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Abstract

Objectives High consumption of soybean products has
been associated with a reduced risk of hormone-sensitive
tumors. Soybean products contain phytoestrogens, such as
daidzein, and sesame seeds contain secoisolariciresinol.
These compounds are further metabolized to equol, en-
terodiol, and enterolactone by intestinal bacteria. However,
individual differences in the metabolizing potential remain
unclear. The aim of this study was to evaluate the urinary
daidzein, equol, enterodiol, and enterolactone concentra-
tions in women from several different regions of Japan
according to age group.

Methods Five hundred urine samples collected from
Japanese women living in Sapporo, Sendai, Kyoto, Kochi,
and Naha were analyzed for daidzein, equol, enterodiol,
and enterolactone concentration by gas chromatography—
mass spectrometry.

Results The urinary isoflavone and lignan polyphenol
levels did not differ significantly among the sampling sites,
except for daidzein, which was highest in urine collected at
Naha. The prevalence of equol producers was 39 % in the
total study cohort. In equol producers, a positive correla-
tion was observed between the urinary daidzein and equol
levels (r = 0.399, p < 0.001). However, there was no
significant difference between daidzein concentrations in
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equol producers and non-producers. Moreover, the levels
of enterodiol and enterolactone were higher in equol pro-
ducers than in equol non-producers. In the multivariate
logistic analyses, two factors, Sendai dwelling and current
smoking, were found to be significant [equol producers to
non-producers: odds ratio 2.15 (95 % confidence interval:
1.17-4.02) and odds ratio 0.32 (0.15-0.63), respectively].
Conclusions Our data suggest that geographic factors and
smoking status should be considered during the evaluation
of equol in urine samples and that the same pathway may
be responsible for the metabolism of both isoflavones and
lignan polyphenols.

Keywords Phytoestrogen - Isoflavone - Lignan
polyphenol - Equol producer - Japanese

Introduction

The risks of breast cancer and prostate cancer in Japan tend
to be lower than those in Europe and the USA [1]. Dif-
ferences in food habits are thought to be one of the reasons
for this difference [2], which has led researchers to focus
on the high consumption of soybean products by Japanese.
Soybean products contain phytoestrogens with isoflavone
structures, such as daidzein [3], while sesame seeds also
contain lignan polyphenols, such as secoisolariciresinol.
These polyphenolic compounds bind to estrogen receptors
alpha and beta, with a preference for the latter [4]. Several
epidemiological studies have suggested that high phytoes-
trogen levels are associated with a reduced risk of hor-
mone-sensitive diseases [5-10].

These compounds are further metabolized to equol,
enterodiol, and enterolactone by intestinal bacteria [11].
These metabolites, especially equol, show more potent
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binding affinities to estrogen receptors [12] than the
respective substrate polyphenolic compound. However,
they do show individual differences in metabolizing
potential [13—15], and factors such as age, ethnicity, dietary
fiber intake, and fat intake have been reported as candidate
determinants for these differences. In addition, given that
dietary and life habits are candidate determinants, there
may be intergenerational and interzonal differences.

The aim of this study was to evaluate the concentrations
of daidzein, equol, enterodiol, and enterolactone in urine
samples from five regions in Japan according to broad age
groups.

Materials and methods
Experimental design and study population

A total of 13,910 participants were originally recruited
through medical check-ups of participants aged
20-70 years living in 11 prefectures in Japan between 2000
and 2001 [16]. Age, number of births, smoking habit, and
menstrual function were recorded using a self-reported
questionnaire. Urine samples were stored at —30 °C until
analysis at the Kyoto University Human Specimen Bank
[17, 18].

To evaluate geographical differences in Japan, we
compared 500 samples collected from Hokkaido (Sap-
poro), Miyagi (Sendai), Kyoto (Kyoto), Kochi (Kochi), and
Okinawa (Naha) between November 2000 and December
2001. At each study site, urine samples were collected from
25 adult Japanese females ranging in age across four age
groups (30-39, 40-49, 50-59, and 60-69 years). The
characteristics of the participants are summarized in
Table 1. There were no significant differences in partici-
pant characteristics among the five study sites.

Written informed consent was obtained from all subjects
prior to participation in the study. The research protocol for
the study was reviewed and approved by the Ethics

Table 1 Characteristics of the study population

Committee of Kyoto University Graduate School of Med-
icine on 14 November 2003 (E25). All experiments were
carried out in compliance with the Helsinki Declaration.

