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Particular Iintestinal bacteria metabolize the soy isoflavone
daidzein to equol and O-desmethylangolensin (O-DMA), metab-
olites that can be identified in urine. Individuals that harbor
bacteria capable of producing equol or O-DMA are known as
equol producers (approximately 30%-50% of the population)
and O-DMA producers (approximately 80%—-90% of the popula-
tion), respectively. The equol-producer phenotype has been
assoclated with sex hormone-related outcomes in several
studies. However, the bacteria responsible for these phenotypes
have not yet been identified and factors that influence the
manifestation of these phenotypes are not well understood. To
evaluate familial clustering of and nongenetic factors assoclated
with these phenotypes, 410 individuals from 112 families
participated in phenotyping (3-day soy challenge and Day 4
spot urine collection). In segregation analyses of the equol-
producer phenotype, the Mendelian dominant model provided
the most parsimonious fit to the data, suggesting that the
pattern of Inheritance of the equol-producer phenotype Is
consistent with an autosomal dominant trait. This phenotype
was positively assoclated with education (p trend = 0.01), but not
with sex, smoking, or several dietary factors. Results of the
segregation analyses of the O-DMA-producer phenotype were
inconclusive; no other models provided a more parsimonious fit
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to the data than the general model. This phenotype was
Inversely associated with age In a nonlinear model (p = 0.01),
positively associated with age- and sex-adjusted height (odds
ratio [OR] 10-cm increase = 0.38, 95% confidence interval {CI] =
0.15, 0.95) and body mass index (kg/m?) (OR = 0.91, 95% Cl =
0.85, 0.96), but not with sex, education, smoking, or several
dietary factors. These results suggest the equol-producer
phenotype may be under some degree of genetic control and
that there are likely other environmental factors not evaluated in
the present analysis that contribute to both of these phenotypes.
These results provide a foundation for further work to refine our
understanding of heritable and environmental determinants of
daidzein-metabolizing phenotypes. Exp Biol Med 229:902-913,
2004
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Introduction

Intestinal bacteria can metabolize the soy isoflavone
daidzein to equol and/or O-desmethylangolensin (O-DMA)
(1-4), metabolites that can be identified in host urine. To
date, two distinct phenotypes of bacterial daidzein metab-
olism have been observed in human populations; that is,
individual humans are either equol producers (approxi-
mately 30%-50% of the population; Refs. 5-10) or
nonproducers and are either O-DMA producers (approx-
imately 80%-90% of the population; Refs. 6, 9) or
nonproducers. These phenotypes appear to be stable in
individuals over time (6), suggesting that there may be some
degree of genetic predisposition. In contrast to the
variability observed in humans, studies with small numbers
of animals observed that all rats, mice, and chimpanzees,
produce equol (reviewed in Ref. 11). Although a small
study of nonhuman primates observed that these mammals
excrete O-DMA (4), variability in O-DMA excretion in
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nonhuman mammals has not yet been evaluated systemati-
cally.

The variability in bacterial daidzein metabolism may be
a determinant of human disease risk, particularly sex
hormone-related conditions. The capacity to produce equol
has been associated with circulating reproductive hormones
in premenopausal women (12), inversely associated with
Mmammographic density in postmenopausal women (13) and
prostate cancer in Japanese men (10, 14), and positively
associated with bone mineral density in response to
isoflavone intervention (11). Among postmenopausal wom-
en, the capacity to produce O-DMA has been positively
associated with urinary 2-hydroxyestrone excretion (15) and
with mammographic density (13), an intermediate marker of
breast cancer risk (16).

Both genetic predisposition and shared environment
have been associated with overall intestinal bacteria profile
(17-23) and with other markers of the presence of particular
intestinal bacteria, such as the breath methane-excreter
Phenotype (24, 25). However, little is known about the
Specific factors that influence the capacity to harbor
Particular intestinal bacteria, including daidzein-metaboliz-
ing bacteria. We therefore conducted a family study in order
to evaluate genetic and nongenetic factors associated with
the equol-producer and O-DMA-—producer phenotypes.

Materials and Methods

Study Participants. Families with at least three
closely related members from at least two generations were
eligible to participate; closely related included members
Who belonged to spousal, sibling, parental, or grandparental
Pairings. Participants were recruited using posted, print,
radio, and Web site advertisements. After an individual was
recruited into the study, study information and a consent
form were mailed to other family members. Exclusion
Criteria for individuals were residence outside the United
States, less than 10 years of age (no upper age limit was
Specified), allergy to soy, and chronic systemic (oral or
intravenous) antibiotic use. Participants who took antibiotics
Within 3 months prior to the study were asked to complete
the protocol at least 3 months after the completion of their
antibiotic therapy. The Institutional Review Board at the
Fred Hutchinson Cancer Research Center (FHCRC) ap-
Proved all procedures, and written, informed consent (12
Years of age or older) or assent (10 or 11 years of age) was
Obtained from all participants. In addition, parental consent
Was obtained for all participants younger than 18 years of
age,

Study Procedures. When signed consent forms
were received at FHCRC from at least three family
Members, each individual was mailed a urine collection
kit (Fisher Scientific, Pittsburgh, PA), a questionnaire, and
S0y food items. In order to ascertain daidzein-metabolizing
Phenotypes, each participant supplemented his/her usual
diet with a soy food item once per day for three consecutive

days (soy bar, Revival Soy, ~83 mg daidzein per day or soy
nuts, GeniSoy, ~10 mg daidzein per day). Because
phenotype determination was based on the presence or
absence of equol/O-DMA, the difference in daidzein dose
between these two foods did not bias phenotype determi-
nation. On the morning of the fourth day, each participant
collected a first-void urine sample (50-80 ml). Participants
mailed urine samples and completed questionnaires to
FHCRC. Urine was aliquoted and stored at —20°C until
analysis.

