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ABSTRACT
Background: Postmenopausal estrogen depletion is a major con-
tributing factor to bone loss. Soy isoflavones have variable effects
on the prevention of postmenopausal bone loss, which is possibly
related to the specific isoflavone content or the variable equol-
producing capacity of individuals.
Objective: We aimed to determine the effects of the content of
isoflavones in a soy supplement and the equol-producing ability
of the individual on postmenopausal bone calcium retention.
Design: The study was a blinded, randomized, crossover interven-
tion trial in 24 postmenopausal women who were prescreened for
their ability to convert daidzein to equol. Women were equilibrated
with 41Ca before the intervention. Interventions were 5 soy iso-
flavone oral supplements (2 doses of a genistein-rich soy supple-
ment and 3 doses of mixed isoflavones in various proportions) and
a bisphosphonate (risedronate). Each intervention was given se-
quentially for 50 d followed by a 50-d washout period. The per-
centage of bone calcium retention was determined from the
change in urinary 41Ca:calcium.
Results: Interventions that ranged from 52 to 220 mg total isofla-
vones/d increased bone calcium retention between 3.4% and 7.6%
(P , 0.05), which was a moderate effect compared with that of
risedronate at 15.3% (95% CI: 7.1%, 22.7%; P = 0.0014). The most-
effective soy intervention delivered 105.23 mg total isoflavones/d as
genistein, daidzein, and glycitein in their natural ratios and in-
creased bone calcium retention by 7.6% (95% CI: 4.9%, 10.2%;
P , 0.0001). Genistein, at 52.85 mg/d, increased bone calcium
retention by 3.4% (95% CI: 0.5%, 6.2%; P = 0.029); but there
was no benefit at higher amounts (113.52 mg/d). There was no
difference (P = 0.5) in bone calcium retention between equol pro-
ducers and nonproducers.
Conclusion: Soy isoflavones, although not as potent as risedronate,
are effective bone-preserving agents in postmenopausal women re-
gardless of their equol-producing status, and mixed isoflavones in
their natural ratios are more effective than enriched genistein. This
trial was registered at clinicaltrials.gov as NCT00244907.
Am J Clin Nutr 2015;102:695–703.
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INTRODUCTION

Postmenopausal estrogen depletion causes increased net bone
resorption and is a major contributing factor of osteoporosis,
which can lead to a decreased quality of life and premature death
(1). Several antiresorptive treatments are available, including
hormone-replacement therapy (HRT)9 and bisphosphonates.
However, HRT has been linked to increased risk of coronary heart
disease, pulmonary embolism, and stroke (2), and bisphosphonate
use can lead to osteonecrosis of the jaw (3) and atypical fracture.
These adverse events, along with an increasing trend in Americans
to use complementary and alternative medicine (4), have prompted
many patients to seek complementary and alternative treatments
that are safe and effective.

Dietary alternatives to Food and Drug Administration–approved
drugs have focused on phytoestrogens, especially isoflavones,
which are a biologically active, nonnutritive subcategory of fla-
vonoids. Isoflavones are mainly synthesized in leguminous plants,
such as soybeans, with genistein, daidzein, and glycitein com-
prising the 3 most-abundant isoflavones in soy foods. The efficacy
of whole soy foods and isoflavones in preventing postmenopausal
bone loss has not been clearly defined (5–11), possibly because of
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the varying ratio and content of isoflavones in dietary products or
the variation in metabolites produced by the gut microbiota of the
subject.

Purified genistein, which is one of 2 major soy isoflavones, was
as effective as HRT for preserving bone in mineral density in a
1-y trial in postmenopausal women (12), which suggested that
genistein supplements may be superior to naturally occurring
mixed isoflavones. However, little is known about the dose-re-
sponse in bone of individual isoflavones or the possible syner-
gistic or antagonistic effects of daidzein, which is the other major
soy isoflavone (13). Moreover, the metabolites of isoflavonesmay
have more of an effect than the parent compound. Setchell et al.
(14) proposed that those subjects who have gut microflora that
convert daidzein to equol have a greater response to isoflavones
than do those who do not. Equol is selective for estrogen receptor
(ER)-b (15), which is the ER associated with a bone response.

We sought to determine the effect of the equol-producing
capability on bone calcium retention in postmenopausal women
who were given various isoflavone mixtures by using a sensitive
screening technique with the rare isotope 41Ca. The long half-life
(105 y) of 41Ca and the sensitivity of urine measurements by
using accelerator mass spectrometry allow bone to be labeled
with this tracer and the effects of a series of interventions to be
compared in a crossover design. We measured other potential
modulators of bone turnover including calcium absorption, se-
rum estrogen, and soy metabolites and mineral homeostasis as
covariates. We hypothesized that the capability to convert
daidzein to equol would enhance the suppression of bone re-
sorption. In addition, we hypothesized that genistein would
suppress bone resorption in a dose-dependent manner whether
given in a relatively pure form or as part of a mixed-isoflavone
supplement.

