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Abstract

BACKGROUND—Isoflavonoids (IFLs) may protect against chronic diseases including cancer. IFL
exposure is traditionally measured from plasma but the reliability of urine is uncertain. We assessed
whether IFL excretion in overnight urine (OU) or spot urine (SU) reliably reflects IFLs in plasma
(PL) and the usefulness of the three matrices to determine soy intake compliance.

METHODS—In a randomized, double-blind, placebo-controlled soy intervention trial with 350
postmenopausal women, IFLs (daidzein, genistein, glycitein, equol, O-desmethylangolensin,
dihydrodaidzein, dihydrogenistein) were analyzed by LCMS in OU, SU, and PL collected at baseline
and every 6 months over 2.5 years.

RESUL TS—High between-subjects intraclass correlations between all three matrices (median 0.94)
and high between-subjects Pearson correlations (median royy.p =0.80; median rgy_p =0.80; median
rou-su=0.92) allowed the development of equations to predict IFL values from any of the three
matrices. Equations developed from a randomly selected 87% of all available data were valid as high
correlations were found on the residual 13% of data between equation-generated and measured IFL
values (median rgy.p =0.86; median rgy.p =0.78; median roy.sy=0.84); median absolute IFL
differences for OU-PL, SU-PL, and OU-SU were 8.8 nM, 10.3 nM and 0.28 nmol/mg, respectively.
All three matrices showed highly significant IFL differences between the placebo and soy
intervention group at study end (P<0.0001) and highly significant correlations between IFL values
and counted soy doses in the intervention group.

CONCLUSIONS—OU and SU IFL excretion reflect circulating PL IFL levels in healthy
postmenopausal women accurately.

IMPACT—Noninvasively-collected urine can be used to reliably determine systemic IFL exposure
and soy intake compliance.
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Introduction

IFL exposure occurs predominantly through consumption of soy products that typically contain
0.01-0.3% IFLs composed mainly of glycosides of genistein (GE), daidzein (DE) and glycitein
(GLYE) which are associated with the protein fraction of soy foods (1,2). Isoflavonoids (IFLs)
are suggested to protect against many chronic diseases including cancer, osteoporosis and
cardiovascular disorders, as well as ameliorate menopausal symptoms (1,2). The protective
effect against breast cancer is particularly strong when soy consumption occurs at an early age
(3-6). IFLs might play a role in this context because they have been found to be negatively
correlated with breast (7-9) and prostate (10) cancer and can block pathways during
carcinogenesis. Several studies have found urinary or plasma (PL) IFLs to be reliable
biomarkers of soy consumption (1,2). In biological fluids IFLs occur >80% as glucuronide and
sulfate conjugates and their concentrations change markedly over time (11). Although urinary
IFLs have been reported in a limited number of studies comprised of a few participants, they
seem to accurately reflect circulating PL levels when timing of urine collection is considered
accurately (12-15).

Given the invasiveness of venipuncture, our goal was to conclusively assess whether IFL
excretion of overnight urine (OU) or spot urine (SU) reliably reflects IFLs in PL using repeated
specimen collections in a large randomized, double-blind, placebo-controlled, soy intervention
trial with 350 postmenopausal women. We also evaluated the usefulness of IFLs from SU and
OU versus PL as compliance markers for soy consumption.

Materials and Methods

Study products

consisted of 18.3 gram beverage powder packets (providing 12.5 g of soy or 12.8 g of milk
protein) and 66 gram bars (providing 13.6 g of soy or 14.6 g of milk protein). The soy products
were made with isolated soy protein (partially hydrolyzed) that was selected and processed to
maintain a high level of the naturally occurring isoflavones. The soy protein beverage powder
and protein bar, respectively, contained the following isoflavone concentrations in mg/g soy
protein including aglycons, glycosides, and glycoside esters (expressed as aglycon equivalents ;
aglycons relative to total respective isoflavone based on weight in aglycon units): genistein,
3.43 and 3.28 (2.01 and 1.97; 11% for both ); daidzein, 2.48 and 2.22 (1.44 and 1.33; 19% and
18%); glycitein, 0.24 and 0.17 (0.14 and 0.11; 14% for both); total 6.15 and 5.67 (3.59 and
3.41; 14% for both), respectively. This isoflavone profile is very similar to soy foods habitually
consumed by Asians (16). The placebo products were made with milk protein isolate (powder)
or a combination of calcium sodium caseinate and whey protein concentrate (bars) and
contained no isoflavones. Other macronutrients, minerals and vitamins were also kept at similar
levels in all soy and milk protein products. Protein, isoflavone (soy products) and select vitamin
and mineral content was determined by analytical testing in all production lots before release
to assure that the products met the target levels for macro- and micro-nutrients. Products
additionally met microbiological and sensory specifications during release testing.

