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Abstract

S-(-)equol, an intestinally derived metabolite of the soy isoflavone daidzein, is proposed to enhance the efficacy of soy

diets. Adults differ in their ability to produce equol when consuming soy foods for reasons that remain unclear. Therefore,

we performed a comprehensive dietary analysis of 143 macro- and micronutrients in 159 healthy adults in the United

States (n = 89) and Australia (n = 70) to determine whether the intake of specific nutrients favors equol production. Three-d

diet records were collected and analyzed using Nutrition Data System for Research software and S-(-)equol wasmeasured

in urine bymass spectrometry. Additionally, in a subset of equol producers and nonproducers (n = 10/group), we examined

the long-term stability of equol producer status by retesting 12, 18, and 24mo later. Finally, the effect of oral administration

of the antibiotic metronidazole (500 mg/d for 7 d) on equol production was examined in 5 adults monitored during a 4-mo

follow-up period. Equol producers accounted for 30.3% and 28.6% of the United States and Australian participants,

respectively (overall frequency, 29.6%). No significant differences were observed for total protein, carbohydrate, fat,

saturated fat, or fiber intakes between equol producers and nonproducers. However, principal component analysis

revealed differences in several nutrients, including higher intakes of polyunsaturated fatty acids (P = 0.039), maltose

(P = 0.02), and vitamins A (P = 0.01) and E (P = 0.035) and a lower intake of total cholesterol (P = 0.010) in equol

producers. During a 2-y period, equol producer status remained unchanged in all nonproducers and in 80% of equol

producers, whereas metronidazole abolished equol production in only 20% of participants. In conclusion, these

findings suggest that major differences in the macronutrient content of the diet appear not to influence equol

production, but subtle differences in some nutrients may influence the ability to produce equol, which was a relatively

stable phenomenon. J. Nutr. 143: 1950–1958, 2013.

Introduction

Interest in the role of soy and isoflavones in preventing or
treating chronic disease has in recent years gravitated away
from soy protein and isoflavones toward a focus on the natural

intestinal isoflavone metabolite S-(-)equol (1,2). There is now
sufficient interest in S-(-)equol for its potential to prevent or treat

estrogen- and androgen-mediated diseases that it is under

development as a nutraceutical (3,4) and pharmaceutical agent

(5) targeted at adults who cannot naturally make equol when

consuming soy foods (6). S-(-)equol is formed from daidzin/

daidzein by bacteria in the distal region of the intestine and

colon (1,2,7,8); however, it is not produced by all adults after

consuming soy foods (6,9–11). Numerous studies show that the

frequency of ‘‘equol producers’’ in adult Western populations is

~25–30% (6,9–11) and this is considerably lower than the

frequency of 50–70% reported for adult equol producers in

Japan, China, and Korea, where traditional soy foods are reg-

ularly consumed (12–16). Collectively, these data show that the

frequency of equol producers differs among different population

groups. It is presently unclear what factors determine S-(-)equol
production, but understanding why equol production varies

among individuals is important, because of the increasing evi-

dence supporting the hypothesis that the ability to produce equol
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contributes to the overall efficacy of a soy food-based diet (17–
19). Although a primary factor is the presence of specific intes-
tinal bacteria capable of converting daidzein/daidzein to S-(-)
equol, of which numerous species have been identified [reviewed
in (1)], other dietary factors may play a role in S-(-)equol
formation even if those intestinal bacteria are present (11,20–
24). If specific dietary factors can be identified as important in
contributing to S-(-)equol production, it may then be possible to
develop strategies to stimulate equol production in non–equol
producers.

We describe a comprehensive study of the relation between
equol producer status and dietary composition in a large
population of free-living, healthy adults consuming a typical
Western diet from 2 different geographical centers, one in the
United States and the other in Australia. The objective was to
determine the extent to which the macro- or micronutrient
composition of the diet is associated with equol production by
rigorous analysis of 3-d diet records for 143 different dietary
constituents and to simultaneously test each participant for
equol producer status by a standardized test (6). As a corollary
to this study, we addressed whether equol production is a stable
phenomenon in an individual, as was previously suggested (10,
17) by a longitudinal follow-up during a 2-y period of a subset of
equol producers and non–equol producers. Finally, we describe
the effects of administration of the commonly used antibiotic
metronidazole on equol production.

Materials and Methods

Study design
Three interrelated studies were performed in free-living, healthy adults

as follows.

Study 1: associations between the macro- and micro-composition
of the diet and equol production. The objective of this study was to

determine in detail the relation between diet composition and equol

production. Healthy men and women (n = 159) between 21 and 65 y of

age with a BMI <30 were enrolled at 2 sites: Cincinnati Children�s
Hospital Medical Center, Cincinnati, OH (n = 89) and the Sydney

Adventist Hospital, Wahroonga, New South Wales, Australia (n = 70).

The study participants consisted of omnivores, self-proclaimed vegetar-

ians, or people consuming a low-carbohydrate/high-protein diet. None
of the study participants had evidence of pre-existing chronic liver,

kidney, or gastrointestinal diseases and none were taking cholesterol-

lowering drugs, bile acid binders, or statins, nor had antibiotics been
prescribed within the 3 mo preceding enrollment.

