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Abstract

Objective—To assess the association of total isoflavone intake with ovulatory function,
including sporadic anovulation in healthy premenopausal women.

Design—~Prospective cohort study.

Setting—University.

Patient(s)—Participants included 259 healthy regularly menstruating women aged 18-44 years.
Intervention(s)—None.

Main Outcome Measure(s)—Serum concentrations of Ej, free E,, P, LH, FSH, and SHBG and
sporadic anovulation in healthy premenopausal women.

Result(s)—Isoflavone intake was not associated with E,, free E,, P, LH, and FSH
concentrations. Consumption in the highest quartile (Q4: 1.6-78.8 mg/d) was significantly
associated with greater SHBG concentrations (5= 0.09; 95% confidence interval [CI] 0.02-0.16),
compared with the first quartile (Q1: 0.0-0.3 mg/d).

Conclusion(s)—Isoflavone intake was not associated with sporadic anovulation (Q4 vs. Q1:
odds ratio 0.87, 95% CI 0.32-1.66). Dietary isoflavone intake among young premenopausal
women was not related to sex hormone concentrations or anovulation, but was associated with
minimally increased SHBG concentrations. These results suggest potential endocrine effects with
no subsequent effects on ovulation, easing concerns regarding their impacts on fertility.
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Soy products are the major food source of isoflavones, a class of phytoestrogens, and the
most abundant group of plant polyphenolics. Consumption of soy foods has increased in the
United States owing to potential health benefits associated with isoflavone intake, such as
lower incidences of coronary heart disease, atherosclerosis, and type 2 diabetes and
decreased risk of certain hormone-dependent cancers (1). Because soy flour and soy protein
isolates may be added to processed meats, meat substitutes, breads, and protein bars,
isoflavones are also found in >60% of processed foods (2).

Isoflavone intake is of particular interest to pre- and postmenopausal women, because
isoflavones are structurally similar to endogenous estrogen and have weak estrogenic and
antiestrogenic effects. Isoflavones can bind and activate both estrogen receptors @ and £,
which are found in various reproductive tissues (3). Once bound, isoflavones may influence
estrogen action by directly affecting the transcription of estrogen-regulated gene products
(4), or by affecting various enzymes involved in steroid metabolism, such as aromatase, 17/
hyroxysteroid dehydrogenases, or steroid sulfatases and sulfotransferases (5). Increased
exposure to exogenous estrogenic compounds such as isoflavones could result in increased
signaling in these tissues, promoting the positive and negative feedback actions of estrogen
and other sex hormones.

Numerous epidemiologic and clinical studies in women have evaluated the relationship
between isoflavone consumption and circulating sex hormones (5). Available data suggest
that isoflavones may have potential inhibitory effects on the likelihood of ovulation through
reductions in circulating LH concentrations (5). However, available data are inconsistent,
and studies among premenopausal women with longitudinal measures of sex hormones
across the menstrual cycle are sparse. Therefore, the objective of the present study was to
evaluate the association of usual dietary isoflavone consumption with sex hormone
concentrations and SHBG as well as incident anovulation in a cohort of 259 healthy
premenopausal women in the BioCycle study with hormone measurements timed to specific
phases of the menstrual cycle.

MATERIALS AND METHODS
Study Design

The BioCycle study was a prospective cohort study of 259 regularly menstruating, healthy,
premenopausal women aged 18-44 years. Participants were recruited from the western New
York region and followed for up to two menstrual cycles. Of 449 women who were
screened, 318 met the eligibility criteria, of which 276 enrolled. Seventeen women (6%)
withdrew before completing the study (6). Reasons for withdrawal included scheduling
conflicts (n = 8), lost to follow-up (n = 4), inability to tolerate blood draws (h = 3), inability
to participate owing to illness (n = 1), or loss of interest (n = 1). Exclusion criteria included:
use of oral contraceptives currently or in the 3 months before study entry; chronic use of
certain medications, e.g., lipid-lowering drugs, antihypertensive medications, and/or aspirin;
plans to consume a restricted diet in the next 3 months; diagnosis of certain chronic
conditions, including history of menstrual and ovulation disorders; and a self-reported body
mass index (BM1) of <18 kg/m? or >35 kg/m? at screening. Women could not be planning
pregnancy over the study time period. Further details have been reported elsewhere (6).