Study Population

Eligible subjects were postmenopausal women with serum estradiol levels < 20 pg/ml
participating in a single-center, randomized, double-blind, placebo-controlled trial (Women's
Isoflavone Soy Health —~WISH). 175 subjects were randomized to the soy protein and 175 to
the milk protein matched placebo group (Table 1). One beverage or one bar was consumed in
the morning and also in the evening daily during the 30 month study period.
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Subject Follow-up and Sample Collection

Clinic visits occurred in the morning and OU collection began the previous night. Subjects
emptied their bladders immediately before retiring and recorded the time of void, but did not
collect the urine. Urine was collected and refrigerated throughout the night. Upon arising, the
first-morning urine was collected and the time was recorded. SU was collected at the clinic
visit at the time of the blood collection. The SU was typically the next urinary void following
the first-morning urine collection. All specimens, obtained during a fasting state, were
immediately processed and stored at — 80° C.

Follow-up clinical evaluations were conducted every month for the first 6 months following
randomization and then every other month thereafter for a period of 2.5 years. At every clinic
visit, data regarding dietary intake, product compliance, non-study and nutritional medications,
clinical adverse events as well as vital signs were ascertained. Number of consumed soy protein
packs and soy bars were counted at each visit when specimens were collected. EDTA blood
and urine samples were collected every 6 months for 2.5 — 3 years.

Product Compliance

Number of protein powder packets and protein bars consumed was calculated at each visit by
subtracting the numbers of packets and bars returned from the number distributed at the prior
visit. Percent compliance at each visit was calculated as the numbers of packets and bars
consumed since the last visit, divided by the number that should have been consumed.

Laboratory Assays

DE, GE, glycitein (GLYE), equol (EQ), dihydrodaidzein (DHDE), dihydrogenistein (DHGE),
and O-desmethylangolensin (DMA) were analyzed from PL and urine by HPLC with isotope
dilution electrospray ionization (negative mode) tandem mass spectrometry as described in
detail (1,2). Samples from each individual were run in one batch to limit variability. Between-
day coefficients of variation ranged 4-18% for all analytes, while intra-day variation was half
or less of that. All urinary IFL concentrations were adjusted for urinary creatinine
concentrations and expressed in nanomoles per mg creatinine units. Urinary creatinine
concentrations were measured with a Roche-Cobas MiraPlus chemistry autoanalyzer using a
kit from Randox Laboratories (Crumlin, UK) that is based on a kinetic modification of the
Jaffé reaction with a limit of quantitation of < 15 uM (1.7 mg/L) and mean inter-assay CV of
0.8% at 187 uM (21.1 mg/L). Creatinine-based urinary excretion was converted to time-based
units using established conversion factors taking into account gender, body weight and age
(17-19).

Statistical Analyses

All analyses used SAS 9.2 software (SAS Institute, Cary, NC). Because of non-normal
distributions, all urine and PL IFL values were log-transformed. We assumed that the
distributions of the 3 bivariate pairs (OU-PL, SU-PL, and OU-SU) were bivariate lognormal.
Linear relations (reliabilities) of log-transformed OU and SU IFL values were assessed by
correlating them with PL measures using between-subjects (20) Pearson correlations
(association between two variables) and between-subjects intraclass correlations (ICC)
(estimate of reliability across three or more variables) using means across time for each person
(21). IFL values at baseline (prior to randomization) and end of the study in each matrix were
also compared between active soy and placebo groups using Wilcoxon rank sum tests; this
non-parametric approach was chosen for these comparisons due to their more conservative
nature and their standard application for reporting of clinical trial data. To assess the association
of IFL levels with product compliance, IFL values in each matrix were correlated with measures
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of percentage product compliance; these between-subjects correlations were computed in each
treatment group separately.

We developed equations for predicting PL from urine values using linear regression analysis
with the PL measure regressed onto a urine measure. Development of these models used a
random 87% of available data. After back-transformation, these equations were of the form
PLASMA [nM] = a * (URINE[nmol/mg])P (Table 2), where a = slope and b = exponent.
Validity of the equations was evaluated by correlating and computing mean differences in
estimated versus measured values of the residual 13% of data.