METHODS

Study participants

Study participants were 24 healthy postmenopausal women
from the Lafayette, Indiana, area who did not have a history of
gut, bone, liver, or kidney disease, hormonal disorders, or cancer
and had blood chemistry panels that were within normal ranges.
Subjects were .4 y postmenopausal and did not have any al-
lergies to soy. Study staff enrolled participants on a rolling basis
between 2006 and 2009, and the trial ended in June 2010. All
women gave written, informed consent, and the study was ap-
proved by the Purdue University and Indiana University Purdue
University institutional review boards.

Exclusionary criteria were currently taking osteoporosis or
HRT drugs; nonprescription drugs, corticosteroids, or thiazide
diuretics; and thyroid-replacement therapy and antibiotics. Dual-
energy X-ray absorptiometry (General Electric Lunar DPX IQ)
was performed to measure total-body bone mineral density
(BMD), and anthropometric measurements were recorded.
Subjects were tested for their ability to produce equol from the
urinary excretion of the daidzein metabolite after the con-
sumption of a high-daidzein soy food. Subjects consumed a soy
food bar (Revival Products), which contained 160 mg isoflavones
(64 mg daidzein)/d for 3 consecutive days and collected their
morning urine voids on the fourth day. Equol producers were
considered those subjects with urine equol .10 mM to avoid

misclassification for those who consumed cow milk with low
amounts of equol produced by cows that consumed a diet rich in
daidzein. Subjects were screened until $8 equol producers were
enrolled for testing the effect of equol production, and 24 total
subjects were enrolled for multiple soy comparisons.

Study design

The study was a blinded (to participants and staff), random-
ized, crossover intervention trial in which subjects received 5
soy-isoflavone–extract interventions and or bisphosphonate in
the form of risedronate as a control (Figure 1). Subjects were
intravenously dosed with 50 nCi 41Ca (Argonne National Lab-
oratories) in sterile saline. Two participants had been dosed with
100 nCi or 1 mCi 41Ca from a previous study. An equilibration
period of $150 d facilitated the clearance of 41Ca from soft
tissues so that urinary 41Ca reflected the steady state of 41Ca
resorbed from bone and 41Ca re-entering bone (16). Subjects
were instructed to collect a 24-h urine sample once every 10 d.
Baseline urine collections were made over the next 100 d fol-
lowed by treatment and washout periods of 50 d each. Urine
samples were processed and measured by using accelerator mass
spectrometry to determine the ratio of 41Ca to total calcium as
described previously (17, 18).

Interventions consisted of 5 different types of soy-isoflavone
tablets of similar physical appearance (Archer Daniels Midland
Co.) and varying isoflavone compositions and total isoflavone
contents (Table 1). Subjects were instructed to consume 5 tab-
lets throughout the day with meals. Isoflavone interventions
were selected on the basis of the following criteria: to test for
a dose effect of nearly purified genistein [low-dose genistein
(Gen-low) vs. high-dose genistein (Gen-high)] and a natural mix
of isoflavones [low-dose soy (Soy-low) vs. high-dose soy (Soy-
high)] and to test compositional effects at a lower dose (Gen-low
vs. Soy-low) and a higher dose [Gen-high vs. soy enriched with
genistein (Soy-gen) and Soy-high]. Gen-low delivered 52.85 mg
total isoflavones/d in 5 tablets as 83.4% genistein, 15.6% daid-
zein, and 1.0% glycitein compared with Gen-high, which de-
livered double the amount of total isoflavones (113.52 mg/d) in
a similar proportion (82.6% genistein, 16.1% daidzein, and 1.4%
glycitein). Similarly, the mixed-isoflavone–containing supple-
ment (Soy-high), delivered double the amount of total iso-
flavones as the Soy-low supplement (219.67 mg/d in 5 tablets
compared with 105.23 mg/d) in a similar proportion of w43.5%
genistein, 42.3% daidzein, and 14.1% glycitein. To compare the
effect of the composition at similar doses of genistein (w45 mg
genistein/d), we compared Gen-low (44.06 mg genistein/d, 8.25
mg daidzein/d, and 0.54 mg glycitein/d) to Soy-high (46.20 mg
genistein/d, 44.27 mg daidzein/d, and 14.76 mg glycitein/d).
Gen-high, Soy-gen, and Soy-high were compared for composi-
tional effects because they contained similar amounts of genis-
tein at 93.75, 91.02, and 95.66 mg genistein/d, respectively, but
differed in their daidzein and glycitein contents (18.22, 54.53,
and 92.99 mg daidzein/d, respectively, and 1.55, 15.52, and
31.02 mg glycitein/d, respectively.

