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Abstract

Background: Studies suggested that the inter-individual differences in metabolizing isoflavone daidzein to equol or O-
desmethylangolensin (ODMA) might explain the inconsistency of the soy/isoflavones efficacy on cardiovascular health.

Objectives: The study aims to evaluate the relationship between equol and ODMA phenotypes and cardiovascular risks
with habitual isoflavone consumption in Chinese postmenopausal women.

Methods: This is a cross-sectional study among 726 prehypertensive postmenopal women who were screened for a
randomized controlled trial. 648 women returned a daidzein-challenged urine samples for determination of equol and O-
DMA production. 595 attended clinic visits for assessment of cardiovascular risks including body composition, blood
pressure (BP), serum lipids, uric acid, high sensitivity C-reactive protein (hs-CRP), fasting glucose and free fatty acid (FFA).

Results: The prevalences of equol and O-DMA producers were 53.2% and 60.9% respectively. Equol producers had higher
fat free mass (p =0.001), lower systolic (p=0.01) and diastolic (p=0.01) BP, serum triglyceride (p =0.023), hs-CRP (p =0.015)
and FFA (p=0.001) than non-producers. O-DMA producers had lower body fat% (p = 0.032), SBP (p = 0.02), total cholesterol
(p=0.002) than non-producers. The significant differences remained after further adjustment for potential confounders. The
habitual soy isoflavones intake had little relation to cardiovascular risk factors in either equol/O-DMA producer phenotypes.

Conclusion: Equol/O-DMA producers had more favorable cardiovascular risk profiles than non-producers in prehypertensive
postmenopausal women.
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Introduction

Soy foods are rich sources of isoflavones, including daidzein and
genistein, and are traditionally consumed by Asian populations.
Several large-scale prospective cohort studies show that higher
soy/isoflavones consumption is associated with favorable cardio-
vascular health [1-3]. However, human intervention studies
assessing the effects of soy or isoflavone on cardiovascular risks
have reported inconsistent findings [4—6]. Studies suggested that
the inter-individual differences in gut bacteria metabolism of
isoflavone daidzein to equol or O-DMA might explain these
discrepancies [7]. The daidzein-metabolizing phenotypes appear
to remain stable within an individual over time [8], suggesting that
physiologic effects of these phenotypes could have long-term
impact on the health of human host.

In vitro and animal experiments indicated that equol is more
biologically active than its precursor daidzein with a longer half
life, greater antioxidant and estrogenic activities [9]. Studies have
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suggested that the clinical effectiveness of soy/isoflavones might be
due to individual’s ability to produce equol in the gut [10]. O-
DMA is less structurally similar to 17f-estradiol than daidzein and
may exhibit different biological actions from daidzein [11].
Evidence from in vitro studies suggests that O-DMA has several
cancer-related biological actions [11]. However, human studies
examining the relationship of O-DMA phenotypes to health
outcomes are limited. Factors that influence the capacity to
produce equol/O-DMA are not clearly established; however, gut
physiology, host genetics, and diet factors are probably related to
the individual difference of equol or ODMA producing [12].
Studies on the association of equol and ODMA phenotypes with
cardiovascular risk factors are inconsistent and limited [13,14].
One study'® among 202 Chinese man and women aged 20-69
years reported that equol excretors showed significantly lower
serum triglyceride and Common Carotid Intima-Media Thickness
(CCA-IMT) than non-excretors. Another study by Liu et al. [14]
suggested that habitual isoflavone intake has no significant effect
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on serum lipids in healthy participants, regardless of equol
phenotype. The inconsistency could be due to different population
features, methods used to define equol- and ODMA-producers,
the small sample size, or the risk parameters observed.

In most of previous reports, daidzein-metabolizing phenotypes
were not determined in the context of a standardized phenotyping
method. Studies specifically conducted among postmenopausal
women investigating the association of equol and O-DMA
production and cardiovascular risk are limited [11]. Therefore,
the present study aims to assess the association of daidzein
metabolizing phenotypes with cardiovascular risks (body compo-
sition, blood pressure and cardiovascular biomarkers) among
Hong Kong Chinese postmenopausal women who are usual soy
consumers. We hypothesize that equol or O-DMA producers have
more favorable profiles in cardiovascular health than non-
producers. The study would provide important information on
the explanation of the inconsistency of the soy efficacy in clinical
trial and provide important evidence for future interventions.

Materials and Methods

Study Participants

This is a cross-sectional study. Participants were recruited from
women who were screened for participation in a six-month
randomized controlled trial; a study designed to examine the effect
of whole soy and purified daidzien on blood pressure and other
cardiovascular risks among Hong Kong postmenopausal women
with prehypertension and untreated early hypertension. We
screened 726 postmenopausal women recruited from the commu-
nity through advertisement on newspaper from April to Dec,
2011. Their eligibility was initially assessed with a pretested
screening questionnaire through telephone interview. The study
was conducted according to the guidelines of Declaration of
Helsinki. The study protocol has been approved by the ethical
committee of CUHK and written informed consent has been
obtained from all participants.

Subject Recruitment and 24 h Urine Collection

Women after prescreening interview were invited to the health
center for an introduction talk, and training for 24 h urine
collection. They were given a labeled and graduated urine
collection bag and asked to collect 24 h urine on the last day
after a consecutive 7 days of 60 mg daidzein challenge. Women
who were taking acute antibiotics therapy were re-scheduled for
urine collection after 2 weeks since cessation of antibiotic therapy.
Urine samples were stored in sealed 4*5-mL tubes at —85°C less
than 2 weeks until analysis for isoflavonoids [equol, daidzein,
genistein, ODMA, and dihydrodaidzein (DHD)] by HPLC
methods. Subjects who have donated 24 h urine samples were
further mvited for a clinic visit for blood taking, anthropometric
measurements and questionnaire interview.

