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Does equol production determine soy endocrine effects?

Dana Shor + Thozhukat Sathyapalan -
Stephen L. Atkin - Natalie J. Thatcher

Received: 21 December 2011/ Accepted: 10 February 2012 /Published online: 25 February 2012

© Springer-Verlag 2012

Abstract Isoflavones, a group of phytoestrogens, are
selective oestrogen receptor (ER) modulators. They may
positively impact endocrine-related conditions but the
current evidence is sparse. Equol, a non-steroidal oestro-
gen, is produced by the metabolism of the isoflavone
daidzein by intestinal bacteria. In Western countries,
30-50% of individuals metabolize daidzein into equol and
are known as equol producers. Equol production may be
the source of benefit from isoflavones in endocrine disease.
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Introduction

Epidemiological and clinical studies suggest that con-
sumption of isoflavones, a group of phytoestrogens found
predominately in soybeans and red clover, reduces the risk
of endocrine-related conditions such as osteoporosis, car-
diovascular diseases, menopausal symptoms and breast and
prostate cancer [1-3]. However, evidence of benefit from
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intervention studies is not equivocal. Hypothetically, for
the health benefits of soy isoflavones, daidzein is converted
to equol by gut bacteria in certain individuals, it is the
equol produced by these individuals that accounts for some
health benefits of soy isoflavones [4]. This review explores
equol’s involvement in endocrine diseases.

Phytoestrogens and their isoflavones

Phytoestrogens are plant-derived compounds that structur-
ally and functionally resemble the mammalian oestrogen,
17 p-estradiol [2]. There are four classes of phytoestrogens:
isoflavones, stilbenes, lignans and coumestans [2]. The
isoflavones, in particular genistein and daidzein, are of
interest due to their high concentrations in soy products and
the purported health benefits [2, 4].

The molecular structure of phytoestrogens (and iso-
flavones) includes a phenolic ring that enables these com-
pounds to bind to ERs, in a similar manner to, but with
lower affinity than, 17 p-estradiol [S]. Isoflavones are
recognized as selective ER modulators with both oestro-
genic and anti-oestrogenic properties [2]. They can act as
ER agonists in low-oestrogen environments and as ER
antagonists in high-oestrogen environments [6]. Anti-
androgenic properties of isoflavones, particularly genistein,
have also been described [7].

Isoflavones, specifically genistein, have antiproliferative
mechanisms; it has been shown that genistein inhibits the
growth of breast cancer cells in vitro [8] and antioxidant
properties, donating electrons via their hydroxyl groups
and scavenging free radicals [9]. These properties, together
with their ER modulator and anti-androgenic actions,
support the suggestion that isoflavones positively modulate
endocrine-related disease.
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Metabolism of isoflavones and production of equol

Isoflavones can exist in two forms: glucosides and agly-
cones [2]. Glucosides (genistin and daidzin) are inactive,
glucose-conjugated compounds that are poorly absorbed by
the small intestine [6]. Once ingested, glucosides are hy-
drolysed in the proximal intestine into biologically active
aglycones (genistein and daidzein), which are readily
absorbed [10]. Daidzein can be further metabolized by
specialized intestinal bacteria into equol and O-desmethy-
langolensin [6, 11, 12].

In vitro incubation of soy germ with faecal bacteria
obtained from equol producers results in the production of
equol [13], but no equol is seen in the urine of microorgan-
ism-free rats given soy [14]. Faecal inoculates from human
equol non-producers did not produce equol from daidzein,
whereas those from the equol producers did [15], but only
when the incubations were carried out under anaerobic
conditions. The effects of various antibiotics on the in vitro
metabolism of daidzein also revealed interindividual dif-
ferences. Some antibiotics inhibited the conversion of
daidzein to dihydrodaidzein but not the conversion of di-
hydrodaidzein to equol, suggesting that multiple bacteria are
responsible for these biotransformations [15].

Almost every animal species studied has the capacity to
uniformly produce equol when fed isoflavone-containing
soy products [16, 17]. However, in humans, there is marked
interindividual variation, with only 30-50% of individuals
in Western countries producing equol after consuming
isoflavone-containing soy products [4, 16]. The percentage
is higher in vegetarians [18] and Asian populations [19,
20]. Populations can therefore be divided into equol pro-
ducers and non-equol producers [4]. An equol producer is
defined as an individual with fasting serum levels of
>20 nM (>5 ng/mL) or a 24-h urine concentration of
>82 nM (>20 ng/mL) [18].