Questionnaire Data. Questions included date of
birth, race, education, general health, height, weight,
nutritional supplement use, general dietary restrictions,
smoking, alcohol consumption, and in relation to the soy
challenge, the date of urine collection and amount of soy bar
or nuts consumed each of the 3 days. For additional dietary
data, participants were asked to indicate the number of
servings (per day, week, or month) of particular categories
of food eaten in the past month. Two separate, but similar,
questionnaires were used for adults and children (individ-
uals 10-18 years of age). The questionnaire for children
excluded questions about smoking and alcohol consump-
tion, and, specific to females, pregnancy history and
hormonal contraceptive use.

Isoflavonoid Analysis. Urine samples were ether-
extracted (26) and analyzed for isoflavonoids (equol, O-
DMA, and daidzein) by gas chromatography-mass spec-
trometry (GC-MS) as described elsewhere (15). The mean
intraassay coefficients of variation (CVs) for isoflavonoids
in the quality control urine samples, measured in duplicate
in each batch, were <7%. The mean interassay CVs in the
quality control urine samples were <26%. Given the
sensitivity of the assay, urine concentrations less than 182
nmol/l (44 ng/ml) of equol and 170 nmol/l (44 ng/ml) of O-
DMA were considered below detectable limit. Equol and O-
DMA producers were defined as individuals with any
detectable concentration of equol and O-DMA, respectively.
Urine samples that took more than 14 days to arrive at the
laboratory after the reported date of collection were
excluded from analysis (r = 6).

Isoflavone Stability. In preparation for measuring
the isoflavonoid content of urine specimens shipped at
ambient temperature, we conducted a study to determine the
stability of equol and O-DMA in urine kept at room
temperature. Four known equol producers (not from the
family study sample) followed the same soy consumption

-and urine collection protocol as described in Study

Procedures section, with the exception that urine samples
were brought to FHCRC on the day of collection. One
aliquot was frozen on Day 0 and additional aliquots were
kept at room temperature and then frozen every 2 days for
14 days. Aliquots were subsequently analyzed for isoflavo-
noids.

Creatinine Analysis. To assure sufficient concen-
tration of the urine samples, urinary creatinine concen-
trations were measured on aliquots from all overnight urine
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samples based on a kinetic modification of the Jaffe reaction
using the Roche Reagent for Creatinine (Roche Diagnostic
Systems, Nutley, NJ) on a Roche Cobas Mira Plus
chemistry analyzer, after first diluting the samples with
distilled water 1:50. The assay was linear to 20 mg/dl and
the intraassay and interassay CVs were 1%—2%.

Statistical Analysis. In order to test the stability of
isoflavones left at room temperature, between-day CVs were
calculated for the eight time points for each of the four urine
samples.

Associations between nongenetic factors and daidzein-
metabolizing phenotypes were analyzed in 410 individuals,
and familial aggregation and segregation was evaluated in
366 individuals. Nine participants who reported consump-
tion of less than half of the soy bar on any day were
excluded from analysis. Forty-four individuals who com-
pleted the daidzein-metabolizing phenotyping were not
included in aggregation and segregation analyses because of
insufficient number of informative family members com-
pleting the study, that is, not having at least two familial
relationships that were being considered in this analysis.

To evaluate familial aggregation of the daidzein-
metabolizing phenotypes, uniform weight intraclass and
interclass correlations (ICC) and standard errors were
calculated for familial relationships between individuals
using the FCOR program of S.A.G.E. (version 4.4, Case
Western Reserve University, Cleveland, OH). EE software
(Quantitative Genetic Epidemiology, FHCRC, Seattle, WA)
was used to calculate age-adjusted ICC.

To evaluate inheritance of the equol-producer and O-
DMA-producer phenotypes, segregation analysis was
performed using the SEGREG program of S.A.G.E. under
the Class A regressive logistic model (27). Mendelian
inheritance was assumed to be through an autosomal locus
with two alleles A and B, where the A allele was associated
with the relevant phenotype. The likelihood for family data
(28) was calculated as a function of the genotype-specific
baseline susceptibility parameters (Baa, Pap, Peg); an age
parameter (a); the population allele frequency (qA) assum-
ing Hardy-Weinberg equilibrium; and the probability that a
parent with each genotype will transmit the A allele (ta4,
taB, Tep). Residual associations (y) among relative pairs
were allowed. Seven transmission models were fit to the
data: a Mendelian dominant model, a Mendelian recessive
model, a Mendelian codominant, a “no major type” model
that assumes random susceptibility, an environmental model
with two susceptibility groups, an environmental model
with three susceptibility groups, and a general (full) model
in which all parameters in the likelihood function were
estimated without restriction. Parameters in each model
were estimated using maximum likelihood methods, and the
likelihood of each nested model was compared with that
under a general model using a likelihood ratio test. Models
with likelihoods that were not statistically significantly
worse than the likelihood of the general model may be
considered to fit the data better than models that were
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Figure 1. Concentrations of (A) equol, (B) O-desmethylangolensin,
and (C) daidzein in urine provided from four individuals. Each
individual is represented by a different symbol. One urine aliquot was
frozen on Day 0, and additional aliquots were kept at room
temperature and then frozen every 2 days for 14 days.