Inclusion and Exclusion Criteria

Subjects were Hong Kong Chinese women aged 48-70 y; at
least 1 year after the cessation of menstruation; with mean SBP
120~180 mmHg or DBP 80~100 mmHg or both, based on an
average of total 4~6 resting BP readings in 2 different days.
Equol-producer was defined according to a standard method as
24-hour urinary log;o S-equol/daidzein ratio greater than —1.75
after daidzein challenge [15]. O-DMA-producers were defined as
individuals with any detectable concentration of O-DMA.
Daidzein concentrations <100 pg/L are considered indicative of
noncompliance [16].
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Subjects were excluded if they were on anti-hypertensive
medication, hormone therapy or hypoglycemic agents in recent
3 months; medical history or presence of certain chronic diseases
such as stroke, cardiac infarction, severe liver and renal diseases;
breast or uterine or ovarian cancer or other malignancies, or
abnormal uterine bleeding in recent 5 years; known soy allergy
and chronic antibiotic therapy (>4 weeks). More details regarding
subjects recruitment were published elsewhere [17].

Data Collection

Individual information was collected by trained interviewers by
face-to-face interview based on pretested and validated question-
naires on socio-demographic data, years since menopause, medical
history, medication, dictary habits and physical activities [18].
Information about habitual dietary intakes within the past 12
months was evaluated by a validated food frequency questionnaire
(FFQ) [19]. Subjects received a 30-min training on estimation of
food amounts, portion and utensil sizes. Food models were used to
help subjects in the quantification of their diet. The FFQ includes
89 foods items that cover the most commonly consumed foods in
Hong Kong, China. For each food item or food group, subjects
were asked about the frequency (daily, weekly, monthly, annually
or never) and the amount in small, moderate or large bowl. The
energy adjusted nutrients intake (energy, protein, total fat,
carbohydrate and soy isoflavones) was calculated based on the
China Food Composition Table [20]. Habitual physical activities
were assessed by modified Baecke questionnaire validated in Hong
Kong population [18].

Anthropometric measurements were collected for body weight,
height, waist and hip circumferences according to standard
protocols. Body mass index (BMI) and waist to hip ratio (WHR)
were calculated. Blood pressure was measured according to
standard methods using a validated oscillometric technique
(Omron M4-I Intellisense, Omron Corporation, Japan). Body fat
percentage (BF%), fat mass (FM) and fat free mass (FFM) were
determined by bioelectrical impedance analyzer (BIA, TBF-410-
GS Tanita Body Composition Analyzer, Japan). The coefficient of
variation for repeated measures was less than 5% for body fat
percentage.

Opvernight fasting (10-12 h) venous blood samples and 24-h
urine samples were obtained. Blood withdrawal for participants
with acute inflammation or taking anti-inflammation drugs (i.e.
aspirin or antibiotics) was postponed 2 week after cease of
treatment. Serum was centrifuged at 3000 g for 15 min at 4°C and
isolated within 2 h after collection. Each subject’s serum samples
was divided into several aliquots and stored at —85°C until
analysis. Serum biochemical analyses were performed on Hitachi
7101 automated analyzer (Japan) at a certified clinical lab. Serum
fasting glucose, total cholesterol (T'C) and triglycerides (T'G) were
measured by standardized enzymatic colorimetric methods
(HUMAN Dignostics, Germany). Serum HDL-C and LDL-C
were measured by enzymatic clearance assay (Daiichi Pure
Chemicals Co., ltd, Tokyo, Japan). High sensitive C-reactive
protein (Hs-CRP) was tested by particle enhanced immuno-
turbidimetry method (Orion Diagnostica Oy, Finland). Serum free
fatty acid (FFA) was determined by colorimetric methods (DiaSys,
Germany). The intra and inter assay coeflicients of variations (CV)
of above bio-parameters were 1.3% and 2.3% for glucose, 2.2%
and 4.3% for TC, 4.8% and 9.1% for TG, 1.5% and 3.4% for
HDL-C, 1.8% and 3.9% for LDL-C, 5.4% and 9.7% for hs-CRP,
and 2.9% and 4.9% for FFA.

The daidzein, genistein, equol and O-DMA were assayed using
an improved High-performance liquid chromatography (HPLC)
methods [21]. Urine samples were extracted by ethyl acetate after

February 2014 | Volume 9 | Issue 2 | e87861



Cardiovascular Risks and Equol and ODMA Phenotypes

Table 1. Urinary isoflavones levels after isoflavone daidzein challenge (umol/24 hours).

Non-equol producers  Equol-producers P Non-O-DMA producers O-DMA producers P

n (persons) 292 305 256 341

DHA 3.96+6.02 3.61+2.29 0.352 4.20+6.15 3.47+2.67 0.051
Daidzein 9.25+7.01 11.07£17.99 0.107 9.43+18.54 10.75+8.63 0.250
Glycitein 0.48+1.00* 0.86+1.21 0.000 0.57*1.03 0.76+1.19 0.041
Equol 0.02+0.26* 3.66*+3.12 0.000 1.95+2.32 1.82+3.24 0.566
Genistein 2.07*+1.67 2.22+1.82 0.288 1.99+£1.45 2.26*+1.93 0.064
O-DMA 1.48+1.38 1.35+1.39 0.248 0.00+0.00* 2.48+0.85 0.000

doi:10.1371/journal.pone.0087861.t001

deconjugation by B-glucuronidase/sulphatase. After reduced
pressure drying, the extract was reconstituted in mobile phase
solution for analysis. The HPLC system consisted of a Cig
stationary phase extraction (5 um, 4:60x250 mm) column, and
separation of isoflavones was achieved by gradient elution with the
mobile phase of 20-70% methanol at a flow rate of 1-0 ml/min.
Isoflavones were detected from the UV absorbance at 254 nm and
280 nm. The standards of daidzein, genistein, equol, and [-
glucuronidase were purchased from Sigma Chemical Company
(St. Louis, MO, USA). The intra assay CVs for isoflavonoids in the
quality control sample, measured in duplicate for each batch, were
<10%. The inter assay CVs were <15%.