Factors that determine equol-producing status

In Japan, China and Korea, up to 80% of individuals are
equol producers [21, 22] compared with 25% of individuals
in North America and Europe (28). However, the per-
centage of equol producers in younger men in Japan and
Korea is significantly lower than that of older men [22]. It
has been suggested that younger generations are consuming
few soy products as a result of Western influence which
may lead to reduced levels of equol and to an increased risk
of prostate cancer and other diseases of the ageing popu-
lation in the years to come [22].

In a study which evaluated the relationship between
equol-producing status and demographic, anthropometric,
lifestyle and dietary factors among premenopausal women
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in the United States, 28% of the women were equol pro-
ducers [23]. Hispanic and Latino women were more likely
to be equol producers. A positive association between
equol production and servings per day of vegetables and
eggs was observed [23].

It is not clear at what age one becomes an equol pro-
ducer. There is some evidence that exposure to soy early in
life may be required if one is to become an equol producer
[24]. In adults, consumption of isoflavones does not con-
vert a non-producer of equol to a producer [25, 26].

It is possible that changes in the bacterial population as a
result of diet, antibiotic use and other unknown factors may
affect an individual’s ability to be a consistent equol pro-
ducer. Various bacteria have been isolated from faeces of
animals which have shown to convert daidzein to equol
[27-32]. There are also various Gram-positive, anaerobic,
rod-shaped bacteria isolated from human faeces that con-
vert daidzein or dihydrodaidzein to equol [33—44]. One
strain of Lactococci not normally present in human faeces
but found as a fish pathogen was fermented with soy germ
such that 50% of the daidzin/daidzein was converted to
equol. The resulting nutritional supplement in Japanese
women has been shown to relieve menopausal symptoms in
a placebo-controlled trial [45].

Equol versus isoflavones

Equol [7-hydroxy-3-(4’-hydroxyphenyl)-chroman] was
first identified in the urine of pregnant mares in 1932 [46]
and in human urine in the early 1980s [47]. Equol is not
classified as a phytoestrogen as it is not derived from plants
and is known as a non-steroidal oestrogen [4]. Unlike
isoflavones, equol has a chiral centre and can exist as two
distinct enantiomers, R-(4)equol and S-(-)equol [47].
In humans, the metabolism of daidzein to equol produces
S-(-)equol exclusively and only this enantiomer has a
preferential binding affinity to ER-f§ (comparable to that of
genistein). R-(4)equol binds more weakly and has a pref-
erence for ER-o [48].

Equol is more bioavailable than daidzein or genistein
[49]. Almost 50% of equol circulates in its free unbound
form, compared with only 18.7% of daidzein [50, 51],
allowing comparatively more equol to bind to available
ERs. Equol clears from the plasma at a slower rate than
daidzein [4], enabling it to act longer in the body. Unlike
its precursor daidzein (but similar to genistein), equol has
anti-androgenic properties and may have a positive impact
on androgen-mediated pathologies, such as prostate cancer.
In vivo experiments in rats demonstrated that equol binds
with high affinity to Sa-dihydrotestosterone (DHT),
blocking its binding to the androgen receptor (AR), causing
reduction in both prostate and epididymal weights [52].
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Equol has antioxidant [53] and antiproliferative properties
[54], both of which are greater than those of its precursor,
daidzein [53, 54]. Recently, equol demonstrated vasore-
laxant [55] and anti-inflammatory properties [56], both
previously shown in soy isoflavones [57, 58] implicating its
protective role in cardiovascular diseases.

Equol production and endocrine-related conditions

Both S-(-)equol and the isoflavone genistein bind to ER-f
with high affinity, preventing endogenous mammalian
oestrogen from binding. They can act as either ER agonists
or ER antagonists depending on environmental circum-
stances [6]. Numerous epidemiological and clinical studies
have examined the involvement of isoflavones and equol in
reproductive hormone-dependent conditions, including
osteoporosis, cardiovascular diseases, menopause symp-
toms, and breast and prostate cancer [2, 3]. The findings have
not been consistent [59-63] which may be linked to inter-
individual differences in equol production [4] or be directly
related to the presence of equol itself [45, 54, 63-65].

Osteoporosis

Oestrogen plays an important role in maintaining bone
density; its decrease during menopause increases the risk of
osteoporosis. It is known that 17f estradiol plays a critical
role in the osteoblast to build bone. ERf is expressed in
both osteoblasts and osteoclasts [66]. Postmenopausal
hormone replacement therapy (HRT) has been used as a
preventive strategy for osteoporosis; however, its popu-
larity has diminished due to associated risk factors,
including breast cancer [67]. Isoflavones could potentially
replace HRT in postmenopausal women and are marketed
widely as such due to their oestrogen agonistic properties.

