studies were designed
specifically to distinguish between effects of the soy protein versus the isoflavones. These studies
supported an effect of the protein, but not the isoflavones, on LDL cholesterol, an average decrease of
1 to 2% was calculated across all 7 studies. Studies that reported greater decreases in LDL cholesterol
of 2 to 7% required daily consumption of large amounts of soy protein, 50 to 55g. From the 19 studies
that allowed assessment of soy isoflavones, the AHA concluded the average effect on LDL cholesterol
and other lipid risk factors was zero. The dose range of isoflavones used was 52 to 318 mg. While
the AHA Nutrition Committee could not conclude that soy protein offered benefit compared to other
proteins, the committee felt that “soy products should be beneficial to cardiovascular and overall
health because of their high content of polyunsaturated fats, fiber, vitamins, and minerals and low
content of saturated fat”(252).

The cardiovascular effects of soy were also evaluated in a report prepared by Balk et al., 2005
(80) for the Agency for Health Care Research and Quality (AHRQ) of the Department of Health
and Human Services. While the 2005 AHA science advisory was based on the more recent studies,
the report by Balk et al., 2005 also considered the older literature. More than half of the studies
included in the evaluation were considered by the technical panel to be of poor quality, i.e., use of
single-cohorts, high or unequal drop-out rates between groups, inadequate accounting for important
confounders, missing data, improper statistical analysis, etc. Overall, Balk ef al., 2005 concluded that
soy may have a small effect on lipids. The median net change compared to controls in 61 studies that
reported data on the effect of consuming soy products and total cholesterol was approximately ~5 mg/
dL decrease (~2.5%). Results from meta-analysis related to LDL levels indicated a “...statistically,
though not clinically, significant net decrease of 5 mg/dL (approximately 3%).” For triglycerides,
a statistically significant net decrease of 8§ mg/dL (~6%) was reported from the meta-analysis. No
significant changes in HDL were found in the meta-analysis. Similarly, no effects were discernable
for systolic or diastolic blood pressure, lipoprotein(a), C-reactive protein, homocystein, endothelial
function, systemic arterial compliance, and oxidized LDL.

Cooke, 2006 (254) published a review on animal models used to investigate the health benefits of
soy isoflavones. [Funding support not stated but author is affiliated with Health Canada, Health
Products and Food Directorate and the University of Ottawa.] For cardiovascular effects, he
reviewed studies in monkeys, rabbits, rats, mice, and hamsters. Cooke’s overall conclusion was that the
lipid-lowering effects of isoflavones have been established, but of less efficacy than thought previously.

2.2.3 Thyroid

Concerns about thyroid toxicity of genistein arose in the 1930s when goiters were observed in rats
fed soybeans (reviewed in (3, 255)). In the 1950s and 1960s, cases of altered thyroid function, mostly
goiter, were reported in infants fed soy formula. The problem was eliminated by adding more iodine
to the formulas and replacing soy flour with soy protein isolate. Although the early reports of goiter in
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infants fed soy formula have mostly ceased since manufactures began supplementing soy formula with
iodine in 19599 there is still concern that use of soy formula in infants with congenital hypothyroidism
may decrease the effectiveness of thyroid hormone replacement therapy, i.e., L-thyroxin (255, 257).
There are several reports of infants with congenital hypothyroidism on treatment with thyroid hormone
medication who display persistent hypothyroidism despite thyroxin treatment when consuming soy
food or who require a reduction in the amount of L-thyroxin required to maintain a euthyroid state
upon withdrawal of soy formula (reviewed in (257). The New Zealand Ministry of Health (MOH)
recommends that clinicians treating infants with hypothyroidism who consume soy-based infant
formula closely monitor the doses of thyroxin required to maintain a euthyroid state (258). In addition,
the MOH recommends that clinicians treating children for medical conditions who consume a soy-
based infant formula be assessed for thyroid function if there are concerns for unsatisfactory growth
and development. A 2003 report prepared by the Committee on Toxicity of Chemicals in Food,
Consumer Products and the Environment (3) concluded that it is possible that the isoflavone content
in soy-based infant formula may have the capacity to inhibit thyroid function in infants, although
it was not established whether the concentrations of unconjugated isoflavones in these infants are
sufficiently high to influence thyroid function.

In November 2006, the Senate Commission on Food Safety (SKLM) of the German Research Foundation
adopted an opinion on isoflavones as phytoestrogens in food supplements and dietary foods for special
medical purposes, €.g., alternative to hormone replacement therapy in post-menopausal women (259).
The focus of the SKLLM evaluation was on the safety of these isoflavone products. Overall, they concluded
that the safety of these preparations could not be derived from the traditional use of soy-based foods in
Asian countries. With respect to thyroid effects, the SKLM reviewed epidemiological and clinical data
and concluded that the consumption of soy foods is unlikely to have an adverse effect on the thyroid
gland if iodine intake is sufficient. Similarly, Messina and Redmond, 2006 (257) reviewed 14 human
trials and concluded that the literature provided little evidence that soy foods or isoflavones adversely
affect thyroid function in people with normal thyroid function and sufficient iodine intake.

Balk et al., 2005 (80) reviewed six randomized trials, including 4 with cross-over design, that reported
the effect of soy on thyroid stimulating hormone (TSH) in post-menopausal women (4 studies), pre-
menopausal women (1 study), or men (1 study). The technical panel that participated in the Balk et al.,
2005 review considered the studies to be of poor to moderate quality with mostly limited applicability
to post-menopausal women. The duration of the studies ranged from 4 to 24 weeks. Only one study
reported a statistically significant increase for TSH level in postmenopausal women. Although most of
the studies in postmenopausal women showed a trend for TSH increase, this result was not consistent for
all soy arms. The study in men reported a non-significant decrease in TSH for all the soy arms. Balk et
al., 2005 concluded that no overall effect of soy on TSH and thyroid function is clear. Limited evidence
suggests a possible small increase in TSH level with consumption of soy products by post-menopausal
women. However, the only trial with men reported a decrease in TSH level with soy consumption. These
differences were small and not expected to have a clinical effect on thyroid function.