Statistical Power

Assuming a 50% rate of equol producers in a total sample of
648 participants who donated 24 hr urine samples, we would have
99% power to find a net difference of 5 mmHg in SBP (SD
9.0 mmHg), and 3 mmHg DBP (SD 6.0 mmHg), and 0.5 mmol/]
in total cholesterol (SD 0.9 mmol/l) between euqol producers and
non-producers, based on a conventional assumption of o level 0.05
(for a 2-side t-test).

Data Analysis

Data were checked for normality, and skewed parameters were
log transformed before statistical analysis and presented as
arithmetic means and standard deviations. Differences between
producers and non-producers of equol and ODMA were assessed
using t-tests for continuous variables and chi square tests for
categorical variables. General linear models (GLM) were used to
compare the cardiovascular markers between equol/O-DMA
producer and non-producer after adjustment for potential
confounding factors. Adjustment variables were those significantly
associated with cardiovascular markers and equol or ODMA-
producer status in univariate analyses or based on prior
knowledge. We also compared the cardiovascular markers (body
composition, blood pressure and serum biochemical markers) in
low and high isoflavones consumers by equol/ODMA phenotypes
by GLM models. Because of its skewed distribution, isoflavone
intake was divided into 2 groups (high and low isoflavone intake)
by using median intake. All analyses were conducted with SPSS
Windows (version 16.0; SPSS, Inc.) and the significant level was set
at 0.05.

Results

Of the 726 women who attended the introduction talk, 648
returned a validly daidzein-challenged wurine samples. 595
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Data are presented as mean =* standard deviation. DHA denotes dihydrodaidzein; O-DMA denotes O-desmethylangolensin;
*denotes significant difference between producers and non-producers by t-test (P<<0.05).

attended the clinic visits for blood drawing, anthropometric
measurements and questionnaire survey, of which 573 completed
the food frequency questionnaires (FFQ)). The mean age (SD) of
these participants was 57.8 (4.7) years with average 8.5 years after
menopause.

Equol/ODMA producers had notably higher urinary equol/
ODMA execration than non-producers (Table 1). The preva-
lences of producers of equol, O-DMA and both were 53.2%,
60.9% and 32.6% respectively. No significant association between
the two phenotypes was observed (x?=0.048, p=0.826). There
were no significant difference between equol/O-DMA producers
and non-producers in terms of demographic and reproductive
characteristics such as age, menopausal years, age at menarche,
ever use of hormones replace treatment or contraceptives, total
physical activity (PA), habitual tea, alcohol and coffee drinking etc
(Table 2). Women with different daidzein-metabolizing pheno-
types had no significant differences in dietary intakes of protein,
total fat, carbohydrate, dietary fiber and isoflavones. However,
equol producers were more likely to intake less energy (P =0.044),
and both equol and ODMA producers took more sports PA than
non-producers (p = 0.000).

For the variables of body composition (Table 3), in both
unadjusted and adjusted models, equol producers had higher fat
free mass than non-producers, while O-DMA producers tent to
have lower BMI and less body fat% than non-producers. No
differences were observed in body weight, waist circumference,
WHR between producers and non-producers within either equol
or ODMA phenotypes.

For the variables of other cardiovascular markers (Table 3), in
unadjusted analyses, equol producers had lower systolic (p =0.01)
and diastolic (p =0.01) BP, serum triglyceride (p =0.023), hs-CRP
(p=0.015) and free fatty acid (p=0.001) than equol non-
producers. ODMA producers had lower SBP (p=0.02), total
cholesterol (p =0.002) and LDL-c (p =0.056) than non-producers.
The differences remained statistically significant after further
adjustment for age, menopausal years, sports PA, dietary energy
and lipids, and body fat free mass.

Effects of Soy-isoflavone Consumption on Cardiovascular
Markers, by Equol/ODMA Phenotypes

The median habitual isoflavones intake among the participants
was 4.7 mg/1000 kcal/d (0.9~17.3 mg/1000 kcal), which was
defined as the cut-off value between low and high isoflavone levels.
Interaction tests were performed by GLM analysis before
subgroup analyses. There were marginal or significant interactions
between equol producing status and habitual isoflavones intake in
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triglycerides (p =0.047) and hs-CRP (p=0.056) levels; ODMA
status and isoflavones intake in triglycerides (p=0.021) and total
cholesterol (p =0.059) levels. As shown in Table 4 and Table 5,
after adjustment of potential confounders, equol producers with
high habitual isoflavones intake had lower triglycerides level than
non-producers (p = 0.018), and equol non-producers had lower hs-
CRP level (p = 0.044) with higher isoflavones intake. While in non-
ODMA  producers, higher habitual isoflavones intake was
associated with lower triglycerides (p =0.002) and total cholesterol
(p =0.026) levels. No significant differences were found for other
biomarkers between low and high habitual isoflavones groups in
either equol or ODMA phenotypes.

