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Introduction: The purpose of this 3-way crossover study was to
identify the effective dose of soy protein isolate enriched with
isoflavones for suppressing bone resorption in postmenopausal
women using a novel, rapid assessment of antibone resorbing
treatments.

Methods: Thirteen postmenopausal women (�6 yr since menopause)
were predosed with 41Ca iv. After a 200-d baseline period, subjects
were given 43 g soy protein/d that contained 0, 97.5, or 135.5 mg total
isoflavones in randomized order. The soy protein isolate powder was
incorporated into baked products and beverages. Each 50-d interven-
tion phase was preceded by a 50-d pretreatment phase for comparison.
Serum isoflavone levels and biochemical markers were measured at
the end of each phase. Twenty-four-hour urine samples were collected

approximately every 10 d during each phase for 41Ca/Ca analysis by
accelerator mass spectrometry.

Results: Serum isoflavone levels reflected the amount of isoflavones
consumed in a dose-dependent manner. None of the isoflavone levels
had a significant effect on biochemical markers of bone turnover,
urinary cross-linked N teleopeptides of type I collagen and serum
osteocalcin, or bone turnover as assessed by urinary 41Ca/Ca ratios.

Conclusions: Soy protein with isoflavone doses of up to 135.5 mg/d
did not suppress bone resorption in postmenopausal women. This is
the first efficacy trial using the novel technique of urinary 41Ca ex-
cretion from prelabeled bone. (J Clin Endocrinol Metab 92:
577–582, 2007)

ESTROGEN IS ANTIRESORPTIVE on the skeleton (1). Es-
trogen hormone therapy (HT) has been a mainstay of

osteoporosis prevention in postmenopausal women until the
estrogen plus progestin arm of the Women’s Health Initiative
study found that health risks of stroke, embolism, and breast
cancer exceeded health benefits from reduced fracture and colo-
rectal cancer (2). The negative side effects of estrogen therapy
have led to a search for alternatives to HT. A popular dietary
alternative is soy isoflavones that are structurally similar to
physiological estrogens that bind to the estrogen receptors
(ERs) � and �. Although isoflavones bind with lower affinity
than physiological estrogens to ER� and ER�, they are more
available than estrogens to bind to ER because they are less
likely to be bound to SHBG in serum by 10-fold. However,
studies of their benefits on bone have been inconclusive. Several
short-term clinical trials have shown that soy isoflavones in-
crease bone mineral content (BMC) and bone mineral density
(BMD) (3, 4), whereas others showed no benefit (5, 6). Daily
consumption of 99 mg isoflavones for 12 months in postmeno-
pausal women did not improve BMD, except for a possible
effect on intertrochanter BMD region of the hip (7). A large
multisite trial found that not only was ipriflavone, a synthetic

isoflavone, not effective in reducing bone loss over 3 yr, it also
resulted in lymphocytopenia in postmenopausal women (8).
On the other hand, soy consumption has been associated with
a decreased risk of fracture in a large cohort of Shanghai women
(9).

Because effects on bone mass of antiresorption treat-
ment take 6 months to several years to measure, biomar-
kers of bone resorption have been suggested (10) to screen
more rapidly for effective treatments and to establish their
dose response. A novel approach using 41Ca offers a more
sensitive [10�18 mol 41Ca are required for detection by
accelerator mass spectrometry (AMS)] and direct measure
of early response (first few weeks) of bone resorption to
treatment than conventional biomarkers that do not di-
rectly measure resorption of bone mineral (11). The signal
from 41Ca is less variable than for biochemical markers.
Excretion of urinary 41Ca reflects bone resorption in a
skeleton that has been labeled with 41Ca, a rare isotope
(41Ca:40Ca natural abundance of 10�14) (12). Importantly,
the long half-life of 41Ca (�105 yr) and the ability of AMS
to detect very low concentrations in the urine allow con-
tinuous measurements of bone resorption for the lifetime
of the subject with the administered doses. The method
also allows study of the efficacy of a series of interventions
on bone turnover in the same subjects. There are limited
reports of use of 41Ca to monitor Ca metabolism in end
stage renal dialysis (13) and a case study of a suppression
of bone resorption with a bisphosphonate (14).