statistically significantly different than the general model.
Akaike’s information criterion (AIC), calculated as —2(In L)
+ 2Nparameterss identifies the model with the most parsimo-
nious fit to the data.
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Table 1. Intraclass and Interclass Correlations (with Standard Error in Parentheses) by Familial Relationship for

Equol-Producer and O-DMA-Producer Phenotypes in 112 Pedigrees

—_— Relationship type n pairs Equol-producer phenotype O-DMA-producer phenotype
Parent:parent (spouse:spouse) 60 0.18 (0.13) —0.21 (0.13)
Parent:offspring 074 0.12 (0.07) 0.13 (0.07)
Father:son 50 0.25 (0.14) 0.01 (0.18)
Mother:son 68 0.16 (0.12) 0.22 (0.12)
Father:daughter 57 0.09 (0.14) 0.27 (0.13)
Mother:daughter 99 0.04 (0.11) 0.13 (0.10)
Sibling:sibling 73 0.07 (0.13) 0.22 (0.17)
Brother:brother 10 ~0.23 (0.32) ~0.13 (0.43)
Sister:brother 39 0.16 (0.16) 0.22 (0.15)
Sister:sister 24 0.13 (0.22) 0.32 (0.18)
Grandparent:grandchild® 53 0.16 (0.15) 0.25 (0.14)
Paternal grandmother:grandson 5 0.58 (0.43) 0.38 (0.58)
Maternal grandmother:grandson 17 0.29 (0.23) 0.46 (0.19)
Maternal grandfather:granddaughter 4 ~1.00 (NE?) —0.18 (0.22)
Maternal grandmother:granddaughter 19 —0.37 (0.24) —0.58 (0.50)

? Correlations were not estimable for paternal grandfather:grandson, matemnal grandfgther:grand§on, paternal grandmother.granddaughter,
and patemal grandfather:granddaughter relationships because of small numbers of pairs (<3 pairs)

E = Not estimable because of small numbers of pairs.

Fractional polynomial regression was also used to
model the association between age and each daidzein-
metabolizing phenotype (29); these models and associated
Plots provide a good visual representation of potentially
Nonlinear trends. Eight power terms (-2, ~1,-0.5, 0, 0.5, 1,
2, 3) for age were evaluated, and the best fit model was

selected based on deviance value. A first-degree model was
chosen because no significant gains were achieved with
additional terms in the models. Associations between
daidzein-metabolizing phenotypes and other nongenetic
factors were analyzed using generalized estimating equa-
tions (GEE). Because it was not possible to assign separate

Table 2. Parameter Estimates and Model Fit from Segregation Analysis of the Equol-Producer
Phenotype in 112 Pedigrees?®

Mendelian Mendelian Mendelian  Two-group  Three-group No major  Full
Parameters dominant recessive codominant environmental environmental type model

Baseline parameter (B)

AA -2.457 —1.497 -2.010 -0.323 -0.323 -0.323 -1.684

AB —-2.457 1.367 —2.010 -0.323 -0.323 -0.323 —-1.687

BB 1.017 1.367 1.064 -0.323 —-0.323 -0.323 0.724
Age parameter () -0.016 —-0.014 -0.015 —0.008 -0.008 -0.008 —0.024
Transmission probability ()

AA 1 1 1 0.708 0.778 N/A 1.000

AB 0.5 0.5 0.5 0.708 0.778 N/A 0.994

BB 0 0 0 0.708 0.778 N/A 0.000
Allele frequency (qA) 0.280 0.778 0.301 0.708 0.778 N/A 0.184
Residual associations (y)

Father:mother 0 0 0 0 0 0 0

Father:offspring —1.093 -1.276 —-1.155 0.293 0.293 0.293 —1.151

Mother:offspring -1.093 -1.276 -1.155 0.293 0.203 0.293 —1.151

Sibling:sibling -1.093 -1.276 -1.155 0.293 0.293 0293 -1.151
Likelihood ratio statistic“—2(In L)  486.305  489.075  485.912 494.079 494,079 ' 494.079 481.616
Number of parameters estimated 5 5 6 5 6 3, 7
Akaike’s information criterion (AIC) 496.305  499.075  497.912 504.079 506.079 500.079 495.616
Comparison to full model

Chi-square (x?) 4.689 7.459 4.296 12.463 12.463 12.463 —_

Degrees of freedom (df) 2 2 1 2 1 4 —

P value 0.096 0.024 0.038 0.002 <0.001 0.014 —_
[ ——

* Numbers in bold are independent parameter estimates. Numbers underlined are parameters estimated on a boundary (not included in the

Dumber of parameters estimated).

Model likelihood not statistically significantly worse than the likelihood of the general model.