Discussion

Our cross-sectional data among Hong Kong Chinese postmen-
opausal women demonstrated that equol/ ODMA producers had a
favourable cardiovascular risk profiles than non producers,
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Table 2. Demographic, reproductive and lifestyle characteristics of participants by equol and O-DMA phenotypes.
Non-Equol Non-O-DMA O-DMA
producers equol producers P producers producers P
Demographic and reproductive characteristics
n 292 305 256 341
Age (y) 57.6+4.6 57.9+4.8 0.527 58.1+5.0 57.6*x4.5 0.208
Menopausal years (y) 82*+53 8.8+5.9 0.217 8.8+6.2 84+53 0.365
Age at menarche(y) 13.2x1.8 13.0x£1.8 0.380 133%1.8 13.0x£1.8 0.090
Ever use of contraceptives(%) 126 (50.6) 154 (46.7) 0.191 98 (45.2) 182 (50.3) 0.264
Ever use of HRT (%) 38 (15.3) 51 (15.5) 0.522 36 (16.6) 53 (14.6) 0.303
Dietary intake (from FFQ)
n 244 329 213 360
Energy (kcal/d) 2100.7+1018.6* 1958.0+912.2 0.044 2031.7+1013.6 2011.2+929.4 0.805
Protein (g/1000 kcal) 55.8+13.2 54.9+13.5 0.419 54.5+13.5 55.8+13.3 0.274
Total fat (g/1000 kcal) 21.2*+6.9 20.9*+6.8 0.612 21.1x6.5 20.9*+7.0 0.752
Carbohydrate (g/1000 kcal) 166.3£17.0 167.017.6 0.598 166.516.0 166.8+18.1 0.865
Fiber (g/1000 kcal) 21.0+8.8 204*83 0.389 20.2+8.2 20.9*+8.6 0.292
Cholesterol (mg/1000 kcal) 146.2+90.1 146.9+77.4 0.292 143.8+78.4 148.3+85.7 0.538
Isoflavones (mg/1000 kcal) # 7.03+£7.83 6.12+6.84 0.145 7.05+8.44 6.37+6.19 0.263
Other lifestyle factors
N 292 305 256 341
Total PA (MET-min/d) 1445.6+728.2 1413.0£816.1 0.620 1460.4+808.8 1407.0+761.0 0.427
Occupational PA 586.1£759.5 4744+741.1 0.077 502.2+731.8 534.8+762.2 0.615
Housework PA 558.7£459.9 549.8+489.5 0.823 555.9+£446.6 552244943 0.929
Sports PA 141.0+166.2* 219.0+254.8 0.000 169.9+192.3* 211.4+267.9 0.031
Sitting hours (h/d) 33%19 33x2.1 0.981 3.2%2.1 34x20 0.273
Regular tea drinking(%) 195 (78.6) 268 (81.7) 0.397 176 (82.2) 287 (79.3) 0.447
Regular alcohol drinking(%) 18 (7.3) 30 (9.1) 0.256 19 (8.8) 29 (8.0) 0.757
Regular coffee drinking(%) 84 (33.9) 127 (38.7) 0.256 78 (36.4) 133 (36.7) 0.944
Smoking (%) 1(0.4) 2 (0.6) 0.672 1 (0.5) 2 (0.6) 0.693
Passive smoking (%) 43 (17.4) 48 (14.6) 0.211 37 (15.3) 54 (15.0) 0.481
Data are presented as mean * standard deviation for continuous variables or number (%) for categorical variables. T-test was applied for continuous variables and Chi-
square test for categorical variables. HRT indicates hormone replacement treatment; FFQ indicates food frequency questionnaires; PA indicates physical activity; Regular
drinking means drinking alcohol, tea or coffee more than 1 time per week; METs are multiples of resting metabolic rates and a MET-minute is computed by multiplying
the MET score of an activity by the minutes performed. Dietary nutrients intakes were calculated mainly based on the China Food Composition Table 2002 and 2004.
#denotes testing by non-parametric Mann-Whitney Test due to data heterogeneity;
*denotes significant difference between producers and non-producers by t-test (P<0.05).
doi:10.1371/journal.pone.0087861.t002

suggesting that the ability to produce equol/ODMA might
modulate cardiovascular risk factors.

The Prevalence of Equol and O-DMA Phenotypes

The prevalence of equol and ODMA producers in present study
were 53.2% and 60.9% respectively, similar to that previously
reported frequency of equol and ODMA producers in Asians
[22,23], but differed with western populations with 20-30% equol
producers and 80-90% ODMA producers in general [22]. An
observational study also reported that Korean American women
had a lower prevalence of O-DMA producers than Caucasian
American women living in the same geographic area [24]. Thus,
Asian women were more likely to be equol producers and less
likely to be O-DMA producers than the western populations,
suggesting that daidzein-metabolizing patterns differed between
various ethnic groups [24]. The racial differences and genetic
predisposition may influence the ability to metabolize daidzein
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[16]. Our results were also in line with previous observation that
equol and O-DMA producing phenotypes are independent of each
other [16]. Evidence from in vitro also supports that the bacteria
that produce O-DMA are distinct from the bacteria that produce
equol [25].

