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Abstract

Equol is an isoflavone (IF) metabolite produced by intestinal microbiota in a subset of people consuming dietary soy. Equol
producers may show different responses to soy foods and phenotypes related to cancer risk. Here, we assessed the
effects of soy IF, endogenous microbial equol production, and dietary racemic equol in a 3 X 2 X 2 factorial experiment
using gnotobiotic apoE-null mice (n = 9-11/group/sex). At age 3-6 wk, equol-producing microbiota were introduced to one-
half of the colony (n = 122). At age 6 wk, mice were randomized to receive a diet that contained 1 of 3 protein sources:
casein and lactalbumin, alcohol-washed soy protein (low IF), and intact soy protein (high IF), with total IF amounts of 0, 42,
and 566 mg/kg diet, respectively. One-half of each diet group also received racemic equol (291 mg/kg diet). After 16 wk of
dietary treatment, serum isoflavonoid profiles varied with sex, soy IF amount, and intestinal microbiota status. There were
no treatment effects on tissues of male mice. In females, reproductive tissue phenotypes differed by equol-producing
ability (i.e., microbiota status) but not dietary equol or IF content. Equol producers had lower uterine weight, vaginal
epithelial thickness, total uterine area, endometrial area, and endometrial luminal epithelial height compared with
nonproducers (P < 0.05 for all), with an association between microbiota status and estrous cycle (P > chi-square = 0.03).
Exogenous equol reduced expression of progesterone receptor (PGR) and the proliferation marker Ki67 (P < 0.0001) in
vaginal epithelium and endometrium; for endogenous equol, only PGR was reduced (P < 0.0005). Our findings indicate

that equol diminishes estrogen-dependent tissue responses in apoE-null mice.

J. Nutr. 142: 1829-1835, 2012.

Introduction

Epidemiological evidence has shown that the incidence of chro-
nic diseases such as cancer and cardiovascular disease is lower in
Asia than in Western countries. Lifestyle factors, including diet,
have been identified as potential determinants (1,2). Soy-based
foods rich in phytoestrogen isoflavones (IF)” are a primary
component of many Asian but not Western diets (3). The intake
of soy and the primary soy IF, genistein and daidzein, has been
widely studied in association with cancer and other chronic
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diseases, but the results have been mixed and inconclusive (4).
The lack of consensus regarding the health effects of soy IF
interventions is due to a variety of potential factors, including
variation in IF formulations across studies and interindividual
differences in metabolism and response to soy diet (5).

Equol is a metabolite of daidzein produced by intestinal
bacteria in ~30% of adult non-Asian and nonvegetarian pop-
ulations consuming dietary soy protein (6,7). Approximately
10-30% are intermittent equol producers (8,9). Inter-individual
variation in the ability to produce equol is a consequence of
difference in gut microbial community. Several bacterial strains
that can produce equol have been identified in vitro (10);
however, the nature of the bacteria and how a person harbors
them are incompletely understood. Factors such as dietary habit
may modulate the composition and activity of gut microbes,
hence affecting equol production (7). Recent evidence suggests
that the ability to metabolize daidzein into equol may influence
the health-related responses to soy exposure (11). However, it is
unclear whether such effects are driven by equol directly or if
equol production simply serves as a marker for other intestinal
microbiota-mediated effects. Equol has distinct biological acti-
vity compared with daidzein and genistein. It binds to estrogen
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receptors (ER) @ and B with greater affinity than daidzein (12)
and has antiandrogenic properties by binding to dihydrotestos-
terone (13). Equol producers and nonproducers may exhibit dif-
ferent phenotypes related to cancer risk and respond differently
to IF, potentially accounting for some of the individual variation
in response to soy foods and their related health effects. Still, the
direct effects of equol or equol production are poorly under-
stood. The intestinal microbiota is capable of producing only the
S-(-) enantiomer of equol (S-equol), whereas the commercially
available synthetic form of equol is a racemic R/S-(#) mixture.
In healthy humans, racemic equol differs from the individual
enantiomers with respect to bioavailability and pharmacokinet-
ics (14), suggesting that endogenously produced and exogenous
equol may have distinct biological activities.

