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ABSTRACT
Gut bacterial modification of soy isoflavones produces metabolites
that differ in biological activity from the parent compounds. Hydro-
lysis of glycosides results in more active compounds. In contrast,
further degradation and transformation of aglycones produce more
or less active compounds, depending on the substrate metabolized
and the product formed. Bacterial metabolism of soy isoflavones
varies among individuals. The predominant daidzein metabolites
produced by human intestinal bacteria are equol and O-desmethyl-
angolensin. Among humans, 30–50% have the bacteria capable
of producing equol and 80–90% harbor O-desmethylangolensin–
producing bacteria. Factors that influence the capacity to produce
equol and O-desmethylangolensin are not clearly established; how-
ever, gut physiology, host genetics, and diet are reported to contrib-
ute to interindividual differences in conversion of daidzein to equol.
Effects of these phenotypes on human health are poorly character-
ized. Some studies in high soy–consuming populations reported an
inverse association between urinary and serum equol concentrations
and breast and prostate cancer risk. Furthermore, several studies of
soy supplementation and bone density suggest that soy products may
be more effective in maintaining bone density in equol-producing
individuals. Factors that contribute to the phenotypes and the relation
of these specific phenotypes to human health need to be further
elucidated. The extent to which isoflavone metabolism is key to
the efficacy of soy foods remains to be established. Am J Clin
Nutr 2009;89(suppl):1664S–7S.

INTRODUCTION

Intake of particular phytochemicals or their precursors does not
necessarily equate with exposure at the tissue level. The process of
phytochemical disposition, like that of disposition of drugs and other
xenobiotics, involves absorption, metabolism, distribution, and
excretion, and each of these parts of the process may contribute to
overall exposure (1). Interindividual differences in phytochemical
metabolism and disposition may be affected by gut microbial
identity and activity; genetic determinants of biotransformation
enzyme expression, stability, and activity; environmental exposures
that influence the gut microbes and biotransformation enzymes;
and variation in concentrations of endogenous compounds that
modulate biotransformation pathways (1).

Isoflavone metabolism is a familiar example of interindividual
differences in effects of host bacteria and the potential effect on
human health. Gut bacterial modification of soy isoflavones
produces metabolites that differ in biologic activity from the

parent compounds. Hydrolysis of glycosides results in more
active compounds. In contrast, further degradation and trans-
formation of aglycones produce more or less active compounds,
depending on the substrate metabolized and the product formed.
Furthermore, bacterial metabolism of soy isoflavones varies
among individuals.

The predominant daidzein metabolites produced by human
intestinal bacteria are dihydrodadzein, equol, and O-desmethy-
langolensin (Figure 1). Among humans, 30–50% have the bacteria
capable of producing equol, whereas 80–90% harbor O-desme-
thylangolensin–producing bacteria. The production of equol in
humans is of particular interest for the following reasons: 1)
in vitro and in some animal models, equol is more biologically
active than its precursor, daidzein, and the alternate metabolite,
O-desmethylangolensin and 2) equol production is associated with
reduced risk of certain cancers and other diseases in humans
(reviewed in reference 2).

DETERMINANTS OF THE EQUOL-PRODUCER
PHENOTYPES

Factors that influence the capacity to produce equol are not clearly
established;however,gutphysiology,hostgenetics, anddiet appear to
contribute to interindividual differences in conversion of daidzein to
equol. Several aspects of gut function are shown to be associated with
the capacity to produce equol. Tamura et al (3) reported that the
percentage of equol producers tended to be greater among lactose
malabsorbers. Lactase can hydrolyze isoflavone glycosides; thus,
among individuals with low lactase activity, presumably more
daidzin is reaching the colon and being hydrolyzed and converted to
equol (3). Low lactase activity also may affect delivery of other
dietary constituents to the colon and further affect the gut bacterial
profile. This relation needs to be characterized further. Large in-
testinal transit also is shown to be associated with the equol-producer
phenotype. In a study of 200 premenopausal women, equol producers
reported more frequent constipation than nonproducers (4).