Dietary Factors and Daidzein Metabolizing Phenotypes
Although diet has been reported to influence intestinal
microbiota [26], dietary factors on daidzein metabolizing pheno-
types are still inconclusive [24,27,28]. Some studies[27-29] have
reported positive associations between equol production and
intakes of soy, animal meat, green tea, or a low-fat high-
carbohydrate diet while others not[24,30-32]. In this study,
although dietary information was collected using FFQ which
would capture the regular food exposure, we observed little
association between dietary nutrients and the daidzein-metaboliz-
ing phenotypes except for a lower total energy intake in equol
producers. Hedlund et al. [33] reported that in Caucasians,
individuals with a long-term high consumption of soy foods were
more likely than low consumers to be equol producers. However,
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Table 3. Body composition, blood pressure and other cardiovascular biomarkers in relation to equol-producer and O-DMA-
producer phenotypes.
Non-equol Equol P p’ Non-O-DMA O-DMA P
producers producers unadjusted adjusted producers producers unadjusted P’ adjusted
(n=292) (n=305) (n=256) (n=341)
Body composition
Body weight (kg) 55.7%9.0 56.0+8.8 0.374 0.272 56.6+8.9 55.9+8.9 0319 0.119
BMI (kg/m?) 23.0£3.2 233%33 0.602 0.471 23.6+3.3% 23.1+33 0.072 0.022
WC (cm) 77.5+8.8 78.1+83 0.378 0.310 78.1+£8.1 77.7+8.6 0.325 0.304
HC (cm) 92.5+6.8 93.1%£6.9 0.262 0.352 93.1£6.8 92.7+6.8 0.469 0.290
WHR 0.838+0.050 0.8380.047 0.730 0.251 0.8400.040 0.837£0.051 0.811 0.581
Body fat% 29.3*+6.8 30.0+6.4 0.091 0.103 30.6+6.6*" 29.4*6.6 0.032 0.023
Fat mass (kg) 17.8%6.5 17.6%6.6 0.306 0.410 18.2x7.1 17.5%7.2 0.257 0.175
Fat free mass (kg) 37.5+4.7%" 38.7*+3.8 0.001 0.001 38.0+4.4 38.3*+4.2 0.334 0.866
Blood pressure
SBP (mmHg) 135.1£16.6*" 131.6+16.0 0.010 0.015 135.8+16.8*" 131.5%15.9 0.020 0.010
DBP (mmHg) 83.1+9.6** 79.4+8.7 0.010 0.010 81.7£9.2 80.6+9.3 0.171 0.338
Other CVD biomarkers
FG (mmol/L) 5.41+0.76 5.38+0.88 0.626 0.186 5.44+0.90 5.36+0.78 0.254 0.355
TG (mmol/L) 1.41+0.79* 1.30*0.63 0.023 0.191 1.37+0.76 1.33+0.68 0.517 0.886
TC (mmol/L) 5.76%0.90 5.63+0.94 0.089 0.423 5.84+0.92*" 5.59%0.91 0.002 0.002
HDL-C (mmol/L) 1.72+0.39 1.71£0.41 0.700 0.371 1.71x0.35 1.74+0.47 0.100 0.158
LDL-C (mmol/L) 3.66+0.97 3.55+0.84 0.169 0.348 3.68+0.847 3.55+0.93 0.056 0.049
Hs-CRP (mg/L) 1.90+2.08*" 1.61%+1.90 0.015 0.021 1.78+2.00 1.71+1.98 0.500 0.219
Uric acid (umol/L) 289.2+79.5 289.4+67.6 0.982 0.581 283.1+77.8 293.0+69.8 0.050 0.422
FFA (umol/l) 612.9+204.6*" 554.5+202.6 0.001 0.002 592.7+199.9 572.0+208.4 0.153 0.237
Data are presented as mean * standard deviation. Skewed variables or variables with heterogeneity in variance (serum glucose, triglyceride, total cholesterol and high
sensitivity C-reactive protein) were corrected by log transformation and reported arithmetic means=+ standard deviation. T-test was applied for continuous variables.
BMI indicates body mass index; WC indicates waist circumference; HC indicates hip circumference; WHR indicates waist to hip ratio; DBP and SBP indicates diastolic and
systolic blood pressure; FG indicates fasting glucose; TC indicates total cholesterol; TG indicates triglycerides; HDL-C indicates HDL-cholesterol; LDL-C indicates LDL-
cholesterol; hs-CRP indicates high-sensitivity C-reactive protein; FFA indicates free fatty acid;
*indicates significant difference between producers and non-producers by t-test (unadjusted P<<0.05).
#indicates significant difference between producers and non-producers by general linear model (GLM) (adjusted P<0.05); P’ adjusted is derived from GLM by
adjustment for potential confounders. For markers of body composition and blood pressure, the adjusted variables include age, menopausal year, sports physical
activity, dietary energy, fat and isoflavones; For other CVD biomarkers, the adjusted variables include age, menopausal years, sports physical activity, dietary energy, fat,
isoflavones and BMI.
doi:10.1371/journal.pone.0087861.t003

in our study, we did not detect a difference in habitual isoflavones
intake between equol/ODMA producers and non producers.
Given that the daidzein-metabolizing phenotypes appear to be
stable over time, the ability to produce equol/ODMA may not be
casily altered by dietary modification [30].

Since Asian women had regular soy consumption, a possible
interaction may exist between phenotypes and soy consumption in
relation to cardiovascular health. However our analysis stratifying
equol and ODMA phenotypes observed most of non-significant
associations between dietary isoflavones intake and cardiovscular
risk factors, except a lower triglycerides level in equol producing
group with high habitual isoflavones intake. The only significant
finding among a number of comparisons might be treated with
caution. The possible explanations for the mainly lack of
association could be due to the inadequate statistical power from
stratification analysis; women at high disease risk may modify their
diet habit by intake of more healthy foods including soy; regular
soy consumption in Chinese women of this age may have blunted
the association; or factors not captured by our questionnaire are
differentially related to cardiovascular markers and daidzein

February 2014 | Volume 9 | Issue 2 | e87861



Cardiovascular Risks and Equol and ODMA Phenotypes

Table 4. Comparison of body composition, blood pressure and serum biochemical markers in low and high isoflavones consumers
by equol phenotypes.

Non-equol producers P Equol- producers P

Low isoflavones
intake (n=169)

Low isoflavones
intake (n=114)

High isoflavones
intake (n=128)

High isoflavones
intake (n=158)

2.9 mg/1000 kcal 10.3 mg/1000 kcal 2.9 mg/1000 kcal 10.3 mg/1000 kcal

Body composition

BMI (kg/mz) 22.8*+3.2 235*+34 0.604 23.22+295 23.40£3.71 0.636
WC (cm) 76.9+8.8 784+8.5 0.612 77.84+8.06 78.47+9.14 0.399
HC (cm) 91.8+6.8 93.1+6.7 0.491 92.85+6.34 93.48*7.66 0.215
WHR 0.84+0.05 0.84%+0.05 0.920 0.84+0.05 0.84+0.05 0.886
Body fat% 28.8+6.7 30.0+6.7 0.131 30.2+6.0 304+7.1 0.485
Fat mass (kg) 174*7.8 18.6*£7.9 0.633 17.13£5.60 18.13+7.89 0.109
Fat free mass (kg) 37.3*43 37.6+4.9 0.963 38.43+3.55 38.81+4.06 0.235
Blood pressure
SBP (mmHg) 1324*174 133.1£17.6 0.808 127.1£16.9 1258175 0.215
DBP (mmHg) 824+11.1 83.5+10.2 0.280 76.2+9.7 76.0+10.2 0.473
Other CVD biomarkers
FG (mmol/L) 5.41+0.61 5.45%+0.81 0.973 5.34+0.84 541£0.75 0.442
TG (mmol/L) 1.39+0.80 1.48+0.75 0.255 1.38+0.55% 1.26+0.69 0.018
TC (mmol/L) 5.68+1.01 5.84+0.86 0.252 5.61+0.92 5.69+0.97 0.478
HDL-C (mmol/L) 1.76+£0.41 1.79£0.39 0.810 1.70£0.43 1.72+0.34 0.475
LDL-C (mmol/L) 3.59+0.97 3.80+1.04 0.189 3.54+0.79 3.61+0.91 0.735
Hs-CRP (mg/L) 2.15+2.39*% 1.74+1.73 0.044 1.55+1.80 1.79%2.17 0.259
Uric acid (umol/L) 303.2£82.6 286.2+77.5 0.112 285.8+67.8 295.4+65.4 0.341
FFA (umol/l) 577.0£184.5 642.6+217.5 0.052 563.3+£204.9 548.8+£208.7 0.220