Reagents

Daidzein, equol, enterodiol, and enterolactone were
obtained from Fujicco Co. Ltd. (Kobe, Japan), Enzo Life
Sciences Inc. (Farmingdale, NY), ChromaDex Inc. (Irvine,
CA), and Cayman Chemical Company (Ann Arbor, MI),
respectively. Dg-daidzein was purchased from Toronto
Research Chemicals Inc. (North York, ON, Canada).
Methanol, ethyl acetate, and acetonitrile (pesticide analysis
grade) were obtained from Kanto Chemicals (Tokyo,
Japan). Helix pomatia-derived glucuronidase/sulfatase was
purchased from Sigma-Aldrich Inc. (St. Louis, MO).
Methyl t-butyl ether (pesticide analysis grade) and ascorbic
acid were purchased from Wako Pure Chemicals (Osaka,
Japan). N,O-bis(trimethylsilyl)trifluoroacetamide with 1 %
trimethylchlorosilane was obtained from Thermo Fisher
Scientific Inc. (Waltham, MA).

Determination of phytoestrogens in urine

Daidzein, equol, enterodiol, and enterolactone were ana-
lyzed. The urine samples were subjected to a clean-up
procedure using a solid-phase extraction. Briefly, 0.5 mL
of a urine sample, 50 pL of 0.1 M ascorbic acid, and an
internal standard (20 ng D¢-daidzein) were placed in a 1.5-
mL polypropylene tube and 20 pL of glucuronidase/sul-
fatase solution (2,500 U) was added. The samples were
shaken on a vertical shaker overnight at 37 °C, and then
each solution was passed through a Sep-Pak Plus C,g solid-
phase cartridge (particle size 55-105 pm; sorbent weight
360 mg; Waters Corp., Milford, MA) previously condi-
tioned with 4 mL of methanol and 4 mL of 5 % methanol
in water. Subsequent loading of the sample was followed
by washing the sorbent with 4 mL of 5 % methanol in
water. The analytes were eluted into a glass tube using

Characteristics Total Hokkaido Miyagi Kyoto Kochi Okinawa p value®
Age (mean £ SD) 49.2 + 10.1 494 +10.7 50.1 £10.7 489 +94 493 £+ 10.1 485+£99 08
Number of delivery (mean £+ SD) 19+1 1.7+ 0.9 2.0+ 09 1.8 £09 1.9+ 09 20+ 14 0.3
Post menopause (%) 37 34 46 36 37 0.6
Smoking habit (%)

Non-smoker 86 83 91 80 90 0.2

Current smoker 11 13 8 15 7

Ex-smoker 3 4 5 3

SD Standard deviation

2 Differences among residential areas were tested by analysis of variance or the % test
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3mL of 1:1 (v/v) acetonitrile and ethyl acetate. The
solution was evaporated to 1 mL using dry N, and
extracted with 2 mL of methyl t-butyl ether. The methyl
t-butyl ether layer was dried up using dry N, after which
100 pL of methyl t-butyl ether and 50 pL of N,O-bis(tri-
methylsilyl)trifluoroacetamide with 1 % trimethylchloro-
silane were added. The solution was transferred to an
autosampler vial and heated for 1 h at 60 °C. The extracts
were analyzed by gas chromatography-mass spectrometry
(model 6890GC/5973MSD; Agilent Technologies Japan
Ltd., Tokyo, Japan) in the electron impact ionization mode
using single ion monitoring. The trimethylsilyl derivatives
were separated on a DB-5MS column (length 30 m, inner
diameter 0.25 mm, film thickness 0.25 pm) with a helium
carrier gas. Splitless injections (1 pL) were performed with
the injector set at 280 °C, and the split was opened after
1.5 min. The oven temperature was initially 200 °C, then
ramped to 300 °C at 30 °C/min, and held for 12 min. The
monitored ions are listed in Electronic Supplementary
Material Table 1. The instrumental detection limits (IDLs)
were defined as the mass of analyte producing a peak with
a signal-to-noise ratio of 3, and ranged from 2 (enterodiol)
to 100 pg (daidzein) (Table 2). Since blank samples
(0.5 mL of distilled water) contained no detectable con-
centrations, the method detection limits (MDLs) were
considered to be equal to the IDLs, corresponding to
0.6 ng/mL for enterodiol and 28 ng/mL for daidzein
(Table 2).

Quality assurance

Quantification was performed using an internal standard
method with the external standards dissolved in 100 pL of
methyl t-butyl ether and 50 pL of N,O-bis(trimethyl-
silyDtrifluoroacetamide with 1 % trimethylchlorosilane.
De¢-labeled daidzein was used as the internal standard for
all analytes. All samples were quantified using a seven-
point calibration curve, with a relative standard deviation
(RSD) of the relative response factors of <15 % for all

compounds. The recoveries were evaluated by ten replicate
fortifications (fortified by 10x the original concentration of
urine) of a sample from equol non-producers (Table 2).
The procedural blank levels were evaluated in duplicate for
11 samples each using 0.5 mL of distilled water.