The first intervention given to each subject was the commer-
cially available mixed soy-isoflavone supplement [Soy-low
(Novasoy)] to compare the response of equol producers (n = 8)
with nonproducers (n = 16) because this was a primary aim of the
study (Figure 1). Subsequently, equol producers and nonproducers
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were randomly assigned separately. The order of the in-
terventions, except for the positive control, was assigned by using
an allocation sequence, which was determined by the statistician,
which represented unique product sequences that accounted for
the varied number of interventions for each subject. The risedr-
onate control was given last to prevent confounding from residual
effects on bone. Fourteen subjects (6 equol producers and 8
nonproducers) elected to continue the study by receiving the other
4 soy isoflavone products (Gen-low, Gen-high, Soy-high, and
Soy-gen), which were tested in a randomized order. The order
was determined by the statistician by using a random-allocation
sequence.

Soy interventions were mostly in the glycoside form, but
amounts are reported in the aglycone form (standard units
without sugar moiety). Tablets were analyzed by Archer Daniels
Midland Co. by using reversed-phase HPLC and liquid chro-
matography–mass spectrometry (19), which were modified from
the Association of Official Analytic Chemists method for iso-
flavone analysis. The analysis was validated in the laboratory of
William Helferich, University of Illinois.

During the positive control period, subjects took 5 mg
risedronate/d (Actonel; Procter & Gamble) daily with water
while upright and did not consume food or supplements for 30
min after the drug was administered. The risedronate intervention
was administered last because of its long half-life in bone (17),
whereas the half-life of isoflavones is 7.77 h (20). Compliance
was assessed by measuring serum isoflavone and by counting
returned pills.

Subjects ingested 500 mg Ca/d as Viactiv chews (McNeil
Nutritionals LLC) or Chewable Calcium for Women (Walgreen
Co.) and 600 IU vitamin D/d [200 IU from a calcium chew and
400 IU from Geritol Complete; GlaxoSmithKline) beginning at

baseline. Subjects completed 4-d diet records, which included 3
weekdays and 1 weekend day for each washout and intervention
period beginning with the baseline period and continuing
throughout the study. The Nutrition Data System for Research
Version 2007 (University of Minnesota) program was used to
calculate nutrient intakes. Adverse events were monitored by an
interview and documented during study visits.

Biochemical analysis

Fasting blood and urinewere obtained at the end of each baseline,
intervention, andwashout period to analyze for biochemicalmarkers
of bone turnover hormones and serum isoflavones. Urinary type I
cross-linked N-telopeptides, serum bone-specific alkaline phos-
phatase, serum osteocalcin, and urinary deoxypyridinoline cross-
links were analyzed by using ELISA kits (Quidel Corp.). Serum
parathyroid hormone (PTH) and 25-hydroxyvitamin D were ana-
lyzed by using radioimmunoassays (DiaSorin). Serum phosphorus,
alkaline phosphatase, calcium, and creatinine and urinary phos-
phorus, calcium, and creatinine were measured by using a COBAS
MIRA chemistry spectrophotometric analyzer (Roche Diagnostics).
Baseline values of serum follicle-stimulating hormone (FSH),
estrone, and estradiol were also measured by using ELISAs (Alpha
Diagnostic International Inc.), and estrone sulfate was measured
by using a radioimmunoassay (Diagnostic Systems Laborato-
ries Inc.). Serum genistein, daidzein, equol, dihydrodaidzein,
glycitein, biochanin A, formononetin, coumestrol, enterodiol,
enterolactone, O-desmethylangolensin (O-DMA), and 6#-OH-
O-desmethylangolensin were measured by using reversed-phase
HPLC–electrospray ionization–mass spectrometry by using a
4000 triple-quadrupole mass spectrometer (AB Sciexa) as de-
scribed previously (21, 22).

Calcium absorption

A fractional calcium absorption test was performed at the end
of the baseline period and at each intervention period by using
15.2 mg 44Ca that was administered as a simple oral tracer.
Subjects ingested the stable isotope as CaCO3 midway through
the consumption of a calcium-containing meal (250 mg Ca) with
the soy treatment tablets. Subjects participated in a 5-h blood
draw to determine the effect of soy isoflavones on calcium ab-
sorption. The 44Ca isotope was detected in the blood by using

FIGURE 1 Study design. Twenty-four healthy postmenopausal women
were enrolled in the study with 8 equol producers and 16 nonproducers.
Subjects were dosed with 41Ca, and baseline values were collected after
a 150-d equilibration period. All subjects received Soy-low as the first in-
tervention. After the intervention with Soy-low, subjects had the option to
continue directly with risedronate therapy or to receive 4 randomized soy
interventions followed by risedronate. *One subject dropped out during the
randomized soy interventions and had low compliance with taking the sup-
plements; therefore, this subject was excluded in all analyses. Gen-high,
high-dose genistein; Gen-low, low-dose genistein; Soy-gen, soy isoflavones
enriched in genistein; Soy-high, high-dose soy; Soy-low, low-dose soy.