Data are presented as mean = standard deviation. Skewed variables or variables with heterogeneity in variance (body fat%, serum glucose, triglyceride, total cholesterol
and high sensitivity C-reactive protein) were corrected by log transformation and reported arithmetic means=* standard deviation. BMI indicates body mass index; WC
indicates waist circumference; HC indicates hip circumference; WHR indicates waist to hip ratio; DBP and SBP indicates diastolic and systolic blood pressure; FG indicates
fasting glucose; TC indicates total cholesterol; TG indicates triglycerides; HDL-C indicates HDL-cholesterol; LDL-C indicates LDL-cholesterol; hs-CRP indicates high-
sensitivity C-reactive protein; FFA indicates free fatty acid;

*indicates significant difference between high and low isoflavones intake groups by general linear model (GLM) (P<0.05)by adjustment for potential confounders. For
markers of body composition and blood pressure, the adjusted variables include age, menopausal year, sports physical activity, dietary energy, fat, isoflavones and
ODMA producing status; For other CVD biomarkers, the adjusted variables include age, menopausal years, sports physical activity, dietary energy, fat, isoflavones, BMI

and ODMA producing status.
doi:10.1371/journal.pone.0087861.t004

metabolizing patterns. Thus, the association of diet and daidzein
metabolism should be further investigated in future studies.

Cardiovascular Risk Factors and Daidzein Phenotypes

In the present study, we observed a favorable cardiovascular risk
profiles (lower BP, lipids and hs-CRP etc.) in equol or ODMA
producers in comparison to non-producers, suggesting a potential
effect of equol/ODMA production on the prevention of cardio-
vascular diseases. Adjusting for potential confounders including
age, dietary energy and lipids, sport PA and habitual isoflavones
intake, did not alter the significance of the associations, implying
the phenotypes may not influence cardiovascular risk through
these factors. Consistent with previous observation [34], our study
indicated that O-DMA production tent to demonstrate lower BMI
and body fatness than non producers and the association was
attenuated after adjustment for sports PA, suggesting that the
favorable body composition in ODMA producers may somewhat
relate to increased sports exercises. The study also showed that
equol/ODMA producers were more likely to have more sports
energy expenditure than non producers. Early studies indicated
that physical activity has led to a faster gut transit time [35,36],

PLOS ONE | www.plosone.org

which could influence the metabolites produced by intestinal
bacteria, including affecting the location and time available for
metabolism of dietary compounds, and the composition and
growth rate of the microbial community [37], and subsequently
influence the disease risk.

Mechanisms

The precise molecular mechanisms linking daidzein or its
metabolite equol and O-DMA to cardiovascular health remained
unclear. A likely explanation for the triglyceride reduction was that
equol may activate PPARa or PPARS, which leads to decreased
triglyceride concentrations via increased fatty acid oxidation in
liver or skeletal muscle etc. [38]. Equol has a greater antioxidant
activity than genistein and daidzein, and can affect cell-mediated
LDL modification by inhibition of NADPH oxidase activity [39].

In this study, we observed that the productions of equol and O-
DMA were much variable among individuals following daidzein
challenge. This observation suggested that a limited direct effect of
circulating equol or ODMA and another mechanism may play a
role on the cardiovascular risk and daidzein metabolizing
phenotypes. Because intestinal bacteria metabolize estrogens and
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other steroid hormones [40], which are involved in the regulation
of cardiovascular health, equol and ODMA production may
represent intestinal bacterial profiles associated with hormonally-
mediated factors independently of soy exposure. Additionally,
urinary excretion of O-DMA in humans is a marker of harboring
intestinal bacteria capable of C-ring cleavage. Bacterial C-ring
cleavage reactions are relevant to other phytochemicals that may
exert biological actions stronger than O-DMA; thus, the role of the
phenotype may extend beyond daidzein metabolism [11]. Further
research evaluating disease risk in relation to the equol/O-DMA
phenotype from the perspective of intestinal microbial composition
is warranted.

Strengths

There are several strengths of our study. Firstly, compared with
previous reports, our study had a relatively large sample size,
included a comprehensive panel of cardiovascular risk factors and
specifically conducted among postmenopausal women with pre-
hypertension or untreated hypertension. In this population, the
association was not influenced by chronic diseases or correspond-
ing medication treatment. Secondly, equol and O-DMA status
were defined by standardized methods by consecutive several days’
daidzein challenge to ensure sufficient exposure to daidzein and
reveal the phenotypes accurately. Finally, we have shown for the
first time that serum FFA was related with equol phenotypes, as
previous report suggested that increased serum FFA levels are an
important cause of obesity-associated insulin resistance and
cardiovascular disease [41].

Limitation

Our study has some limitations. First, it was a cross-sectional
study and causal inferences cannot be made. Second, the parent
study was a randomized trial, and the women were selected based
on particular selection criteria, which may restrict the generaliz-
ability and reduce the variability in cardiovascular markers, thus
decreasing the power to detect associations in this ancillary study.
However, being pre- or hypertension is common among Hong
Kong postmenopausal women as reported in Hong Kong 2003/

References
1. Ho SC, Chan AS, Ho YP, So EK, Sham A, et al. (2007) Effects of soy isoflavone

supplementation on cognitive function in Chinese postmenopausal women: a
double-blind, randomized, controlled trial. Menopause 14: 489-499.

