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Abstract
In addition to their antiestrogenic effects, soy isoflavones may protect against cancer through
alternate biologic actions including antioxidant properties. This randomized, crossover study
explored the relation between dietary isoflavone intake through common soy foods and oxidative
stress quantified by urinary isoprostane levels. Eighty-two women aged 39.2±6.1 years were
randomized to a high soy diet of 2 soy food servings per day and a low soy diet of <3 servings per
week for 6 months each, separated by a 1 month washout period. Urine samples were collected at
baseline and at the end of each dietary period. Urinary isoprostane levels were measured using
enzyme-linked immunosorbent assays (ELISA) and adjusted for creatinine levels. Mixed models
using log-transformed values were applied to evaluate the effect of the high soy diet. Unadjusted
isoprostane excretion levels were lower during the high than the low soy diet, but this effect was
not statistically significant (p=0.81). After adjustment for urinary creatinine, isoprostane excretion
was slightly higher during the high soy diet (p=0.02), an observation that was confirmed in a
regression analysis between urinary isoflavones and isoprostanes during the high soy diet. The
original association remained significant when restricted to adherent participants; however, this
effect disappeared after exclusion of three extreme values. In agreement with several previous
reports, these findings do not support the hypothesis that soy exerts antioxidant effects as
measured by urinary isoprostane excretions, but additional markers of oxidative stress need to be
investigated in future studies.
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INTRODUCTION
Soy foods have been associated with a lower risk for cancer. There is increasing evidence
for such an association with breast cancer, in particular among Asian women1 and women
exposed early in life.2–6 Various explanations for this finding have been proposed, including
modulation of topoisomerase, cell signaling pathways, apoptosis, and angiogenesis.7

However, a hormonal mechanism, such as the selective estrogen receptor modulatory
activity of isoflavones, is the most commonly researched mechanism of action.8–10 At the
same time, antioxidant properties continue to be investigated as a possible contributor to the
ability of soy isoflavones to protect against cancer.11,12 As shown in experimental studies,
the isoflavones genistein, daidzein, and equol have antioxidant properties both in vitro and
in vivo through their ability to directly reduce free radicals.13 Oxidative stress, particularly
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stress associated with nitric oxide production (NO), has been linked to the development and
progression of cancer at different sites including breast cancer.14,15 Isoprostane formation is
directly associated with oxidative stress caused by NO synthesis in vivo.16,17 Among the
many markers of oxidative stress,18 F2 isoprostanes are a relatively good measure because
they are stable and specific and are formed directly by chemical oxidation.19 This complex
family of prostaglandin-like compounds is produced specifically by free radical-induced
peroxidation of arachidonic acid and released into the circulation before excretion in the
urine.13 Isoprostanes are not subject to auto-oxidation ex vivo in urine,20 their urinary
concentration is stable in storage at −20°C,13,21 and levels are not modified by the lipid
content of the diet.13 Older age, physical activity, smoking, alcohol intake, and
inflammatory diseases are associated with higher urinary 15-F2t-Isoprostane (15-F2t-IsoP)
levels in one report13 and postmenopausal status in another.22

Previous studies on soy intake and urinary isoprostanes have shown conflicting results.
Using gas chromatography-mass spectrometry (GC-MS) to measure 15-F2t-IsoP, soy
consumption reduced lipid peroxidation in vivo,23 whereas two studies reported no
significant effect of isoflavone intake on urinary isoprostanes.24,25 Another study that
observed no significant difference during high and low isoflavone diets only described
changes associated with age.26 The current study aims to determine the effects of traditional
soy food consumption on one marker of oxidative stress in premenopausal women by
evaluating the relation between isoflavone intake and urinary isoprostane concentration.

MATERIALS AND METHODS
Study Design and Procedures

This study was a randomized, crossover soy intervention consisting of two 6-month diet
periods (high soy and low soy) separated by a 1-month washout period. The participants
were recruited through multiple sources, as described elsewhere.27 Of the 16,306 invitations
sent out, 825 (5.1%) interested women replied and 310 women were identified as eligible
after a telephone prescreening interview. Women were excluded from the study due to
pregnancy or breast-feeding, consumption of estrogen-containing oral contraceptives or
supplements containing isoflavones, cancer diagnosis, breast implants, hysterectomy, lack of
a regular menstrual period, or intake of >5 soy servings per week. During the screening visit,
participants completed demographic and soy questionnaires, weight and height
measurements, a 24-hour dietary recall, and a nipple aspirate fluid collection. After
screening and randomization, 96 participants attended 5 follow-up visits at months 3 and 6
of the first diet, after the washout period (month 7), and at months 10 and 13 of the second
diet period. Overall, 14 women (15%) dropped out. The participants provided informed
consent and written permission to use frozen samples for future analyses. The study protocol
was approved by the Committee on Human Studies at the University of Hawaii and by the
Institutional Review Boards of the participating clinics. The study was registered at
clinicaltrials.gov as NCT00513916 and a Data Safety Monitoring Committee annually
reviewed study progress, reasons for drop-outs, and any reported adverse health effects.