Women were seen in the clinic at up to eight visits per cycle for up to two cycles, with visits
timed with the use of fertility monitors (Clearblue Easy Fertility Monitor; Inverness
Medical) to correspond to menstruation, midfollicular, late follicular, and LH/FSH surges;
ovulation; and early luteal, midluteal, and late luteal phases (7). Study visits were scheduled
with the use of an algorithm accounting for each woman’s self-reported cycle length, with
the day of the midcycle visits adjusted based on indications of peak fertility on the monitor.
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Participants were highly compliant with the study protocol, with 94% completing seven or
eight clinic visits per cycle. Data collection occurred from 2005 to 2007 at the University at
Buffalo in New York. The University at Buffalo Health Sciences Institutional Review Board
(IRB) approved the study and served as the IRB designated by the National Institutes of
Health for this study under a reliance agreement. Each of the participants provided written
informed consent.

Dietary Assessment

Dietary intake was assessed with the use of multiple 24-hour dietary recalls (24HDR), with
information collected up to four times per cycle, corresponding to menses, midfollicular
phase, ovulation, and midluteal phase. Dietary intake data were collected and analyzed with
the use of the Nutrition Data System for Research (NDSR) software, version 2005,
developed by the Nutrition Coordinating Center, University of Minnesota, Minneapolis.
This program computed food sources (e.g., polyunsaturated vegetable fat-filled milk), food
components (e.g., soy milk), and nutrients (e.g., isoflavones). The NDSR uses the USDA
Database for the Isoflavone Content of Selected Foods, release 2.0 (8), for food and nutrient
composition of isoflavones. Values in the database were converted to milligrams of
aglycone of the following isoflavones: daidzein, genistein, glycitein, biochanin A, and
formonontein. Total isoflavone intake refers to the sum of daidzein, genistein, glycitein,
biochanin A, and formonontein. Ninety-six percent of the participants completed four
24HDRs in at least one of their cycles under study; 99% completed at least three 24HDRs,
and all of the women completed at least two 24HDRs in both cycles.

Hormone Assessment

Total Ey, P, LH, FSH, and SHBG were measured in fasting serum samples with the use of
solid-phase competitive chemiluminescent enzymatic immunoassay (Immulite 2000). The
albumin assay was tested with the Beckman LX20 autoanalyzer using bromocresol purple
methods. Calculation of free E; (i.e., bioavailable E5) was performed via the equation
proposed by Sodergard et al. (9) using total E», SHBG, and albumin concentrations. All
hormonal assays were conducted by Kaleida Health Laboratories (6). Across the study
period, the interassay coefficients of variation reported by the laboratory for E;, SHBG, LH,
FSH, albumin, and P were < 10%, < 10%, < 5%, < 5%, < 5%, and < 14%, respectively.

Cycles were classified as anovulatory if the P concentration was < 5 ng/mL throughout the
entire cycle and if no serum LH peak was observed on the later cycle phase visits (10). This
approach was used as a means of conservatively defining anovulation in this cohort. If P
levels were low, and there was a chance of cycle visit misclassification and that the P
assessment was not made during the luteal phase, then that cycle was classified as ovulatory.
Based on that definition, 35 of the 259 (14%) women were considered to be anovulatory,
including 28 (11%) who had one anovulatory cycle and seven (3%) who had two
anovulatory cycles.

Covariate Assessment

At study enrollment, measured height and weight were obtained by trained study staff using
standardized protocols and used to calculate BMI, and data on potential confounders, such
as age, race, physical activity, past oral contraceptive use, education, smoking, and
reproductive history, were obtained via questionnaires (6). All covariates had < 5% total
missing data. Cycle length was defined as the number of days from the first day of bleeding
until the day before the next onset of bleeding after confirming two consecutive days of
bleeding to differentiate from spotting. Day 1 of the menstrual cycle was defined as
menstruating by 4:00 p.m. on that day.
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To account for possible effects of overall diet quality, we calculated the alternative
Mediterranean Diet (aMED) Score (11) for each woman in the study. The aMED score, a
scale adapted from the traditional Mediterranean Diet Score developed by Trichopoulou et
al., is based on the dietary intake of nine components, including vegetables (excluding
potatoes), legumes, fruit, nuts, whole grains, red and processed meat, fish, alcohol, and the
ratio of monounsaturated fat to saturated fat. Possible scores on the aMED range from 0 to
9; higher scores correspond to greater adherence. Because each participant had more than
one dietary recall, we calculated the average of each of the aMED dietary components
across all of the recalls per participant to calculate the aMED scores (12, 13).