On the initial screening visit, height and body weight were recorded

and a general health questionnaire completed. Each participant meeting

the entry criteria was tested for the ability to produce S-(-)equol (6). In
brief, participants consumed 240 mL of soymilk (So Good soymilk

brand, obtained from Sanitarium Health and Wellbeing) twice daily for

3.5 d and a 24-h urine collection was obtained beginning after the

morning void on day 3 up to and including the morning void on d 4.
Urine samples were stored at 220�C until analyzed. One week prior to

this soy challenge, each participant kept a detailed 3-d diet diary that

covered 2 weekdays and 1 weekend day. A dietitian instructed parti-
cipants on how to assess and record food portions and how to complete a

3-d diet record for analysis of diet composition. All diet records were

analyzed using the Nutrition Data System for Research software (Nu-

trition Coordinating Center, University ofMinnesota, Minneapolis, MN).

Study 2: assessment of the stability of equol producer status. This
study was a longitudinal study of a subset of the participants (n = 20)

retained from study 1 comprising documented equol producers (n = 10)
and non–equol producers (n = 10) followed for 2 y, during which time

their ability to produce equol was determined again after 12, 18, and 24

mo by the same standardized soy food challenge described above (6).

Equol producer status was determined from urine analysis (6) and in the

week preceding this testing, a 3-d diet diary was completed for re-

assessment of dietary composition in the event of a change in equol

producer status.

Study 3: influence of antibiotics on equol producer status. The
objective of this observational study was to determine whether admin-

istration of a commonly used antibiotic, metronidazole, would inhibit
equol production in documented equol producers and, if abolished, to

then determine the time course for recovery of equol production.

Established equol producers (n = 5) identified from study 1 were

rechallenged with soymilk to again confirm their equol producer status.
After testing, the participants continued to consume soy milk, 240 mL

twice daily, for the next 10 d. At that time, each participant was

administered metronidazole (7.5 mg/kg body weight; three times a day)
for 7 consecutive days. Throughout antibiotic administration and for a

further 3 d, consecutive 24-h urine collections were obtained. Equol

producer status was then reassessed at 14 d and then 1, 2, 3, and 4 mo

later by the soy challenge test (6).
The study protocols were approved by the human Institutional

Review Board of the Children�s Hospital Medical Center (protocol

CCHMC no. 05–08–27) in the United States and the Ethics Committee

of the Seventh Day Adventist Hospital, Wahrooga, New South Wales in
Australia. Written informed consent was obtained from all participants.

These studies were initiated in September 2005, which predated re-

quirements for registration of clinical studies.

Data analysis
Data are expressed as means6 SDs unless otherwise stated. For study 1,

the demographics and geographic location were compared between
equol producer status groups using t tests for continuous variables and
chi-square test for categorical variables. In study 2, the changes over time

in macro-nutrient composition of the diet were compared for equol

producers and non–equol producers using repeated-measures ANOVA
with time (in months) modeled as a continuous covariate. Changes over

time within each group were evaluated using this same statistical model.

Study 3 was an observational study only. In studies 1 and 2, for each of

the dietary components, intakes were totaled for the 3-d diet records for
each participant. Data were log transformed, if needed, to attain sym-

metry. The 143 different dietary components were grouped in specific

macromolecular categories. Principal component analysis (PCA) was
conducted, including the specified standardized dietary components for

each macromolecular category to identify the factors that explained

~95% of the variance of that category (Supplemental Table 1). The

principal components (PCs) were described based upon the loadings.
Each PC was then analyzed separately within each category to determine

if there were any significant differences between equol producers and

non–equol producers using the Wilcoxon�s rank-sum test. This was also

done for other major dietary groups and vitamin groups: lipids, proteins,
vitamins A, B, C, D, E, and K, and minerals. Pearson�s chi-square test

was used to compare percentage of equol producers for the total fiber

intake categories. P values < 0.05 were considered significant.

Results

Demographics
Study 1. Of the 159 participants that met the entry criteria and
completed the study, 91 (57.2%) were female and 68 (42.8%)
were male. The age range of the cohort was 21–61 y and the
mean age was 36.86 11.8 y for the females and 35.46 9.4 y for
males. The mean BMI for the women was 23.56 3.2 and for the
men was 24.9 6 2.8.

The racial and ethnic characteristics of the cohort were
88.7% Caucasian, 8.8% Asian, and 2.5% African American; all
were non-Hispanic. Demographics did not significantly differ
between the equol producers and nonproducers with the
exception of BMI, where the producers had a slightly higher
BMI (24.9 6 2.7 kg/m2) than that of the nonproducers (23.8 6
3.2; P = 0.03), although both were within the normal range.
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Study 2. A total of 10 equol producers and 10 non–equol
producers enrolled and completed the study. The mean age of the
group comprising equol producers was 35.2 6 11.8 y and for
non–equol producers was 42.0 6 11.5 y. The mean BMIs were
24.86 1.1 kg/m2 and 24.96 3.4 kg/m2, respectively, for these 2
groups. Among the 10 equol producers, 7 were female and 3
were male and in the non–equol producers, there were 4 females
and 6 males. The race and ethnicity of the 20 study participants
was 70% Caucasian, 5% African American, and 25% Asian,
and all were non-Hispanic.