The 96 eligible participants were randomized into two groups, one starting on the high soy
diet (Group A) and the other starting on the low soy diet (Group B) as detailed previously.27

During the high soy diet period, women were instructed to consume 2 servings of soy foods
a day. One serving was equivalent to ¾ cup of soy milk, ½ cup of tofu or ¼ cup of soy nuts,
providing approximately 25 mg of isoflavone aglycone equivalents per serving. During the
low soy diet period, participants were instructed to maintain their usual diet and consume
less than 3 servings of soy per week and no soy-containing supplements. Adherence as
assessed by unannounced 24-hour dietary recalls and urinary isoflavone excretion was
excellent.27 During the high soy diet, intake of >40 mg of isoflavones per day was
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considered compliant, while the intake limit was <10 mg of isoflavones per day during the
low soy diet.

Urine Collection and Analysis
This study used existing urine samples that were stored in −80°C freezers.27 Three overnight
urine samples from each participant, one at baseline, month 6, and month 13, were used for
analysis. Of the 82 women who completed the study, one woman from Group B was missing
a urine sample for month 6. Levels of urinary 15-F2t-IsoP were measured using an enzyme-
linked immunosorbent assay (ELISA) kit (Oxford Biomedical Research, Rochester Hills,
MI). A total of 6 batches were run over the course of 6 days according to the manufacturer’s
instructions, with 38 samples for 13 women on Plate 1, 39 samples for 13 women on Plate 2,
and 42 samples for 14 women each on Plates 4–6. All urine samples were thawed and
treated with β-glucuronidase from a glucuronidase sample prep kit (Oxford Biomedical
Research, Rochester Hills, MI) before undergoing ELISA. This step increases the accuracy
of the test since isoprostanes excreted in human urine are often conjugated to glucuronic
acid. Batches 1–2 used 8 µl of glucuronidase for 200 µl of urine while batches 3–6 used 8 µl
of glucuronidase for 100 µl of urine. We adjusted for this discrepancy during the statistical
analysis. A standard curve was generated using a 4-parameter fit from the plot of
concentration and absorbance and the resulting isoprostane concentrations were calculated
from this curve. The minimum limit of detection was 0.1 ng/ml. With the exception of Batch
3, each plate contained at least one quality control sample from a pool of urine. The intra-
assay and inter-assay coefficient of variations were 7.9% and 22.2%, respectively.
Creatinine levels were analyzed with a Roche-Cobas MiraPlus chemistry analyzer using a
kit from Randox Laboratories (Crumlin, UK) that is based on a kinetic modification of the
Jaffe reaction. Isoprostane excretion was expressed as nmol/mg creatinine to adjust for urine
volume.

Urinary isoflavonoid concentration is an excellent biomarker for soy intake because it is
excreted in urine within 24–36 hours of soy food consumption. Liquid chromatography
tandem mass spectrometry (LCMS) was used to measure the isoflavonoids in urine
(daidzein, genistein, equol) after enzymatic hydrolysis and liquid-liquid extraction.28 Since
equol producers are thought to experience more protective effects of isoflavones than non-
producers,29 equol producer status was determined based on two criteria: urinary daidzein
excretion ≥2 nmol/mg creatinine and the urinary equol to daidzein ratio ≥0.018. Participants
who meet both criteria at least once during the study were considered equol producers.30,31

Statistical Analysis
Data were analyzed using the SAS statistical software package version 9.2 (SAS Institute,
Inc., Cary, NC). Normality of distribution was checked, and non-normal values were log
transformed. We performed Student’s t or χ2 tests to evaluate the differences in baseline
characteristics between the two randomization groups. Medians and upper and lower
quartiles were plotted for urinary isoprostane levels (adjusted and unadjusted for creatinine
levels). To examine the relation between dietary isoflavone intake and urinary isoprostanes,
while taking account of the repeated measures, we used mixed models (Proc Mixed) with
log-transformed values of urinary isoprostane and creatinine as dependent variables.32 The
models included the diet (low vs. high soy), the randomization group assignment, and time.
To examine the relation between urinary isoflavone and isoprostane excretion during the
high soy diet, additional linear models were performed using log-transformed values.
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RESULTS
Of the 82 women who completed the study, 40 women were in Group A and 42 women in
group B. The two randomization groups did not differ by ethnicity, BMI, equol producer
status, dietary isoflavone intake, or urinary isoprostane levels at baseline (Table 1).
However, Group B was younger by 4.1 years (p<0.01) and excreted lower levels of urinary
isoflavonoids (p=0.03) and creatinine (p=0.03) than Group A.