Statistical Analysis

Linear mixed models were used to compare dietary intake by visit to determine whether
isoflavone intake changed significantly over the cycle. No significant differences in
isoflavone intake were observed across each cycle; therefore, the mean daily intake per
cycle was calculated for isoflavone intake and other dietary variables. Isoflavone intake was
assessed continuously and as quartiles. Descriptive statistics for continuous and categorical
covariates were compared between quartiles of intake and ovulatory status with the use of
analysis of variance, chi-square tests, or Fisher exact test as appropriate. Sex hormones and
SHBG were log transformed for statistical analyses. Geometric means and inter-quartile
ranges (IQRs) were calculated for isoflavone intake and sex hormones across the cycle.
Analysis of P was restricted to the luteal phase owing to its low variability during the
follicular phase, and FSH and LH were restricted to the three visits around ovulation.

Linear mixed models on the log scale of the hormones were used to evaluate the association
between hormone concentrations (E», free E, luteal P, ovulatory LH and FSH, and SHBG)
and quartile of isoflavone intake per cycle (14). Random intercepts accounted for the
variation in baseline hormone concentrations between women and the correlation between
visits of the same woman. Potential confounders were identified with the use of directed
acyclic graphs and a change in point estimates approach (15). Covariates were included in
the model if they changed the exposure coefficient by >15%. Age, BMI, race (white, black,
Asian, other), fiber, energy, vegetable protein, and omega-3 intakes were included in the
final models. Additional covariates, including physical activity, past oral contraceptive use,
dietary intakes such as animal protein, cholesterol, fat (polyunsaturated fatty acid [PUFA],
monoun-saturated fatty acid [MUFA]), and the aMED score were considered but did not
appreciably alter the estimates.

We present three models: model 1 (unadjusted), model 2 (adjusted for age, race, BMI, fiber,
energy, vegetable protein, and omega-3 intakes), and model 3 (adjusted for variables in
models 2 as well as other sex hormones through the use of inverse probability of exposure
weights). Owing to the time-dependent confounding nature of sex hormones over the cycle,
we used marginal structural models in model 3 to evaluate the association between
isoflavone intake and log serum hormone concentrations after adjusting for the complex
feedback mechanisms of the other hormones (16). Weighted linear mixed models with
inverse probability of exposure weights were used to estimate the parameters of the marginal
structural model. Stabilized weights for each cycle visit when diet information was collected
were obtained with the use of ordinal logistic regression for the exposure quartiles of
isoflavone intake.

Generalized estimating equations were used to model the association between quartiles of
isoflavone intake and the odds of anovulation both unadjusted and adjusted for age, BMI,
race (white, black, Asian/other), fiber, energy, vegetable protein, and omega-3 intakes.
Women in the other and Asian race categories were collapsed for the generalized estimating
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equations owing to model instability (the “Asian/other” category was 72% Asian). All
analyses were carried out with the use of SAS version 9.2 (SAS Institute).

Women in the BioCycle study were on average 27.3 years old with an average BMI of 24.1
kg/m?2, moderate to highly physically active (90.5%), and nonsmokers (96.1%), and they had
an arithmetic mean total isoflavone intake of 2.8 mg/d (geometric mean 0.86 mg/d, IQR
0.33-1.9; Table 1). There were no significant differences in age, BMI, years of education,
past oral contraceptive use, or history of smoking status across quartiles of isoflavone intake.
Women who identified as Asian were more likely to consume higher intakes of isoflavones,
with 44% of Asians categorized in the highest quartile of intake. There were no significant
differences between most dietary variables and isoflavone intake. However, women in the
highest quartile of total isoflavone intake had significantly lower total dietary cholesterol,
and significantly higher levels of total fiber compared with the lowest quartile. Daidzein and
genistein were the predominant isoflavones consumed in the diet (Table 1) and came
primarily from soy milk, vegetarian meat substitutes (e.g., veggie burgers, soybeans, and
tofu) and granola/meal replacement bars (Fig. 1).

There were no statistically significant associations between isoflavone intake and total E,
free Ey, or ovulatory LH or FSH (Table 2). Although we saw a modest and positive
association with luteal P in the second and third quartiles compared with the first quartile of
models 1 and 2 and an association in the third quartile of model 3, there were no significant
trends. We observed a positive association between SHBG and isoflavone intake in the
highest quartile compared with the lowest quartile (model 3: 5= 0.09; 95% confidence
interval [C1] 0.02-0.16; Table 2). Isoflavone intake was not associated with incident
anovulation in either unadjusted or fully adjusted models (fully adjusted model for Q4 vs.
Q1: odds ratio [OR] 0.87, 95% CI 0.32-1.66; Table 3). Isoflavone intake was also
considered as a continuous variable in analyses of both hormone concentrations and incident
anovulation, yielding similar results (data not shown).