Demographic characteristics of the WISH cohort are summarized in Table 1. Collections from
all three matrices totaled 5223 samples (1677 OU, 1763 SU, 1783 PL) providing 1677 OU-
PL, 1763 SU-PL, and 1661 OU-SU and OU-SU-PL matched sets which were used for between-
subjects correlation calculations after adjustment for within-person variation. Of 350
participants, 302 provided two or more samples.

Results for the overall log-transformed data showed excellent reliability between IFL
measurements of the three matrices since most Pearson correlations were > 0.8 (range of
correlations 0.60— 0.94, Table 2). The ICCs, as reliability estimates across all three measures
(OU, SU, and PL), were even higher for all IFLs with a maximum observed for GE (ICC=0.97)
and GE or DMA (1CC=0.95) and a minimum ICC for GLYE (ICC=0.86) using all data or a
random 87%-fraction thereof (Table 2). This indicates that all three matrices (OU, SU, PL) can
be utilized to assess the comparative IFL level. In comparison with all data combined the soy
group showed very similar values which was true also for the placebo group however, the latter
showed somewhat smaller (on average 0.18) PL-OU and PL-SU Pearson correlations but all
relationships remained to be highly significant.

Because of these strong correlations, we determined equations for directly converting between
any of the 3 matrices applying nmol/mg creatinine units for urine and nM values for PL using
the log-transformed data. The equation (y=ax) developed for the conversions used a randomly
selected 87% of all available data (1459 OU-PL, 1536 SU-PL, 1444 OU-SU pairs). Testing
this model used the residual 13% of the data (Table 2). Overall results from the 87% dataset
(median ICC=0.93; median roy.pi. = 0.78; median rg_p. = 0.76) were almost unchanged
relative to all data (Figure 1) Equations showed excellent validity since correlations between
equation-based and measured values using the residual 13% of data showed high correlations
(median roy.p. = 0.86; median rgy_p. = 0.78). All correlations were highly significant (P <
0.00001) and on average median absolute IFL differences between predicted and measured
values were small (OU-PL=8.8 nM, SU-PL=10.3 nM, OU-SU=0.28 nmol/mg) (Table 2).

Creatinine-based urine excretion (nmol/mg) was converted into a time based unit (nmol/hour)
by adjusting for body weight and age according to established procedures (17-19). The overall
results provided similar and highly significant correlations (for example for GE roy.p = 0.80
and rgy.pL = 0.72; P <0.00001).

As further tests of reliability we stratified the data by visit and found again very similar
reliability indices (DE, and GE showed standard deviations for ICCs, roy.pL, and rsy._pp
between 0.02 and 0.06 when each 6-month visit was evaluated; other results were similar but
are not shown) suggesting that the time of observation did not have a substantial impact on
these correlations.

The difference in IFL measurements between the placebo and soy intervention group at study
end was highly significant (P < 0.001) in all three matrices except for EQ measured in OU
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(Table 3). Median IFLs were 5-9 fold higher in the intervention compared to the placebo group
when determined in OU, SU, or PL, except for EQ (13-19 fold higher) and GLYE (3-4 fold
higher). Medians of 93% and 94% of the instructed amounts were consumed in the placebo
and intervention group, respectively, according to dose counts (see Methods). After adjustment
for within-person variation between-subjects correlations between log IFL values and
percentage of study product doses ideally consumed as determined from each specimen
collection visit were again similar in all three matrices (Table 3). Correlation between IFL
values and percentage of study product doses were of small to moderate magnitude and
statistically significant for the intervention group but were not correlated in the placebo group.

Discussion

Due to the predominant occurrence of isoflavonoids in biological fluids as conjugates (11) we
determined the total of conjugated and unconjugated isoflavone levels in all matrices after
enzymatic hydrolysis. In this sample of postmenopausal women, we found remarkably high
ICCs (0.86-0.97; Table 2) among isoflavones measured across the three matrices. In addition,
very high Pearson correlation coefficients (0.60-0.91; Table 2) between urine and PL values
were observed, while the correlations between OU and SU were as expected, even higher an
indication for urine values reliably reflecting circulating IFL levels. An equation developed
from 87% of all data after log-transformation allowed prediction of PL values from urine values
(Table 2). Resulting equations shown in Table 2 (y=axP) proved to be valid since the residual
13% of data showed excellent correlations between equation-based and measured values (mean
rou-pL = 0.83; mean rgy.p;. = 0.78; mean rgy.sy=0.83) and low absolute differences (<10.3
nM). The selection of 87% and 13% of all data seemed appropriate to yield sufficient data for
determining the algorithms and their evaluation, respectively. All correlations were highly
significant (P <0.00001) and all comparable outcome measures similar to those from the entire
dataset.