A 1991 study of Japanese men is often cited as evidence that soy isoflavones can impact thyroid
function in healthy subjects. In this study, Japanese men fed 30 g soybeans/day for 1 or 3 months

9 In 1998, the New Zealand Ministry of Health noted one case report published by Labib et al., [256]
on thyroid abnormalities associated with soy-based infant formula since iodine supplementation.
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reported signs of thyroid toxicity including increased thyroid-stimulating hormone levels (TSH),
decreased thyroxine, and diffuse goiter (Ishizuki et al., 1991 reviewed in (3; 255)). Symptoms of
constipation, fatigue, and lethargy were observed in about half the subjects treated for 3 months.
Recovery was observed following cessation of the soybean diet. Based on levels of isoflavones in
Japanese soybeans, Fitzpatrick, 2000 (255) estimated intakes of 23 mg/day genistein (0.33 mg/kg
for a 70-kg adult) and 10 mg/day daidzein (0.14 mg/kg for a 70-kg adult). Other studies in humans
ingesting up to 132 mg/day isoflavones, through soy consumption in most cases, reported small and
variable effects on thyroid hormone levels that the study authors generally did not consider clinically
significant (reviewed in (3)). Thus, the Ishizuki et al., 1991 study has been considered an outlier in
the literature on soy consumption and thyroid function in healthy adults. The review by Messina and
Redmond, 2006 (257) noted a number of experimental weaknesses in the Ishizuki ez al., 1991 study.
Specifically, the study did not include a control group and did not provide an adequate description
of the soy product fed to participants. In addition, Messina and Redmond considered it biologically
implausible that the relatively small amounts of soy protein and isoflavones used in this study could
result in marked antithyroid and goitrogenic effects in a population that regularly consumes soy but
does not have a high incidence of goiter.

Anumber of studies in humans have been published since the previous CERHR evaluations of genistein
and soy formula that include an assessment of the thyroid. Studies involving infants or children are
presented in chapter 3 and studies in adults are briefly described here. Dillingham et al., 2007 (260)
reported no effects on serum T3, free T3, total T4, free T4, TSH, or TBG in 35 healthy young men
(aged >20 years) who consumed either a milk protein, low-isoflavone protein, or high-isoflavone
protein isolate for a period of ~ 2 months. Hampl ef al., 2008 (261) assessed the short-term effects
on thyroid hormones resulting from consumption of unprocessed boiled soybean consumption over a
7-day period (2 g/kg body weight/day) in male (n=32) and female (n=54) university students. In men,
but not women, consumption of the soybeans was associated with a significant increase in TSH. The
authors also reported several significant associations between serum levels of unconjugated daidzein
and thyroid hormones but no significant associations with serum levels of unconjugated genistein.
Significant associations were reported between serum levels of unconjugated daidzein basal levels
of daidzein and thyrotropin in men, daidzein and antithyroglobulin at the end of the 7-day period in
men, and between daidzein and free thyroxin at the end of the soy consumption period in women.
Overall, the authors considered these effects modest and transitory.

While the SKLM and other reviews cited above generally conclude that the consumption of soy foods
is unlikely to have an adverse effect on the thyroid gland if iodine intake is sufficient, the SKI.M report
also concluded that data from animal experiments suggested that high intake of isoflavones may cause
adverse effects in situations where there is an iodine deficiency or hypoactivity of the thyroid gland.
For example, evidence of thyroid toxicity (e.g., increases in thyroid weight and thyroid-releasing
hormone level, decreased thyroxin level, and histological changes) was observed in iodine-deficient
rats fed soybeans, but there was no effect when rats were fed soy providing genistein concentrations
of 60 mg/kg diet or isoflavones at <2000 mg/kg diet (reviewed in (3)). One study of iodine-deficient
female rats fed soybeans reported an increase in thyroid carcinoma (Kimura et al., 1976 as reviewed
by the UK Committee on Toxicity, 2003 (3)) , but no evidence of carcinogenicity was observed in a
second study examining effects of genistein intake (<250 mg/kg diet) in rats (Son et al., 2000a and
2000b as reviewed by the UK Committee on Toxicity, 2003 (3)).
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Because the incidence of subclinical hypothyroidism increases with age, occurring in ~ 10% of women
over the age of 55, the SKLLM considered post-menopausal women taking isoflavone-containing food
supplements at risk for potential side-effects on thyroid function. Other potentially at risk populations
identified by the SKLM included people born without a functioning thyroid gland or those who have
their thyroid glands partially or completely removed due to the presence of a thyroid tumor or a
Morbus Basedow-type hyperthyroidism (also referred to as Grave’s disease). Conclusions presented
in reviews by Fitzpatrick, 2000 (255), Messina and Redmond, 2006 (257), Doerge and Chang, 2002
(262) and the UK Committee on Toxicity (3) also recognize that individuals with hypothyroidism
and/or inadequate iodine intake may be more susceptible to thyroid effects following soy intake or
that soy may interfere with medications used to treat thyroid hormone conditions.

Several targets of isoflavones in the thyroid hormone system have been identified. A number of in vitro
and in vivo studies show that soy isoflavones can act as competitive substrates for thyroid peroxidase
(TPO), an enzyme found in thyroid follicle cells that catalyzes two reactions required for thyroid
hormone synthesis (reviewed in Doerge and Chang, 2002 (262)). In vitro studies show that genistein,
daidzein, and genistin (to a much lower extent) have the ability to inhibit TPO-catalyzed reactions.
Genistein in combination with hydrogen peroxide inhibited activity of TPO obtained from cows, pigs,
rats, and humans (reviewed in (73)). In the absence of iodine, genistein can cause irreversible loss of
enzyme activity. Doerge and Chang, 2002 suggested the loss of activity could occur through genistein
interactions with reactive TPO intermediates and the subsequent formation of reactive isoflavone
radicals which combine to create a covalently modified form of the enzyme. In the presence of iodine,
they act as competitive substrates for tyrosine iodination; thus iodine can mitigate genistein-mediated
loss of TPO activity. Fitzgerald, 2000 reviewed this literature and noted that genistein appears to be a
more potent inhibitor of TPO than the anti-thyroid drugs methimazole and 6-propylthiouracil (255).