DISCUSSION

Usual dietary intake of isoflavones was not significantly associated with sex hormone
concentrations across the menstrual cycle, or with incident anovulation among a population
of healthy regularly menstruating women. However, isoflavone intake was significantly and
positively associated with serum concentrations of SHBG. These results suggest potential
beneficial endocrine effects with no observed effects on ovulation at usual dietary intakes of
isoflavones, lessening concerns regarding the effects of isoflavone intake on fertility.

The lack of association between isoflavone intake and E, and free E; is consistent with a
recent meta-analysis of 11 dietary intervention studies involving premenopausal women (5).
However, intervention trials attempt to emulate diets characteristic of the Asian population,
with isoflavone supplementation of 23-84.4 mg/d, whereas isoflavone consumption of
women in the BioCycle study was comparable to diets of American women (BioCycle
women arithmetic mean 2.8 mg/d vs. National Health and Nutrition Examination Survey
women arithmetic mean 1.3 mg/d [15]). Furthermore, although a few studies have shown an
association between interventional isoflavone intake and E, (18-20), the effects were modest
and based on small studies (n = 6-14), and biospecimen collection was not well timed to the
menstrual cycle.

It is important to evaluate the effects of isoflavone intake in premenopausal women on the
LH surge, because this is the biologic trigger for ovulation which is necessary to achieve
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pregnancy. We did not observe a significant association of isoflavone intake with midcycle
FSH or LH, which differs from some earlier studies which reported decreased midcycle
concentrations of FSH and LH after soy isoflavone intervention diets (18, 21). These
inconsistencies may be due to differences in timing of sample collection or in the amount of
isoflavone intake, because this was not an intervention study. None of the earlier studies
timed sample collection to capture the rapid surge in all hormones, especially LH, but
evaluated LH concentrations 5-7 days after ovulation (21, 22). This may not be the optimal
time to evaluate LH concentrations or ovulation, because there is very little biologic
variability in LH concentrations during the luteal phase. Fertility monitors capture the LH
surge in >75% of cycles, whereas traditional algorithms to time sample collection with the
use of calendar time or cycle length are prone to mistiming and only detect the LH surge in
37%-57% of cycles (7). Our study used fertility monitors to time hormone measurements to
specific cycle phases, and we observed no association between isoflavones and LH when
evaluating LH concentrations around ovulation and the timing of the LH surge. Even when
we evaluated associations with LH during the luteal phase for comparison with earlier work,
we observed no significant associations (data not shown).

Because earlier studies observed effects on midcycle LH and FSH concentrations, it is
plausible that effects on ovulation would be observed, though no studies have directly
evaluated this association. We did not observe similar associations with sex hormones, and
thus no subsequent effects on ovulation. This is the first study to directly link usual dietary
isoflavone intake in a given cycle with ovulation, an important outcome for couples trying to
conceive. Moreover, given the complex feedback mechanisms between the hormones that
are time-dependent confounders as well as intermediates, it is necessary to evaluate these
associations simultaneously. Our study evaluated the associations with hormone
concentrations while accounting for the effects of the feedback mechanisms. Thus, our
results add strong evidence that usual dietary intakes of isoflavones are not associated with
concentrations of circulating hormones or ovulation among young healthy women without
special dietary constraints.

We observed a significant and positive association between isoflavone intake and SHBG
concentrations. This association remained significant even after controlling for other dietary
covariates such as protein (animal, vegetable), cholesterol, fat (PUFA, MUFA), and/or
aMED score (data not shown). Therefore, the observed significant association is not likely to
be explained by these other nutrients commonly found in foods high in isoflavone content,
although residual confounding can not be excluded. Our results are consistent with two
earlier intervention trials in premenopausal women (23, 24) and in vitro studies (25, 26)
which observed positive correlations between SHBG and isoflavone intake. Although earlier
studies were intervention trials where intakes were 10-100 times the amount of isoflavones
consumed by women in the BioCycle study (5), we still observed significant associations
between usual intakes of isoflavones and SHBG concentrations.

The observed association between isoflavones and SHBG is biologically plausible. SHBG is
a protein carrier for the majority of estrogens circulating in the blood. Isoflavones can bind
to SHBG and stimulate its synthesis in the liver, thereby reducing the bioavailability of sex
hormones transported to hormone-dependent tissues by blood (27). Fluctuations in SHBG
can result in important changes in the unbound concentrations of sex hormones, which may
largely determine the biologic effects of the major sex steroids. However, analyses using
equation-based estimates of free E, from total E,, SHBG, and albumin data yielded similar
results. A measured value of free E,; may have been more sensitive in detecting changes.
Despite the lack of clear association between isoflavone intake and Ej, the finding of
increased SHBG remains important, because SHBG concentrations are associated with a
more favorable metabolic profile and decreased risk for type 2 diabetes (28, 29). Of note, as
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shown in Figure 1, soy milk and vegetarian meat substitutes constituted the primary sources
of isoflavone intake among the women in our study. These foods may represent potential
dietary sources for increasing SHBG, which may yield long-term positive health benefits.