GE is more bioavailable and more concentrated in the circulation at a given urinary excretion
than the other IFLs: by a factor of 3 versus DE, EQ, and DMA in contrast to factors of 5
versus DHDE and 7 versus DHGE and GLYE applying the developed algorithms. This is in
excellent agreement with previous pharmacokinetic findings (2) as well as previous
experimental results when one individual was followed over many time periods with repeated
and strictly timed urine and blood collections (12).

Although SU was collected closer to the time of venipuncture, OU correlated on average as
well with PL as SU (mean difference in correlations=0.01). Variabilities could have been
caused by an inconsistent urine collection period (UCP) which is the period of time used to
collect the entire bladder content starting with an empty bladder. or by varying time intervals
before or after blood collection although this seems to have played a minor role in this study
due to the collection of SU never more than 90-120 minutes before or after the blood draw.
These variabilities would lead to inconsistent reflections of IFL exposure relative to the PL
based determination. OU was collected over a relatively consistent period (ca. 7 hours) and a
relatively consistent period of time between last urine collection and blood draw but did not
lead to better OU-PL than SU-PL correlations. Food intake between the urine and blood
collections could not have been a factor in this study since all specimens were collected
consecutively and during a fasting state.

After converting creatinine-based excretion to time-based excretion, the preferred unit for
urine, by adjusting for body weight and age (17-19), we did not find significant changes in our
outcome measures. This could be due to the rather homogenous study population or to chance.
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Since each IFL acts so differently, particularly GE versus the other IFLs (see above; Table 2),
and with DE being quantitatively the predominant IFL in urine thereby masking effects of other
IFLs, combining all individual IFLs for a total IFL value is relatively meaningless and was
omitted here.

Numerous previous studies have investigated the association between urine and PL IFLs but
most of these studies had a limited number subjects or repeat collections, and often with little
time control. It is important to keep in mind that specimen timing needs to be kept consistent
in order to obtain valid results since the UCP can change urinary values distinctly. Assuming
an IFL elimination half life of 8 hours (reviewed in (2)) the urinary excretion rate (nmol/hour)
decreases approximately by 4% per hour. Accordingly, excretion rates of urine collected over
longer UCPs will be markedly smaller versus shorter UCPs. Since SU is lacking the UCP
information considerable variability is introduced. Similarly, the period between completion
of urine collection and blood draw introduces and error of the same magnitude. Not surprisingly
strong PL-urine associations were therefore observed only in those previous studies, that
considered timing accurately. A soy intervention among 12 female and 2 male subjects with
time-controlled specimen collections reported a PL-24 hour urine correlation of rge=0.99
(13), similar to rge=0.91 from our strictly time-controlled, multi-time point intervention with
one male subject (12) or our intervention among 8 male and 4 female health professionals
(r=0.93, P<0.001) using area under curve values that integrate over the time domain always
connected with urine collections (19). We also found rtota) 1£1.s=0.95 (P<0.001) between PL
and SU in an intervention with one female participant whose 9 blood and SU collections were
consistently timed (22). Again, excellent correlations between plasma and urine IFL values
were reported when timing was considering appropriately (23). In contrast, 2 Japanese cross-
sectional studies (=90 men and women, n=106 women) with only one time point showed
weak (albeit significant) correlations ranging 0.22-0.45 for DE and 0.32-0.50 for GE (24,
25). These lower correlations were likely due to PL and urine being collected at widely varying
points in time (24), the ambiguous timing (absolute time of day and duration) of urine
collections and interval between urine and PL collections (25). A British case control study
examining the relationship between serum and SU adjusted for urinary creatinine concentration
reported significant correlations (p=<0.001) with coefficients ranging from 0.63 for GLYE to
0.88 for DE (23). Interestingly, these correlations were based on single untimed samples from
284 subjects with low IFL exposure (3% of the population consumed soy foods and the average
daily dietary intake for all subjects was 437 ug). However, it is important to note that these
urine-PL correlations do not apply to renal failure patients whose main IFL excretion pathway
through the kidney is partially or entirely blocked (26,27).