The predicted effects in vivo from TPO inhibition would be reduced concentrations of thyroid hormone
and increased production of TSH. Studies conducted at the National Center for Toxicological Research
(NCTR) involving administration of genistein or soy to rats show that inhibition of TPO activity can
also be observed in vivo, including at administered dose levels of genistein that result in blood levels
of total genistein similar to those observed in various human populations (Chang and Doerge, 2000
as reviewed in Doerge and Chang, 2002 (262)). However, the predicted decreases in T3/T4 and
increased TSH were not observed in either the genistein or soy-fed rats. In addition, no differences in
thyroid weight or histopathology were observed at the highest dose tested in a separate study with the
same experimental design. These findings, coupled with studies by other investigators using iodine-
deficient rodent models, suggest that impaired thyroid function, e.g., iodine deficiency, is necessary
for soy to exert anti-thyroid effects in rats in vivo. A study by Ikeda et al., 2000 (reviewed in (262))
reported that whole soy, as opposed to individual isoflavones, was required to produce a hypothyroid
state in rats under conditions of iodine insufficiency.

In addition to TPO inhibition, other mechanistic targets have been identified that may contribute to
understanding the reported effects of soy on thyroid function (reviewed in (259)). Isoflavones can inhibit
sulfotransferases which are involved in the inactivation and elimination of thyroid hormones as well as the
reutilization of iodine in the thyroid gland (Ebmeier and Anderson, 2004 as reviewed in Eisenbrand 2007
(259)). In addition, genistein and other isoflavones have been shown in vitro to be inhibitors of the binding
of T3 and T4 to the thyroid-hormone transport protein transthyretin (TTR) ((263; 264) reviewed in (259))
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. Radovic et al., 2006 (264) reported that genistein was a strong competitor for TTR, showing a binding
affinity comparable to that of labeled T4. Reviews by Xiao et al., 2006 and 2008 (265, 266) summarized
research from their lab found that rats dosed with soy protein isolate, but not isolated isoflavones, had
significantly increased liver content of thyroid receptor b1 protein, a key regulator of lipid metabolism.
Other tissues and other isoforms of the thyroid receptor were not altered, suggesting the effects are tissue-
and isoforms-specific. There is also an in vitro study reporting that genistein can induce proliferation in
thyroid cancer cells through G protein-coupled receptor (GPR30) and mitogen-activated protein kinase
(MAPK) pathways (267). There is also data indicating that genistein can affect thyroid hormone function
in non-mammalian experimental models. In amphibians, tadpole tail reabsorption is controlled by thyroid
hormones and Ji et al., 2007 (268) showed that genistein can inhibit T3-induced tail regression in organ
culture. Because tyrosine phosphorylation is important in this metamorphic event, the authors conducted
experiments to evaluate phosphorylation signaling pathways and concluded that genistein could be causing
the inhibitory effect on tail reabsorption due to its known activity as a tyrosine kinase inhibitor.

2.2.4 Allergy and Immunology

The prevalence of soy allergy in infants and children is estimated to be 0.3 to 0.4% and it is commonly
cited as one of the eight most common contributors to IgE-mediated food allergies in children, along
with cow’s milk, hen’s eggs, peanuts, tree nuts (and seeds), wheat, fish, and shellfish (269, 270). A
recent review by Zuidmeer et al., 2008 (271) similarly reported soy allergy prevalence below 1%
regardless of method used to assess or age group, although higher prevalence estimates of ~3% were
reported in a number of Swedish papers included in the review. Allergic reactions to soy are most
commonly manifest as hives, atopic dermatitis, and gastrointestinal symptoms although there are rare
reports of severe anaphylaxis in children. Soy is also a main causative allergen in infants with food
protein-induced gastrointestinal syndromes (FPIES), although infants with FPIES commonly have
multiple food allergies (270). Young children who have hypersensitivity to a number of food products,
including soy, may be at increased risk of developing atopic dermatitis (272). In contrast to allergies
to peanuts and shellfish, soy allergy generally does not persist and many children develop tolerance
by shecol age and ~ 85% of children with IgE-mediated allergies to soy will outgrow them by the age
of three (269; 270). One study in adults with a history of soy allergy reported wide variability in the
amount of soy, 10 mg to 50 g, required to induce “subjective” indications of allergic response (273).

The American Academy of Pediatricians (AAP) does not recommend soy during the first year of
life as a strategy to prevent the development of allergies to other foods in infants at high risk for
developing food allergies (42). After reviewing the literature, the AAP and others have concluded
that use of soy formula is not effective at preventing the development of allergies in later infancy and
childhood in infants at high risk of developing food allergies when compared to cow’s milk-based
formula (42, 274). In addition, while most children with IgE-mediated cow’s milk allergy tolerate
soy, there is a ~ 10% to 14% crossover rate with soy allergy (42). The crossover rate of allergenicity
may be higher in cases of non-IgE-mediated cow’s milk allergy (35). However, approximately 98%
of children with cow’s milk allergy are able to tolerate an extensively hydrolyzed cow milk formula
(269). These types of observations led the AAP to recommend hydrolyzed or extensively hydrolyzed
formula instead of a soy-based formula in infants with cow’s milk allergy.

Similarly, the ESPGHAN Committee on Nutrition expressed a preference for the use of an infant

formula based on extensively hydrolyzed proteins (or amino acid preparations if hydrolysates are
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not tolerated) over a soy protein formula in the treatment of cow’s milk protein allergy (36). The
Committee concluded that soy protein formula should not be used in infants with food allergy during
the first 6 months of life. After that point, if soy protein formula was being considered based on factors
such as lower cost and better acceptance, tolerance to soy protein should first be established by clinical
challenge. The Committee concluded that soy protein formulae did not have a protective role in the
prevention of allergic diseases.

In 2008, an Australian consensus panel developed an opinion on guidelines for use of infant formulas
to treat cow’s milk protein allergy (275). [Meeting teleconferences and face-to-face meetings were
funded by SHS/Nutricia, a medical nutrition company that produces infant formulas, including
amino-acid based, hypoallergenic formulas. While none of the authors of the consensus panel
were compensated in exchange for their participation, a number of the authors had relationships
with Nutricia or other producers of infant formula that ranged from speaker fees, honoraria,
membership on advisory committees, or support for research.] Their overall conclusions were:

1. Three types of infant formula (soy, extensively hydrolysed and amino acid) may be appropriate
for treating cow’s milk protein allergy.

2. Selection of a formula depends on the allergy syndrome to be treated.

3. Extensively hydrolysed formula is recommended as first choice for infants under 6 months of age
for treating immediate cow’s milk allergy (non-anaphylactic), food protein-induced enterocolitis
syndrome, atopic eczema, gastrointestinal symptoms and food protein-induced proctocolitis.