Unadjusted median isoprostane levels were 14, 13, and 12 ng/ml at baseline, during the low
and high soy diet, respectively (Figure 1A), but the difference between the low and high soy
diet was not significant (p=0.81). There was no difference in isoprostane level by
randomization group, but as the significant effect for time (p=0.03) indicated, isoprostane
levels decreased over time. When creatinine-adjusted excretion levels of isoprostanes were
compared, this trend was reversed (Figure 1B). The median creatinine-adjusted isoprostane
values were equal at baseline and during the low soy diet (18 ng/mg creatinine) and
marginally higher during the high soy diet (19 ng/mg creatinine). This difference was
statistically significant at first (p=0.02) but not after excluding 3 women with extremely low
creatinine values during the high soy diet (p=0.17). When the analysis was restricted to
women who were adherent to the dietary intervention (195 observations instead of 245), the
increase in creatinine-adjusted excretion of isoprostanes was smaller but still statistically
significant (p=0.04). In a regression model based on observations during the high soy diet, a
significant positive association (p=0.02) between urinary isoflavone and isoprostane
excretion was observed; including BMI, age, or ethnicity into the model did not change this
finding. Stratification by equol producer status showed a significant effect for the 43 equol
producers (p=0.03) but not for the 39 subjects who did not produce equol (p=0.32).

DISCUSSION
Contrary to our hypothesis, the current analysis observed no protective effect of soy food
consumption against oxidative stress as assessed by urinary isoprostane excretion. After
adjustment for urinary creatinine levels, the isoprostane levels were slightly higher at the
end of the high soy than the low soy diet. This observation was confirmed in a regression
analysis between urinary isoflavones and isoprostanes during the high soy diet. Of some
interest was the reduction in urinary creatinine for a few women during the high soy diet.
The abnormally high isoprostane levels in these women may indicate an unknown effect of
soy on creatinine formation. Since creatinine is generated from arginine, which is also the
precursor of NO, the mediator of isoprostane formation, the use of creatinine as an
adjustment factor for urinary isoprostane excretion should be reconsidered in future studies.
As an alternative, careful measurement of urine volume and time during which urine was
collected may be advisable in order to be able to express urinary excretion rates accurately.

The results of our analysis agree with several previous studies24–26 that detected no
association of urinary isoprostane levels with a soy diet. After 16 weeks of a soy drink (706
mL/day), the concentration of urinary 8-isoprostane, as analyzed by an enzyme
immunoassay method, did not differ from baseline in 52 postmenopausal women.24 A trial
examining levels of oxidative damage before and during soy supplementation using
Novasoy tablets detected no difference in plasma levels of total 8-isoprostane by enzyme
immunoassay after dietary supplementation with 50 mg/day for women and 100 mg/day for
men.25 These two studies24,25 noted that ELISA was a less reliable method of measuring
isoprostane than GC-MS. Our finding also agrees with a study among 8 premenopausal
women that described no difference in F2 isoprostane during a high (113–207 mg/day) as
compared to a low soy diet (<5 mg/day) that lasted one month.26 On the other hand, an
intervention among 19 healthy women and 5 men observed a significant decrease in plasma
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concentrations of 8-epi-prostaglandin after a high soy treatment with 56 mg isoflavones
versus the low soy from which the isoflavones had been removed (<2 mg isoflavones).23

However, there were no baseline 8-epi-prostaglandin levels available in that report.
Susceptibility to oxidation of low density lipoprotein was reduced in a soy intervention with
6 healthy volunteers33 and in the report described above.23

Strengths of the present study include a relatively large number of women with diverse
ethnic backgrounds; 82 women provided urine samples for the current analysis, whereas
previous studies reported sample sizes ranging from 8 to 52 women. The randomized
crossover design with a 6-month intervention period, the repeated sampling over 2 × 6-
month periods, and measurement of the exposure to isoflavones by common soy foods were
additional strengths. Adherence to the intervention diet, as monitored by multiple
unannounced dietary recalls and urinary isoflavonoid excretion, remained high throughout
the trial.27

Our study also had a number of limitations. The randomization did not lead to perfectly
balanced groups as indicated by the baseline differences in age. Given the excellent health
status of our participants, oxidative stress levels were probably not elevated and, thus, a
measurable effect caused by dietary change is unlikely. As well known in lipid research,
substantial effects are more likely observed in high-risk populations. To measure urinary
isoprostanes, ELISA assays rather than GCMS were used. Isoprostane levels might have
been influenced by infections, sunburn, stress, and other factors13 outside our control. It is
also possible that isoflavones affect other types of oxidative stress that are not fully captured
by isoprostane measurements, given the relative specificity of isoprostane formation by NO
generation.16,17 The application of several assays to capture different aspects of oxidative
stress would have been desirable; the lack of correlation across markers observed in some
reports indicates that oxidative stress cannot be defined in universal terms.18,34 In addition
to isoprostanes as a marker of lipid peroxidation, assays evaluating the oxidative and
reductive capacity of biological fluids and the ex vivo susceptibility of lipids to oxidation
may be informative. Establishing a stable and unrelated molecular adjustment for
isoprostane in urine is another important consideration for future studies.

In conclusion, this soy trial observed an unexpected modest increase in a well validated
measure of oxidative stress and questions whether an NO-based antioxidative mechanism
contributes to the cancer-preventive effects of soy isoflavones. Future studies with multiple
markers assessing oxidative stress would allow more valid conclusions with respect to the
spectrum of potential oxidative reactions than this study based on a single marker.
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Figure 1.
Median and upper and lower quartiles of urinary isoprostane concentration ([A] unadjusted
and [B] adjusted for urinary creatinine concentration) at baseline and at the end of each diet
phase in a soy trial; p values are derived from mixed models comparing mean values using
log transformed data
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