The purpose of this randomized, double-blind, crossover
study was to evaluate the dose response of isolated soy protein
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with naturally occurring isoflavones on calcium absorption and
bone turnover in postmenopausal women using a novel, sen-
sitive, method for detecting early (days to weeks) changes in
bone resorption. We hypothesized that reduced bone resorp-
tion, as measured by urinary 41Ca/Ca ratio, is inversely related
to soy isoflavone dose in postmenopausal women. This is the
first reported intervention trial using 41Ca.

Subjects and Methods
Subjects

Figure 1 shows the study profile. Thirteen healthy, community-dwell-
ing postmenopausal women were recruited after telephone screening
was conducted to identify eligible subjects. Exclusion criteria included
being less than 4 yr postmenopause; using hormone replacement ther-
apy, antiresorptive drugs, nonprescription drugs, corticosteroids, drugs
for the treatment of bone disease, thiazide diuretics, and thyroid med-
ication; having a history of a disease of the gut, kidney, liver or bones;
or soy allergies. No racial or ethnic groups were excluded.

Study design

The study design was a blinded, randomized, crossover intervention
trial to evaluate the effect of soy isoflavones on bone turnover in post-
menopausal women who did not habitually consume soy products. Sub-
jects were dosed iv with either 100 nCi or, in the case of six subjects who
were in a previous study, 1 �Ci 41Ca. The dose was reduced when we found
that adequate analytical detection was possible with 10-fold lower doses,
which conserves supply of 41Ca. Subjects began interventions more than
200 d postdose when the changes between 41Ca:Ca values were relatively
small. For the interventions, subjects were given approximately 43 g pro-
tein/d that contained 0.0, 97.5, or 135.5 mg total isoflavones [aglycones
(without sugars) units] in 58 grams soy isolate (Protein Technologies In-
ternational, St. Louis, MO) in randomized order. The isoflavone content of
the soy protein products is shown in Table 1. When expressed as a per-
centage of total isoflavones, both the 97.5- and 135.5-mg isoflavone soy
protein isolates contained approximately 63% as genistin, malonyl genistin,
acetyl genistin, or genistein, and approximately 33% as daidzin, malonyl
daidzin, or acetyl daidzin. The soy protein isolates were incorporated into
baked products and beverages. Each 50-d intervention period was pre-
ceded by a 50-d pretreatment period. All subjects received all three soy
interventions. Subjects were given 500 mg/d calcium and 500 IU/d vitamin
D in the form of supplements throughout the study to minimize fluctua-
tions in calcium intake and vitamin D status. Furthermore, a metaanalysis
showed that calcium intakes more than 1 g/d were associated with en-
hancing effects of estrogen on bone (15).

Twenty-four-hour urine samples were collected approximately every
10 d during all intervention and pretreatment periods. Each 24-h urine
collection period started with the second void and continued through the
first void of the following day. Fasting blood and urine samples were
obtained at the end of each intervention and pretreatment period to mea-

sure serum isoflavone concentrations and biochemical markers of bone
turnover. Serum isoflavone concentrations were used as an indicator of
compliance. Biochemical markers of bone turnover included urinary col-
lagen type I cross-linked N teleopeptides, urinary free deoxypyridinoline,
and serum bone alkaline phosphatase (BAP). In addition, serum equol (a
metabolite of soy isoflavones), PTH, 25-hydroxy vitamin D, and 1,25-di-
hydroxy vitamin D were measured at the end of each intervention.

At the end of baseline (first pretreatment period) and each intervention,
a calcium absorption test was performed. Fasting blood and the second void
urine were collected after breakfast, which consisted of calcium-free bread
(�90 g) and a mocha drink (13 g). For the interventions, 14.5-g soy protein
isolates with the appropriate isoflavone level for that test period were
added to the mocha drink. Calcium triphosphate was added to the mocha
drink and to bring the total calcium content of the test meal excluding the
stable isotope to 250 mg calcium, a standard load for calcium absorption
tests. Midway through the breakfast, the subjects consumed a capsule
containing 15.2 mg 44Ca as CaCO3. Subjects were instructed to ingest at least
8 ounces deionized water 2 h after the dose. Relative calcium absorption
fraction was determined as: (5-h Ca enrichment0.92373) � [0.3537 � (height
(meters)0.52847) � (weight (kilograms)0.37213)]. We use the term relative for
two reasons. This equation has not yet been verified for stable isotope
enrichment that may differ from specific activity of 45Ca determined in the
original equation (16). Furthermore, the isotope was not thoroughly mixed
with the test meal as was the case for validation of the 5-h blood draw (16);
insufficient exchange between the tracer and the calcium in the test meal
may alter the results.