1 From the Fred Hutchinson Cancer Research Center and Nutritional Sci-

ences Program, Department of Epidemiology, University of Washington,

Seattle, WA.
2 Presented at the symposium, ‘‘Fifth International Congress on Vegetar-

ian Nutrition,’’ held in Loma Linda, CA, March 4–6, 2008.
3 Supported by US NCI grant R01CA097366 and the Fred Hutchinson

Cancer Research Center.
4 Reprints not available. Address correspondence to JW Lampe, Fred

Hutchinson Cancer Research Center, 1100 Fairview Avenue North, M4-

B402, PO Box 19024, Seattle, WA 98109. E-mail: jlampe@fhcrc.org.

First published online April 8, 2009; doi: 10.3945/ajcn.2009.26736T.

1664S Am J Clin Nutr 2009;89(suppl):1664S–7S. Printed in USA. � 2009 American Society for Nutrition



The apparent stability of equol production in individuals over
time (5) raises the possibility that the phenotype may be under
some level of genetic control. Host genetics were shown to in-
fluence normal intestinal bacterial populations (6, 7). One family
study tested specifically the role of host genetics on daidzein-
metabolizing phenotypes (8). Familial correlation and segrega-
tion analyses suggested that there may be a genetic component
to being an equol producer but that other nongenetic factors
also likely were involved. More robust study designs and larger
samples are needed to test this hypothesis further.

Comparison of the habitual dietary intakes of equol producers
and nonproducers showed some differences; however, the
differences appeared to be influenced by the populations under
study. Among studies that assessed diet in relation to equol
production, positive associations between equol production and
intakes of soy, animal products, green tea, and a low-fat, high-
carbohydrate diet were reported in some (9–12) but not all of the
studies (13–15). Three recently published studies of equol
production and diet among women showed few dietary differ-
ences by phenotype. Bolca et al (16) reported that in 100
healthy postmenopausal women, the strong equol-producer
phenotype (highest of 3 categories of equol excretion with an
isoflavone challenge) was associated with higher intakes of
polyunsaturated fatty acids and alcohol. Atkinson et al (4) as-
sessed diet with food-frequency questionnaire and a 3-d food
record in 200 women but showed few dietary differences be-
tween the phenotypes. Associations between intake of vegeta-
bles and eggs and equol production were observed, but these
were not significant when adjusted for false discovery rate.
Nagata et al (17) evaluated urinary equol excretion in relation
to diet in 419 Japanese women. In this population, dairy product
intake was significantly lower (P ¼ 0.02) in women who excreted
detectable equol in urine. The authors suggest that constituents of
dairy foods may influence gut bacterial composition and the
presence of equol-producing bacteria; however, given the recent
observation that the prevalence of equol production is higher among
lactose malabsorbers (3), an alternative interpretation of these di-

etary data is that equol producers are more likely to be lactose
malabsorbers and, therefore, tend to avoid dairy foods.

Several studies suggest that the prevalence of equol-producing
phenotypes differs between low soy– and high soy–consuming
populations (15, 18, 19), although whether this is due to regular
soy exposure itself or population differences in other consituents
of diet remains to be established. Setchell and Cole (15) reported
that in a sample of 41 healthy volunteers (29 vegetarians and 12
nonvegetarians), the prevalence of equol producers among the
vegetarians and nonvegetarians was 59% and 25%, respectively.
Similarly, Song et al (19) reported that the prevalence of the equol-
producer phenotype was significantly higher (51% compared with
36%; P ¼ 0.015) and the O-desmethylangolensin–producer pheno-
type was significantly lower (84% compared with 92%; P¼ 0.03) in
91 Korean-American than in 222 white American women, and girls.