We found OU, SU, and PL all to be equally suitable as a compliance marker matrix in this
large soy intervention trial. All IFLs measured in the three matrices showed very similar
quantitative differences: a 3—-19 fold difference between placebo and soy group was found at
the end of the study and significant correlations between IFL values and percent compliance
to the ideal soy doses were found in the soy but as expected not in the placebo group (Table
3). All differences in IFL measurements at the end of the study were highly significant in all
matrices except EQ in OU (P = 0.05) despite a 19-fold higher amount found in the soy
versus placebo group. The lack of significance for this difference might be due to the variable
EQ production inter- and intra-individually leading to large standard deviations resulting in
large P-values.

Strengths of this study are foremost the very large number of participants, the long period of
the study, the frequent sample collection from the same individuals, the state-of-the-art

methodology, and the ability to examine the relationship of PL, OU and SU since all specimens
were collected at the same time. However, this study was limited by observations restricted to

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Franke et al.

Page 7

postmenopausal women. This precludes generalization to other age groups and to men. On the
other hand, this led to a very homogenous cohort avoiding many confounders.

Our findings indicate that IFLs in urine reflect circulating IFL levels. Although we investigated
in our study exclusively postmenopausal women we believe that the presented PL-urine
relationships holds true also for other gender and age groups after adjustment of creatinine
concentrations (19) due to the good agreement of our results with previous studies that included
men and younger participants. While the determination of blood levels is required to obtain
detailed pharmacokinetic parameters urine is superior to PL for compliance measurement
purposes during soy intervention studies due to easier collection and handling than PL at equal
or superior functionality. Benefits of using urine include its noninvasiveness (particularly
important for research in children), compared with venipuncture, as well as the ability to collect
a concentrated matrix in large amounts leading to low quantitation limits. Urine can be self-
obtained by participants without medical supervision, in privacy without the expense of a
trained phlebotomist, and with minimal time, effort and biological hazard for participants and
study staff. Most importantly, urine can be accumulated over many hours (even days) reflecting
exposures over much longer time periods compared to data from blood, which only reflects
one given point in time per collection or requires repeated invasive venipunctures. In addition,
the accuracy of urine collection can be examined by comparing the measured urine creatinine
amount with established body-weight dependent data for each gender and age group (19).
Based on these benefits and our outcome results we believe that urine, including SU due to the
logistic ease and overall effortlessness of collection, is a superior alternative to blood,
especially as a matrix for compliance testing in soy intervention studies.
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Figure 1. Relationship of urine excretion and plasma levels of isoflavonoids

Log transformed data were used to establish conversions from OU into plasma (A) or from SU
into plasma (B) based on the exponential equation Plasma = a * (Urine)!, and from OU into
SU (C) based on the equation SU = a * (OU)!. Details of equations are listed in Table 2.
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Table 1
Baseline demographics by treatment, WISH trial

Variable Placebo (n=175) Soy (n=175) p*
Age (n)

40 - 54 32 (18%) 35(20%)  0.95

55 — 59 47 (27%) 41 (23%)

60 — 64 44 (25%) 44 (25%)

65— 69 32 (18%) 35 (20%)

>70 20 (12%) 20 (12%)
Age (y) 60.9+ 6.8 61.0+74 093
Race (n)

White (non-Hispanic) 118 (67%) 105 (60%) 0.60

Black (non-Hispanic) 9 (5%) 12 (7%)

Hispanic 24 (14%) 31 (18%)

Asian 19 (11%) 19 (11%)

Other 5 (3%) 8 (5%)
Education (n)

< High school 5 (3%) 14 (8%) 0.03

> High school 170 (97%) 161 (92%)
Smoking history (n)

Current 5 (3%) 3 (2%) 0.51

Former 63 (36%) 72 (41%)

Never smoked 107 (61%) 100 (57%)
Years smoked

among current or former smokers (n) 16.7+12.2 16.9+11.9 0.85
Weight (Ibs) 153 + 32 152 + 30 0.82
Body mass index (kg/m?) 26.7+5.4 26.5+5.0 0.76
Pulse rate (b/min) 66+ 7 66 £ 7 0.38
Systolic blood pressure (mm Hg) 119+ 14 117+ 14 0.45
Diastolic blood pressure (mm Hg) 75+9 75+9 0.55
Cholesterol (mg/dL) 222 +31 219+ 29 0.31
Triglycerides (mg/dL) 109 + 56 112 + 64 0.89
HDL-cholesterol (mg/dL) 63+ 17 62 + 16 0.57
LDL-cholesterol (mg/dL) 137+ 30 134+ 26 0.32

Mean * SD, or n (%)

*
t-test was used for all comparisons, except for years smoked, triglycerides and plasma isoflavone, where Wilcoxon rank sum test was used.
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