Statistical analysis

All statistical analyses were carried out using JMP software
(ver. 4; SAS Institute, Cary, NC). Values of p < 0.05 were
considered to indicate statistical significance. Concentra-
tions of less than the detection limit were all approximated
to half of the detection limit for statistical analyses. The
urinary levels of phytoestrogens were corrected by the
urinary creatinine (Cr) concentration. As the levels in the
samples displayed right-skewed patterns, and the geometric
means (GMs) were comparable to the medians, statistical
analyses were conducted after log-transformation of the
concentrations. Differences between mean values were
tested by Tukey—Kramer’s honestly significant difference
test after analysis of variance or Student’s ¢ test. To reveal
the relationships between equol-producing function and
subjects’ characteristics, we performed multivariate logis-
tic analyses. Presence of equol-producing function was
defined by the detection of equol in urine samples above
the MDL.

Results

Urinary levels of phytoestrogens in study cohort
of Japanese women

The descriptive statistics for the phytoestrogens levels are
presented in Table 3. All samples contained detectable
amounts of daidzein and enterolactone. Equol and entero-
diol were detected in 39 and 77 % of samples, respectively.
The GMs were as follows: daidzein, 1610 pg/g-Cr; equol,
78.4 ng/g-Cr; enterolactone, 36.7 pg/g-Cr; enterodiol,

Table 2 Recovery, detection limits, and quality assurance for isoflavones and lignan polyphenols in human urine samples

Compound Quantification Recovery (%) and Instrument detection Method detection
(confirmation value) (reproducibility, RSD %) limit* (pg) limit® (ng/mL)
(n = 10)

Equol 386 (371) 103.2 (9.4) 60 20

Daidzein 398 (383) 98.9 (7.3) 100 28

Enterodiol 410 (500) 94.7 (9.2) 2 0.6
Enterolactone 442 (263) 97.3 (10.0) 10 3

Dg-daidzein 404 (389) - - -

RSD Relative standard deviation
# 1-pl injection

° 0.5-mL urine sample
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Table 3 Geometric means, medians, and 95th percentiles of urinary phytoestrogen concentrations in our study cohort of Japanese women

Sample sites Isoflavones (soybean)®

Equol (ng/g-Cr)

Daidzein (ng/g-Cr)

Lignan polyphenols (sesame seeds)®

Enterolactone (pg/g-Cr) Enterodiol (pg/g-Cr)

Total 78.4 (6.4) 1,610 (4.6)

- 1,946

1,385 6,761
Hokkaido 56.8 (6.4) 1,509 (5.2)*°

- 1,758

1,325 7,120
Miyagi 110.6 (6.8) 1,454 (4.7)

- 1,785

1,827 7,120
Kyoto 75.2 (6.8) 1,334 (4.7)

- 1,541

1,285 6,380
Kochi 66.5 (6.1) 1,419 (5.5)°

- 1,634

1,382 9,063
Okinawa 93.2 (5.9) 2,616 (2.6)°

- 2,762

812 5,025

36.7 (6.0) 23.8 (7.1)
423 28.8
279 228
34.7 (6.2) 19.2 (7.1)
459 27.4
248 166
28.7 (6.0) 20.6 (7.0)
354 24.3
229 179
48.6 (6.1) 36.8 (7.2)
50.1 61.3
350 310
41.6 (6.0) 25.0 (7.2)
50.1 30.3
295 240
32.7 (5.8) 20.3 (6.8)
38.3 24.2
203 200

GM Geometric mean, GSD geometric standard deviation

Comparisons were made among the residential areas. The geometric means within the same column followed by the same lower-case letter are
significantly different (p < 0.05). The geometric means within the same column followed by the same lower-case letter of not followed by a

lower-case letter do not differ significantly (p > 0.05)

# Urinary phytoestrogen concentrations for the total study cohort and for each study region are given as: GM (GSD) (top row), median (middle

row), and 95th percentile (bottom row)

23.8 ng/g-Cr. The 95th percentiles were as follows:
daidzein, 6761 pg/g-Cr; equol, 1385 pg/g-Cr; enterolac-
tone, 279 pg/g-Cr; enterodiol, 228 pg/g-Cr. The urinary
daidzein level was highest in Okinawa, followed by Hok-
kaido and the other sites (p < 0.05). There were no sig-
nificant differences between the GMs for equol, enterodiol,
and enterolactone (p > 0.05).