TABLE 1

Tablet isoflavone composition1

Intervention

Isoflavone content, mg/d (% of total isoflavones)

Genistein

equivalent

Daidzein

equivalent

Glycitein

equivalent Total

Gen-low 44.06 (83.4) 8.25 (15.6) 0.54 (1.0) 52.85

Gen-high 93.75 (82.6) 18.22 (16.1) 1.55 (1.4) 113.52

Soy-low 46.20 (43.9) 44.27 (42.1) 14.76 (14.0) 105.23

Soy-high 95.66 (43.5) 92.99 (42.3) 31.02 (14.1) 219.67

Soy-gen 91.02 (56.5) 54.53 (33.9) 15.52 (9.6) 161.07

1Totals reflect isoflavones as aglycone equivalents in 5 tablets as ana-

lyzed. Gen-high, high-dose genistein; Gen-low, low-dose genistein; Soy-gen,

soy isoflavones enriched in genistein; Soy-high, high-dose soy; Soy-low,

low-dose soy.
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inductively coupled plasma and mass spectrometry, and frac-
tional calcium absorption was calculated by using the equation

Fractional absorption ¼ 1:40653
�
5 h SSA0:8437

�
3

�
BSA0:7785

�

ð1Þ

as previously described (23, 24), where SSA denotes the serum
specific activity (fraction of dose per gram of calcium) and BSA
denotes body surface area and

BSA ¼ 0:202473 ðweight in kgÞ0:425 3 ðheight in mÞ0:725 ð2Þ

Statistical analysis

Sample sizes ranged from 14 to 24. For a sample size of 14, we
had 80% power to detect an 8% improvement in bone calcium
retention. For a sample size of 24, we had 80% power to detect
a 6% improvement in bone calcium retention. The 41Ca:calcium
ratio was transformed by using the ln. For each subject, a simple
linear regression model was fit through all baseline and washout
values to create a regression line, and the predicted 41Ca:calcium
value for each 24-h urine collection during the intervention was
subtracted from the observed value. Means of these differences
were computed for each individual and averaged across in-
dividuals to provide estimates of treatment effects. Bootstrap
resampling was used to calculate 95% CIs. To examine the ef-
fect of equol status, the 5 soy treatments were analyzed in
a repeated-measures mixed model that included equol status,
treatment, and the interaction. Dose and compositional effects
were determined by using t tests with a = 0.05 with a Bonferroni
correction (a = 0.007 after correcting for multiple comparisons).
Means and 95% CIs were transformed back to the original scale
and were reported as percentages of change in bone calcium
retention. To examine possible covariates, correlations between
covariates and a composite of treatment effects were used. The
composite was obtained by first computing z scores for each
intervention (by subtracting the mean and dividing by the SD in
the log scale) and averaging these values across interventions for
each subject.

Means 6 SDs were calculated for baseline characteristics.
Serum isoflavones and biochemistry data were transformed
by using the ln to correct for a skewed distribution. To
compare the effects of the interventions and equol-producing
status, data were analyzed by using a mixed model with the
Tukey-Kramer post hoc test for differences between in-
tervention means. The model included terms to account for
subject effects that were due to the crossover design, time,
subject-by-time interaction, equol-producing ability, and in-
tervention and a term to account for the interaction between
equol-producing ability and intervention. All isoflavone and
biochemistry data were transformed back to the original scale
and reported as means with 95% CIs. Fractional calcium-
absorption values were analyzed by using a mixed model
with contrasts testing differences between baseline and ri-
sedronate, risedronate and soy, and soy interventions com-
pared with baseline. Results were reported as means with
95% CIs. SAS software (version 9.2; SAS Institute) was used
for all analyses.

RESULTS

Baseline characteristics

In comparison with NHANES anthropometric (25) and dual-
energy X-ray absorptiometry body-composition (26) reference
data for non-Hispanic white women $60 y of age, our partici-
pants (Table 2) were of similar height and weight but had higher
bone density. Eighteen of the women had had a natural meno-
pause, whereas 6 women had undergone A surgical menopause.
Food records were consistent in nutrient compositions and
mineral intakes across all interventions and washout periods
(Table 2). Only one subject was under the estimated average
requirement of 1000 mg Ca/d for this age group (411 mg/d
through dietary intake plus 500 mg/d through supplementa-
tion). The equol-producing status had no effect on baseline se-
rum estradiol, estrone, and FSH; however, equol producers had
higher baseline serum estrone sulfate than that of nonproducers
(1.1 6 0.5 vs. 0.8 6 0.3 ng/mL, respectively; P = 0.04).

Of 6 subjects who did not complete the risedronate in-
tervention, one subject experienced a headache, another subject
experienced heartburn, and 4 subjects chose not to participate in
the risedronate phase at the commencement of the study for fear
of side effects and the time commitment. One woman with
a strong family history of cardiovascular disease had a nonfatal
myocardial infarction during the last recovery period, and her
data were included in the analysis. One participant who dropped
out during the third soy-intervention period was excluded from the
24 subjects included in the analyses for being noncompliant with
taking pills (Figure 1). Twenty-one of the 24 participants were
.90% compliant, and all subjects were .80% compliant with
taking soy supplements and risedronate on the basis of counts of
returned pills. Serum genistein amounts were substantially dif-
ferent from those at baseline in all interventions (Table 3).