906 FRANKENFELD ET AL

34 Equol-producer phenotype

Prevalence of producers
(9}
1

91 \n O-DMA-producer phenotype
.8 Iy 0 000 O

| mmm—a s s T ——
.4“ ‘-i‘

hﬁ.‘

& Iy
A
A

I T I I I T 1 I

I I I T T T T

T T
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
Age in years

Figure 2, Predicte_d prevalence of producers, from a first-degree fractional polynomial regression, in relation to age for each of the equol-
producer (closed triangles) and O-desmethylangolensin—producer (open squares) phenotypes in 410 individuals. The cube of age was selecte
as the best fit for the equol-producer phenotype, and the square root of age was selected as the best fit for the O-desmethylangolensin-

producer phenotype.

correlations for each of the types of relative pairings, an
exchangeable correlation across familial relationships was
used to control for familial correlation. Because the
hypothesis to be tested was that particular nongenetic
factors give rise to daidzein-metabolizing phenotypes,
equol-producer and O-DMA-producer phenotypes were
considered as dependent variables and nongenetic factors
were considered as independent variables. Effect modifica-
tion by sex of several factors potentially related to sex
hormone concentrations, such as smoking, anthropometry,
age, and diet, was modeled for each phenotype by including
an interaction term between sex.and each factor using GEE
as described for main effects analyses. SAS (version 8.0,
SAS Institute Inc., Cary, NC) and Stata (version 8.0, Stata
Corp, College Station, TX) were used.

All confidence intervals (CI) are expressed as 95% CI.
Because each phenotype is a marker of the capacity to
harbor particular bacteria that is distinct from the other
phenotype, the factors associated with each phenotype are
not necessarily expected to be the same; thus, the results and
discussion are presented in relation to each phenotype rather
than in relation to the exposures.

Results

Isoflavone Stability. There was no loss of equol, O-
DMA, or daidzein in urine left at room temperature for 14
days (Fig. 1). Between-day CVs for equol concentration
ranged from 2.6% to 5.4% among the four individuals tested
for isoflavone stability. Among the three O-DMA pro-
ducers, between-day CV for O-DMA concentration ranged
from 3.4% to 5.8% among individuals. For all four
individuals, between-day CV for daidzein concentration
ranged from 6.7% to 13.4%. In our study, the average length
of time between urine collection and processing was 4 days.

Participants and Demographics. One hundred
and twelve informative families with at least two different
types of relative pairs (spousal, sibling, parental, Of
grandparental) completed the study. Pedigrees ranged in
size from three to nine family members, with a mean of four
members. Participants were between 10 and 96 years of ages
and the average age was 39 years. There was no difference
in the prevalence of equol-preducer and O-DMA—producer
phenotypes in the 366 participants included in familial
aggregation and segregation analyses compared with the
overall 410 participants (P = 0.8, P = 0.7, respectively).

Daldzein-Metabolizing Phenotypes. All partici-
pants had urinary daidzein concentrations above the assay
detection limit (all were >109 ng/ml) and had acceptable
urinary creatinine concentrations (all were >8 mg/dl).

One hundred seventy-two (42%) individuals were
equol producers, and 337 (82%) individuals were O0-DMA
producers. In our study, 202 (85%) equol nonproducers
were O-DMA producers and 135 (78%) equol producers
were O-DMA producers. The correlation between the equol-
producer and O-DMA-producer phenotypes within an
individual was weak (ICC = 0.09 [standard error = 0.11]),
with no difference in relation to sex (ICCpae = 0.12 [SE =
0.09], ICC¢emale = 0.07 [SE = 0.07)).

Equol-Producer Phenotype. Weak correlations for
main familial relationships were observed in relation to the
equol-producer phenotype (Table 1). Correlations were
stronger for father or mother with son than father or mother
with daughter and positive correlations between sisters and
between sister and brother and an inverse correlation
between brothers were observed. Adjustment for age did
not alter the overall interpretation of these results.

The fit of the Mendelian dominant model was not
statistically significantly different from the general model
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Table 3, Demographic and General Health Characteristics in 410 Individuals in Relation to Each Daidzein-
Metabolizing Phenotype, Expressed as a Percentage of Individuals Within Each Phenotype

Equol O-DMA
Producers Nonproducers Odds Producers Nonproducers Odds
~—__Characteristics (n=172) (n = 238) ratio 95% CI?  (n=337) (n=73) rato 95% CI¢
Demographics
Sex
Female 58 61 1.00 reference 61 56 1.00 reference
Male 42 39 1.07 0.73, 1.58 39 44 0.84 0.50, 1.37
Race
Caucasian 88 88 1.00 reference 89 84 1.00 reference
Asian 5 3 126 0.26, 6.23 2 10 0.23 0.07,0.74
Other 7 7 099 043, 2.30 7 7 0.94 0.25, 3.59
Education (years completed)
s12 8 18 1.00 reference 12 22 1.00 reference
13-15 35 20 2.01 0.95,4.22 20 22 1.63 0.73, 3.63
16 23 23 1.86 0.90, 3.86 23 21 2,05 091,457
>16 20 15 274 1.28,5.87 16 22 1.38 0.61, 3.13
Self-reported health
Excellent 83 83 1.00 reference 83 79 1.00 reference
SO_Od 15 13 113 0.62, 2.07 13 16 0.77 0.39, 1.53
air/poor 1 3 0.93 0.28, 3.07 2 3 0.70 0.15, 3.30
Anthropometry®
eight (10-cm increase) — 0.92 0.54, 1.58 — — 0.33 0.14,0.78
Weight (10-kg increase) — — 0.99 0.93, 1.05 — - 0.84 0.78, 0.91
0dy mass index (kg/m?) — —_ 1.01 0.95, 1.05 — 0.90 0.85, 0.95
Reproductive characteristics®
Tégnancy history
Never pregnant 19 18 1.00 reference 20 11 1.00 reference
Ever pregnant 81 81 0.94 047,1.89 80 84 0.50 0.18,1.44
Oral contraceptive use
Never use 80 70 1.00 reference 74 77 1.00 reference
Current or past use 20 30 1.76 0.87,3.53 26 23 0.87 0.37,2.05
———
a
» &l = Confidence interval,

¢ eight, weight, and BMI as continuous variables, adjusted for age and sex.
Omen age 18 and older only (n = 81 equo! producers, n = 115 equol nonproducers; n = 159 O-DMA producers, n = 37 O-DMA

Nonproducers).