Study 3. The mean age of the 5 participants (4 female and
1 male) enrolled was 34.46 8.1 y (range, 27–47 y) and the BMI
was 25.3 6 3.4 (range, 20.7–29.7). Of these, there were 3
Caucasian, 1 African American, and 1 Asian.

Frequency of equol producer status in healthy adults
The log10-transformed urinary equol:daidzein ratios for the
individual participants from the United States and Australia are
plotted separately and in rank order of value in Figure 1. Using
the threshold value of 21.75 as previously defined (6) to
differentiate equol producers from nonproducers, 27 of the 89
American adults (30.3%) and 20 of the 70 Australian adults
(28.6%) were classified as equol producers. The overall
frequency of equol producers was 29.6%, of which 29.7% of
the females (27 of 91) and 29.4% of the males (20 of 68) were
equol producers, showing no gender bias in equol production.
However, with regard to gender differences, there were more
females than males who were equol producers in the United
States (19 female, 8 mol/L) cohort, whereas the reverse trend
was observed for the Australian cohort (8 females, 12mol/L). The
predominance of male equol producers in the Australian partic-
ipants is in agreement with a previous study of 69 Australian
adults (6). Neither the geographical nor gender difference in
frequency of equol producers proved significant.

Dietary composition: association with equol producer
status
A total of 156 of the 159 study participants completed the 3-d diet
records and analysis of these data found no significant associa-
tions between equol producer status and intake of the macronu-
trients of total fats, total carbohydrates, or total protein when
these were expressed as a percent of energy (Table 1). This finding
was consistent irrespective of whether data were analyzed
separately as United States and Australia cohorts or combined.
For this reason, further detailed analysis of the diet was performed
on the combined groups using PCA. Box plots are shown in
Figure 2 for those nutrients showing the most significant dif-
ferences between equol producers and nonproducers.

In the carbohydrate category, which included the mono-,
di-, and polysaccharides of glucose, galactose, fructose, sucrose,
lactose, and maltose, total dietary fiber, soluble fiber, insoluble
dietary fiber, and pectin, there were 5 PCs that accounted for
most of the variability (typically 95%) in the group and dietary
intake did not significantly differ between equol producers and
nonproducers for any of these PCs. However, when individual
carbohydrates were separately analyzed to compare the amount
present in the diet of equol producers with nonproducers, the
disaccharide maltose was greater in abundance in the diet of
equol producers (P = 0.021) (Table 1; Fig. 2A).

The lipids grouped together for PCA included SFAs, MUFAs,
PUFAs, cholesterol, and total fat and resulted in 3 PCs.

The first PC was an overall weighted mean of the compo-
nents, but this was not significantly different between equol

producers and nonproducers. The second PC represented the
difference between the amount of total cholesterol in the diet
relative to PUFAs, with higher values in nonproducers (P =
0.010) compared with equol producers (Fig. 2D). The third PC
represented the sum of cholesterol and PUFA relative to SFA,
which was higher for equol producers compared with non-
producers (P = 0.02) (Fig. 2E). Likewise, when individual
components were separately analyzed to compare the amount
present in the diet of equol producers with nonproducers, PUFA
intake was greater for equol producers (P = 0.039) than for non–
equol producers (Fig. 2B). Additionally, the ratio of PUFA:SFA
was significant (Fig. 2C). These analyses indicate that individ-
uals with more PUFAs in the diet relative to SFA tended to be
equol producers and those with more PUFAs relative to total
cholesterol also tended to be equol producers. Hence, higher
amounts of PUFAs alone and relative to the amount of SFA and
total cholesterol indicate that PUFAs play an important role in
the diet of equol producers, and this may be driving the dif-
ferences we observe between the 2 groups.

The third area identified for analysis was proteins, and when
all amino acids were included in a PCA, only one PC resulted,
which was not significantly different between equol producers
and non–equol producers. The second PC evaluated included
total protein and animal and vegetable protein. The PC did not
differ between equol producers and nonproducers; neither did
any of the individual components when analyzed separately.

Vitamins A, B C, D, E, and K were analyzed separately, but
within each category, all possible forms of the each vitamin were
included. PCA of vitamin A resulted in 5 PCs. The first PC was a
weighted mean of all vitamin A components and resulted in a
difference between equol producers and nonproducers (P =
0.012), indicating that the intake of vitamin A was significantly
higher in individuals who were equol producers (Fig. 2F).
None of the remaining 4 PCs resulted in significant differences.
Analysis of vitamin B included thiamin (vitamin B-1), riboflavin
(vitamin B-2), niacin (vitamin B-3), niacin equivalents, total
folate, pantothenic acid, vitamin B-6 (pyridoxine, pyridoxyl,
and pyridoxamine), and vitamin B-12 (cobalamin), and PCA re-
sulted in 3 PCs, none of which were significant. PCA of vitamin E
included total a-tocopherol, b-tocopherol, g-tocopherol, and
D-tocopherol and resulted in 4 PCs. The first PCwas the weighted
mean of these components and dietary intake in equol pro-
ducers was significantly higher than in nonproducers (P = 0.035)
(Fig. 2G). None of the remaining 3 PCs reached significance.