4. Soy formula is recommended as first choice for infants over 6 months of age with immediate
food reactions, and for those with gastrointestinal symptoms or atopic dermatitis in the absence
of failure to thrive.

5. Amino acid formula is recommended as first choice in anaphylaxis and eosinophilic oesophagitis.

6. Iftreatment with the initial formulais not successful, use of an alternative formula is recommended.

Estrogens are known to be important in the normal development of the immune system as well as
implicated in a variety of immune disorders (276, 277)). A large number of studies have reported
that genistein has inhibitory effects on immune cell function in vitro (reviewed in (277; 278)). These
findings, especially those occurring at high concentrations, may be difficult to extrapolate to lower
concentration effects because genistein is known to inhibit tyrosine kinases, enzymes involved in many
facets of immunological signaling, at supraphysiological concentrations, generally on the order of >100
pmol/L. In vivo findings in laboratory animals exposed to genistein as adults include altered thymic
size, thymocyte apoptosis, decreased CD4+ thymocytes or no change in thymic cellularity, decreased
humoral and cell-mediated immunity, prolonged cardiac allograft survival, decreased production of
the cytokine IFN-y, lower IFN-y response to bacterial infection, increased host tumor resistance,
increased IL-2 stimulated NK cell activity, increased basal splenocyte proliferation, and decreased
Con-A activated splenocyte proliferation (based on 5 studies in adult animals reviewed in (277)).

2.2.5 Menopausal Symptoms

Vasomotor symptoms are a common complaint for menopausal women. Eighty per cent of all
menopausal women will have hot flushes and night sweats, and of these 9% will have severe symptoms
impacting their quality of life (279). For most women, vasomotor symptoms spontaneously resolve in
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3 - 5 years. The frequency of these symptoms can vary by culture and estimates of hot flash incidence
are far lower in Asian countries compared to Western countries. One estimate is that between 70—80
% of women in the U.S. and Europe report having hot flashes, compared to 10-20 % of women in
Japan, Singapore and China (reviewed in (280)). Suggested explanations for the differences in hot
flash incidence include variation in isoflavone intake from traditional diets and/or a cultural reluctance
of Asian women to discuss the topic.

Balk et al., 2005 (80) reviewed human studies that assessed the effects of soy and/or soy isoflavones on
menopausal symptoms. The majority of these trials studied vasomotor symptoms such as hot flashes
and night sweats. However, a number of the studies also included assessment of depression, anxiety,
insomnia, palpitations, and loss of libido. Conducting a meta-analysis on the studies was considered
inappropriate because of the wide variety of indices used to measure vasomotor symptoms. In general,
Balk et al., 2005 concluded that the literature on the effects of soy protein and/or its isoflavones
on menopausal symptoms were inconsistent and difficult to interpret. For example, placebo effects
were observed in all the human trials such that decreases in hot flash indices were reported in both
the treatment and control groups. Approximately a third of the studies in post-menopausal women
found no effect on hot flashes or a worsening effect compared to control. The remaining two-thirds
showed either statistically non-significant or significant decreases in hot flashes. Indication for a
beneficial effect was stronger in the randomized trials with isoflavone supplements, reductions in
hot flash frequency of 7 to 40%, but most of these studies were considered of poor quality due to
high dropout rates that were often uneven between soy treatment and control groups. The overall
conclusion presented in Balk et al., 2005 was that “soy isoflavone supplements might reduce hot
flashes in symptomatic post-menopausal women, compared to placebo.”

Four studies evaluating soy consumption and symptoms of menopause in peri-menopausal women
or those receiving breast cancer therapy were evaluated by Balk et al., 2005. These studies did
not provide evidence that soy and/or its isoflavones provided a reduction in vasomotor symptoms
compared to control, the changes in symptoms reported in these studies ranged from -77% to +23%.

The American Heart Association also considered the literature on soy isoflavones and improvement
of menopausal vasomotor symptoms in its 2006 science advisory statement (252). Less than a third
of the studies reviewed reported modest improvements in hot flashes with the longest studies showing
no benefit of isoflavone treatment. Reductions in hot flashes on the order of 40 to 60% were reported
in the placebo or control groups in the reviewed studies. The overall AHA conclusion was that “...it
seems unlikely that soy isoflavones have enough estrogenic activity to have an important impact on
vasomotor symptoms of estrogen deficiency in peripausal women.” The UK Committee on Toxicity
report from 2003 similarly concluded that the literature on soy-based products or isoflavones to
relieve menopausal symptoms was inconclusive and equivocal as the beneficial results were often
not statistically significant and strong placebo responses were noted (3). Of the 12 studies reviewed
by the Committee, half reported that soy diets or isoflavone supplementation reduced the frequency
of hot flashes, and the other half reported no effect on hot flashes.

Several other reviews suggest that the literature evaluations that do not discriminate between the identities
of individual isoflavones in the study product may be misleading. In 2006, staff of the Archer Daniels
Midland Company, a major producer of isoflavone supplement products, identified and reviewed 11
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studies where the isoflavone-containing supplement was well characterized (281). All 11 studies contained
similar total isoflavone levels but varied in genistein content (calculated as aglycone equivalents). All 5
studies that used study products containing > 15 mg genistein reported statistically significant decreases
in hot flash symptoms whereas only one of 6 studies that used a study product containing less than 15
mg genistein reported a significant decrease in hot flash. This evaluation led the authors to conclude that
reduction in hot flashes appear to be related to genistein dose and not total isoflavone content.

The consensus view on soybean phytoestrogens in clinical interventions in post-menopausal women was
presented Cassidy et al., 2006 (145). [There was no declaration of conflict of interests by the author in
the consensus report. One author was affiliated with Nestle, a manufacturer of soy infant formula
and other soy products.] The consensus panel concluded that there was limited evidence that soy protein
isolate (SPI), soybean foods, or red-clover extract are effective in reducing symptoms of menopause. The
strongest indication for an effect was based on reports of reductions in hot flashes in 6 of 8 studies that
used isolated isoflavones or purified genistein. Based on these studies, Cassidy et al., 2006 concluded that
soy bean isoflavones may reduce hot flashes although they appear less effective than reductions observed
with hormone-replacement therapy and similar to other non-hormonal pharmacological therapies.