Equol-producer status has now become an important consid-
eration in the interpretation of soy study results. Furthermore,
interest in identifying factors contributing to the equol-producer
phenotypes and their association with human health has increased
alongside development of equol-based dietary supplements
(15,16). The purpose of this study was to evaluate the effects
of endogenously produced equol and exogenous racemic equol
on reproductive tissues in mice fed a soy IF diet. The work was
carried out in apoE-null mice, which are susceptible to ather-
osclerosis; the atherosclerosis-related findings will be reported
elsewhere.

Materials and Methods

Mice and diets. ApoE-null mice were used in the study. All breeding
and procedures involving mice were conducted at Taconic Biotechnology
in their Association for the Assessment and Accreditation of Laboratory
Animal Care-accredited facility in Germantown and Rensselaer, NY and
were approved by the Taconic Institutional Animal Care and Use
Committee. Tissue-related procedures were performed at Wake Forest
School of Medicine. The gnotobiotic apoE-null mouse breeding colony
was initially established by exposure of Altered Schaedler Flora (ASF)
(17) to germfree apoE-null mice at 7 wk of age via aqueous fecal
suspension from an ASF-maintained donor. Preliminary assessment of
serum equol concentrations indicated that mice harboring ASF were not
equol producers (equol nonproducers).

This study utilized the offspring (7 = 243) of apoE-null breeders
harboring ASE. At age 3-6 wk, one-half of the colony (n = 122) was
exposed to intestinal microbiota from normal apoE-null mice via fecal
material to generate an equol-producing phenotype (equol producer).
Throughout the study, mice were maintained under gnotobiotic condi-
tions in plastic film isolators and the microbial status was monitored
monthly by fecal culture. The microbial status of the nonproducers was
verified under Taconic’s Defined Flora microbiological health standard,
whereas equol producers were maintained at the Murine Pathogen Free
status (18).

At age 6 wk, both equol producers and nonproducers were randomly
assigned to dietary treatment groups (Supplemental Fig. 1) with 7z =
9-11/group, per sex. The diets (Supplemental Table 1) used 1 of 3
protein sources: 1) casein and lactalbumin (CL); 2) alcohol-washed soy
protein [low IF (LIF)]; or 3) intact soy protein [high IF (HIF)]. The total
IF amounts in the diets were 0, 42, and 566 mg/kg diet, respectively. The
ratio of daidzein : genistein : glycitein was 1 : 1.5 : 0.2. Additionally,
the diets also contained 291 mg/kg racemic equol (i.e., CL+, LIF+, HIF+)
or no equol (i.e., CL—, LIF—, HIF—). The exogenous equol was given as
a synthetic product chemically synthesized from daidzein and comprised
of a 50/50 racemic R/S (%) mixture. Diets were manufactured by
Research Diets. Archer Daniels Midland Company provided the isolated
soy proteins and analyzed the IF content in the isolates. Racemic R/S ()
equol was provided by Solae. We used a dosing strategy for IF in mg/k] to
adjust for the metabolic rate difference between humans and mice and to
provide the IF dose relevant to human exposure. Human daily energy
consumption was considered to be 7530 kJ/d and our diet compositions
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were designed to create a dosing strategy of ~275 mg IF/7530 k] for HIF,
20 mg IF/7530 k] for LIF, and 140 mg equol/7530 k] for exogenous
equol. Additionally, we assessed the effect of soy IF on microbiome of
the equol producers at 2 wk post-dietary treatment (Supplemental
Methods).

Following 16 wk of dietary treatment, mice were killed by CO,
asphyxiation. Mice were weighed and blood collection was done by
cardiac puncture. Tissues collected were ovaries, oviduct, uterus, vagina,
testicles, epididymis, and accessory glands of male reproductive tract
(prostate, seminal vesicles, and coagulating glands). Tissues were fixed in
10% neutral buffered formalin. After 24 h, tissues were removed from
formalin and stored in 70% ethanol. Uteri and testes were weighed as
markers of estrogenic action on the reproductive tract. All tissues were
embedded in paraffin, sectioned at 4 wm, and stained with hematoxylin
and eosin. Histopathologic examinations were done by board-certified
veterinary pathologists (C.E.W. and J.M.C.).