BMC and BMD of the lumbar spine, proximal femur, and total body
were measured by dual-energy x-ray absorptiometry (Lunar DPX IQ,
Madison, WI) at the beginning of the study. The subjects completed a
3-d food record during each intervention and pretreatment period to
assess their usual dietary pattern. Nutrient intakes were calculated by
using The Nutrition Data System for Research (version 4.04/32). Ap-
proval for the study was obtained from the Purdue University and
Indiana University Purdue University Institutional Review Boards. All
the subjects provided written informed consent.

Chemical analysis

Urine samples were collected in acid-washed containers. The 24-h
urine collection was measured for volume and recorded. After the
urine samples were mixed thoroughly, approximately 10 ml ammo-
nium hydroxide was added to every 1 liter of urine samples and
mixed well. Next, the pH of the mixture was checked to ensure that
it was at least 10. This was followed by the addition of 50 ml saturated
ammonium oxalate to the sample and mixed well. The samples were
allowed to stand overnight so that calcium was separated from 24-h
urine samples by precipitation as calcium oxalate (CaC2O4). The
supernatant was decanted, leaving the precipitate and some urine,
which were then filtered. The precipitate and filter paper were com-
pletely dried, the precipitate dissolved in 50 ml of approximately 0.25
m HNO3 solution, and chromatographically purified by cation ex-
change using Bio-Rad AG 50W-X8 resin (Bio-Rad, Hercules, CA).
Calcium fluoride (CaF2) was precipitated with hydrofluoric acid,
washed, dried in a vacuum oven, loaded into aluminum sample
holders, and inserted into the ion source of the AMS to obtain the
41Ca/Ca ratio of the samples (11).

Serum isoflavone concentrations were analyzed (17) using reverse-phase
HPLC-electrospray ionization and a PE-Sciex API III triple quadrupole
mass spectrometer (Sciex, Concord, Canada). For measurement of isofla-
vone content in dietary samples, 80% aqueous methanol extraction at 4 C
of the isoflavones from the freeze-dried dietary sample was followed by
reverse-phase HPLC analysis (17). RIAs, immunoradiometric assay, and
enzyme immunoassays were used to measure hormones and biochemical
markers of bone turnover. The interassay percent coefficient of variation
(CV) for urinary N telopeptide cross-links is 7.1 and 12.6% for serum PTH.
Serum 25-hydroxyvitamin D (10.5% CV) and 1,25 (OH)2 vitamin D (10.5%
CV) were measured by using RIAs (DiaSorin Inc., Stillwater, MN). Serum
osteocalcin was measured (9% CV) by using a RIA that was developed at
the Indiana University General Clinical Research Center.

Statistical analysis

Means and sd values of subject characteristics and outcome mea-
sures were determined. Biochemical measures of response to inter-

12 not eligible

12 analyzed

1 dropped out

37 assessed for 
eligibility

13 randomized 

24 not eligible/not interested

0, 97.5, 135.5 mg isoflavones per day
Crossover design

12 analyzed

1 dropped out to begin HT

FIG. 1. Study profile.
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ventions were compared by ANOVA. The natural logarithm of the
41Ca to Ca ratio was analyzed using a general linear model that
included terms for each 50-d treatment and pretreatment period.
Covariates included terms that allowed the estimation of distinct
linear relationships with time for each subject, thereby accounting for
initial dose differences as well as other subject characteristics. Treat-
ment effects are estimated as contrasts between the treatment period
and the corresponding pretreatment control period. Results are trans-
formed to relative resorption (RR) by exponentiating the estimates
and the corresponding confidence limits. In this scale, a value of RR �
1.0 corresponds to no resorption reduction, whereas RR � 0.8 cor-
responds to a 20% reduction. The statistical model with programs and
sample data are available in the supplemental data published on The
Endocrine Society’s Journals Online web site at http://jcem.en-
dojournals.org. A priori power calculations were based on a change
in slope of the log 41Ca to Ca ratio vs. time relationship and indicated
that a sample size of 10 would be sufficient to have an 80% chance
of detecting a change of the size seen in preliminary studies (14). SAS
software (version 9.0, SAS Institute, Cary, NC) was used for all
computations.