2.2.6 Bone Density

Declines in bone-mineral density accelerate during late perimenopause and the first years following
menopause with reported yearly declines of 1 to 2.3%, with larger rates of decline reported for women
in the lower tertile of body weight (282). At this pace over a 5-year span, the average woman’s bone
mineral density would decline in the spine and hip to amounts that are associated with 50—100%
higher fracture rates. Because the loss of bone mineral density may be the result of reduced estrogen,
a number large number of studies in experimental animals and humans have assessed whether soy
protein or soy isoflavones have beneficial effects on bone health (3, 7145).

Liu et al., 2009 (283), supported by Sun Yat-sen University, Guangzhou, China, conducted a meta-
analysis randomized clinical trials that were published from between January 1990 and March 2008
and that included soy isoflavone supplementation in women for at least one year. The main outcomes
were bone mineral density (BMD) changes from baseline at the lumbar spine, total hip, and femoral
neck. Ten studies containing 896 women were identified. A major limitation of the meta-analysis was
the large differences between studies on soy isoflavone effects and BMD at the lumbar spine and
femoral neck which may be the result of differences in both the doses of soy isoflavones used and
study quality. The results of the meta-analysis showed that ingestion of an average dose of 87 mg soy
isoflavones for at least one year did not significantly affect BMD with mean differences of 0.4% at
the lumbar spine, -0.3% at the femoral neck and 0.2% at the total hip. The authors reported similar
findings when analyses were based on isoflavone source (soy protein versus isoflavone extract),
ethnicity (Asian versus Western). Larger doses of isoflavones (>80 mg/d) appeared to have weak
beneficial effects on spine BMD, P=0.08. Overall, the authors concluded that soy isoflavones were
unlikely to have beneficial effects on BMC at the lumbar spine and hip in women.

Balketal.,2005 (80) reviewed 31 human studies that included assessment of bone health, including bone
mineral density (BMD), bone formation markers (bone specific alkaline phosphatase and osteocalcin)
or bone resorption biomarkers (urinary hydroxyproline, urinary cross-linked N-telopeptide, urinary
pyridinoline, and urinary deoxypyridinoline). Overall, the limited availability of long-term randomized
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trials and wide variety of soy interventions used made drawing a reliable overall conclusion difficult.
In general, no significant effects on bone mineral density or bone formation markers were reported
when compared to control groups. No consistent effects were evident between soy protein with
isoflavones and soy protein isolated of isoflavones. For bone resorption biomarkers, non-significant or
inconsistent effects were reported. Although a number of studies reported reductions in two markers
of bone resorption, urinary pyridinoline and deoxypyridinoline, other markers of bone resorption
were not affected and the effects were not consistent across studies. There was also no indication of a
dose effect for soy protein or soy isoflavones for these measures. Balk et al., 2005 cited a study that
used 54 mg tablets of purified genistein as the only studied included in the evaluation that reported
consistent effects of bone measures, i.e., increased bone mineral denisity, increased markers of bone
formation, and reduction on markers of bone resorption. Balk et al., 2005 noted that the women in this
study had a baseline measure of bone mineral density in the femoral neck that was lower than ~50%
of the general population. In addition, this study used a purified preparation of genistein whereas most
of the other studies used soy protein or soy isoflavone extracts.

The American Heart Association also reviewed a number of clinical trials that included assessment of
bone loss (252). They noted that the existing clinical trials generally had insufficient duration and size
and had variable results. The results from studies with soy isoflavones were inconsistent with some
showing beneficial effects such as reductions in bone loss and others not showing beneficial effects.
The studies that showed beneficial effects were often internally inconsistent. For example, showing
benefit in the spine but not the hip or improved bone mineral content without a change in bone mineral
density. The longest study in cynamolgus monkeys, 3-years, showed the increased bone mineral density
and content with estrogen replacement therapy but no effect on slowing bone loss with soy isoflavones.

The consensus opinion presented in Cassidy et al., 2006 (145) was for a suggestion, but no conclusive
evidence, that isoflavones had beneficial effects on bone health. Six human studies met the inclusion
criteria of the working group. Two of the 3 studies that used soy bean isoflavone extract or pure
genistein reported “suggestive” effects on bone mineral density while 1 of the 3 studies of soy protein
isolate showed an effect. They concluded that further long-term studies of more than 1-year duration
would help clarify the effects on bone.

Epidemiologic studies reviewed by the UK Committee on Toxicity (3) reported higher bone mass in
populations consuming more soy products. Clinical data in humans are limited to relatively short-
term studies and intervention trials that report inconsistent outcomes. A small number (~6) of short-
term intervention studies in humans consistently demonstrated small but statistically significant soy-
associated increases in bone mineral density in the lumbar spine. Other studies examining effects at
other sites produced equivocal findings, with some reporting beneficial effects on bone mineral density
and others reporting no effect. The UK Committee on Toxicity stated that long-term studies are needed
before conclusions can be made about the effectiveness of phytoestrogens in improving bone health.

Experimental animal studies reviewed by the UK Committee on Toxicity (3) consistently demonstrated
that soy isoflavones prevented bone loss in ovariectomized rodents. [The Expert Panel noted that
many studies of bone health and genistein were performed with genistein given immediately
following ovariectomy. In contrast, women are often post-menopausal for a period of 2 years
prior to genistein intake, which may result in loss of estrogen receptor (ER).] Cooke, 2006 (254)
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published a review on animal models used to investigate the health benefits of soy isoflavones and
concluded that studies in monkeys, rats, and mice do not show a consistent benefit of isoflavones
in preventing osteoporosis. However, Cooke noted the studies typically involved ovariectomized
animals which may not be good models for menopausal women because ovariectomy results in a
sudden drop in estradiol levels whereas hormonal changes are more gradual during menopause.

2.2.7 Reproductive Hormones and Function

Testosterone

Balk et al., 2005 (80) reviewed 47 publications that included endocrine measurements. Five studies, 3
randomized controlled trials and 2 cohort studies, included assessment of testosterone in healthy men
before and after consumption of soy protein (as isolate or in food) or pure soy isoflavones. Four of the 5
studies reported non-significant decreases in testosterone levels, a pattern which was interpreted as limited
evidence to suggest a possible trend to lower risk of prostate cancer with consumption of soy products by
men. The studies were considered generally too small and of poor quality to make meaningful conclusions.