(Table 2) and provided the most parsimonious fit to the data
C = 496.305) among the models compared with the
8eneral model. The fits of the Mendelian recessive and
Codominant, two- and three-group environmental, and no
Major gene models were significantly worse than the general
Mode], Among the Mendelian models, the dominant model
Was not significantly different than the codominant model
~ = 0.53) nor was the recessive model significantly
fi‘fferent than the codominant model (P = 0.08). The
Mterpretation of the other parameters (baseline parameter,
a%e parameter, transmission probability, allele frequency,
and residuals associations) does not provide meaningful
Information about the potential mode of transmission of
€se phenotypes, but these parameter estimates are
Presented to provide data regarding model fit.
~ Older individuals appeared to be less likely to be equol
Producers compared with younger individuals (P = 0.09)
ig. 2). There was no association of sex, race, overall self-
Ieported health, or anthropometric characteristics with the
€quol-producer phenotype (Table 3). In adults, there was a

positive association of greater education and being an equol
producer (P trend = 0.01). Among women, there was some
suggestion that current or past use of oral contraceptives,
compared with never use, was positively associated with
being an equol producer.

Smoking, having companion animals, and several
dietary factors were not strongly associated with the
equol-producer phenotype (Table 4), but there was some
suggestion that reported consumption of a low-fat diet was
associated with being an equol producer.

Because of the differences in familial correlations by
sex-related familial subtypes, we evaluated, on an explor-
atory basis, interactions between sex and several factors in
relation to the daidzein-metabolizing phenotypes. In relation
to the equol-producer phenotype, there were no interactions
between sex and age, age-adjusted anthropometric charac-
teristics | (height, weight, and body mass index [BMI]),
consumption of caffeinated beverages, or, in adults,
smoking status or consumption of alcohol (P interaction
> 0.3).
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Table 4. Dietary Factors, Smoking, and Exposure to Animals in Relation to Each Daidzein-Metabolizing
Phenotype in 410 Individuals, Expressed as a Percentage of Individuals Within Each Phenotype for
Categorical Variables or as Mean (Standard Deviation) for Continuous Variables

Equo!

Producers Nonproducers Odds

O-DMA

Producers Nonproducers Odds

Characteristics (n1=172) (n=238) raio 95%CI® (n=337) (n=73) ratio 95%CI"
Smoking

Individual smoking status®
Never 65 60 1.00 reference 63 60 1.00 referencé
Former 27 30 0.75 0.44,1.26 30 30 1.01 0.53, 1.90
Current 7 7 1.08 0.45, 2.60 7 9 0.73 0.26,2.04

Household smoking
None 77 79 1.00 reference 80 90 1.00 referencé
Second-hand exposure 5 5 0.89 0.35, 2.30 8 5 0.55 0.19, 1
Current smoker 5 5 1.13 047,2.70 10 5 0.51 0.19,1.3

Animals
Companion animals/livestock®
Have any companion 70 71 0.99 0.64, 1.52 70 73 0.89 053,149
animals or livestock
Have dog 38 38 0.98 059,162 30 27 0.90 0.50, 1.63
Mave cat 41 44 095 0.58,1.54 43 42 0.90 051, 1.5
Have cow or livestock 3 3 1.13 0.46, 2.81 3 3 NEY  NEY
Diet .

Special diet® -
Vegetarian or vegan 7 3 1.14 0.51,2.52 6 8 0.83 0.37, 1.86
Low fat 8 1 2.28 0.93, 5.64 5 7 0.58 0.21, 1.60

Dietary suppiement use®
Any dietary supplements 64 68 0.92 0.61, 1.40 67 63 1.12 0.66, 1.89
Vitamin (single or muitivitamin) 55 61 0.86 0.56, 1.32 60 52 119 0.69, 2.0
Mineral (single or multimineral) 28 34 0.79 0.46, 1.36 33 25 1.43 0.74, 2.76
Probiotic or prebiotic 4 3 1.06 0.33, 3.35 4 1 NEY NE

Alcohol consumption®
Never 11 16 1.00 reference 13 17 1.00 referencé
Former 12 15 1.23 0.53, 2.84 13 16 1.13 0.41, 3.1
Current 76 66 1.60 0.77, 3.31 71 65 1.52 0.69, 3.3

Usual preparation of meat eaten
Only baked, broiled, or 42 34 1.00 reference 37 37 1.00 referencé

poached
Fried only or fried in 49 59 0.68 0.44, 1.04 56 49 1.15 0.67, 2.01
addition to baked, broiled
or poached :
Meat not eaten 9 6 1.37 0.61,3.10 6 10 0.73 0.28, 1.93

Usual type of grains eaten :

White 19 23 1.00 reference 21 21 1.00 referencé
Whole-grain 12 9 1.60 0.74, 3.45 9 12 0.78 0.31, 2.00
Mix of white and whole-grain 68 68 1.25 0.77, 2.06 69 64 1.07 0.56, 2.01

How often fried foods eaten
(weekly)