FIGURE 1 Log10-transformed urinary S-(-)equol:daidzein ratios in

rank order of the individual participants grouped according to study

site, Australia (n = 70) and United States (n = 89). Points falling in the

shaded area were classified as non–equol producers and those in the

unshaded area were classified as equol producers. Equol+, equol

producer; Equol2, non–equol producer.
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When individual members of the tocopherol group were sepa-
rately analyzed, no specific one was found to be present in greater
amounts in the diet of equol producers than in the diet of
nonproducers. PCA found no significant differences in the vitamin
C, D, or K intakes of equol producers compared with non-
producers.

When mineral content was analyzed by PCA, 5 PCs were
identified. The first 3 PCs did not yield any significant difference
between equol producers and nonproducers. The fourth PC
showed the weighted sum of the intake of copper, sodium, and
manganese relative to calcium was higher in nonproducers than
in equol producers (P = 0.038) (Fig. 2H).

Fiber intake varied considerably among individuals (range,
7.7–61.4 g/d). When the participants were subdivided into 3
groups based on total dietary fiber intake being low (<16 g/d, n =
36), moderate (16–30 g/d, n = 71), or high (>30 g/d, n = 49), the
frequency of equol producers was similar among the tertiles of
fiber intake (28%, 30%, and 31%) (Fig. 3).

Long-term stability in equol production
The log10-transformed urinary equol:daidzein ratio, determined
in 20 healthy participants comprising 10 equol producers and 10
non–equol producers selected from the 159 adults enrolled in
study 1 who were repeat tested for equol producer status after
12, 18, and 24 mo, is shown in Figure 4. In the 10 adults that
were classified as non–equol producers, no significant change in
the log10-transformed urinary equol:daidzein ratio was observed
during the 2-y follow-up period and consequently, all 10 par-
ticipants remained classified as non–equol producers for up to
2 y after the initial testing.

When repeated-measures ANOVAwas conducted on the 3-d
diet records, no significant differences were seen in these non–
equol producers over time in the mean intake of total energy
(kcal), total fat, carbohydrates, or fiber when expressed as
absolute values and as a percentage of energy. However, for total
protein, a trend toward a decrease in protein consumption per
day was observed (Table 2).

TABLE 1 Data from study 1 comparing the dietary intakes of 143 macro- and micronutrients in healthy
adults classified as equol producers and non–equol producers determined from analysis of 3-d diet records
using Nutrition Data System for Research software1

Equol producer
(n = 47)

Non–equol producer
(n = 109) P value2

Macronutrient

Total, g/d 2040 6 103 2060 6 57 0.55

Energy, kcal/d 2070 6 98 2050 6 54 0.83

Total fat, g/d 73.4 6 3.6 73.5 6 2.4 0.86

Calories from fat, %/d 31.1 6 1.0 31.2 6 0.6 0.94

PUFA:SFA ratio 0.27 6 0.02 0.22 6 0.01 0.002

Total PUFAs, g/d 16.8 6 0.9 14.7 6 0.5 0.04

Calories from PUFA, %/d 7.1 6 0.3 6.4 6 0. 0.02

Total carbohydrate, g/d 273 6 17 265 6 8.2 0.76

Calories from carbohydrate, %/d 50.9 6 1.5 50.7 6 0.8 0.82

Maltose, g/d 6.0 6 0.7 4.4 6 0.4 0.02

Total dietary fiber, g/d 27.1 6 1.9 25.0 6 1.0 0.49

Total protein, g/d 83.8 6 4.9 84.1 6 2.4 0.50

Calories from protein, %/d 16.1 6 0.7 16.6 6 0.4 0.30

Micronutrient

Vitamins

Total vitamin A activity, IU/d 14,000 6 1200 10,600 6 622 0.008

Total vitamin A activity (retinol activity equivalents), mg/d 1360 6 116 1070 6 56 0.03

Total vitamin A activity (retinol equivalents), mg/d 1930 6 155 1490 6 82 0.01

b-Carotene (provitamin A carotenoid), mg/d 6080 6 588 4410 6 361 0.005

b-Carotene equivalents (derived from provitamin A

carotenoids), mg/d

6810 6 672 5030 6 422 0.008

Retinol, mg/d 794 6 97 654 6 45 0.31

Thiamin (vitamin B-1), mg/d 2.7 6 0.2 2.4 6 0.1 0.66

Vitamin B-6 (pyridoxine, pyridoxyl, and pyridoxamine), mg/d 3.5 6 0.2 2.9 6 0.2 0.39

Vitamin C (ascorbic acid), mg/d 237 6 29 145 6 15 0.20

Vitamin E, IU/d 46.3 6 10 24.6 6 1.4 0.08

Vitamin E (total a-tocopherol), mg/d 23.9 6 4.7 13.6 6 1.0 0.06

Total a-tocopherol equivalents, mg/d 43.6 6 10 22.6 6 2.0 0.06

Natural a-tocopherol (RRR-a-tocopherol or d-a-tocopherol),mg/d 9.3 6 0.8 7.7 6 0.3 0.16

Synthetica-tocopherol (all rac-a-tocopherol or dla-tocopherol),mg/d 32.4 6 10 13.2 6 2.0 0.12