Follicle Stimulating Hormone (FSH)

Balketal.,2005 (80) reviewed two studies, 1 randomized controlled trial and 1 cohort study, that investigated
the effect of isolated soy protein or pure soy isoflavones on FSH levels among males. Overall, evidence
was conflicting on the effect on FSH of soy product consumption by men. Six studies, 2 randomized
controlled trials and 4 cohort studies, were reviewed that investigated the effect of consumption of soy
protein or pure soy isoflavones on FSH levels in premenopausal women. A larger number of studies
were available for post-menopausal women. The sixteen studies reviewed by Balk et al., 2005 (80), 14
randomized controlled trials and 2 cohort studies, presented conflicting evidence on the effect of soy
consumption on FSH levels among post-menopausal women. All the studies that included assessment of
FSH were considered to be of generally poor to moderate quality and of limited applicability. In addition,
there was insufficient evidence to compare effect based on differences in types or doses of soy products.

Estradiol

Balk et al., 2005 (80) reviewed a total of 26 studies on estradiol and soy and conducted separate analyses
for pre- and post-menopausal women. Twelve studies on estradiol levels in 434 pre-menopausal women.
The studies, six randomized controlled trials, 1 non-randomized controlled trial, and 5 cohort studies,
were generally considered to be of poor quality and limited applicability. The overall effect of soy on
estradiol levels was not consistent. Most of the studies showed a trend for soy in reducing estradiol,
although they failed to demonstrate a significant effect. Fourteen studies, 10 randomized controlled trials
and 4 cohort studies, investigated the effect of isolated soy protein or pure soy isoflavones on E2 levels
among post-menopausal women. The studies were judged by the technical panel to be of generally poor
to moderate quality and limited to moderate applicability. As was the case for pre-menopausal women,
the evidence in post-menopausal women was considered conflicting. There was insufficient evidence
on the different types or doses of soy products to compare their relative effectiveness.

In vitro studies suggest that genistein can inhibit the enzymes aromatase (involved in estrogen
production), Sa-reductase (involved in testosterone metabolism), and 17B-hydroxysteroid
dehydrogenase Type I (involved in the biosynthetic pathway from cholesterol to the sex steroids)
(reviewed in (3, 108)). However, the effects were not consistently reproduced in whole-animal studies.
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Whitten and Patisaul (/08) noted that two studies in male rats fed phytoestrogens found no effect
on brain aromatase activity, while one of the studies reported unspecified changes in 5Sa-reductase
activity in the amygdala and preoptic area. It has also been reported that genistein inhibits CYP1A1,
an enzyme that degrades 17f-estradiol, in a mouse hepatoma cell culture (284).

It has also been suggested that isoflavones can alter circulating levels of estrogen and testosterone
through their actions on sex hormone-binding globulin, a plasma protein that limits the free
concentrations available for cell uptake and implementation of biological effects (3). One theory is
that isoflavones can inhibit binding of estrogens or androgens to sex hormone-binding globulin, thus
increasing circulating levels of free hormones. The other theory is that isoflavones can increase synthesis
of sex hormone-binding globulin, thus reducing circulating levels of free estrogens and androgens.
Whitten and Patisaul (/08) noted that studies examining binding affinities of phytoestrogens with sex
hormone-binding globulin have produced inconsistent results. The UK Committee on Toxicity (3) noted
that genistein binds weakly to sex hormone-binding globulin and concluded that phytoestrogens are
unlikely to prevent binding of estrogen or androgens at genistein levels found in blood (<5 uM [<1351
ng/L]). In vitro studies demonstrated that genistein (=5 uM [<1351 pg/L]) increases synthesis of sex
hormone-binding globulin (3). However, studies in humans given isoflavones reported inconsistent
effects on sex hormone-binding globulin synthesis (3; 7/08). One study reviewed by Kurzer (285)
suggested that effects on estrogens and androgens mediated by sex hormone-binding globulin may
be related to the ability to produce the daidzein metabolite equol, which is present in 30—40% of
individuals. In that study, reduced androgen and estrogen levels and increased sex hormone-binding
globulin concentrations were observed in premenopausal women who excreted equol.

A study released subsequent to the reviews examined the effects of genistein and other isoflavones on
in vitro glucuronidation of 17B-estradiol (286). Microsomes were obtained from the liver of a 63-year-
old male and incubated with 17B-estradiol alone or together with genistein, daidzein, or glycitein.
Formation of estradiol 3-glucuronide (catalyzed by UGT1A1) and estradiol 17-glucuronide (catalyzed
by UGT2B7) were measured by HPLC. Genistein inhibited formation of estradiol 3-glucuronide [by
~80%] but had no effect on formation of estradiol 17-glucuronide. In contrast, daidzein stimulated
production of estradiol 3-glucuronide by ~50% but inhibited formation of estradiol 17-glucuronide
by ~15%. The effects of glycitein were similar to those of daidzein. Results were confirmed using
genetically engineered Sf-9 insect cells expressing UGTIA1, which is involved in the formation of
the 3-glucuronide. [Concentrations of isoflavones and 17f-estradiol used in the studies were
not reported, which makes interpretation of data difficult, as shown by an examination of
dose-response relationships for daidzein.] At a concentration of 25 puM 17-estradiol, maximum
stimulation of estradiol 3-glucuronide production was observed with daidzein concentrations of 5—50
uM. Daidzein concentrations exceeding 50 uM inhibited formation of the 3-glucuronide. The study
authors concluded that daidzein may lower 17B-estradiol levels in tissues expressing UGT1A1 [The
Expert Panel notes that a concentration of 25 pM 17B-estradiol is considered high.]

Menstrual cycle length

Balk et al., 2005 (80) reviewed a total of 11 trials in 10 publications evaluating effect of soy on menstrual
cycle length in pre-menopausal women. Despite use of a wide range of soy interventions and comparisons
in the trial which complicated synthesis, 10 of the 11 trials did not report a significant change. The overall
conclusion was that no effect was observed on menstrual cycle length in the soy studies.
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2.2.8 Cognition and Diabetes

Cognition

While the prevalence rates for all-cause dementias and vascular dementia are similar in Japan, China, and
North America, the prevalence of Alzheimer’s disease appears to be ~2.5-fold higher in Western countries
compared to Japan and China (287). This type of observation, along with the estrogenic activity of certain
isoflavones, has led to questions on whether soy isoflavones may have protective effects on cognition.