2. Zhang X, Shu XO, Li H, Yang G, Li Q, et al. (2005) Prospective cohort study of
soy food consumption and risk of bone fracture among postmenopausal women.
Arch Intern Med 165: 1890-1895.

3. Kokubo Y, Iso H, Ishihara J, Okada K, Inoue M, et al. (2007) Association of
dietary intake of soy, beans, and isoflavones with risk of cerebral and myocardial
infarctions in Japanese populations: the Japan Public Health Center-based
(JPHC) study cohort 1. Circulation 116: 2553-2562.

4. Choi HK, Liu S, Curhan G (2005) Intake of purine-rich foods, protein, and
dairy products and relationship to serum levels of uric acid: The third national
health and nutrition examination survey. Arthritis and Rheumatism 52: 283—
289.

. Cano A, Garcia-Perez MA, Tarin JJ (2010) Isoflavones and cardiovascular
disease. Maturitas 67: 219-226.

6. Beavers KM, Jonnalagadda SS, Messina MJ (2009) Soy consumption, adhesion
molecules, and pro-inflammatory cytokines: a brief review of the literature. Nutr
Rev 67: 213-221.

7. Setchell KD, Brown NM, Lydeking-Olsen E (2002) The clinical importance of
the metabolite equol-a clue to the effectiveness of soy and its isoflavones. J Nutr
132: 3577-3584.

8. Akaza H, Miyanaga N, Takashima N, Naito S, Hirao Y, et al. (2004)
Comparisons of percent equol producers between prostate vancer patients and
controls: Case-controlled studies of isoflavones in Japanese, Korean and
American residents. Japanese Journal of Clinical Oncology 34: 86-89.

9. Jackson RL, Greiwe JS, Schwen RJ (2011) Emerging evidence of the health
benefits of S-equol, an estrogen receptor beta agonist. Nutr Rev 69: 432-448.

&

PLOS ONE | www.plosone.org

Cardiovascular Risks and Equol and ODMA Phenotypes

2004 Population Health Survey that the prevalence of hyperten-
sion was 48.4% in women aged 55-64 [42] and midlife women
(50-59 y) has the highest prevalence of prehypertension (42%)
among all age groups [43]. Although we excluded patients with
anti-hypertensive treatment, a local report revealed that only half
of all hypertensive cases are diagnosed and half of those diagnosed
are treated [44]. Thus, the selection criteria for prehypertension
and untreated hypertension may have limited influence on the
study generalizability. Finally, as previous study [29], ODMA
producers in our study were defined as detectable urinary
concentrations of ODMA. The ODMA cut-off has not yet been
well-established and differed among studies. The higher or lower
cut-off used could result in systematic shifting in classification.
Thus, we conducted further analyses using various cut-offs such as
170 nmol/1 [24] or 339 nmol/1 [45] or ODMA/ creatinine ratio of
0.018 [23] for defining ODMA status, however, it made little
misclassification and influence on the results.

Conclusion

Our cross-sectional data suggested that equol and O-DMA
producers than non-producers had better cardiovascular health
profiles in Chinese postmenopausal women with prehypertension
or untreated hypertension. The associations were independent of
dietary or other lifestyle factors. Further studies characterizing the
associations of intestinal bacterial profiles with cardiovascular
markers are warranted.

Acknowledgments

We are indebted to our study participants and the research assistants.
Without their effort this investigation would not have been possible.

Author Contributions

Conceived and designed the experiments: ZML SCH JW YMC.
Performed the experiments: ZML. Analyzed the data: ZML. Contributed
reagents/materials/analysis tools: YMC JL ZML. Wrote the paper: ZML.

10. Setchell KD, Brown NM, Lydeking-Olsen E (2002) The clinical importance of
the metabolite equol-a clue to the effectiveness of soy and its isoflavones. J Nutr
132: 3577-3584.

11. Frankenfeld CL (2011) O-desmethylangolensin: the importance of equol’s lesser
known cousin to human health. Adv Nutr 2: 317-324.

12. Lampe JW (2009) Is equol the key to the efficacy of soy foods? Am J Clin Nutr
89: 1664S-1667S.

13. Guo K, Zhang B, Chen C, Uchiyama S, Ueno T, et al. (2010) Daidzein-
metabolising phenotypes in relation to serum lipids and uric acid in adults in
Guangzhou, China. Br J Nutr 104: 118-124.

14. Liu B, Qin L, Liu A, Uchiyama S, Ueno T, et al. (2010) Prevalence of the equol-
producer phenotype and its relationship with dietary isoflavone and serum lipids
in healthy Chinese adults. J Epidemiol 20: 377-384.

15. Setchell KDR, Cole SJ (2006) Method of Defining Equol-Producer Status and
Its Frequency among Vegetarians. 2188-2193.

16. Frankenfeld CL, Atkinson C, Thomas WK, Goode EL, Gonzalez A, et al. (2004)
Familial correlations, segregation analysis, and nongenetic correlates of soy
isoflavone-metabolizing phenotypes. Exp Biol Med (Maywood) 229: 902-913.

17. Liu Z-m, Ho SC, Chen Y-m, Woo J (2013) A Six-Month Randomized
Controlled Trial of Whole Soy and Isoflavones Daidzein on Body Composition
in Equol-Producing Postmenopausal Women with Prehypertension. Journal of
Obesity 2013: 9.

18. Ma J, Liu Z, Ling W (2003) Physical activity, diet and cardiovascular disease
risks in Chinese women. Public Health Nutr 6: 139-146.

19. Zhang CX, Ho SC (2009) Validity and reproducibility of a food frequency
Questionnaire among Chinese women in Guangdong province. Asia Pac J Clin
Nutr 18: 240-250.

20. Yue-xin Y (2002) China Food Composition 2002. Institute of Nutrition and
Food Safety. Beijing, PR China Peking University Medical Press.

February 2014 | Volume 9 | Issue 2 | e87861



21.