We identified the estrous cycle stage (proestrus, estrus, metestrus, and
diestrus) of each mouse based on histology of the vagina, uterus, and
ovaries (19,20). Mice that did not meet all the criteria of a cycle stage
were noted as “undetermined stage” and excluded from cycle-related
analyses.

Serum isoflavonoids. Isoflavonoid concentrations were measured
from serum samples using time-resolved fluorescence immunoassay at
the Fred Hutchinson Cancer Research Center, as previously described
(21). Serum equol, genistein, and daidzein concentrations were measured
in subsets of mice. Equol was measured across all treatment groups (7 =
5-10 per group, per sex); genistein was measured in the CL—, LIF—, and
HIF— groups (7 = 5-10 per group, per sex); and daidzein was measured
only in mice fed a HIF— diet (n = 10 per group, per sex). The lowest
levels of quantitation for equol, genistein, and daidzein were 0.66, 1.0,
and, 0.5 nmol/L, respectively.

Tissue histomorphometry. Hematoxylin and eosin-stained slides were
used for histomorphometric evaluation of reproductive tissues with a
computer-assisted technique as previously described (22) using a Infinity
3 digital camera (Lumenera) and Image Pro-Plus 5.1 software (Media
Cybernetics). We measured cross-sectional uterine and endometrial
areas, endometrial luminal epithelial height, and vaginal epithelial
thickness as markers of estrogenic action on the reproductive tract.
Cross-sectional areas were measured at 4X (total uterine area) and 10X
(endometrial area) magnifications. Endometrial luminal epithelial height
and vaginal epithelial thickness were measured at 20X magnification in
3 randomly chosen sites. All measurements were made unaware of the
treatment groups.

Immunohistochemistry. For immunohistochemistry, we used a biotin-
streptavidin-alkaline phosphatase staining method modified for antigen
retrieval from paraffin-embedded tissue, as previously described (22).
Staining was done for Ki67 and progesterone receptor (PGR) as markers
for cell proliferation and ER activity, respectively. Primary antibodies
were rabbit monoclonal anti-Ki67SP6 (Thermo Scientific) and rabbit
polyclonal anti-PR sc-538 (Santa Cruz Biotechnology). All measure-
ments were made unaware of the treatment groups. Positively stained
cells were given a score based on staining intensity to obtain a
semiquantitative measurement of intensity and distribution by H-score
calculation (22,23).

Data analysis. The experiment was a 3 X 2 X 2 factorial design to test
the effects of soy IF, microbiota status, and exogenous equol. Measured
outcomes were expressed as continuous variables; non-normally distrib-
uted data were log-transformed or square-rooted to improve distribution
for analysis, and retransformed to original scale for presentation of
results. We performed 1-way, 2-way, or 3-way ANOVA by Fit Model
procedure in JMP (version 9.0.2, SAS Institute). Post hoc comparisons
were made using least square means Student’s ¢ test (between 2 treatment
groups or 2 levels in a binary category) or Tukey’s honestly significant
difference test (for pairwise comparisons involving >2 levels or 2 treat-
ment groups). Estrous cycle stage was expressed as categorical variable.
Contingency table and chi-square statistic tests (i.e., the Likelihood



Ratio chi-square test and the Pearson chi-square test) were used to assess
the association between estrous cycle and each fixed factor (i.e., soy IF,
microbiota status, or exogenous equol). For female reproductive out-
comes, we performed analyses both with and without estrous cycle as a
covariate in the model. For serum isoflavonoid concentrations, we
initially included sex as a fixed factor in the model and further analyzed
the data separately by sex.

Two of 18 females fed a HIF+ diet showed histopathologic lesions
considered to be unrelated to treatment (see results). These 2 mice were
excluded from our dataset.