Isoflavone consumption is associated with bone loss
prevention in pre- and postmenopausal women [68] and
with increased bone mineral density (BMD), a marker of
bone health [69]. A 2-year double-blind clinical trial by
Wong et al. and a 3-year randomized controlled trial by
Alekel et al. showed that daily supplementation with
120 mg of hypocotyl aglycone isoflavones (compared with
a placebo) reduced whole-body bone loss and was pro-
tective for femoral neck BMD, but did not slow bone loss
at common fracture sites [70, 71]. However, a recent meta-
analysis suggested women may need to be equol producers
to gain bone sparing benefit from isoflavone consumption
[72]. Wu et al. studied the effect of supplementing 75 mg
of isoflavones on BMD in one hundred and twenty-eight
postmenopausal Japanese women over 24 weeks, demon-
strating a significant improvement to BMD (per cent

change) following isoflavone consumption in equol pro-
ducers versus non-equol producers [73, 74]. Similarly,
Frankenfeld et al. achieved a 20% reduction in spinal BMD
in equol producers following a 3-day soy challenge in
ninety-two postmenopausal women, when comparing non-
equol producers and producers. The total and site-specific
BMD, however, was not influenced by equol status [75].

Equol status has also been shown to be associated with
reduced bone resorption. In postmenopausal Japanese
women, dietary supplementation of 40 mg of isoflavones
for 8 weeks significantly decreased the level of deoxy-
pyridinoline, a marker of bone resorption, especially in
equol producers compared with women not consuming
isoflavones [76].

Equol production may influence bone remodelling.
Equol producers show a higher level of serum osteocalcin
(bone formation marker) and urine deoxypyridinoline
(bone resorption marker) than non-equol producers, shown
in premenopausal women consuming 120 mg of soy iso-
flavones daily over three menstrual cycles.

The importance of equol for bone protection is still
controversial as some studies did not report benefit. Brink
et al. did not observe preventive effects on postmenopausal
related bone loss and bone turnover in healthy early post-
menopausal women with a daily intake of 110 mg soy
isoflavone aglycones over 1 year, compared with isoflav-
one free diets, even when equol phenotype was taken into
account [59]. Similarly, daily consumption of 40 mg of
isoflavones by postmenopausal Japanese women for
8 weeks had no influence on BMD in equol producers [76].
The variability of isoflavone types, doses and treatment
times may contribute to these inconsistencies.

Cardiovascular disease

The risk in women of developing cardiovascular diseases
during menopause is associated with elevated cholesterol
concentration accompanying the loss of endogenous oest-
rogen secretion [77]. Oestrogen can affect the cardiovas-
cular system directly by binding to ERs in vascular tissue
and indirectly by altering the lipoprotein profile [2]. There
is evidence that dietary soy isoflavone consumption may
offer cardio-protective benefits by replacing the depleted
oestrogen with isoflavones that bind to ERs. Postmeno-
pausal women with a higher dietary intake of the isoflavone
genistein had a lower BMI and waist circumference than
those with no daily genistein consumption [78]. Soy iso-
flavone ingestion by males and females was associated
with lower levels of total cholesterol and LDL cholesterol
[79] and lower systolic blood pressures [80]. Conversely,
several studies have not found a significant effect of iso-
flavones on lipoprotein, cholesterol and triglyceride
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concentrations in postmenopausal women [61, 62, 77, 80]
and premenopausal women [81]. The discrepancies seen
between studies could be related to the production of equol.

Similar to isoflavones, equol production is associated
with modifications to various risk factors of cardiovascular
diseases. Patients with hypercholesterolaemia who were
equol producers had lower total cholesterol, LDL choles-
terol, LDL to HDL cholesterol ratio and plasma triglycer-
ides after ingesting pasta enriched with 33 mg of
isoflavone aglycones daily for 4 weeks [82]. Menopausal
women subjected to dietary supplementation with 40 mg/
day of isoflavones for 8 weeks and postmenopausal women
consuming tibolone (HRT treatment) without soy supple-
ment, both recorded lower blood pressure in equol pro-
ducers compared with non-equol producers [76, 83].
Conversely, others did not find that equol excretion had
significant effects on LDL cholesterol, HDL cholesterol or
total cholesterol [84, 85].

