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Abstract

Background: Estrogens and calcium regulate vascular health, but caused adverse cardiovascular 

events in randomized trials.

Objectives: Whether phytoestrogenic soy isoflavones modulate the physiological effects of 

calcium on blood pressure was explored.

Design: A double-blind, randomized study assigned 99 premenopausal women to 136.6 mg 

isoflavones (as aglycone equivalents) and 98 to placebo for 5 days per week for up to 2 years. 

Blood pressure, serum calcium and urinary excretion of daidzein (DE) and genistein (GE) were 

measured repeatedly before and during treatment.

Results: Isoflavones did not affect blood pressure per intake dose assignment (i.e. intention-to-

treat, N=197), but significantly affected blood pressure per measured urinary excretion of 

isoflavones (i.e. per protocol analysis, N=166). Isoflavones inversely moderated calcium effects on 

systolic blood pressure (SBP) (interaction term β-estimates: −3.1 for DE, −12.86 for GE, all 

P<0.05), and decreased diastolic blood pressure (DBP) (β-estimates: −0.84 for DE, −2.82 for GE, 

all P<0.05) after controlling for calcium. The net intervention effects between maximum and no 

isoflavone excretion were −17.7 and +13.8 mmHg changes of SBP, respectively, at serum calcium 

of 10.61 and 8.0 mg/dL, and about 2.6 mmHg decrease of DBP.

cCorresponding Author: Lu, Lee-Jane W., Ph.D., llu@utmb.edu; Department of Preventive Medicine and Community Health, The 
University of Texas Medical Branch, 700 Harborside Dr., Galveston, TX 77555-1109; phone: 409 772 1730; Fax: 409 772 6287. 
Alternate corresponding author: Anderson, Karl E., M.D., kanderso@utmb.edu; phone: 409 772 4661; Fax: 409 772 6287;.
Authors’ roles: Study design: LJWL, MN, and KEA. Study conduct: FN, LJWL, MN, KEA. Data collection: FN, MN, and KEA. 
Data analysis: FN, NWC, and LJWL. Data interpretation: FN, LJWL, NWC, MN, and KEA. Drafting manuscript: FN, LJWL, NWC, 
MN, and KEA. Approving final version of manuscript and take responsibility for the integrity of the data analysis: FN, LJWL, NWC, 
MN, and KEA.

Financial and non-financial competing interests:
All authors declare that they have no competing interests.

Trial registration: www.clinicaltrials.gov identifier: NCT00204490.

HHS Public Access
Author manuscript
Eur J Nutr. Author manuscript; available in PMC 2021 September 01.

Published in final edited form as:
Eur J Nutr. 2020 September ; 59(6): 2369–2381. doi:10.1007/s00394-019-02085-3.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT00204490


Conclusions: Moderation by isoflavones of the physiological effect of calcium tend to 

normalize SBP, and this effect is most significant when calcium concentrations are at the upper 

and lower limits of physiological norm. Isoflavones decrease DBP independent of calcium levels. 

Further studies are needed to assess the impact of this novel micronutrient effect on blood pressure 

homeostasis and cardiovascular health.
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Introduction

Blood pressure is a strong, consistent, continuous, and independent predictor of risk for age-

specific mortality from vascular, cardiac and renal diseases at all ages [1]. Rapid reductions 

in vascular diseases have been documented in randomized trials even after a few years of 

antihypertensive treatment [2]. Therefore, treatment of high blood pressure is recommended 

for primary and secondary prevention of cardiovascular disease [3].

In women, blood pressure from adolescence to menopause is lower than in age-matched 

men, but then rises progressively with older age [4]. Observational studies suggest that 

replacement of ovarian steroids after menopause is beneficial for preventing cardiovascular 

disease (CVD) [5], but this was not supported by large randomized controlled trials, which 

actually found that hormone replacement increased risk for stroke, myocardial infarction, 

and pulmonary embolism [6,7]. Similar adverse events were also observed in several 

randomized trials when calcium supplements were given as monotherapy to prevent 

osteoporosis [8–11]. Concern about these risks [12,13] prompted additional research for 

alternative estrogenic agents.