Urinary phytoestrogen concentrations were also com-
pared between the equol producers and non-producers
(Table 4). In both groups, no significant differences in the
GMs of the phytoestrogens were observed among the five
sampling sites (p > 0.05). The urinary levels of daidzein
were comparable between the equol producers and non-
producers (p > 0.05). In contrast, the GMs of enterodiol
and enterolactone were higher in the equol producers than
in the non-producers (p < 0.001). These trends were con-
sistent over all five sampling sites.

The correlation coefficients among the phytoestrogens
in the 500 samples are listed in Table 5. Significant cor-
relations were observed between enterolactone and en-
terodiol in both the equol non-producers and producers
(p =0.592 and p = 0.622, respectively). In the equol

producers, the equol concentration was significantly asso-
ciated with not only the daidzein concentration
(p = 0.399) but also the enterolactone and enterodiol
concentrations (p = 0.162 and p = 0.149, respectively).

Relationships between equol-metabolizing function
and participants’ characteristics

The demographic status of equol producers and non-pro-
ducers is summarized in Table 6. There were no significant
differences in age, number of births, and ratio of post-
menopause (p > 0.05). The smoker ratio was 6 and 15 %
in the equol producers and non-producers, respectively,
which was a significant difference (p = 0.009). The sam-
ples from Miyagi showed a marginally higher ratio of
equol producers than those from the other four sites
(p = 0.16). In multivariate logistic analyses, two factors,
Miyagi residence and current smoking, were significantly
associated with equol-producing function [equol producers
to non-producers: odds ratio 2.15, (95 % confidence
interval 1.17-4.02) and odds ratio 0.32 (0.15-0.63),
respectively].
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Table 4 Urinary phytoestrogen concentrations in equol producers and non-producers

Equol producers and non-producers Isoflavones (soybean)®

Lignan polyphenols (sesame seeds)®

Equol (pg/g-Cr)

Daidzein (pg/g-Cr)

Enterolactone (pg/g-Cr) Enterodiol (pg/g-Cr)

Total
E(+) 564 (4.0) 1,531 (4.6) 56.7 (4.4)%** 62.4 (4.4)***
(n =195) 565 1,825 63.1 74.8
E(—-) - 1,662 (4.5) 27.8 (6.9) 12.8 (7.3)
(n = 305) - 2,010 30.6 10.1
Hokkaido
E(+) 681 (3.7) 1,738 (4.8) 57.3 (4.4) 48.3 (3.7)***
(n = 30) 916 1,779 42.7 58.6
E(-) - 1,420 (5.4) 27.9 (6.8) 13.0 (7.9)
(n = 170) - 1,758 46.3 11.54
Miyagi
E(+) 606 (3.9) 1,191 (4.8) 35.7 (4.8) 54.4 (4.1)***
(n = 47) 636 1,324 41.8 70.8
E(—-) - 1,736 (4.5) 23.7 (7.2) 8.6 (7.1)
(n = 53) - 2,292 27.7 5.8
Kyoto
E(+) 614 (4.3) 1,164 (4.1) 70.9 (4.0) 101.7 (3.4)***
(n = 38) 518 1,265 68.1 88.8
E(—-) - 1,448 (5.0) 38.7 (7.5) 19.9 (8.1)
(n = 62) - 1,976 38.7 17.7
Kochi
E(+) 404 (4.7) 1,361 (6.0) 78.1 (3.7)** 62.5 (4.8)***
(n = 40) 382 1,647 78.6 61.1
E(-) - 1,459 (5.4) 274 (6.9) 13.7 (7.3)
(n = 60) - 1,536 224 9.2
Okinawa
E(+) 579 (3.5) 2,745 (3.1) 56.6 (4.6)** 54.4 (5.6)%***
(n = 40) 490 3,520 70.3 64.6
E(—) - 2,533 (2.3) 22.5 (6.1) 10.4 (5.9)
(n = 60) - 2,570 24.5 6.0

** p < 0.01, ¥** p < 0.001, vs. equol non-producers by Student’s ¢ test after log-transformation

E(+) Equol producers, E(—) equol non-producers, Cr creatinine

* Urinary phytoestrogen concentrations for equol producers and non-producers in the total study cohort and for each study region are given as:

GM (GSD) (top row) and median (bottom row)

Discussion

We have evaluated the urinary levels of phytoestrogens in a
sample of women residing in five different areas of Japan.
Daidzein was found to be the predominant component of
the phytoestrogens present in the urine of the Japanese
women sampled and lignan polyphenols were minor
components.