Balk et al., 2005 (80) reviewed 4 studies that examined the effects of soy products on cognitive
function. The studies included three randomized controlled trial studies involving a total of 261 post-
menopausal women. Two of these 3 studies in post-menopausal women used isoflavone supplements
and were considered to be of medium quality; the other used an isolated soy protein supplement
and was judged of high quality. The fourth study on 27 male and female college students was a
randomized controlled trial of low quality. Balk et al., 2005 concluded that the few available studies
were too heterogeneous to draw an overall conclusion regarding the effects of soy protein and/or its
isoflavones on cognitive function. The only long-term and high quality study reported no significant
differences on cognitive function between the groups of post-menopausal women consuming soy
protein with isoflavones or milk protein. Similarly, the consensus panel opinion presented in Cassidy
et al., 2006 (145) concluded that the available evidence does not support a beneficial effect from soy
bean products or isoflavones on cognitive function in post-menopausal women.

Zhao and Brinton, 2007 (287), supported by the Alzheimer’s Association and the Kenneth T and Eileen
L Norris Foundation, reviewed eight intervention studies that looked at the relationship between soy
isoflavones and cognition in humans. Four of the seven studies in post-menopausal women reportedly
demonstrated beneficial effects on verbal memory and frontal lobe function while the other three did
not. In addition, the study of 27 college students considered by Balk et al., 2005 was considered to show
beneficial effects on certain cognitive functions such as verbal and non-verbal short-term memory, long-
term memory, and “metal flexibilities.” Overall, Zhao and Britton concluded that while a subset of studies
report beneficial effects, definitive conclusions cannot be reached because the studies are inconsistent.

Diabetes

The consensus statement presented in Cassidy et al., 2006 (145) concluded that soybean consumption may
reduce the risk of diabetes. A total of 10 studies were identified that examined the effect of phytoestrogens
on diabetes in post-menopausal women, although only 4 met the inclusion criteria required for detailed
review. The overall conclusion that the available evidence is suggestive of an effect on diabetes was based
on two studies that reported beneficial effects on glycemic control following ingestion of a soybean protein
plus isoflavone mixture or a soybean replacement meal. Two other studies included in the detailed review
did not report significant effects on glycemic control. Cassidy et al., 2006 noted that direct comparison of
the studies is difficult because of differences in the glycemic endpoints assessed, isoflavone preparation
and composition of study population, i.e., men, women, pre-menopausal or post-menopausal women.
Similar conclusions were reached in a review by Cederroth and Nef, 2009 (288).

Balk et al., 2005 (80) reviewed six studies that reported the effects of soy intervention on fasting
blood glucose in non-diabetic populations One other study did not present data but reported only no
significant effect on fasting blood glucose. All of the studies found no significant changes in fasting
blood glucose (or glucose tolerance test) with soy intervention.
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2.2.9 Estrogenicity

Estrogenicity is a property that is defined based on a biological response. The term “estrogen” is
derived from a Greek root referring to the induction of sexual behavior. Historically, estrogenicity was
defined based on the ability to induce uterine growth in immature or castrated rodents. The uterine
hypertrophy assay is still in use, although additional assays have been developed to probe interactions
of the test chemical and ERs. In vitro estrogenicity assays may include ER-binding assays, recombinant
mammalian and yeast cell transcription assays, or cell proliferation (3; /08). ER-binding assays indicate
the test compound’s affinity for the receptor compared to a reference compound such as 173-estradiol
but do not demonstrate if the test compound will act as an agonist or antagonist. Potential agonistic or
antagonistic ability of compounds may be identified through using reporter gene expression or measuring
cell proliferation responses, although cell proliferation is not necessarily specific to estrogenic effects
or considered sufficient to demonstrate agonism or antagonism. In order to demonstrate agonism or
antagonism, specific changes in target gene expression should be demonstrated and use of a knockout/
knockdown model should be used to further demonstrate specificity. Mammalian and yeast cells have
been engineered to express ERo/ERP and a reporter gene controlled by an estrogen response element.
The reporter gene usually codes for an enzyme that can be measured through quantification of activity
or through measurement of transcript or protein levels. In estrogen-dependent cells, phytoestrogens
were observed to both stimulate and inhibit proliferation. It has been suggested that proliferation, which
was observed at lower concentrations of phytoestrogens (<10 pM [equivalent to ~2700 pg/L using
molecular weight of genistein]), was mediated through receptor responses, since proliferation was
not stimulated by phytoestrogens in cells lacking ERs (reviewed in (3)).

2.2.9.1 Human

Estrogenic effects related to vaginal/endometrial/breast cytology and reproductive hormones have
been examined in women, mostly post-menopausal, in a variety of studies after receiving soy diets or
supplements (summarized in Table 66). Three of the four studies that assessed vaginal cytology did
not report changes related to soy product intake (289-291). The duration of soy product intake in these
studies ranged from ~ 1 to 3 months. A fourth study that provided very limited detail and included
alternating exposure to non-soy-based phytoestrogens reported increased vaginal cell maturation after
women received soy flour supplements for 2 weeks (292). A fifth study by Unfer et al., 2004 with
a longer exposure period (5 years) demonstrated estrogenic effects on the endometrium (293). The
Unfer et al., 2004 study was cited by Sacks et al., 2006 (252) as providing some cautionary evidence
regarding the estrogenic activity of soy phytoestrogens because endometrial hyperplasia is considered
a risk factor for cancer. However, a limitation of the Unfer ef al., 2004 (293) study noted in a letter to
the editor by Foth and Nawroth (294) was that at baseline and at the 30-month evaluation period 25%
of endometrium samples were inaccessible in the treated and placebo groups. [The Expert Panel notes
that 20—25% of endometrium samples were also inaccessible at the 5-year evaluation period.]
It does not appear that women with inaccessible endometrium samples at baseline were excluded for
evaluation at future time points. Therefore, it is not known if endometrial hyperplasia was present
at baseline in women with inaccessible endometrium samples. It was also noted that no information
was provided about endometrial thickness or bleeding patterns. A sixth study reported increased
proliferation of breast lobular epithelium and progesterone receptor expression in women who ate
bread rolls containing 60 g soy supplement as textured vegetable protein (295). The final report (296)
with the full cohort of 84 individuals (including 33 added from a tissue bank) showed no differences
between the control group and the group eating soy rolls other than plasma isoflavone levels.
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2.2.9.2 Experimental Animal Data

The rodent uterotrophic assay is the most commonly used in vivo bioassay for estrogenicity. Typically,
this assay is conducted in immature or ovarectomized mature females to minimize potential interference
from endogenous estrogens which may introduce variability in response and make the assay less
sensitive if not controlled for. Other endpoints commonly used to assess estrogenicity in female
experimental animals include uterine or vaginal epithelial cell height and cell proliferation, onset of
puberty in females, and regularity of the estrous cycle.Only one study was identified that evaluated
the uterotrophic response in sexually immature rats fed cow’s milk or soy-based formulas. However, a
relatively large number of studies have reported data on uterotrophic response in animals administered
soy diets, mixtures of isoflavones, or genistein. A smaller number of studies have assessed daidzein and
equol. No studies were identified that evaluated uterotrophic response following glycitein treatment.