Results

Serum isoflavonoids. Importantly, we succeeded in develop-
ing equol-producing and nonequol-producing phenotypes in our
mouse model (Fig. 1A,D). Without exogenous equol treatment,
mice that were defined as equol producers had greater serum
equol concentrations compared with nonproducers fed the same
diet (P < 0.001 for both sexes). There was also a main effect of
soy IF on serum equol concentrations (P < 0.0001 in both sexes)
in which mice fed a HIF— diet had greater equol concentrations
relative to mice fed LIF— and CL— diets. Among the equol
producers, fecal microbial communities also differed between
the mice fed HIF— and CL— diets (P < 0.001), but not by sex
(Supplemental Fig. 2).

When exogenous racemic equol was given, the serum equol
concentrations in both equol producers and nonproducers were
higher than those without racemic equol (P < 0.0001 for main
effect of exogenous equol) and notably higher (~7- to 10-fold)
than those produced endogenously by IF-fed mice with equol-
producing intestinal bacteria (Fig. 1B,E). With exogenous equol,
male equol producers had lower serum equol concentrations
than nonproducers (P < 0.01 for the main effect of microbiota).

A similar pattern was observed in the females, although the
effect was not significant (P = 0.08).

Serum genistein and daidzein concentrations were higher in
female mice than in males (P < 0.05 for both). We found a main
effect of dietary soy IF on serum genistein concentration (P <
0.0001 in both sexes), whereby genistein was higher in mice fed
a HIF— diet compared with LIF— and CL— diets (Fig. 1C,F). In
the females, there was also a main effect of microbiota status
(P <0.05) in which equol producers had a higher serum genistein
concentration than nonproducers. Although daidzein had a
similar pattern, the difference by microbiota status was not
significant in either males (P = 0.08) or females (P = 0.05). The
males had mean serum daidzein concentrations of 158 nmol/L
(nonproducers) and 459 nmol/L (equol producers). In female
mice, the mean concentrations were 513 and 927 nmol/L in
nonproducers and equol producers, respectively.

Histopathology. Histopathologic lesions were present in few
mice and did not differ across treatments. In females, lesions
included vaginal mucification, vaginitis, uterine atrophy, endo-
metritis, uterine and ovarian cysts, uterine gland dilatation,
ovarian interstitial cell hyperplasia, persistent estrus, and meso-
nephric duct remnants. Two mice (one from each microbiota
type) in the group that received a HIF+ diet had pyometra. Based
on the fact that only a few mice had this lesion, we suspected that
the finding was incidental. In males, lesions included prostatitis
(in one mouse) and mild degenerative changes in the testes that
were not related to treatment. No neoplasms were seen in this
study.

Body weight. In female mice, body weights did not differ by
microbiota status or dietary treatments. In males, there was a
main effect of soy IF diet (P < 0.05) in which mean body weights
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FIGURE 1 Serum equol (A,B,D,E) and genistein (C,F) concentrations in male (A-C) and female (D-F) apoE-null mice after 16 wk of dietary soy
treatment with (B, E) or without (A,D) equol by microbiota status. Values are means = SEM, n =5-10 or 5 (B, E)/group. Significant main effects
and interactions are shown. Within each panel, labeled means without a common letter differ, P < 0.01 or P < 0.05 (). CL, casein and
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were 7% lower in the HIF group relative to CL (P < 0.05). There
was also a main effect of microbiota (P < 0.05) limited to
mice not receiving exogenous equol, whereby equol pro-
ducers had 11% lower body weights compared with non-
producers (P < 0.005).