Minerals

Magnesium, mg/d 440 6 35 383 6 14 0.33

Calcium, mg/d 1220 6 89 1050 6 38 0.16

Iron, mg/d 25.8 6 3.2 22.2 6 1.2 0.96

1 Values are means 6 SEs, n = 156.
2 Wilcoxon�s rank-sum test.
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Equol production was maintained for the next 2 y in 8 of the
10 defined equol producers when they were retested with a soy
challenge (Fig. 4). However, in 2 of these adults, the log10-
transformed urinary equol:daidzein ratio changed during the 2-y
follow-up period, with these participants becoming non–equol
producers. Analysis of their 3-d diet records during the 2-y
period of follow-up showed one participant had a decrease in
total energy and total fat intake and a significant decrease in
mean PUFA intake (23.3 to 8.3 g/d). Furthermore, this participant

had been prescribed multiple courses of antibiotics (amoxicillin)
during the 2-y follow-up, which may have accounted for the
abolition of equol production. The other participant showed
no significant variation in dietary intake of nutrients during
the 2-y follow-up period and also reported no antibiotic use.
However, overall, the repeated-measures ANOVA for all par-
ticipants showed no significant changes over time for equol
producers.

Effect of antibiotic administration on equol production
Oral administration of the antibiotic metronidazole had no
effect on equol producer status in 4 of the 5 healthy adults
classified as equol producers prior to administration, as con-
firmed from the log10-transformed urinary equol:daidzein ratio
after repeated exposure to soy milk (Fig. 5). These 4 participants
continued to test positive as equol producers on all 7 d of
metronidazole administration and continued to be equol pro-
ducers for an addition 4 mo, during which time each participant
was retested at 30-d intervals. In one individual, metronidazole
administration virtually abolished equol production, as evidenced
by a change in the urine log10-transformed equol:daidzein ratio
after a soy challenge and equol production was not restored
during the next 4 mo when this participant was retested (Fig. 5).

Discussion

This comprehensive diet study was an attempt to determine
whether differences in the composition of the diet influence the
propensity of an individual to produce the isoflavone metabolite
S-(-)equol when consuming soy foods containing isoflavones.
Unlike rodents and most other animal species that efficiently and
exclusively convert daidzin:daidzein into S-(-)equol (17,25–27),
the frequency of equol producers in human adults is lower and
more variable. In this study of adults living in the United States
and Australia who were given a soy challenge (6), the frequency
of equol producers was similar between these geographical
locations, with a mean overall frequency of 29.6% testing positive
for equol production. This finding is in agreement with previous
reports for adults living in Western countries (6,9–11,28) and
considerably lower than the reported frequency for Asian adults
living in Asian countries (12–16).

The clinical relevance of this conversion is evident by the fact
that S-(-)equol is a biologically more potent molecule than its
precursor and for this reason, inter-individual variability in the
conversion of daidzein to S-(-)equol may in part explain some of
the variability in clinical responses to soy-containing diets (17).
In support of this concept, a gene expression study reported
striking differences in expression of a number of estrogen-
responsive genes in postmenopausal women who were equol
producers compared with those that were non–equol producers
after chronic administration of a soy isoflavone supplement (29).
S-(-)equol possesses unique properties. It preferentially binds to
ERb (8,30,31) and therefore can be considered to have selective
estrogen receptor modulator-like properties, but it also antago-
nizes the action of the potent androgen dihydrotestosterone (32).
In principle, therefore, it should play a role in numerous hormone-
dependent diseases and conditions, as was originally proposed
following its identification in human urine almost 30 y ago (9).

The large disparity in the frequency of equol producers
between adults living in Asia and Western countries remains a
mystery, but dietary differences are one potential explanation.
Many studies have reported associations between equol pro-
ducer status and a number of dietary components and nutrients,
including fat and carbohydrate composition (11,21,23), PUFAs

FIGURE 2 Box-plots for study 1 comparing equol producers (n = 47)

and non–equol producers (n = 109) for individual nutrients or PCs of

specific macromolecular categories that demonstrated significance at

P , 0.05. For PCs, positive values indicate higher intake and negative

values indicate lower intake. (A) Dietary intake (g/d) of the disaccharide

maltose. (B) Dietary intake of total PUFAs (g/d). (C ) Ratio of PUFA:SFA

intake. (D) PC representing the difference between intake of total

cholesterol relative to PUFAs. (E) PC representing the difference be-

tween the intake of total cholesterol and PUFAs relative to SFAs. (F )

PC representing weighted mean of vitamin A components. (G) PC

representing weighted mean of total a-tocopherol, vitamin E compo-

nents. (H ) PC representing weighted sum of copper, sodium, and

manganese relative to the intake of calcium. The shaded boxes repre-

sent equol producers and the white boxes represent non–equol pro-

ducers. The line in the middle of the box represents the median or

50th percentile of the data and the box extends from the 25th to the

75th percentile. The lines emerging from the box extend to the upper

and lower adjacent values, i.e., the largest data point #75th percentile

plus 1.5 times the IQR and the smallest data point $25th percentile

minus 1.5 times the IQR, respectively. If the examined data come

from a normal distribution, one would expect the interval between the

adjacent values to include 99.3% of the data. Observed points more

extreme than the upper or lower adjacent values, if any, are

individually plotted. Eq+, equol producer; Eq2, non–equol producer;