Results

Table 2 shows the baseline characteristics of the subjects.
Although no race was intentionally excluded, all subjects
who expressed interest in the study were white. Twelve
women had natural menopause, and one woman had sur-
gical menopause. Twelve women completed the study,

whereas one subject dropped out due to starting estrogen
therapy. Compared with non-Hispanic white U.S. women
of similar age from the 1988 –1994 National Health and
Nutrition Examination Survey III (15), the subjects were
comparable in height but heavier. BMDs at both the spine
and femur were within the reference range. Total BMD of
the subjects in our study was 1.2 � 0.1 g/cm2 with a mean
T score of 0.3. The average habitual calcium intake was
955 � 343 mg/d.

Figure 2 shows the estimated means of log urinary
41Ca/Ca ratios for each soy isoflavone intervention and
pretreatment period. The se was 0.3 for each intervention,
indicating the small variance about the mean. There were
no differences among interventions (P � 0.05) or between
each intervention and its corresponding pretreatment pe-
riod (P � 0.05). The range in mean urinary 41Ca/Ca ratios
was 13.0 –13.4. The subject who discontinued because of
estrogen treatment continued to collect urine samples for
41Ca/Ca analysis and the 41Ca/Ca ratio markedly de-
creased with estrogen. Expressed as RR (Table 3), there
was no significant reduction with isoflavone enrichment
over the soy protein isolate in which isoflavones had been
removed because the 95% confidence intervals included 1.

TABLE 1. Isoflavone content of soy protein isolatesa

Isoflavone intervention (mg/d)

0.0 �g aglycone units/g product 97.5 �g aglycone units/g product 135.5 �g aglycone units/g product

Daidzin 0 199 292
Glycitin 0 53 38
Genistin 0 281 332
Malonyl daidzin 0 264 368
Malonyl glycitin 0 41 40
Malonyl genistin 0 487 695
Acetyl daidzin 0 86 132
Acetyl glycitin 0 0 0
Acetyl genistin 0 114 167
Daidzein 0 0 0
Glycitein 0 0 0
Genistein 0 173 271
Total 0 1698b 2335c

a Average of triplicate analysis of soy protein isolates used in baking and beverages. Soy protein isolates were incorporated into the diets
at 58 g/d.

b Daily total isoflavone consumption of 97.5 mg aglycone units was lower than the value of 103.6 mg determined using the method of the
Association of Official Analytical Chemists performed by Nestle Purina Analytical Lab (St. Louis, MO).

c Daily total isoflavone consumption of 135.5 mg aglycone units was lower than the value of 152.4 mg determined using the method of the
Association of Official Analytical Chemists performed by Nestle Purina Analytical Lab.

TABLE 2. Baseline characteristics of the subjects

Characteristics Study populationa (n � 13) Reference populationb

Age (yr) 62.2 � 3.6 (54–67)
Height (m) 1.62 � 0.06 (1.5–1.7) 1.61–1.62
Weight (kg) 83 � 13 (63–112) 71–74
Body mass index (kg/m2) 31.6 � 4.4 (23.0–39.3) 27.3–28.2
Time after menopause (yr) 16.4 � 7.2 (7–31)
BMD (g/cm2)

Spine 1.25 � 0.23 (0.87–1.57) 0.31–1.45
Total femur 0.947 � 0.148 (0.65–1.18) 0.47–1.07
Total body 1.15 � 0.11 (0.936–1.33)
Total BMC (g) 2719 � 586 (1961–3370)

a Mean � SD and (range).
b The reference ranges for height, weight, and BMI were taken from the Third National Health and Nutrition Examination Survey database

(1988–1994) representing non-Hispanic white women aged 50–69 yr (18). The age-adjusted reference total hip BMD was from Looker et al.
(19) and for spine BMD from Kleerkoper et al. (20).
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An example of the urinary 41Ca/Ca ratios over time for one
subject appears in Fig. 3.