Vasomotor symptoms

The menopausal symptoms of sweating, hot flashes and
mood swings are linked to a decline in ovarian oestrogen
production. These symptoms can be offset by HRT therapy.
Dietary supplements containing isoflavones are widely
used as alternatives to hormonal therapies for hot flashes
[86]. A recent meta-analysis showed that phytoestrogen
consumption by menopausal women was associated with
reduction in hot flushes; however, conclusive results could
not be established due to variation in type of soy supple-
ment used in the studies [87]. The discrepancies between
these studies could be related to the absence of equol or
differing equol status of the subjects.

Daily consumption of 135 mg of isoflavones for 1 week
by healthy menopausal women led to improved meno-
pausal symptoms in equol producers but not in non-pro-
ducers [88]. Similarly, daily supplementation with 40 mg
isoflavones to menopausal Japanese women for 8 weeks
significantly decreased hot flashes in equol producers
compared with non-equol producers [76].

Several studies have examined the effect of supplement-
ing equol to the diet of menopausal women. Daily con-
sumption of 10 mg natural S-(-)equol by menopausal
Japanese women for 12 weeks reduced the severity and
frequency of hot flashes, decreased neck and shoulder stiff-
ness and improved sweating, irritability and somatic symp-
toms [89]. Similarly, dietary supplementation of 10 mg of
equol three times per week for 12 weeks in perimenopausal
and postmenopausal Japanese women reduced menopause-
related anxiety and depression scores [45].

To determine the selectivity of the genes regulated by
S-equol, gene profiling of genes that contain oestrogen-
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response elements was carried out in lymphocytes isolated
from postmenopausal women who were either equol pro-
ducers or not [90]. In the equol producers, oestrogen-
related receptor beta and four orphan nuclear receptors
(BROB2, NR2C1, NR2F2 and NR113) were the most
overexpressed genes which demonstrating status as an
equol producer is associated with selective changes in gene
expression [90].

Breast cancer

Epidemiological studies suggest that breast cancer rates are
low in populations that consume isoflavone-rich soy
products [89, 91-93]. Early exposure to isoflavones is
hypothesized to be protective against breast cancer in later
life [94, 95]. Higher endogenous oestrogen concentration is
associated with a higher risk of breast cancer development.
By competing with endogenous oestrogen for ERs, thereby
reducing the bioavailability of endogenous oestrogen, iso-
flavones may hypothetically lower the risk of breast cancer
in postmenopausal women [96]. Isoflavones may also
increase the serum levels of sex hormone-binding globulin
(SHBG) so decreasing the levels of free estradiol [96, 97].
A meta-analysis, however, did not show significant effects
of isoflavone consumption on the circulating reproductive
hormone concentrations (including oestrogen and SHBG)
in pre- and postmenopausal women. In premenopausal
women, who are equol producers, the reproductive hor-
mone pattern is consistent with lower risk of breast cancer
(independent of isoflavone dose intake) [98]. However,
other studies did not replicate these findings [99, 100].
The other hypothesis for breast cancer protection by
isoflavones and equol is that both may alter oestrogen
metabolism away from the genotoxic oestrogen metabo-
lites (increased risk) toward the protective metabolites (that
decrease the risk of breast cancer) [101-105]. Xu et al.
showed that a diet rich with isoflavones reduced the syn-
thesis of genotoxic metabolites 16a-OH E1 and 4-hy-
droxyestrogens, increased the synthesis of the protective
metabolite 2-OH E1, and lowered the ratio of 2-OH El1 to
160-OH E1 (also known to be protective for breast cancer)
in both pre- and postmenopausal women [101, 102].
There is evidence that isoflavones lower mammographic
breast density [60, 106—109], (the amount of epithelial and
stromal tissue in the female breast) which is a biomarker
for breast cancer risk [110]. Dense tissue increases the risk
of breast cancer four to six times [111], and density is
negatively associated with the serum level of free oestra-
diol in pre- and postmenopausal women [110]. The effect
of isoflavones and equol on mammographic density is not
well understood. A recent meta-analysis showed that iso-
flavone intake did not alter mammographic breast density
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in post-menopausal women, but induced a small increase in
breast density in premenopausal women [112]. Two studies
suggested equol production may be necessary to gain
benefit from isoflavones on mammographic density. Post-
menopausal women with a weekly intake of more than one
soy food/supplement and those subjected to a 3-day soy
challenge with 10 mg daidzein per day had lower mam-
mographic density in equol producers compared with non-
equol producers [107, 109]. Conversely, mammographic
density did not change after 1 year of daily supplementa-
tion of 99 mg of soy protein containing isoflavones in
elderly women even after accounting for equol status [60],
and no association between daidzein-metabolizing pheno-
type and breast density was found in premenopausal
women with low dietary soy consumption following a soy
challenge [106].