Tissue weight and histomorphometry. There was no signif-
icant effect of soy diet, microbiota status, or exogenous equol on
testis weight. In the females, we found a main effect of mi-
crobiota status on reproductive tissues (Table 1). Uterine weight,
total uterine area, endometrial area, endometrial luminal
epithelial height, and vaginal epithelial thickness were lower in
equol producers compared with nonproducers (P < 0.05 for all).
Except for vaginal epithelial thickness, these measurements were
not significantly affected by either soy IF or exogenous equol and
there was no interaction between microbiota status and dietary
treatments. There was a main effect of soy IF on vaginal
epithelial thickness (P < 0.05), whereby HIF was greater than
LIF (by 19%) and CL (by 15%) groups. Interestingly, the
significant main effects of microbiota on histomorphometry
measurements disappeared when estrous cycle stage was added
as a covariate. Furthermore, we found that estrous cycle stage was
significantly associated with microbiota status (P > chi-square =
0.03) but not with soy diet or exogenous equol. At the time
of necropsy, equol producers were found predominantly in
metestrus, whereas cycle stage across nonproducers was more
evenly distributed, with the majority being in proestrus and
estrus (Fig. 2).

Immunohistochemistry. We next evaluated the expression of
PGR as an estrogen-response marker in the vagina and uterus
(Fig. 3A,B). We found main effects of exogenous equol and
microbiota status but not soy diet. Exogenous equol lowered
PGR expression in the vagina and uterus (P < 0.0001 in both
tissues). A main effect of microbiota (P < 0.0005 in both tissues)
was found, whereby equol producers had lower PGR expression
than nonproducers. For vaginal epithelium, there was an
interaction among soy diet, equol, and microbiota status (P-
interaction < 0.0035), equol and microbiota status (P-interaction
< 0.05), and soy diet and microbiota (P-interaction < 0.005). In
the absence of racemic equol, PGR expression was lower in the
vagina of equol producers compared with nonproducers in both
LIF— (P < 0.0001) and HIF— (P < 0.05). A similar pattern was
observed in the uterus of the HIF— group, although not sig-
nificant (P = 0.07). The main effects of exogenous equol and
microbiota status remained significant after estrous cycle stage
was added as a covariate in the model.

Similar to PGR, we did not find a main effect of soy IF on the
proliferation marker Ki67. There was a main effect of exogenous
equol on Ki67 expression in the vagina and uterus (P < 0.0001 in
both tissues) and it remained significant after estrous cycle stage
was included as a covariate. Ki67 labeling was lower in mice that
received exogenous equol compared with those without equol
(Fig. 3C,D), regardless of soy IF dose. In uterine tissue, there
were interactions among soy IF, microbiota status, and exoge-
nous equol (P-interaction < 0.05) and between soy IF and
microbiota status (P-interaction < 0.05).

Discussion

In this study, we evaluated the interactive effects of soy IF diet,
endogenously produced equol, and exogenous racemic equol on
reproductive tract measures in adult apoE-null mice. Treatment
effects were seen only in female mice. Both endogenous and
exogenous equol resulted in lower expression of markers of
estrogenic action independent of soy IF dose, suggesting that
equol may result in modest buffering effects on endogenous
estrogen activity in the reproductive tract. A significant associ-
ation was observed between microbiota status and estrous cycle
stage, which may partially explain the observed effects.

This study utilized gnotobiotic apoE-null mice harboring
ASF, a well-developed microbiota used for generating mice with
standardized bacteria (17,24). We showed that the equol-
producing capacity in ASF-treated mice was minimal (serum
equol concentration was <35 nmol/L following a HIF diet).
Importantly, we managed to induce equol-producing capacity in
these mice after the introduction of intestinal microbiota from
normal apoE-null mice, thus providing genetically comparable
equol producers. The serum equol concentration of these mice
was low compared with normal apoE-null mice (25). However,
this lower equol production was not considered to be a major
limitation, because it is more comparable with that found in
human equol producers. A person is categorized as “equol pro-
ducer” if the serum equol concentration is >83 nmol/L following
a soy-based meal, although these levels are typically <20% of
total serum IF (11,26).