Bone calcium retention

Although not a direct indication of bone strength, an increase
in bone calcium retention is indicative of a positive change in
bone balance. In lieu of measuring BMD and bone strength,

TABLE 2

Baseline characteristics and average nutrient intakes

Characteristic Mean 6 SD

Age at time of dosing, y 59 6 9

Height, m 1.65 6 0.06

Weight, kg 74.5 6 15.5

BMI, kg/m2 27.4 6 5.9

Time after menopause, y 14 6 8

Total body bone mineral density, g/cm3 1.08 6 0.10

Total body bone mineral content, g 2297.3 6 386.6

Dietary calcium,1 mg 961 6 368

Dietary phosphorus, mg 1238 6 304

Dietary magnesium, mg 289 6 87

Serum follicle-stimulating hormone, U/L 92.5 6 25.0

Serum estrone, pg/mL 27.2 6 8.3

Serum estrone sulfate,2 ng/mL 0.9 6 0.4

Serum estradiol, pg/mL 12.1 6 4.2

1With the exclusion of calcium intake from supplements. Subjects were

supplemented with 500 mg Ca/d and 600 IU vitamin D/d.
2Equol producers had higher baseline serum estrone sulfate than did non-

producers (1.1 6 0.5 compared with 0.8 6 0.3 ng/mL, respectively; P = 0.04).
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interventions are directly comparable because changes in bone
calcium retention directly correspond to changes in bone balance.

The risedronate intervention compared with nonintervention
resulted in an increase in bone calcium retention of 15.3% (P =
0.0014) (Figure 2). Of soy interventions, Soy-low had the
greatest effect with a 7.6% increase in bone calcium retention
(P , 0.0001). All isoflavone interventions except for Gen-high
significantly increased bone calcium retention with Gen-low,
Soy-high, and Soy-gen, which resulted in increased bone cal-
cium retention by 3.4% (P = 0.0263), 5.5% (P = 0.0232), and
5.8% (P = 0.0096), respectively. To examine the effect of equol
status, the 5 soy treatments were analyzed in a mixed model that
included equol status, treatment, and the interaction. The main
effect of equol status and the interaction with soy treatment were
NS (P = 0.52 and P = 0.35, respectively).

There was no difference in bone calcium retention between Gen-
low and Gen-high or between Soy-low and Soy-high. At the lower
dose of genistein, the addition of daidzein and glycitein appeared to
enhance the antiresorptive effect because Soy-low was more effective
than Gen-lowwas (P = 0.001). However, no beneficial effect of mixed
isoflavones was seen with higher doses of genistein (Gen-high vs.
Soy-high). Daidzein did not exhibit antagonistic or agonistic behavior
at this amount of genistein (91–96 mg/d) for comparisons of Gen-
high vs. Soy-gen, Soy-gen vs. Soy-high, and Gen-high vs. Soy-high.

The following variables were examined as possible covariates:
FSH, estrone, estrone sulfate, estradiol, serum calcium, serum
phosphorus, the urinary potassium-to-creatinine ratio, the urinary
calcium-to-creatinine ratio, and calcium. None of these variables
were significant.

Calcium absorption

Fractional calcium absorption in soy interventions ranged from
0.240 to 0.266 (Figure 3) and was significantly lower than
during baseline (0.323; P = 0.0026) and risedronate (0.405; P ,
0.0001) periods. These differences remained when all soy
treatments were pooled or when subjects who only completed all
soy treatments were tested. There was no difference in fractional
calcium absorption between equol producers and nonproducers
in any of soy interventions (P = 0.3).