0-2 41 35 1.00 reference 35 51 1.00 referencé
3-5 42 48 0.74 0.48, 1.14 49 30 2.35 1.32, 4.22
6+ 16 16 0.83 0.46, 1.48 16 16 1.37 0.66, 2.82

Weekly food groups servings
Beans or lentils 1.8 (1.8) 1.8 (2.0) 1.01 0.92, 1.12 1.7 (2.0) 20(1.9 0.95 0.82, 1.07
Caffeinated beverages 8.6 (10) 9.5 (12) 1.00 0.98, 1.01 8.2 (10) 13 (15) 0.97 0.95, 0.99
Cereals or grains 19 (13) 19 (16) 1.00 0.98, 1.01 19 (15) 19 (14) 1.00 0.98, 1.02
Chicken or other poultry 2.4 (2.5) 2.4 (1.9) 1.01 0.92,1.10 25 (2.3) 21 (1.7) 1.11 0.95 1.29
Dairy 12 (8.5) 11(9.0)  1.01 0.99, 1.04 12 (8.6) 10 (9.9)  1.02 0.99, 1.05
Eggs 23(23) 20(2) 1.04 096,114 20(1.8) 26(3.6) 0.91 0.82, 1.00
Fish 15(1.8) 20(42) 095 087,103 1.8(36) 1.9(28 099 0.93, 1.06
Fruit : ’ 13 (8.0) 12 (8.1) 1.00 0.98, 1.03 13 (8.0) 12 (8.4) 1.01 '0.98, 1.04
Red meat 21(0) 21(24) 101 092 111 20(20) 25(28) 0.92 0.82, 1.01
Soy 1.8 (2.8) 2.2 (5.5) 0.97 0.92,1.02 2.1 (4.8) 1.8 (3.1) 1.02 0.95, 1.09
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Table 4. (Continued)
S ——
Equol O-DMA
Producers Nonproducers Odds Producers Nonproducers Odg:ls
Characteristics (n=172) (n =238) ratio 95% CI? (n=1337) (n=73) ratio  95% Ci¥
\
Sweetened nondiet drinks 4.5 (6.9) 4.7 (7.1) 1.00 0.98,1.03 4.4 (6.9) 6.0 (9.8) 0.98 0.95, 1.01
egetables 11 (6.6) 12 (8.0) 0.99 0.96, 1.01 11 (7.4) 12 (7.8) 0.98 0.95,1.02
q Cl;
= Confid interval, .
bAdUIts on;ye(r:iqeelqgr‘@ars or older): n = 124 equol producers, 181 equol nonproducers; n = 242 O-DMA producers, n = 63 O-DMA
Jonproducers,

Not Mutually exclusive categories. For companion animals or livestock the comparison group is no companion animals or livestock. For special
,S‘ © comparison group is no special diet. For supplement use the comparison group is no supplement use.

* Not estimated because of small numbers.

O-DMA-Producer Phenotype. An inverse correla-
in O-DMA-producer phenotype between parents was
Observed, and the correlation between siblings was stronger
than the correlation between parents and children (Table 1).
¢ was no correlation between father and son, but
Positive correlations for other parent:offspring subtypes
Were observed. Positive correlations between sisters and
®tween sister and brother and an inverse correlation
between brothers were observed. Adjustment for age did
Not alter the overall interpretation of these results.

In segregation analyses, the fit of the Mendelian
dominant and recessive models, no major gene, and the
€nvironmental models were all statistically significantly
Worse than the general model (Table 5). A better fit was

tion

achieved when spousal residual associations were also
estimated for these models; thus, a likelihood ratio
comparison for the codominant model could not be made
because the number of estimated parameters was the same
as for the general model. Within the Mendelian models, the
dominant model was not significantly different than the
codominant model (P = 0.86), nor was the recessive model
significantly different than the codominant model @ =
0.74).

There was a significant inverse association of being an
O-DMA producer with age (P = 0.01) (Fig. 2). There was
no association of sex, self-reported overall health, or
education with the O-DMA—producer phenotype (Table
3). Asian individuals were less likely to be O-DMA

Table 5. Parameter Estimates and Model Fit from Segregation Analysis of the O-DMA-Producer

Phenotype in 112 Pedigrees?

———
Mendelian Mendelian Mendelian  Two-group Three-group No major  Full
Parameters dominant recessive codominant environmental environmental type model

—————
Baseline parameter ()

AA -0.832 1.870 —-0.823 1.706 1.709 1.710 1.720

AB -0.832 —0.881 —0.823 1.706 1.709 1.710 1.720

BB 1.729 -0.881 1.711 1.706 1.709 1.710 1.502
Age parameter («) -0.021  -0.023  -0.020 -0.021 —0.021 -0.021  -0.015
Trélns.mission probability (t)

AA 1 1 1 0.000 1.000 N/A 1.000

AB 0.5 0.5 0.5 0.000 1.000 N/A 0.000

BB 0 0 0 0.000 1.000 N/A 0.000
Alleie frequency (gA) 0.007 0.982 0.019 0.000 1.000 N/A 0.000

esidual associations (y)

Father:mother -1.370 -1.317 -1.378 -1.379 -1.378 -1.780 -1.378

Father;offspring 1.670 1.706 1.666 1.667 1.667 1.662 1.658

MOther:offspring 0.981 0.895 0.990 0.992 0.990 0.990 0.966

Sibling:sibling 1.310 1.310 1.307 1.312 1.313 1.315 1.338
Likelihood ratio statistic “~2(InL)” 320.061 319.984  320.094 320.214 321.672 320.219 319.677
Number of parameters estimated 8 8 9 7 8 6 ‘9
Akaike’s information criterion (AIC) 336.061 335984  338.094 334.214 337.672 332.219 337.677
COmparison to full model