23.

24.

28.

29.

30.

31.

32.

Seo A, Morr CV (1984) Improved high-performance liquid chromatographic
analysis of phenolic acids and isoflavonoids from soybean protein products.
Journal of Agricultural and Food Chemistry 32: 530-533.

. Arai Y, Uehara M, Sato Y, Kimira M, Eboshida A, et al. (2000) Comparison of

isoflavones among dietary intake, plasma concentration and urinary excretion
for accurate estimation of phytoestrogen intake. J Epidemiol 10: 127-135.
Guo K, Zhang B, Chen C, Uchiyama S, Ueno T, et al. (2010) Daidzein-
metabolising phenotypes in relation to serum lipids and uric acid in adults in
Guangzhou, China. British Journal of Nutrition 104: 118-124.

Song KB, Atkinson C, Frankenfeld CL, Jokela T, Wahala K, et al. (2006)
Prevalence of daidzein-metabolizing phenotypes differs between Caucasian and
Korean American women and girls. J Nutr 136: 1347-1351.

. Decroos K, Vanhemmens S, Cattoir S, Boon N, Verstraete W (2005) Isolation

and characterisation of an equol-producing mixed microbial culture from a
human faecal sample and its activity under gastrointestinal conditions. Arch
Microbiol 183: 45-55.

. Mai V (2004) Dietary modification of the intestinal microbiota. Nutr Rev 62:

235-242.

. Gardana C, Canzi E, Simonetti P (2009) The role of diet in the metabolism of

daidzein by human faecal microbiota sampled from Italian volunteers. J Nutr
Biochem 20: 940-947.

Bolca S, Possemiers S, Herregat A, Huybrechts I, Heyerick A, et al. (2007)
Microbial and dietary factors are associated with the equol producer phenotype
in healthy postmenopausal women. J Nutr 137: 2242-2246.

Atkinson C, Newton KM, Bowles EJ, Yong M, Lampe JW (2008) Demographic,
anthropometric, and lifestyle factors and dietary intakes in relation to daidzein-
metabolizing phenotypes among premenopausal women in the United States.
Am J Clin Nutr 87: 679-687.

Lampe JW, Skor HE, Li S, Wahala K, Howald WN, et al. (2001) Wheat bran
and soy protein feeding do not alter urinary excretion of the isoflavan equol in
premenopausal women. J Nutr 131: 740-744.

Ozasa K, Nakao M, Watanabe Y, Hayashi K, Miki T, et al. (2005) Association
of serum phytoestrogen concentration and dietary habits in a sample set of the
JACC Study. J Epidemiol 15 Suppl 2: S196-202.

Vedrine N, Mathey J, Morand C, Brandolini M, Davicco MJ, et al. (2006) One-
month exposure to soy isoflavones did not induce the ability to produce equol in
postmenopausal women. Eur J Clin Nutr 60: 1039-1045.

. Hedlund TE, Maroni PD, Ferucci PG, Dayton R, Barnes S, et al. (2005) Long-

term dietary habits affect soy isoflavone metabolism and accumulation in
prostatic fluid in caucasian men. J Nutr 135: 1400-1406.

PLOS ONE | www.plosone.org

34.

36.

37.

38.

39.

40.

41.

42.

44.
. Atkinson C, Newton KM, Aiello Bowles EJ, Lehman CD, Stanczyk FZ, et al.

Cardiovascular Risks and Equol and ODMA Phenotypes

Atkinson C, Newton KM, Yong M, Stanczyk FZ, Westerlind KC, et al. (2012)
Daidzein-metabolizing phenotypes in relation to bone density and body
composition among premenopausal women in the United States. Metabolism

61: 1676-1682.

. Cordain L, Latin RW, Behnke JJ (1986) The effects of an aerobic running

program on bowel transit time. J Sports Med Phys Fitness 26: 101-104.
Koffler KH, Menkes A, Redmond RA, Whitehead WE, Pratley RE, et al. (1992)
Strength training accelerates gastrointestinal transit in middle-aged and older
men. Med Sci Sports Exerc 24: 415-419.

Child MW, Kennedy A, Walker AW, Bahrami B, Macfarlane S, et al. (2006)
Studies on the effect of system retention time on bacterial populations colonizing
a three-stage continuous culture model of the human large gut using FISH
techniques. FEMS Microbiol Ecol 55: 299-310.

Ricketts ML, Moore DD, Banz WJ, Mezei O, Shay NF (2005) Molecular
mechanisms of action of the soy isoflavones includes activation of promiscuous
nuclear receptors. A review. J Nutr Biochem 16: 321-330.

Hwang J, Wang J, Morazzoni P, Hodis HN, Sevanian A (2003) The
phytoestrogen equol increases nitric oxide availability by inhibiting superoxide
production: an antioxidant mechanism for cell-mediated LDL modification.
Free Radic Biol Med 34: 1271-1282.

Adlercreutz H, Martin F, Pulkkinen M, Dencker H, Rimér U, et al. (1976)
Intestinal metabolism of estrogens. Journal of Clinical Endocrinology and
Metabolism 43: 497-505.

Boden G (2011) Obesity, insulin resistance and free fatty acids. Curr Opin
Endocrinol Diabetes Obes 18: 139-143.

Population Health Survey 2003/2004. Hong Kong: Department of Health. 1
315.

. Janus ED, Watt NM, Lam KS, Cockram CS, Siu ST, et al. (2000) The

prevalence of diabetes, association with cardiovascular risk factors and
implications of diagnostic criteria (ADA 1997 and WHO 1998) in a 1996
community-based population study in Hong Kong Chinese. Hong Kong
Cardiovascular Risk Factor Steering Committee. American Diabetes Associa-
tion. Diabet Med 17: 741-745.

Protection CfH (2013) Hypertension.

(2009) Daidzein-metabolizing phenotypes in relation to mammographic breast

density among premenopausal women in the United States. Breast Cancer Res
Treat 116: 587-594.

February 2014 | Volume 9 | Issue 2 | e87861