Prostate cancer

Epidemiological studies suggest a correlation between
dietary soy consumption and reduced risk of prostate
cancer [113, 114], with prostate cancer incidence lower in
Asian populations than in Western populations [115, 116].
Anti-androgenic properties of genistein and equol were
demonstrated both in vitro and in vivo. Both inhibit So-
reductase enzyme (which converts testosterone to DHT) in
human genital skin fibroblasts [7], and consumption of soy
protein isolate by men at high risk of prostate cancer
suppresses the expression of the AR [117]. In men, iso-
flavones concentrate in prostatic tissue and fluid [54, 118].
Several studies concur that isoflavone ingestion is associ-
ated with a slower rise in prostatic specific antigen level
[119-121].

The protective impact of isoflavones on the reproductive
hormones involved in prostate cancer has been shown in
animal studies. Rats exposed to a phytoestrogen-rich diet
(40 mg/kg or 600 mcg/g of isoflavones) had significantly
lower prostate weights and lower concentration of testos-
terone and andorostenedione, compared with rats fed a
phytoestrogen free diet [122, 123]. In men, however,
ingestion of isoflavones did not have a significant impact on
testosterone, SHBG, free testosterone and free androgen
index [124]. There is evidence that isoflavone consumption
affects endogenous oestrogen levels (and its metabolites) in
men [125, 126]. This is important since prostate cancer
pathophysiology is associated with the andropause when
there is a rise in the oestrogen to androgens ratio and
oestrogen has been associated with carcinogenesis of the
prostate [127]. Conversely, Kumar et al. did not demon-
strate a significant effect on total oestrodial (among other
hormones) following consumption of 80 mg of isoflavones
by men with early stage prostate cancer for 12 weeks [128].

It has been hypothesized that the effect of soy isoflavone
consumption on prostate cancer protection may be depen-
dent on equol production [129]. Equol production corre-
lates with a lower incidence of prostate cancer in Asian
populations [20, 130, 131]. Equol alone has anti-andro-
genic properties [52] and anti-proliferative properties in the
prostate, which may be different to those of isoflavones.
Both properties have been demonstrated in vitro and in
vivo in animal studies. Lund et al. administered 0.25 mg/kg
of equol to male rats for 4-7 days and observed reduced
prostate and epididymal weight and increased circulating
levels of LH [52]. Equol’s action was mediated by binding
with high affinity to DHT [7, 52]. The rise in LH observed
following administration of equol suggested that equol may
block the negative feedback of DHT on the pituitary LH
[52]. Equol’s anti-proliferative effects in the prostate were
demonstrated in vitro. Benign and malignant epithelial
cells derived from prostatic fluid of Asian men who regu-
larly consume soy were treated with a mixture of equol [at
10(-6)M and 10(-5)M] and variable concentrations of iso-
flavones genistein and daidzein. The results showed growth
inhibition in the benign prostatic epithelial cells and
increased accumulation of cells into Go/G1, the non-divi-
sion stages of the cell cycle mechanisms [54]. Magee et al.
demonstrated that both racemic [R-(4) equol and S-(-)]
and S(-)equol mixtures at different concentrations inhibited
the growth of human prostate and breast cancer cell lines
and blocked their invasiveness. The racemic mixture
[unlike S(-)equol] also prevented DNA damage [132]. The
relevance of equol production to human prostate cancer
needs to be studied in interventional dietary trials.

Conclusion

There is increasing evidence that equol may mediate the
endocrine-related benefits associated with soy consump-
tion. The inconsistencies between the soy isoflavone stud-
ies may be attributed to the failure to distinguish equol
producers from non-equol producers. All the studies to date
have measured total equol, i.e., conjugated plus unconju-
gated equol. Since only free, unconjugated S-equol binds to
ERf with high affinity, total equol does not provide an
appropriate measure. S-equol’s selectivity for ERf may
provide a better safety profile than those compounds that
are selective for ERa. Studies that have considered equol
production status are not consistent, the data are difficult to
compare due to differing soy preparations and trial designs,
together with small sample sizes. Positive effects of equol
on several endocrine pathologies have been observed in
both in vivo and in vitro studies, but currently it is difficult
to say whether these effects are directly related to equol or
to other factors. Well-designed clinical trials are needed to
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determine whether equol is a potential therapeutic agent in
reproductive hormone-dependent conditions.
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