Chi-square (x?) 0.384 0.307 0.417 0.537 1.995 0.542 —

Degrees of freedom (df) 1 1 0 2 1 3 -

P value 0.535 0.580 N/E 0.765 0.158 0910 —
———

¢ Numbers in bold are independent parameter estimates. Numbers underlined are parameters estimated on a boundary (not included in the

Number of parameters estimated).
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producers, as compared with Caucasian individuals. Includ-
ing adjustment for age and sex, independent and inverse
associations were observed for BMI (kg/m?) (odds ratio
[OR]=0.91, CI=0.85, 0.96) and a 10-cm increase in height
(OR = 0.38, CI = 0.15, 0.95) when these variables were
included in the same model.

Smoking, having companion animals or livestock, and
most dietary factors were not significantly associated with
the O-DMA-producer phenotype (Table 4). However, lower
consumption of caffeinated beverages and greater con-
sumption of fried foods were associated with being 0-DMA
producer.

There were no interactions between sex and age, age-
adjusted height or BMI, or, in adults, years of education or
alcohol consumption in relation to O-DMA-producer
phenotype (P interaction > 0.2). Associations were stronger
among females than among males for a 10-cm increase in
age-adjusted height (ORgemae = 0.12, CI = 0.03, 0.51;
ORnaie = 0.67, CI = 0.25, 1.81; P interaction = 0.08), a 10-
kg increase in age-adjusted weight (ORgmae = 0.77, CI =
0.68, 0.87; OR e = 0.94, CI = 0.84, 1.04; P interaction =
0.03), and weekly servings of caffeinated beverages
(OR¢emale = 0.95, CI = 0.92, 0.99; ORue = 0.99, CI =
0.96, 1.02; P interaction = 0.11). Compared with never-
smokers, former-smoking females were less likely to be O-
DMA producers and former-smoking men were more likely
to be O-DMA producers (ORgemae = 0.51, CI = 0.25, 1.06;
ORate = 2.10, CI = 0.64, 6.82; P interaction = 0.07), and
current smoking was not associated with O-DMA-producer
phenotype in relation to sex (ORgemae = 0.97, CI = 0.96,
0.99; OR a1 = 0.99, CI = 0.98, 1.00; P interaction = 0.89).

Discussion

We observed that the isoflavonoids of interest are stable
in urine kept at room temperature for at least 14 days, a
period that is sufficient to allow for shipping by standard
mail service in the United States. These observations
suggest that individuals can be recruited from a large
geographic area, findings that are relevant for large-scale
population studies of these metabolites and associated
phenotypes.

We observed prevalences of equol producers and O-
DMA producers similar to those observed in other studies
(5-10). Our results suggest that these phenotypes are not
strongly correlated within an individual. Similarly, we
observed in another study, a weak, nonsignificant within-
individual association; among postmenopausal women,
95% of equol producers were O-DMA producers, and
79% of equol nonproducers were O-DMA producers (15).

The results of our segregation analyses suggest that the
inheritance of equol-producer phenotype may be consistent
with autosomal dominant transmission, despite the fact that
the familial correlations we observed were weak. These
observations are not necessarily inconsistent; observing a
high degree of familial correlation does not prove the

existence of a genetic mechanism, and, likewise, a loW
degree of familial correlation does not exclude a genetic
mechanism (30). Segregation analysis may be considered
strong statistical evidence regarding, although not proof of;
genetic control (30).

There was some suggestion that older adults were less
likely to be equol producers than children or young t0
middle-aged adults. These results may be explained by
either a cohort effect or age-related changes in intestinal
bacteria populations. A cohort effect has been hypothesized
for Helicobacter pylori (31), which colonizes in the
gastrointestinal tract; lower prevalence has been observed
in younger individuals and may be associated with
improved hygiene over time. We would expect to observe
a higher prevalence of equol producers in older individuals
if changes in hygiene were associated with eradication of
the equol-producing bacteria; thus, the lower prevalence we
observed in older individuals is less likely to be a cohort
effect. In two cross-sectional studies, bacterial diversity in
healthy young adults was greater than the diversity in
healthy elderly adults (32, 33), suggesting that there are age-
related changes in intestinal microflora, but this has not yet
been evaluated prospectively.

We observed a positive association of greater education
with being an equol producer. There is no apparent biologic
mechanism by which education may be associated with
equol-producer phenotype. However, education may be
serving as a marker for other exposures, such as geographic
location, medication use, or exposure to environmental
contaminants and infectious agents.

Because in other classes of mammals, all appear to be
equol producers (11), we evaluated an association with
having companion animals. Equol-producer phenotype was
not associated with having companion animals, suggesting
that shared environment with or frequent exposure to other
mammals may not influence equol-producer phenotype.

Several observational studies have reported differences
in dietary intake, particularly fat and fiber, in relation to the
equol-producer phenotype (5, 7). However, in intervention
studies of fiber and soy, no alterations in equol-producer
phenotype have been observed in response to interventions
(8, 34-36). We observed small or no differences in dietary
factors and equol-producer phenotype. However, our
evaluation of diet was not very sensitive and would have
likely detected only large differences between producers and
nonproducers.