PC, principal component.
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(22), dairy intake (33), lactose (34), green tea consumption (35),
seaweed (36), and soy food intake (13,15,33), but no clear
conclusions can be made. Prolonged soy food consumption
appears not to be a factor driving equol formation (37), but
clearly intake of foods containing the substrate daidzein/
daidzein, such as soy foods, is essential in conjunction with the
presence of appropriate bacteria (1,38) in the intestinal tract.
Indeed, the accurate assessment of an individual for equol
producer status requires a sustained exposure to isoflavone-
containing foods, because relying on endogenous isoflavone
intakes in Westerners, who consume very little soy food (39–44)
or Asians who may or may not have had recent intake of soy, is
unreliable in assigning equol producer status (6). For this reason,
we challenged all adults for 3.5 d with soymilk to achieve a
steady-state isoflavone concentration before analyzing urine for
equol and daidzein (6). This standard approach has been used by
others and the practical limitations are discussed elsewhere
(6,10,45).

It is conceivable that all adults possess the specific bacteria for
S-(-)equol formation in their gastrointestinal tract but that in
nonproducers, the intraluminal conditions may not be optimal
for the multiple enzymatic reactions to occur. Diet can influence
the microflora and the intraluminal milieu (46,47). More than a
decade ago, it was reported that equol production was associ-
ated with a higher intake of daily calories as carbohydrates and
lower proportion as saturated fat (11,21), an observation
supporting in vitro studies of cultured human fecal flora show-
ing a high proportion of nonstarch polysaccharides, which in-
creased the fermentation rate, resulting in the rapid conversion
of daidzein to equol (13). Furthermore, increased hydrogen
production, butyrate, and propionate have all been associated
with more efficient formation of equol (48,49). However, a more
recent diet study did not corroborate the association between
equol production and total carbohydrate intake (23). In our
study, dietary analysis was based on a 3-d diet record completed
by each participant in the period of testing for equol producer
status rather than relying on diet history questionnaires, also
called FFQs, as has been done in numerous previous studies.
Interestingly, in those adults (n = 20) that were prospectively
followed and repeat tested 12, 18, and 24 mo later, analysis of

their 3-d diet records revealed the intake of macronutrients to be
relatively constant during this 2-y period (Table 2).

In the data reported here, we did not find any significant
differences between equol producers and nonproducers in the
intake of total carbohydrates expressed as a percentage of total
calories and this was also the case for other macronutrients,
including total protein, total fat, saturated fat, and total fiber
(Table 1). Because fiber potentially could influence equol pro-
duction by altering intestinal fermentation, we analyzed the
data according to tertiles of fiber intake [low (>16 g/d), medium
(16–30 g/d), and high (>30 g/d)] (Fig. 3). Equol production
appeared not to be influenced by fiber intake. This finding is
consistent with that previously reported by Lampe et al. (20)
where no association between equol producer status and fiber
intake was observed and furthermore, the addition of 16 g/d of
fiber in the form of wheat bran did not alter equol production in
women. It also does not support the findings from a report of an
Italian cohort that suggested equol producers were associated
with a diet of less fiber, vegetables, and cereals, although this
study used diet histories to calculate intakes of nutrients (23)
rather than 3-d diet records that we used.

A more detailed analysis of our data for the intake of 143
nutrients using PCA revealed several significant differences in
the intake of a number of nutrients when comparing equol
producers and nonproducers (Fig. 2). PCA spotlighted a higher
intake of PUFAs, maltose, vitamins A and E, and calcium as
playing a particularly important role in differentiating the 2
groups. Although total carbohydrate intake showed no associ-
ation with equol production, it was found that equol producers
had a significantly higher intake of maltose. Whether such a
subtle difference in carbohydrate composition could influence
the activity of the bacterial enzymes is unclear. At least one strain
of bacteria linked to S-(-)equol production shows growth in the
presence of maltose (50) and it may be possible that subtle
differences in the carbohydrate composition of the diet, as
observed in this study, could contribute to S-(-)equol production.

FIGURE 3 The correlation between the urinary log10-transformed

S-(-)equol:daidzein ratio and daily total fiber intakes for 156 healthy

adults. Points falling in the shaded area were classified as non–equol

producers (n = 109) and those in the unshaded area were classified as

equol producers (n = 47). The vertical lines represent tertiles of total

fiber intake: low (,16 g/d), medium (16–30 g/d), and high (.30 g/d).

Equol+, equol producer; Equol2, non–equol producer.