Phytoestrogens that are abundant in soy and other legumes have established estrogenicity 

[14,15] and might serve as alternative estrogenic agents in women. However, observational 

studies [16] and randomized clinical trials measuring effects of soy and isoflavones on 

surrogate biomarkers for CVD [17–23], osteoporosis [24], and menopausal symptoms [25] 

have shown mixed results [26]. These mixed results may be due to a failure to account for 

large inter-individual differences in the metabolism of isoflavones [27–30]. Additionally, 

estrogens have complex direct and indirect effects on calcium homeostasis. For example, 

estrogen deficiency after menopause decreases renal calcium reabsorption [31] and 

administered estrogens enhance the beneficial effects of calcium supplements on bone [32]. 

Estrogen and calcium are both important for the function of endothelial cells and myocytes, 

and the homeostasis of blood pressure [5]. Our previous randomized clinical trial of soy 

isoflavones as alternative selective estrogen modulators in premenopausal women found 

isoflavones significantly increased serum calcium levels [33]. Using the same study samples, 

we investigated (i) whether soy isoflavones affected blood pressure, and (ii) whether the 

relationship is affected by serum calcium concentrations. To account for individual 

differences in metabolism and adherence, isoflavone effects were analyzed both as an 

intention-to-treat (i.e. by intake dose) and a per-protocol basis (i.e. by measured urinary 
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excretion of isoflavones). These isoflavone effects were studied in premenopausal women, 

because populations consuming legumes usually do so life-long and not just after 

menopause.

Subjects and Methods

A single-site, parallel, two-arm, repeated measures, randomized, double blind, and placebo-

controlled study examined effects of isoflavones on vascular health [33]. Inclusion criteria 

were healthy 30–42 year old premenopausal women who were not pregnant, not breast 

feeding, and had not taken hormonal contraceptive agents (oral, injection, or patch) or 

exogenous hormones in the previous 6 months, and were not on medically prescribed diets 

or medications chronically (other than occasional antibiotics and NSAIDs). They had regular 

monthly menstrual cycles, and no personal or family history of breast cancer. They had no 

history of breast augmentation, reduction, or lifting and had normal screening 

mammograms. The study was approved by the Institutional Review Board of the University 

of Texas Medical Branch (UTMB), and written informed consent was obtained from all 

subjects. Primary outcomes included breast density, bone density and blood pressure. Effects 

on serum electrolytes were pre-specified secondary outcomes, as reported [33]. Trial 

outcomes remained unchanged and there was no interim analysis.

The characteristics of the intervention agents have been described [33,34]. Briefly, each 

isoflavone pill contained 246 mg of Novasoy™ that contained 68.3 mg of aglycone 

equivalent of daidzein (30 mg), genistein (30 mg), and glycitein (8.3 gm) of which 90 mol-

% was as the glycosides (daidzin, genistin, and glycitin). Each placebo pill contained 246 

mg of a carbohydrate filler. Both pills were identical in appearance and weight (1000 mg per 

tablet), and also included 60 mg sorbitol, 3 mg magnesium stearate, and 676 mg dicalcium 

phosphate and 15 mg of riboflavin for measuring adherence. These were kindly provided at 

no cost by Archer Daniel Midland Co. (Decatur, IL).