The familial correlations observed for the O-DMA-
producer phenotype are consistent with some degree of
genetic predisposition. However, segregation analyses did
not provide evidence for genetic or for environmental
influence on the O-DMA-producer phenotype. We ob-
served sex-related patterns in the correlations in relationship
subtypes, suggesting a possible role for sex-linked herit-
ability or differences in shared environmental factors or
differences in response to environmental factors between
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Male and female parents with their children and between
Male and female siblings.

Age was inversely associated with the O-DMA-
Producer phenotype. Specifically, children were more likely
© be 0-DMA producers than were adults. A similar
Observation has been seen for intestinal colonization by
Oxalobacter formigenes; O. formigenes colonization has
been detected in nearly all children (37), but in only about
75%*80% of adults (38). These results suggest that factors
associated with late childhood may be related to change in
the intestinal microfiora composition. There are several
Substantja] changes that can occur during this time of life.
_erhaps the most substantial change that occurs during this
time of life is puberty. Although no studies have evaluated
an association between the onset of puberty and changes in
'Mlestinal bacteria, studies of oral microflora in females in
Telation to the onset of puberty and during pregnancy
Suggest that changes in sex hormones during these times
May result in alterations of the oral microbial environment
(39-41),

We observed that Asian individuals were less likely to
bf’ O-DMA producers. Racial differences may reflect
filfferences in genetic predisposition or in environment that
Influence the likelihood of being an O-DMA producer.

OWever, we had few non-Caucasian participants in our
Study, and the difference in producer prevalence between

aucasians and Asians may have been observed by chance.
. Height and BMI were significantly and independently
Inversely associated with O-DMA~producer phenotype, and
these associations were stronger in females. There are no
Studies known to have evaluated intestinal bacteria in
Telation to anthropometric characteristics. In a recent
%‘ypothesis paper, Beard and Blaser (42) propose that
Indigenous microflora are among the many factors that
Influence adult height, but there is currently little evidence
to support this hypothesis. Among women, because of their
Telationship with hormone concentrations, height and BMI
Mmay be serving as surrogates for hormone exposure (43, 44).

Smoking has been associated with oral microflora
Composition (45), but little is known about smoking and
Intestinal microflora. We observed no association between
O-DMA-producer phenotype and smoking. However, when
Stratified by sex, women who were former smokers were
half ag likely to be O-DMA producers as women who were
Never-smokers, and men who were former smokers were
twice as likely to be O-DMA producers as men who were
Never-smokers. In contrast, in another study, a significant
Positive association was observed between the O-DMA-
Producer phenotype and former-smoking status in post-
Menopausal women (13); former smokers were approx-
Imately six times as likely to be O-DMA producers than O-

nonproducers. Although the potential mechanism for
these associations is unclear, these observations suggest that
Starting and stopping smoking may be associated with
intestinal bacteria in a manner that is different from
lonsmoking or continual smoking, and that these associa-

tions may be different in relation to sex and, among women,
to menopausal status. However, no studies have yet
evaluated intestinal bacteria changes in relation to smoking
cessation. The existence and magnitude of an association
between smoking and the capacity to produce O-DMA
remains unclear.

There are a few considerations in the interpretation of
our study. First, no correction for ascertainment bias was
necessary because participants were not ascertained by
phenotype. Second, a relatively simple assessment of dietary
factors was used to minimize participant burden, and this
may have contributed to the lack of association we observed
between phenotypes and dietary factors. Third, in order to
better maintain individual privacy, we did not ascertain
cohabitation of family members; thus, we were unable to
evaluate the degree to which cohabitation or length of
cohabitation influences these phenotypes. Fourth, we did not
to test for statistical significance of the ICC for equol-
producer and O-DMA-producer phenotypes. The pairs
included in the calculation of these correlations are not
independent; for example, if there are three siblings, each
sibling would be included twice to represent all the possible
pairings of these siblings. As such, standard methods of
significance testing cannot be applied. Because this is the
first large-scale family study of these phenotypes and our
analyses are largely hypothesis generating, we did not
believe it was appropriate to apply more complex methods
of significance testing. Nonetheless, the standard errors
presented provide information about the precision of our
estimates,

Equol-producer and O-DMA-producer phenotypes are
markers of the presence of particular intestinal bacteria
capable of metabolizing daidzein to equol and O-DMA,
respectively. Although results from association studies have
suggested potential candidate bacteria responsible for the
equol-producer phenotype (46, 47) and the O-DMA-
producer phenotype (48), the specific bacteria that are
responsible for this conversion in humans have not yet been
definitively identified. It is likely that there are interindi-
vidual differences in the bacteria responsible for these
phenotypes (1).

An understanding of whether and how daidzein-
metabolizing phenotypes can be modified may provide an
avenue for prevention research in targeted populations.
Identifying genetic and nongenetic factors associated with
and the bacteria responsible for these daidzein-metabolizing
phenotypes is a step toward such an understanding. The
results of our study provide information regarding the
genetic and nongenetic influences on these markers of
intestinal bacteria profile. If the genetic association is
confirmed by other studies, these results would provide a
foundation for identifying genes associated with capacity to
harbor bacteria capable of producing equol. Further
evaluation is also warranted to evaluate the associations,
and underlying mechanisms, we observed for several
nongenetic factors with both daidzein-metabolizing pheno-
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types. Overall, these results, from the largest study of these
phenotypes to date, provide preliminary directions for
further study of genetic and nongenetic influence on
daidzein-metabolizing phenotypes.
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