At baseline, biochemical markers of bone turnover were
within the reference range for postmenopausal women (21).
There were no significant changes in biochemical markers or
serum PTH, 25-hydroxyvitamin D, or 1,25-dihydroxyvita-
min D with intervention (Table 4). Serum isoflavones con-
centrations corresponded to isoflavone content of each
intervention (Fig. 4), indicating good compliance.

Soy isoflavones had no effect on fractional calcium ab-
sorption. Relative fractional calcium absorption for 0-, 97.5-,
and 135.5-mg soy isoflavones was 0.18 � 0.10, 0.19 � 0.09,
and 0.15 � 0.05, respectively. These values were not signif-
icantly different from baseline relative fractional calcium
absorption of 0.20 � 0.06.

Discussion

In this double-blind, crossover study, isoflavone supple-
mentation up to 135.5 mg total aglycones/d in a soy protein
preparation did not impact bone resorption or calcium ab-
sorption in postmenopausal women. Furthermore, serum
and urinary biochemical markers of bone formation and
resorption were unaffected by isoflavone intervention; how-
ever, the study was not powered to show differences in these
markers, given their large variation (22). This finding of a
lack of effect of soy protein with isoflavones on bone loss is
consistent with some other human and animal studies (6,
23–25) but not others (3, 4, 26, 27). There is emerging evidence
to suggest that equol producers are more responsive to isofla-
vones than nonproducers. In the Lydeking-Olsen et al. study
(27), BMD and BMC changed by �0.6 and �0.3%, respec-

tively, in equol (a biologically active metabolite of the soy
isoflavone daidzein) nonproducers compared with a signif-
icant change of �2.4 and �2.8% in equol producers. Four
subjects in our study were equol producers. These subjects
had no change in urinary 41Ca excretion with intervention,
but this study was not powered to explore this effect. Peri-
menopausal women may also be more responsive to isofla-
vones than postmenopausal women (4, 7). In our study, only
women more than 4 yr postmenopausal were included,
which is past the early rapid loss of bone at menopause.

Intestinal calcium absorption declines with ovarian hor-
mone deficiency and is significantly negatively correlated
with years since menopause (28), ultimately contributing
to bone loss. Phytoestrogens might increase calcium ab-
sorption efficiency given that 17 �-estradiol administra-
tion to rats increased intestinal calcium absorption (29).
However, none of the isoflavone levels that we tested had

FIG. 3. Mean � SD of AMS measurement of urinary 41Ca/Ca time
course for one subject. The mechanism uncertainty of the AMS mea-
surement is 5.5%.
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FIG. 2. Effect of isoflavone content in
soy protein isolates on urinary 41Ca/Ca
in postmenopausal women in a crossover
design (least squares mean � SE). The
means � SE are based on five urine col-
lections per subject using a model that
adjusts for subject and time. Open bars,
Means of pretreatment and HT treat-
ment in a subject who dropped out. Data
points before the first intervention phase
were not used in analysis.

TABLE 3. Suppression of bone resorption of soy protein isolates
enriched with isoflavones compared to control soy protein isolate
in postmenopausal women

Soy intervention
(isoflavones in mg/d) RR 95% Confidence

interval P

0 1.03 0.90–1.18 0.67
97.5 0.98 0.86–1.12 0.75

135.5 1.01 0.88–1.16 0.85
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a significant effect on calcium absorption in postmeno-
pausal women, nor did the approximately 1.7% phytate
content (estimated by the supplier) of the isolated soy
protein suppress relative fractional calcium absorption.