The BioCycle study had a number of strengths. The 24HDRs included detailed information
on almost all habitually consumed bread, nut and seed products, and vegetable and fruit
items, which are the food groups most likely to contain isoflavones in Western diets. The
use of multiple validated 24HDRs improved our ability to assess usual intake, reducing the
potential for exposure misclassification. Additionally, our study used the NDSR, which
matched food consumption data to the United States Department of Agriculture—lowa State
University Database on the Isoflavone Content of Foods, which was generated by extensive
sampling of 108 soy-containing foods. Most analytic food composition databases report only
isoflavone content of traditional soy foods, which are of limited use in Western countries
where the consumption of traditional soy foods is low but other isoflavone-containing foods
may be widespread (30). Furthermore, intensive monitoring throughout two cycles on a
relatively large number of women with multiple clinic visits timed with the use of fertility
monitors allowed us to ascertain more accurate menstrual cycle hormonal profiles and
evaluate phase-specific effects and ovulation. Standardized assessment of a wide variety of
participant and dietary characteristics allowed us to control for potential confounding
variables, including time-dependent confounders such as other hormones and other dietary
components with known impacts on hormone concentrations. Additionally, this study
reports dietary intakes of isoflavones characteristic of the American population (17), making
results generalizable to women of reproductive age.

Nevertheless, there are several limitations of this study. Usual isoflavone consumption was
relatively low, and only a small number of women were consuming diets rich in isoflavones.
Therefore, we were limited in our ability to assess dietary intakes of women consuming
isoflavone-rich diets. Furthermore, although numerous epidemiologic and clinical studies in
women have evaluated the relationship between isoflavone consumption and circulating sex
hormones, studies among premenopausal women with longitudinal measures of sex
hormones across the menstrual cycle are limited. Therefore, all available literature,
including intervention studies among different populations with different dietary isoflavone
intakes, were used to illustrate comparisons among findings. It should be noted that findings
from a cross-sectional study can not be directly compared with that of an intervention study
with different populations and dietary intakes. Additionally, the Institute of Medicine (31)
notes that insufficient data are currently available to warrant inclusion of isoflavones in the
report of Dietary Reference Intakes, owing to inadequate food composition data that are
required to assess dietary intakes in a population (32). Thus, there is no established
recommended daily intake of isoflavones to use as a reference for women in the BioCycle
study and women of reproductive age. As mentioned above, isoflavone intake was assessed
using up to four 24HDRs per cycle; however, we did not measure urinary metabolites of
isoflavones and were unable to validate dietary isoflavone consumption data. Furthermore,
because free E, concentrations reported in this study were derived, a measured value of free
E, may have been more sensitive in detecting changes.

In conclusion, our data suggest no significant association with sex hormone concentrations
or incident anovulation among women consuming usual intakes of isoflavones. The positive
association between SHBG and isoflavone intake suggests potential beneficial endocrine
effects with no observed subsequent effects on ovulation. However, additional studies are
warranted to replicate our novel findings with respect to ovulation, and extend to
prospective time-to-pregnancy studies for evaluation of potential impacts on fertility. These
results will be critical for informing recommendations for isoflavone intake among
reproductive-age women.
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FIGURE 1.

Main food sources of isoflavone intake, based on total isoflavones captured by eight 24-hour
dietary recalls across two menstrual cycles (n = 259).
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TABLE 3

Quartiles of isoflavone intake and risk of anovulation.

Oddsratio (95% ClI)
Model Q1(0.0-03mg/d) Q2(0.3-06mgd) Q3(0.6-1.6mg/d) Q4 (1.6-78.8mg/d)
Unadjusted REF 0.69 (0.25-1.87) 1.33 (0.50-3.58) 1.23 (0.50-3.04)
Adjusted?® REF 069(0.21-1.83)  1.38(0.50-1.68)  0.87 (0.32-1.66)

Note: Anovulation was defined as any cycle with a peak P concentration < 5 ng/mL and no observed serum LH peak at the mid- or late-luteal phase
visits. Analyses were performed with the use of generalized estimating equations.

aAdjusted for age (continuous), race (white, black, Asian/other), body mass index (continuous), and fiber, energy, vegetable protein, and omega-3
intakes (continuous).
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