Biochemistries

Serum alkaline phosphatase and bone-specific alkaline
phosphatase were not different in isoflavone-intervention periods
(Table 3). Serum osteocalcin was higher during the intervention
with Gen-high (11.0 ng/mL) than with Soy-high (9.2 ng/mL).
Type I cross-linked N-telopeptides and deoxypyridinoline cross-
links were decreased with the risedronate intervention (30.7
bone collagen equivalents/mmol creatinine and 7.7 nmol/mmol
creatinine, respectively) compared with at baseline (48.3 bone
collagen equivalents/mmol creatinine and 9.3 nmol/mmol cre-
atinine, respectively) but were unaffected by the isoflavone
interventions. There were no significant differences in serum 25-
hydroxyvitamin D and serum calcium. Soy-gen had a higher
urinary phosphorus:creatinine ratio(0.44; 95% CI: 0.36, 0.53)
than during baseline (0.27; 95% CI: 0.24, 0.32), the risedronate
intervention (0.30; 95% CI: 0.25, 0.35), and Soy-low (0.30; 95%
CI: 0.26, 0.35) (Supplemental Table 1). The urinary phospho-
rus:creatinine ratio for Gen-low (0.36; 95% CI: 0.30, 0.43),T
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Gen-high (0.37; 95% CI: 0.31, 0.44), and Soy-high (0.37; 95%
CI: 0.31, 0.45) did not differ significantly from the control or
risedronate intervention. Urinary calcium:creatinine was not
significantly different because of the intervention with soy than
at baseline; risedronate lowered urinary calcium:creatinine ex-
cretion more than the isoflavone interventions did [0.04 (95%
CI: 0.03, 0.05) for risedronate compared with 0.08 to 0.10 for
soy] but not compared with at baseline. Risedronate lowered
serum phosphorus (3.3 mg/dL; 95% CI: 3.2, 3.5 mg/dL) com-
pared with baseline values (3.6 mg/dL; 95% CI: 3.5, 3.8 mg/dL),
but soy interventions had no effect. Serum PTH did not vary
from that at baseline during isoflavone and risedronate in-
terventions; however, serum PTH (pg/mL) was higher during the
risedronate intervention (40.6; 95% CI: 34.3, 48.0) than during
Gen-low (28.9; 95% CI: 24.0, 34.7) and Soy-gen (30.2; 95% CI:
25.1, 36.3) but not than during Gen-high (34.0; 95% CI: 28.2,
40.9), Soy-low (36.6; 95% CI: 31.2, 42.9), and Soy-high (33.1;
95% CI: 27.5, 39.8) (Supplemental Table 1). None of the bio-
chemistries were different as a result of equol-producing status.

Serum isoflavones

Serum genistein, daidzein, dihydrodaidzein, and O-DMAwere
higher with the soy isoflavone intervention than at baseline
(Supplemental Table 1, Table 3); there was a dose-dependent
effect on serum genistein. The estimate of the difference between
the average of high-genistein treatments (Gen-high, Soy-gen, and
Soy-high) and low-genistein treatments (Gen-low and Soy-low)
was 581 (95% CI: 332, 830; P = 0.0005). Serum daidzein was
higher during Soy-high than during Gen-low (1466 compared
with 121 nM, respectively; P , 0.05). Serum glycitein was
higher with mixed-isoflavone–containing supplements Soy-low
(21.4 nM), Soy-high (56.7 nM), and Soy-gen (20.2 nM) that at

baseline (1.5 nM) and in Gen-low (1.7 nM), and Gen-high
(1.5 nM). Serum dihydrodaidzein was higher in the high-
daidzein–containing interventions Soy-low (156 nM; 95%
CI: 70, 348 nM), Soy-high (190 nM; 95% CI: 69, 522 nM),
and Soy-gen (202 nM; 95% CI: 74, 555 nM) than in Gen-low
(15 nM; 95% CI: 5, 41 nM) (Supplemental Table 1). Serum
O-DMA was significantly greater in Gen-high (99 nM; 95%
CI: 28, 352 nM), Soy-low (88 nM; 95% CI: 32, 241 nM),
Soy-high (83 nM; 95% CI: 24, 296 nM), and Soy-gen (178
nM; 95% CI: 50, 632 nM) than in Gen-low (4.3 nM; 1.2, 1.7
nM). Serum equol was not affected by soy interventions in
individuals classified as equol nonproducers. Equol pro-
ducers had serum equol that was higher during soy
interventions than at baseline, but there were no differences
in serum equol between the different soy interventions (Table
3). There were no differences between interventions for
biochanin A, coumestrol, and enterolactone. Serum 6#-OH-
O-desmethylangolensin was significantly greater from the
intervention with Gen-high (1.3 nM; 95% CI: 0.7, 2.5 nM)
than from the intervention with risedronate (0.4 nM; 95% CI:
0.2, 0.6 nM). Serum enterodiol was greater with Soy-high
(2.34 nM; 95% CI: 0.65, 8.38 nM) than with all other in-
terventions except for Soy-low (0.69 nM; 95% CI: 0.24, 1.99
nM). Serum formononetin was higher at baseline (37.0 nM;
95% CI: 19.5, 70.2 nM) and with Soy-low (25.9 nM; 95% CI:
13.7, 49.2 nM) and Soy-gen (21.1 nM; 95% CI: 9.3, 47.9 nM)
than with Soy-high (8.3 nM; 95% CI: 3.6, 18.7 nM).

To determine predictors of serum equol, the 5 soy treatments
were analyzed in a mixed model that included the ability to
produce equol, treatment, and interaction. The interaction be-
tween the treatment and equol-producing capacity, both of which
were expressed as categorical variables, was NS (P = 0.068).
However, when treatments were expressed as the amount of
daidzein in the diet (Table 1), there was a significant interaction
(P = 0.0036). For equol producers, there was an increase of
0.0236 nM in serum equol for each milligram of daidzein in the
diet (P = 0.009), and the slope for nonproducers was NS (P =
0.13) (Figure 4).