FIGURE 4 Changes in the urinary log10 S-(-)equol:daidzein ratio for

10 defined equol producers (A) and 10 non–equol producers (B) that

underwent testing for equol production at baseline and after 12, 18,

and 24 mo. Equol+, equol producer; Equol2, non–equol producer.
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A higher PUFA intake was previously implicated as being
associated with equol producers (22), but to our knowledge, this
is the first time micronutrient differences have been noted
between the groups. It was suggested that the higher intake of
PUFA in Japanese and Korean diets could explain the higher
frequency of equol producers (50–70%) in these countries
(22). It remains to be seen whether increasing PUFA intake by
supplementation could facilitate equol production and such a
study is warranted based on these findings. The abundance of
vitamins A and E in the diet of equol producers may represent
unique metabolic needs of the bacteria associated with equol
production. Bacteria responsible for conversion of daidzein to
equol have been identified in only the last 10 y and, intriguingly,
these are not the most abundant bacterial species that colonize
the human gastrointestinal tract [reviewed in (1)]. Although
historically, bacteria were considered able to synthesize all the
macromolecules they needed, as early as 1975 vitamins essential
to bacterial metabolism were recognized (51). More recently,
instances of complex medium and vitamin supplementation
have been reported as being essential to bacterial function (52–
54). Whether vitamins A and E reflect the needs of bacteria
responsible for the metabolism of daidzein is not known;
however, it is a distinct possibility. Alternatively, these compo-
nents may alter the intestinal milieu in a manner that enhances
colonization of the bacteria essential for conversions of daidzein
to S-(-)equol.

The longitudinal follow-up of 20 adults that were repeat
tested on 3 occasions during a 2-y period showed that all the
nonproducers and 8 of the 10 equol producers maintained
this status during this period. Repeat testing of these partici-
pants further highlights the stability of equol producers (Fig. 4).
Collectively, these data support the previously held belief
that equol producer status is a relatively stable phenomenon
(6,17,20,55) despite a recent study proposing that this may not
always be the case for pre- and postmenopausal women (45,56).
In our study 2, careful monitoring of antibiotic use during
this period confirmed that 1 of the 2 equol producers who

became a nonproducer had been administered a course of
antibiotics. It was not possible to ascertain the reason equol
production was abolished in the other participant, but it ap-
peared unrelated to dietary changes during this 2-y period
(Table 2).

Because bacteria are responsible for the formation of S-(-)
equol, certain antibiotics might be expected to abolish S-(-)equol
production. In a study of cynomologous monkeys, kanamycin,
doxycyclin, vancomycin, and metronidazole all significantly
reduced plasma equol concentrations in this species (57). In vitro
studies of cultured human fecal flora have shown inter-
individual variability in responses to antibiotic administration
in equol production (58). Some strains of equol-producing
bacteria have shown antibiotic resistance (50). In a small subset

TABLE 2 Changes in the dietary macro-nutrient composition of equol producers and non–equol
producers monitored during a 2-y period in study 21

Energy Total fat Carbohydrates Protein Total fiber

kcal g g g g

Equol producers

Baseline 1940 6 150 76.7 6 6.9

(34.0 6 2.4)

234.6 6 19.8

(48.2 6 3.0)

82.1 6 9.2

(16.4 6 1.1)

21.5 6 2.3

12 mo 2140 6 175 81.6 6 8.2

(33 6 1.6)

268.9 6 21.4

(49.2 6 1.1)

89.3 6 9.2

(16.7 6 1.0)

20.0 6 2.9

18 mo 1880 6 144 76.1 6 7.1

(34.9 6 1.8)

226.7 6 20.3

(47.4 6 2.4)

79.5 6 7.4

(17.3 6 1.0)

17.4 6 2.5

24 mo 2060 6 174 80.3 6 7.1

(34.1 6 1.6)

249.7 6 25.0

(47.8 6 1.8)

81.2 6 6.8

(16.2 6 0.9)

19.8 6 2.6

Non–equol producers

Baseline 2010 6 170 76.7 6 6.3

(34.1 6 2.7)

226.1 6 31.3

(42.7 6 3.9)

99.1 6 10.7

(20.5 6 1.8)

22.0 6 3.2

12 mo 1700 6 217 65.1 6 8.7

(33.8 6 2.0)

195.7 6 25.1

(45.3 6 2.5)

84.0 6 14.3

(19.1 6 1.2)

18.6 6 3.4

18 mo 1760 6 177 67.1 6 8.7

(33.2 6 2.7)

205.9 6 27.7

(46.6 6 3.6)

69.4 6 6.7

(16.1 6 1.0)

17.5 6 2.1

24 mo 1860 6 200 68.8 6 8.0

(33.2 6 3.0)

220.0 6 28.3

(47.0 6 3.5)

76.7 6 11.1

(16.4 6 0.8)

19.0 6 2.9

1 Values are means 6 SEs (percentage of total calories), n = 10 for equol producers and 10 for non–equol producers. Data were calculated

from 3-d diet records completed at baseline and after 12, 18, and 24 mo while retesting for equol producer status.

FIGURE 5 Changes in the urinary log10 S-(-)equol:daidzein ratio in 5

healthy adults that were equol producers measured at baseline and

daily for 7 consecutive days, during which the antibiotic metronidazole

(7.5 mg/kg body weight; three times a day) was administered and then

again 12, 14, 30, 60, and 90 d after completion of the course of

antibiotics. Equol producer status was measured after a standard

soy challenge at each time point. Equol+, equol producer; Equol2,

non–equol producer.
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of our participants (study 3) who were administered the
commonly prescribed antibiotic metronidazole and followed
for 4 mo, metronidazole abolished S-(-)equol production in
only 1 of 5 participants and it was not restored during the
120 d following administration of the first dose of antibiotic
(Fig. 5). These data indicate that the effect of this antibiotic can
be variable among individuals, which corroborates a similar
observation from Franke et al. (45,56) showing inconsistent
effects of antibiotic use on equol production in pre- and post-
menopausal women. Furthermore, once equol production is
abolished by antibiotic use, it appears to take a considerable
time to restore its production, which is presumed to reflect the
time it takes for recolonization of the microflora. This was also
the case for the production of the mammalian lignans, enter-
olactone and enterodiol, which are formed by intestinal bacteria
from the dietary flaxseed lignan, secoisolariciresinol, by analo-
gous chemical reactions (59).