Soy formula

Ashby et al., 2000 (297) examined uterotropic effects of infant formulas. From PND 21/22 through PND
24/25, Alpk rats were given access to infant formula in drinking water bottles and RM1, a standard diet
consisting of 6% soy protein. [Effects on puberty were also examined and are discussed in Chapter
3b.] Three soy-based and 1 cow-milk formulas were prepared as recommended by manufacturers. Rats
fed the RM1 diet and not given infant formula served as negative controls, and rats given diethylstilbestrol
or 17B-estradiol served as positive controls. Data were analyzed by analysis of covariance (ANCOVA).
[It is not clear how many animals were examined in each group, but if numbers above the bars in
a graph indicated the numbers of animals, then each group contained 5—-29 animals.] Results are
summarized in . Both cow-milk and soy-based formulas prepared at full strength increased uterine weight,
with greater responses generally noted with recommended concentrations of soy compared to cow-milk
formula (Table 67). Testing of 3 different concentrations of 1 of the soy formulas (Infasoy®) showed
dose-related responses. It was noted that rats consumed Infasoy at a level 3 times the recommended
intake for an infant on an mg/kg bw basis. The cow-milk formula, SMA Gold, and the 33%-strength
Infasoy® formula were consumed at levels similar to those recommended for infants on a mg/kg bw basis.
Faslodex, an ERo and ER antagonist, inhibited the uterotropic effects of soy and cow-milk formulas and of
diethylstilbestrol [data not shown for cow-milk formula]. The aromatase inhibitor anastrozole attenuated
the uterotropic response of Infasoy but not of 173-estradiol [data not shown]. The gonadotropin-releasing
hormone (GnRH) antagonist antarelix inhibited the uterotropic effect of cow-milk and soy formulas but
not of diethylstilbestrol [data not shown for cow-milk formula]. Neither the Infasoy® nor cow-milk
formula induced an uterotropic response in ovariectomized adult rats [data not shown]. The study authors
concluded that both cow-milk and soy formulas induced estrogenic effects in rodents independent of
formula phytoestrogen content. The authors further stated that infants fed recommended quantities of
formulas would consume similar quantities of formula (on an mg/kg bw basis) as rats given the 33% soy
formula or cow-milk formula, resulting in exposures at the threshold of estrogenic activity in rats.

Soy-based diet or soy extract

Results of estrogenicity testing in laboratory animals fed soy-based diets are summarized in Table 68.
Reports of estrogenicity are mixed, with some studies in which rats or monkeys were fed soy-based
diets reporting no effects on uterine size, morphomentric, or histological parameters [222; 298-300]
and Thigpen et al., 2007 reporting earlier onset of vaginal opening in F;44 rats fed a high soy diet
(301). However, estrogenic effects occurred when soy isoflavones were added to a soy-free diet
(302-304). In the monkey studies (222; 300), the genistein dose in the soybean extract was stated
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CHAPTER 2: PHARMACOKINETCS AND GENERAL TOXICOLOGY
General Toxicology and Biological Effects

Table 67. Uterotropic Responses in Rats Fed Infant Formulas or Diethylstilbestrol
(Ashby et al., 2000)

Strength, % of recommended Uterine Wet Weight,

Treatment

dilution for feeding infants % of negative control *

Cow-milk formula
SMA gold | 100 | 132%"
Soy formula
Wysoy 100 140%¢
Farley’s 100 125%°¢
33 116%
Infasoy T e
...................... e
Diethylstilbestrol
10 pg/L N/A 156—-196%°¢

N/A=Not applicable.

aEstimated from graphs by CERHR.
bP<0.05 compared to control.
¢P<0.01 compared to control.

From Ashby et al., 2000 (297).

to be equivalent to that of a woman receiving genistein 99.7 mg /day [~ 2 mg/kg/day assuming a
50 kg bw].

A study in immature female mice found a soy-based diet to increase relative uterine weight and to
attenuate the weight increase associated with feeding diethylstilbestrol, (305). In a study in which
rats were fed soy protein with and without the addition of an estrogen, there were no additive effects
between soy diets and estrogen (299). Soy diets that were not alcohol extracted to remove isoflavones
inhibited the effects of estrogens on increased lactoferrin staining and epithelial luminal cell height. In
some studies, increases in rodent uterine weight were greater in rats fed soy-free versus soy-containing
diets (297, 298; 306; 307).

Asnoted in Chapter 1, the amounts of individual isoflavones can vary considerably in soy extracts. These
variations can lead to significant differences in estrogenic activity. A study by de Lima Toccafondo
Vieira et al., 2008 (303) compared uterotropic response in immature rats treated for 3 days with E, or
one of five commercial samples of soy extract standardized to contain 40% total isoflavones. When
the authors independently analyzed the isoflavone content of the samples they found that the actual
percentage of total isoflavone ranged from 44 to 52% and that there was considerable variability in
isoflavone composition. For example, the percentage as genistin and genistein varied from 0.8%
to 3.13% and from non-detectable to 10.99%, respectively. Similarly the percentage as daidzin
and daidzein ranged from 3.42% to 29.41% and 7.23% to 46.46%. The estrogenic potencies of the
standardized soy extracts in the immature rat relative to E, ranged from 0.0009 to 0.005 (Table 68).

Variation in the phytoestrogen content of laboratory animal diets has been suggested to be a contributing
factor to conflicting or inconsistent findings reported in experimental animal studies, especially for
“low dose” studies of estrogenic compounds (301, 308, 309). A general concern is that use of a
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