Other demographic and lifestyle factors also were evaluated in
relation to the equol-producer phenotype. In the United States,
equol production was positively associated with education in 2
predominantly white populations (4, 8) but not another (20).
Smoking status also is associated with the phenotype in some
(20) but not other study populations (4, 8, 17).

ASSOCIATION OF EQUOL-PRODUCER PHENOTYPE
WITH HUMAN HEALTH

Effects of the equol-producer phenotype on human health are
poorly characterized. In 2005, Atkinson et al (2) reviewed 26
observational and intervention studies that examined the effect of
the equol phenotype on human health. At that time, insufficient
evidence was available to inform on the potential health effects
associated with the ability to produce equol. Limitations of the
available observation studies included small sample sizes, in-
sufficient statistical power to stratify by phenotype, and lack of
controlled evaluation of equol-producer status, particularly in
low soy–consuming populations. Limitations of intervention
trials similarly included small sample sizes, which resulted in lack
of sufficient power to conduct formal analysis of phenotype-
treatment interactions.

Since 2005, additional studies examined the effect of the equol-
producer phenotype and reported both significant and null results.
In a recent observational study in which postmenopausal women
were phenotyped for equol production, Fuhrman et al (21) showed
that despite no independent associations of phenotype or soy intake
with mammographic density, the interaction between these factors
was statistically significant (Pinteraction ¼ 0.01). Among equol
producers, those consuming soy at least once per week had lower
percentage density, whereas among nonproducers, weekly soy
intake was associated with higher percentage density.

In recent intervention studies in which subanalyses by equol-
producer status were conducted, there were reports that equol
producers showed more favorable responses to soy or soy iso-
flavone treatment; however, these findings are not always con-
sistent across studies and there is concern that null studies may be
underreported. Effects of isoflavones on bone density and bone
markers were reported to have a more bone-protective response in
equol producers in some recent studies (22, 23) but not in others
(24). With regard to markers of cardiovascular risk, Clerici et al
(25) showed that, in a randomized placebo-controlled trial of
soy-germ supplementation in 62 hypercholesterolemic men and
women, reductions in total cholesterol and LDL cholesterol and

FIGURE 1. Metabolism of the soy isoflavone daidzein to O-
desmethylangolensin and equol. Adapted from Reference 31.
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high-sensitivity C-reactive protein and increases in brachial artery
flow-mediated vasodilatation were greatest in the equol producers.
In contrast, in 30 postmenopausal women (15 equol producers and
15 nonproducers), 12 wk of isoflavone supplementation had no
effect on total cholesterol or adenosine triphosphate-binding cas-
sette A1–dependent cholesterol efflux, irrespective of equol status
(26). Another isoflavone intervention in 37 men with a personal or
family history of colorectal adenoma showed that circulating in-
sulin-like growth factor I decreased in equol producers but not in
nonproducers after 8 wk and that the change in serum insulin-like
growth factor I concentrations was inversely associated with serum
equol concentrations (27).

Application of gene expression array and other omics plat-
forms to soy isoflavone interventions also may help to guide
future studies of the effects of the equol phenotype. For example,
Niculescu et al (28) showed a stronger effect of isoflavone
supplementation (900 mg/d for 84 d) on estrogen-responsive
genes in peripheral lymphocytes among postmenopausal women
who were equol producers. Understanding the pathways through
which the equol-producer phenotype modifies response to iso-
flavones may clarify the role of equol itself.

From the latest observational studies and baseline data from
intervention studies, it appears that for the most part, in the absence
of soy exposure, there are few differences in health and disease-
related biomarkers between equol producers and nonproducers (21,
27, 29). Nonetheless, in low soy–consuming populations, there are
reports of biomarker differences by equol-producer status (20, 30).
These may be chance findings or, alternatively, there may be cases
in which host genetics or exposures besides isoflavones modify
the effect of equol-producing bacteria and result in measurable
differences between equol producers and nonproducers (30).