FIGURE 3 Mean6 95% CI effects of soy and risedronate interventions
on fractional calcium absorption in postmenopausal women. Significant dif-
ferences were determined by contrasts after 2-factor ANOVA. Fractional
calcium absorption for pooled soy interventions (A; n = 77) was significantly
lower than at baseline (B; n = 24; P = 0.0026) and with the risedronate
intervention (C; n = 19; P = 0.0017). Fractional calcium absorption at
baseline was significantly lower than with the risedronate intervention
(P , 0.0001). Gen-high, high-dose genistein; Gen-low, low-dose genistein;
Soy-gen, soy isoflavones enriched in genistein; Soy-high, high-dose soy;
Soy-low, low-dose soy.

FIGURE 2 Mean 6 95% CI effects of soy and risedronate interventions on
bone calcium retention in postmenopausal women. A 95%CI that does not include
zero indicates a significant change from baseline at a = 0.05 by using a linear
regression model. Interventions with Gen-low (n = 14), Soy-low (n = 24), Soy-high
(n = 14), Soy-gen (n = 14), and risedronate (n = 19) resulted in significant increases
in bone calcium retention compared with baseline. the intervention with Gen-high
(n = 14) did not result in a change in bone calcium retention compared with
baseline. t tests were performed to determine differences between interventions
with a Bonferroni-corrected a = 0.007 used to adjust for 7 multiple comparisons.
The intervention with Soy-low resulted in a significantly greater bone calcium
retention (P = 0.001) than the intervention with Gen-low. Gen-high, high-dose
genistein; Gen-low, low-dose genistein; Soy-gen, soy isoflavones enriched in gen-
istein; Soy-high, high-dose soy; Soy-low, low-dose soy.
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DISCUSSION

In this randomized-order, crossover intervention trial in
postmenopausal women, we showed that the ability to convert
daidzein to its bioactive metabolite equol did not affect the
antiresorption response of bone to soy consumption. We also
determined that a moderate dose (105.23 mg total isoflavones/d)
of naturally occurring mixed isoflavones was the most-effective
soy intervention at increasing bone calcium retention in post-
menopausal women. This naturally occurring isoflavone mixture
was more effective than genistein-rich supplements were despite
differences in total isoflavone contents; however, bisphospho-
nate, which is an osteoporosis pharmaceutical, was still more
effective at increasing bone calcium retention.

Despite the enhanced bioavailability of equol (27) and the
estrogenic effect (14) than with other isoflavones, we did not find
differences between equol producers and nonproducers in the
various measures of bone response, bone calcium retention,
calcium absorption, or biochemical markers of bone turnover. To
our knowledge, we are the first to a priori screen individuals for
their equol-producing ability to compare differences in bone
responses to a soy intervention. Our initial screening method was
validated by an increase in serum equol during soy interventions
than at baseline, and producers were distinguished from those
who could not produce equol. Furthermore, serum equol in-
creased with the daidzein content of interventions in equol-
producers only. Serum genistein, glycitein, and daidzein were
significantly correlated with each other, suggesting that the
bioavailability of all isoflavones may be related to a variation in
gut microbiota and that there are responders and nonresponders.
Tablet genistein, daidzein, glycitein, and total isoflavone amounts
generally predicted serum isoflavone amounts.

A retrospective analysis of literature and equol-intervention
studies have given support for the hypothesis that the ability to
produce equol would be favorable to bone. Equol-producing
postmenopausal Japanese women conserved significantly greater
BMD than did nonproducers in the sub-whole body and total hip

after supplementation with 75 mg isoflavones/d for 24 wk (28).
The supplement used in the study by Wu et al. (28) was given in
the proportion of 12.5% genistein, 55% daidzein, and 32.5%
glycitein, which was comparatively higher in daidzein and
glycitein and lower in genistein than tested in the current study
(105.23 mg/d as 43.9% genistein, 42.1% daidzein, and 14.0%
glycitein). The equol-producing ability was a significant effect
when dietary isoflavones were directionally lower in genistein,
but the effect was suppressed when genistein was present in
greater amounts, which may have indicated that genistein is more
competitive than equol is for binding on ERs. Equol and genistein
were shown to have a comparable binding affinity for ER-a and
ER- b, but equol exhibited a more-estrogenic effect through the
transcription with ER-a (29). The only other, although minor,
source of dietary equol is milk from dairy cows fed a diet rich in
isoflavones (30). The dietary intake of equol was significantly
associated with bone density in postmenopausal women, but
once the dietary intake of calcium was added to the model, this
effect became nonsignificant (31). It has been previously re-
ported that w30–50% of humans are equol producers (14, 32,
33). In our study, we screened 80 women, only 10 of whom were
equol producers (,13% of those screened).