Approaches to evaluate the early onset of response of bone
to interventions are needed for screening effective therapies.
Changes in certain biochemical markers of bone turnover in
response to interventions can be detected as early as 1 month
(30). However, traditional biochemical markers have limita-
tions due to their inherent large variability and lack of spec-
ificity (21). 41Ca as a biomarker is less variable than bio-
chemical markers, and it reflects an earlier response of bone
resorption to antiresorptive drug therapies than bone density
(14). For our study, the residual variation used to assess
treatment differences (the mean squared error for the treat-
ment by subject interaction term in the model) expressed as
a CV (se values divided by the mean) is 2%. This compares
to reported day-to-day variation of traditional biochemical
markers of bone turnover of within subject averages of 28.1%
for urinary pyridinoline and 27.7% for deoxypyridinoline
(31). To our knowledge, this is the first reported intervention
trial using 41Ca technology. Although the intervention was
ineffective in suppressing bone resorption, we had an op-
portunity to observe the effect of estrogen in one subject.
The marked reduction of about 37% in urinary 41Ca/Ca
response due to estrogen therapy in the subject who

dropped out strongly suggests that 41Ca is a sensitive and
rapid response marker to bone resorption. Based on these
limited data, it is reasonable to assume that an effective
treatment may decrease the 41Ca/Ca ratio by 15–25%, a dif-
ference that could be detected in 12 subjects with 90% power.
Recently, we found in a study of a similar design that urinary
41Ca/Ca was significantly suppressed by approximately 25%
by estradiol plus progesterone in four postmenopausal
women and by risedronate in six postmenopausal women
(Reinwald, S., B. R. Martin, G. P. McCabe, J. R. Nolan, G. P.
Jackson, M. Peacock, and C. M. Weaver, unpublished data).
This large suppression of bone resorption assessed by
41Ca/Ca reflects the early remodeling transient. This mag-
nitude for change is similar to changes in traditional biomar-
kers but larger than the 1.2–4.7% long-term benefit to bone
loss reflected in trials on estrogen or risedronate with BMD
as an outcome (32–34).

Strengths of this study include application of a sensitive
method to detect early effects of treatment aimed at sup-
pressing bone resorption. The sensitivity of the method
and use of a crossover design with subjects serving as their
own control increased the power to detect potential dif-
ferences. The isoflavones were administered through diet,
which is the normal route for nutrient acquisition, diges-
tion, and absorption. A limitation of this study consisted
of a convenience sample that may not have been repre-

FIG. 4. Dose response of serum isoflavone levels to isoflavone intake after 50 d in postmenopausal women (mean � SE, n � 12).

TABLE 4. Biomarkers of bone turnover and calcium regulating hormones at baseline and at the end of each intervention in
postmenopausal women

Variable Baseline
Soy intervention (mg isoflavones/d)

0.0 97.5 135.5

Serum BAP (ng/ml) 15.4 � 4.2 15.8 � 4.0 15.1 � 2.8 15.3 � 5.0
Serum osteocalcin (ng/ml) 12.4 � 4.6 11.6 � 5.3 12.3 � 5.3 12.4 � 4.7
Urinary NTx (nmol BCE/mmol creatinine) 54.2 � 38.3 49.9 � 37.9 40.2 � 19.8 34.3 � 23.4
Serum PTH (pg/ml) 42.3 � 12.0 44.7 � 10.0 43.4 � 14.9 42.6 � 8.5
Serum 25(OH)D (ng/ml) 32.1 � 5.6 34.4 � 10.0 32.2 � 7.7 34.6 � 8.3
Serum 1,25(OH)2D (pg/ml) 43.0 � 17.0 50.4 � 29.5 37.0 � 11.7 39.2 � 14.6

Mean � SD, n � 12. Values in the same row were not significantly different from each other. NTx, Cross-linked N teleopeptides of type I
collagen; BCE, bone collagen equivalent; 25(OH)D, 25-hydroxyvitamin D; 1,25(OH)2D, 1,25-dihydroxyvitamin D.
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sentative of the general population. A leaner population
with lower BMD is more vulnerable to bone loss, although
the response of bone turnover to an intervention may not
differ with initial BMD. We could not assess long-term
impact of isoflavone on bones in this short-term study.

In conclusion, the results of this randomized, crossover
study do not support the hypothesis that isoflavones up to
135.5 mg/d from soy protein have beneficial effects on early
bone metabolism in postmenopausal women using 41Ca, a
novel, sensitive, and rapid assessment of bone resorption.
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