Studies investigating the effects of soy IF and their metabo-
lites on the reproductive system have reported equivocal or
conflicting results. Most rodent studies have found that high
doses of IF (>40 mg/kg body weight), genistein in particular,
induced estrogen-like uterotropic effects (3). Similarly, genistein
has been shown to increase vaginal epithelial height in rats (27).
Studies of IF effects on the male rodent reproductive tract have
been mixed, with some (25,28,29) but not others (30,31)

TABLE 1 Main effect of intestinal microbiota status on uterine weight and reproductive tissue
histomorphometry in female apoE-null mice after 16 wk of treatment with dietary soy and equol’

Microbiota status

Nonproducer Equol producer P value? Adjusted P value®
Uterine weight, mg 52.2 (49.6, 55.0)% 458 (43.8, 47.9P 0.047 0.33
Uterine area, mm’ 1,58 (1.48, 1,68 1.28(1.21,1.35) 0.015 0.30
Endometrial area, mm? 0.87 (0.81, 0.94)° 0.68 (0.64, 0.73)° 0.014 0.30
Endometrial luminal epithelial height, wm 18.3(17.9, 18.7)° 17.0 (166, 17.4)P° 0.020 0.16
Vaginal epithelial thickness, wm 101.3 (97.3, 105.3)° 88.3 (84.7, 91.9)° 0.013 0.25

" Values are mean (mean — SEM, mean + SEM), n = 54-59 (nonproducer) or 55-60 (equol producer). Labeled means in a row without a

common letter differ, P < 0.05.
2 P value for main effect of intestinal microbiota status.

3 P value for main effect of intestinal microbiota status after adjusting for estrous cycle stage as a covariate.
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FIGURE 2 Distribution of estrous cycle stage by microbiota status
in apoE-null mice after 16 wk of dietary soy and equol treatment.
Values are percentage of mice within a microbiota group in a particular
estrous cycle stage (proestrus, estrus, metestrus, diestrus) at the
time of necropsy, n = 52 (nonproducer) or 53 (equol producer).

reporting estrogenic effects of IE. Studies of dietary soy IF or
equol in male and female macaque monkeys have found no
adverse effects on the reproductive tract, which is consistent
with results from most human studies (32-37).

Our current results support the idea that soy IF do not have
estrogen agonist effects in the reproductive tract of male or
intact female mice when given in the diet, at doses relevant to
human exposure, and within a soy protein matrix. This finding
differed from our previous report that showed estrogenic effects
of IF concentrates (100% aglycone) after 16 wk of treatment
(25), highlighting the importance of IF form in the diet as a
determinant of absorption, metabolism, and downstream tissue
effects. Moreover, our results support the idea that equol, either
racemic or naturally produced, does not elicit estrogen agonist
effects in mice at physiologic concentrations (<3000 nmol/L).

An interesting new finding of this study was that the equol-
producer phenotype, and not the soy diet itself, was associated
with less estrogenic activity in the female reproductive system.
We found lower uterine weight, uterine and endometrial size,
endometrial luminal epithelial thickness, and vaginal epithelial
thickness in mice with equol-producing intestinal microbiota.
The relatively low serum equol concentrations (<300 nmol/L)
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associated with these effects suggest that equol-producing
bacteria (rather than equol itself) altered endogenous estrogen
exposure in some way. Gut bacteria have been shown to produce
enzymes that metabolize estrogens during enterohepatic circu-
lation (38-40). In a small human trial, equol producers had
lower estrogen concentrations than nonproducers (41), which
may be attributable to a higher fecal estrogen excretion (42). We
did not measure circulating estrogen concentrations in our study
and therefore cannot distinguish between such indirect intestinal
microbiota effects and potential direct effects of S-equol.

Another potential contributing factor is alteration in estrous
cycle. Whereas an equol-rich supplement (SE5-OH) did not alter
the estrous cycle in mice (16), others have reported that soy
consumption in premenopausal women resulted in longer men-
strual cycle length and suppression of gonadotropins (43), which
may indicate an effect of soy IF on the hypothalamo-pituitary
gonadal axis. This effect, however, was small and could not be
confirmed by subsequent studies. Our results show that repro-
ductive cycles differ by equol-producing ability. This supports
the hypothesis that the equol-producing phenotype may have
important health-related effects, irrespective of the amount of
soy consumed (12). Several studies in women have associated a
soy-rich diet with reduced risk of endometrial cancer (44-46),
whereas rodent studies have reported the opposite: increased
risk with genistein (3,47) and a mild uterotropic effect of dietary
soy (3,48) and racemic equol (49-51). Our findings support the
idea that equol-producing ability may reduce the endometrial
response to dietary soy IF.