CONCLUSIONS

Various factors influence the ability to harbor certain bacterial
populations, but the specific factors related to the equol-producer
phenotype appear to be population dependent and remain unclear.
Studies report relationships between the equol-producer phe-
notype and risk factors for several chronic diseases and differ-
ential responses to interventions; however, the evidence to date is
inconclusive. More studies are needed that are designed to ad-
dress a priori the effect of the equol-producer phenotype on
disease risk. For intervention studies, sample sizes need to be
large enough to allow for formal testing of the interaction of
treatment and phenotype. (Other articles in this supplement to the
Journal include references 32–58.)
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32. Rajaram S, Sabaté J. Preface. Am J Clin Nutr 2009;89(suppl):1541S–2S.
33. Jacobs DR Jr, Gross MD, Tapsell LC. Food synergy: an operational concept

for understanding nutrition. Am J Clin Nutr 2009;89(suppl):1543S–8S.
34. Jacobs DR Jr, Haddad EH, Lanou AJ, Messina MJ. Food, plant food, and

vegetarian diets in the US dietary guidelines: conclusions of an expert
panel. Am J Clin Nutr 2009;89(suppl):1549S–52S.

35. Lampe JW. Interindividual differences in response to plant-based diets:
implications for cancer risk. Am J Clin Nutr 2009;89(suppl):1553S–7S.

36. Simon JA, Chen Y-H, Bent S. The relation of a-linolenic acid to the risk
of prostate cancer: a systematic review and meta-analysis. Am J Clin
Nutr 2009;89(suppl):1558S–64S.

37. Pierce JP, Natarajan L, Caan BJ, et al. Dietary change and reduced breast
cancer events among women without hot flashes after treatment of
early-stage breast cancer: subgroup analysis of the Women’s Healthy
Eating and Living Study. Am J Clin Nutr 2009;89(suppl):1565S–71S.

38. Newby PK. Plant foods and plant-based diets: protective against child-
hood obesity? Am J Clin Nutr 2009;89(suppl):1572S–87S.

39. Barnard ND, Cohen J, Jenkins DJA, et al. A low-fat vegan diet and
a conventional diabetes diet in the treatment of type 2 diabetes: a ran-
domized, controlled, 74-wk clinical trial. Am J Clin Nutr 2009;
89(suppl):1588S–96S.

40. Mangat I. Do vegetarians have to eat fish for optimal cardiovascular
protection? Am J Clin Nutr 2009;89(suppl):1597S–601S.

41. Willis LM, Shukitt-Hale B, Joseph JA. Modulation of cognition and
behavior in aged animals: role for antioxidant- and essential fatty
acid–rich plant foods. Am J Clin Nutr 2009;89(suppl):1602S–6S.

42. Fraser GE. Vegetarian diets: what do we know of their effects on
common chronic diseases? Am J Clin Nutr 2009;89(suppl):1607S–12S.

43. Key TJ, Appleby PN, Spencer EA, Travis RC, Roddam AW, Allen NE.
Mortality in British vegetarians: results from the European Prospective
Investigation into Cancer and Nutrition (EPIC-Oxford). Am J Clin Nutr
2009;89(suppl):1613S–9S.

44. Key TJ, Appleby PN, Spencer EA, Travis RC, Roddam AW, Allen NE.
Cancer incidence in vegetarians: results from the European Prospective
Investigation into Cancer and Nutrition (EPIC-Oxford). Am J Clin Nutr
2009;89(suppl):1620S–6S.

45. Craig WJ. Health effects of vegan diets. Am J Clin Nutr 2009;89(suppl):
1627S–33S.

46. Weaver CM. Should dairy be recommended as part of a healthy vege-
tarian diet? Point. Am J Clin Nutr 2009;89(suppl):1634S–7S.

47. Lanou AJ. Should dairy be recommended as part of a healthy vegetarian
diet? Counterpoint. Am J Clin Nutr 2009;89(suppl):1638S–42S.
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