Overall, 39 % of the urine samples contained detectable
levels of equol. Equol-producing function was also asso-
ciated with smoking status. Previous studies in Japan
reported equol detection rates of 20 % in female subjects

@ Springer

[15] and 24 % in male subjects [19]. In our study, the equol
detection rates ranged from 30 to 47 %. These variations
might be associated with differences in dietary and life
habits. Indeed, we found an association between smoking
and low equol-producing function. A previous study indi-
cated that the proportion of equol producers is low in
young males compared with older males [19]. In our study,
no such trend was observed in the study women. This trend
is likely to reflect the smoking rate in each age group in
Japan [20]. Although the proportion of daidzein to equol in
the urine was around 30 % in equol producers, there was
no significant difference in the urinary levels of daidzein
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Table 5 Correlations among phytoestrogens

Combination p p value
Equol non-producers
Enterodiol-Daidzein —0.057 0.309
Enterolactone—Daidzein —0.003 0.959
Enterolactone—Enterodiol 0.592 <0.001
Equol producers
Daidzein—-Equol 0.399 <0.001
Enterodiol-Equol 0.149 0.034
Enterodiol-Daidzein —0.059 0.403
Enterolactone—Equol 0.162 0.021
Enterolactone—Daidzein —0.123 0.079
Enterolactone—Enterodiol 0.622 <0.001

p Spearman’s rank correlation coefficient

Table 6 Relationships between equol-producing status and demo-
graphic characteristics

Demographic Equol Equol non-  Odds ratio (95 %
characteristics producer producer confidence interval)*
Age® 49.7 £ 9.7 489 + 104 0.40 (0.07-2.04)
Number of births” 1.9 + 1.0 1.9 + 1.1 0.94 (0.37-2.43)
Post-menopause 38 36 1.61 (0.87-3.01)
(%)
Smoking habit
(%)
Non-smoker 91 82 =
Current smoker 6 15 0.32 (0.15-0.63)*
Ex-smoker 3 3 0.93 (0.30-2.70)
Log,o urinary 32+£07 32£07 0.75 (0.25-2.30)
daidzein
(ng/g-Cr)°
Sampling sites (n)
Hokkaido 30 70 =
Miyagi 47 53 2.15 (1.17-4.02)*
Kyoto 38 62 1.22 (0.67-2.23)
Kochi 40 60 1.36 (0.74-2.50)
Okinawa 40 60 1.28 (0.69-2.38)

* Significantly difference at p < 0.05

? Odds ratios were calculated by multivariate logistic analyses
® Continuous values are presented as the mean £+ SD

¢ Set to the reference level

between equol producers and non-producers. This phe-
nomenon could result from differences in the dietary intake
of isoflavones between equol producers and non-producers
or in the pharmacokinetics between equol and daidzein.
Levels of another soybean isoflavone, genistein, were
comparable between equol producers and non-producers
(1,192 and 1,070 pg/g-Cr, respectively). Genistein has a

similar biological half-life to daidzein while the formation
of 4-hydroxy-equol is considered to be rare. Therefore,
dietary intake of isoflavones was unlikely to differ between
two groups. The half-life of daidzein is relatively shorter
than that of equol, and the conversion of daidzein into
equol is time-dependent and slow [21]. Therefore, daidzein
could be excreted rapidly in urine before its conversion into
equol. Another possibility is that more daidzein is likely to
be converted into O-desmethyl-angolensin (O-DMA) in
non-equol producers than in equol producers [22]. This
hypothesis needs to be investigated in the future.

The presence or absence of equol-producing function
was clearly dichotomized despite the high daidzein levels.
Intestinal microflora play important roles in the metabolism
of nutrients, and the composition of the intestinal flora
shows individual differences [23]. The effects of smoking
on the intestinal microflora remain unknown, but smoking
has been reported to influence colonic mucus production
and mucosal immune systems [24]. These differences in
the intestinal environment might discriminate the equol-
metabolizing bacteria. As shown in Table 5, the reported
association between lignan polyphenols and equol suggests
that they are metabolized by the same pathway [25]. It has
been suggested that some of the bacterium strains, for
example, Eggerthella sp, were associated with both the
metabolism of daidzein to equol and that of lignan poly-
phenols to enterodiol and enterolactone [26, 27]. However,
the specific intestinal bacteria and pathway responsible for
metabolism of these two groups of phytoestrogens need to
be identified in the future. Importantly, this phenotype
provides an insight for the identification of equol-metabo-
lizing bacteria.
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