Exogenous equol used in this study was a racemic mixture
containing 50% S-equol and 50% R-(+)-equol (R-equol). S-
equol binds more strongly to ERB, whereas R-equol has more
affinity to ERa (52,53). A recent study showed that chronic
feeding of S-equol had no effect on uterine weight, whereas R-
equol did increase uterine weight in nonovariectomized rats (54).
In contrast, we observed the opposite effect in which mice treated
with racemic equol mixture had lower expression of PGR and
proliferation marker Ki67 in the endometrium and vagina, sug-
gesting less estrogenic exposure. Our finding may indicate that
equol, like other isoflavonoids, can elicit both estrogenic and
antiestrogenic responses depending on the concentration of cir-
culating estrogens and other factors.
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FIGURE 3 Expression of PGR (A,B) and the proliferation marker Ki67 (C,D) by immunostaining in the vagina (A, C) and uterus (B,D) of apoE-null
mice after 16 wk of dietary soy treatment with or without exogenous equol, by microbiota status. Values are means = SEM, n = 8-11/group.
Significant main effects and interactions are shown. Within each panel, labeled means without a common letter differ, P < 0.05. CL, casein and
lactalbumin; HIF, high isoflavone; IF, isoflavone; LIF, low isoflavone; PGR, progesterone receptor.
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Our results showed equol concentrations were greater in
equol producers (relative to nonproducers) and in mice that
received diet with exogenous equol supplementation. These data
confirm the success of the microbiota and dietary interventions
and provide further support for the key role of gut microbiota in
the equol-producing phenotype (55). We also found that soy IF
had to be given in a high dose for our equol-producer model to
produce endogenous equol. It should be noted that our LIF dose
was equivalent to 20 mg IF/7530 kJ, which was only slightly
lower than the typical daily IF consumption in an Asian
population (25-50 mg/d) (56), but it did not result in signif-
icantly higher serum equol concentrations relative to the CL
control group. This may need to be considered for future studies
using this model.

Levels of circulating genistein and daidzein were marginally
higher in the equol producers compared with nonproducers,
which may indicate a higher efficiency of the equol-producing
bacteria not only to convert daidzein to equol but also to
hydrolyze the nonbioavailable daidzein glycosides in the soy diet
to the bioavailable aglycones. Interestingly, serum equol concen-
trations in equol producers were lower than nonproducers in
mice fed an exogenous equol. This may indicate that equol-
producing bacteria continue to reduce equol as substrate to
further breakdown products, reducing uptake into the circula-
tion. Alternatively, a higher equol intake with the exogenous
equol may possibly inhibit the enzymes involved in the produc-
tion of equol from daidzein. Thus, daidzein may be shunted to
O-desmethylangolensin and dihydrodaidzein, which we did not
measure.

Although serum equol concentrations were the same across
both sexes, we found a significant sex effect on genistein and
daidzein metabolism. Females had higher genistein and daidzein
concentrations than males. This is consistent with previous
reports that showed women had longer excretion half-life values
of daidzein and genistein (57) and a higher peak concentration
with lower clearance rate of daidzein (6) compared with men.
Our prior study using apoE-null mice showed a similar pattern
for genistein, whereas equol tended to be higher in males (25).
Overall, the results support the ideas that soy IF metabolism may
be sex specific and that caution is warranted when generalizing
results from dietary soy intervention studies to the opposite sex.

Reports on the potential action of equol as a natural selective
estrogen modulator have contributed to the recent development
of equol-rich supplements for postmenopausal symptoms
(14,16,58,59). It is not clearly understood, however, how equol
affects the reproductive tract, particularly prior to menopause.
Our results show that mice with equol-producing ability had less
estrogenic reproductive tissue phenotypes relative to nonequol
producers. We speculate that the findings may be associated with
endogenous equol effects on estrous cycle and other factors
related to endogenous estrogen exposure, which require further
investigation.
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