We hypothesized that genistein, in a relatively pure form or as
part of a mixed-isoflavone supplement, would suppress bone
resorption in a dose-dependent manner. Serum genistein amounts
best predicted the respective dose suppression of bone resorption
in various sources of isoflavones from soy cotyledon, soy germ,
red clover, and kudzu in postmenopausal women (17). However,
we did not observe a dose-dependent effect; the intervention with
a moderate amount of isoflavones (105.23 mg/d) in their naturally
occurring proportion was most effective. The lack of a dose
response in serum genistein might have been be attributed to the
short half-life of genistein [t1/2 =7.77 h (20)] and the difference
in timing between the ingestion of the supplement and the
fasting blood draw (20). In our study, lower amounts of genistein
(Gen-low: 44.06 mg genistein/d) were more effective than higher
amounts (Gen-high: 93.75 mg genistein/d) were at reducing
bone resorption . This result was consistent with a biphasic re-
sponse to soy isoflavones observed in an ovariectomized rat
model (34) where a moderate dose had the maximal effect on
bone. In addition, treatment with 54 mg genistein/d in the agly-
cone form, which was a similar dose to that in our Gen-low
intervention, for 1 y in osteopenic postmenopausal women was
shown to increase the BMD of the lumbar spine and femoral
neck (35) and to protect bone as well as HRT (12) in early
postmenopausal women.

Mixed-isoflavone rather than genistein-rich interventions had
stronger antiresorptive effects on bone. Similarly, a mixture of
naturally occurring soy isoflavones compared with purified
genistein maintained trabecular separation, bone volume, and
bone mass to the level of sham in ovariectomized mice (36) and
was the most bioavailable supplement tested (37). In a 2-y in-
tervention trial, a daily intake of 76 mg isoflavones from soymilk
was effective at preventing bone loss at the lumbar spine in
postmenopausal women compared with intake if isoflavone-poor
soymilk, which showed the efficacy of a moderate dose of mixed
isoflavones over several bone-remodeling cycles (9). In addition,
120 mg isoflavone supplementation/d protected whole-body
BMD but not spine or hip BMD at 1 and 2 y in postmenopausal
women (11). Of randomized controlled trials of soy isoflavones,

FIGURE 4 Five soy treatments were analyzed in a repeated-measures
mixed model that included equol status, dietary intake of daidzein, and the
interaction to examine the effect of equol status on serum equol. Equol
producers are indicated by filled circles, and nonproducers are indicated
by open circles. There was a significant (P = 0.0036) interaction; in equol
producers, there was an increase of 0.0236 nM serum equol for each milli-
gram of daidzein in the diet (P = 0.009), whereas the slope for nonproducers
was NS (P = 0.13).
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the trial of Levis et al. (6) administered the same naturally oc-
curring mixture of isoflavones as in our study; however, a sig-
nificant bone-protective effect was not shown (6). Although
aglycone equivalents were not reported, we estimate that the dose
we showed to be effective was at a concentration that was 20%
higher than the highest dose used in the trial of Levis et al. (6).
Our findings confirmed the results of our previous study that
mixed isoflavones of sufficient dose have antiresorptive effects
(17).

Postmenopausal women taking soy interventions had lower
fractional calcium absorption their baseline or risedronate pe-
riods, possibly related to the inhibitory effect of phytate on
calcium absorption (38); although the soy tablets contained low
amounts of phytate (,3 mg/d). Nonetheless, the improvement in
bone calcium retention indicated an improved bone balance (16)
with soy consumption despite the reduced fractional calcium
absorption. There was no difference in the dietary consumption
of calcium during interventions, and the average consumed in-
take of 961 mg Ca/d in addition to 500 mg supplemental cal-
cium/d exceeded the recommended 1200 mg Ca/d intake for this
age group.

The long half-life (105 y) of 41Ca and the sensitivity of urine
measurements by using accelerator mass spectrometry allowed
bone to be labeled with this tracer and the effects of a series of
interventions to be compared in a crossover design. It can take
from 6 mo to several years to capture the effects of a single
intervention on traditional bone-strength measurements such as
BMD; thus, the ability to perform multiple interventions of a
shorter duration on a single subject is advantageous and effi-
cient. The signal from 41Ca is less variable than from other bio-
chemical markers of bone turnover, which allowed for greater
power to detect intervention differences in a fewer number of
subjects. A disadvantage of a shorter screening approach com-
pared with longer trials is the inability to measure the effect of
interventions on bone strength or BMD.

In conclusion, the equol-producing ability did not enhance the
bone-protective effect of soy isoflavones in postmenopausal
women. A moderate dose (but higher than that used in ran-
domized controlled trials of BMD) of mixed isoflavones in their
natural proportion was the most-effective isoflavone supplement
at improving bone calcium retention compared with the effects of
supplements that were more rich in genistein and higher in the
total isoflavone content. We have shown that soy isoflavones,
although not as potent as risedronate, are an effective anti-
resorptive therapy for postmenopausal women at a sufficient
dose. Compared with bisphosphonates and HRT, the use of soy
isoflavones presents minimal to negligible risk to post-
menopausal women (39, 40) and can be used long term for some
protection against postmenopausal bone loss.
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