In summary, this comprehensive analysis of the equol
producer status and its association with diet of a large cohort
of adults living in 2 different countries again confirmed the
frequency of equol producers to be ~30%, which is consistently
lower than that reported for adults living in Asian countries,
where soy foods are commonly consumed. No major differ-
ences in the total macronutrient composition of the diet were
associated with equol producer status, but differences in the
intake of some micronutrients were observed. Specifically, equol
production appeared to be associated with a greater intake of
PUFA, maltose, and vitamins A and E. Therefore, future
strategies to stimulate equol production by supplementation of
PUFAs or vitamins A and E might be worth considering.
Previously used strategies to stimulate equol production have
included the administration of probiotics or prebiotics, but these
have been largely unsuccessful (20,60–63). There is evidence
to suggest that foods higher in isoflavone aglycons, rather than
glycosides, may facilitate S-(-)equol production (1,64,65). Al-
though the overriding determinant of equol production is the
requirement of the intestinal bacteria capable of catalyzing a
series of reactions to convert daidzein to S-(-)equol, it appears
that subtle differences in the micronutrient composition of the
diet may be important as cofactors in stimulating bacterial
activity. Our studies also indicate that equol production is a
relatively stable phenomenon in most individuals and that the
response to antibiotic treatment may be variable among
individuals, which, when abolished, may be difficult to restore.

Acknowledgments
The authors thank Linda Zimmer-Nechemias, Xueheng Zhao,
and Brian Wolfe for their technical support. K.D.R.S. and N.M.B.
designed research; N.M.B., S.C., and T.G. conducted research;
S.S. and T.G. provided food databases and analyzed diet data;
E.C.K. analyzed data; B.H. and J.E.H. were the physicians
supervising patients in Australia and the United States, respec-
tively; N.M.B. and K.D.R.S. wrote the manuscript; and K.D.R.S.
has primary responsibility for the final content. All authors read
and approved the final manuscript.

Literature Cited

1. Setchell KDR, Clerici C. Equol: history, chemistry, and formation. J
Nutr. 2010;140:S1355–62.

2. Setchell KDR, Clerici C. Equol: pharmacokinetics and biological
actions. J Nutr. 2010;140:S1363–8.

3. Yee S, Burdock GA, Kurata Y, Enomoto Y, Narumi K, Hamada S, Itoh
T, Shimomura Y, Ueno T. Acute and subchronic toxicity and

genotoxicity of SE5-OH, an equol-rich product produced by Lacto-
coccus garvieae. Food Chem Toxicol. 2008;46:2713–20.

4. Setchell KDR, Zhao X, Shoaf SE, Ragland K. The pharmacokinetics of
S-(-)equol administered as SE5-OH tablets to healthy postmenopausal
women. J Nutr. 2009;139:2037–43.

5. Schwen RJ, Nguyen L, Plomley JB, Jackson RL. Toxicokinetics and lack
of uterotropic effect of orally administered S-equol. Food Chem
Toxicol. 2012;50:1741–8.

6. Setchell KDR, Cole SJ. Method of defining equol-producer status and its
frequency among vegetarians. J Nutr. 2006;136:2188–93.

7. Setchell KDR, Zimmer-Nechemias L, Cai J, Heubi JE. Exposure of
infants to phyto-oestrogens from soy-based infant formula. Lancet.
1997;350:23–7.

8. Setchell KDR, Clerici C, Lephart ED, Cole SJ, Heenan C, Castellani D,
Wolfe BE, Zimmer-Nechemias L, Brown NM, Lund TD, et al. S-(-)
equol, a potent ligand for estrogen receptor b, is the exclusive
enantiomeric form of the soy isoflavone metabolite produced by human
intestinal bacterial flora. Am J Clin Nutr. 2005;81:1072–9.

9. Setchell KDR, Borriello SP, Hulme P, Kirk DN, Axelson M. Nonsteroi-
dal estrogens of dietary origin: possible roles in hormone-dependent
disease. Am J Clin Nutr. 1984;40:569–78.

10. Lampe JW, Karr SC, Hutchins AM, Slavin JL. Urinary equol excretion
with a soy challenge: influence of habitual diet. Proc Soc Exp Biol Med.
1998;217:335–9.

11. Rowland IR, Wiseman H, Sanders TA, Adlercreutz H, Bowey EA.
Interindividual variation in metabolism of soy isoflavones and lignans:
influence of habitual diet on equol production by the gut microflora.
Nutr Cancer. 2000;36:27–32.

12. Watanabe S, Yamaguchi M, Sobue T, Takahashi T, Miura T, Arai Y,
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