Figure 1 outlines the study design and protocol. There were four baseline visits, i.e. two 

paired visits during the luteal phase of two separate menstrual cycles that were not more 

than 6 months apart. During baseline visits, health status was assessed by study physicians 

based on clinical history and physical, gynecological, mammographic examinations and 

blood test results. Only qualified healthy subjects as determined by the investigative team 

were dispensed blinded isoflavone or placebo pills by the UTMB Research Pharmacy 

according to a pre-generated randomization list. The study statistician generated this 

randomization list using the PLAN procedure in SAS©. Randomization was in blocks of six 

to ensure equal sizes of the two study groups and of the three sub-groups in each study 

group. At each follow-up visit, subjects were dispensed the next three-month supply of pills 

as blister packs that for each day, provided two assigned study pills and one prenatal vitamin 

pill (Rugby Prenavite Prenatal Formula, Swanson Health Products, Duluth, GA). Subjects 

ingested all three pills from a blister pack daily for five days per week for up to two years. 

Time of the day and days of the week for pill ingestion was at the discretion of each study 

subject.
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Treatment started on the second day of the menstrual period that immediately followed the 

4th baseline visit. During treatment, follow-up visits occurred approximately once every 

three menstrual cycles (i.e. roughly seasonally) except for the first treatment visit, which 

occurred after one, two, or three menstrual cycles after starting treatment depending on the 

scheduling sub-group to which they were randomized. This scheduling scheme allowed 

staggering study visits and studying kinetics of treatment effect for every menstrual cycle 

during treatment. The subjects reported to the study team at each first day of menstruation, 

which allowed scheduling follow-up visits to occur 20 to 24 days later, during the luteal 

phase of that cycle. The subjects, research staff, and investigators remained blinded to the 

treatment assignments.

At each baseline and follow-up visit, subjects arrived after an overnight fast and brought 

with them a 12-hr urine collection, which were stored at −20°C until analyzed for riboflavin, 

daidzein and genistein, as described [34]. Fasting blood samples were drawn at each visit 

between 8:00 and 10:00 a.m. and analyzed for blood chemistry, including serum calcium, by 

the certified UTMB hospital clinical laboratory using VITROS® 5.1 FS (Ortho-Clinical 

Diagnostics, Rochester, NY). Blood pressure was measured once soon after the subjects 

arrived at the clinical research unit by trained clinical research nurses, with a Dinamap 

Plus™, Model # 9710 vital signs monitor (Critikon, Tampa, FL), usually in the right arm and 

in the sitting position. The blood pressure cuff size was according to the size of the subject’s 

arm, and was usually ‘adult regular’. Anthropometrics (including BMI) were measured at 

each visit. Demographic and reproductive information was obtained at the first visit using a 

self-administered questionnaire.

Statistical analyses

Baseline characteristics of the subjects were summarized for each study group using means 

and standard deviations (SDs) for continuous variables and compared by independent t-tests; 

and frequencies and percentages for categorical variables and compared by chi-squared tests. 

With an estimated attrition rate of 15%, 100 subjects per arm would provide 85 subjects who 

would complete the study. Using estimates of the SDs ranging from 10 to 15 for blood 

pressure (Table 1), we would have 80% power to detect 0.5 SD change in mean blood 

pressure, i.e. ≥4.5–7 mmHg, using a two group t-test with a 0.05 two-sided significance 

level.

Outcomes were systolic blood pressure (SBP) and diastolic blood pressure (DBP). Exposure 

predictors were isoflavone treatment assignment (categorical data, yes/no) or urinary 

excretion of daidzein and genistein (continuous data, mg/h). Linear mixed effects (LME) 

models, accounting for inter-subject heterogeneity and intra-subject dependence on repeated 

measures, were applied. The first strategy was an ‘intention-to-treat’ analysis that assessed 

the association between treatment assignment and changes in SBP or DBP during the 

treatment period by including an interaction term between months of treatment and type of 

treatment assignment. The second strategy was a per protocol analysis that considered only 

the measured urinary excretion rates (mg/h) of daidzein and/or genistein and ignored 

treatment assignment, as exposure variables. Analyses used the number of days on assigned 

treatment to measure exposure time and assess the effect of time on blood pressure. Models 
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were also adjusted for race/ethnicity, age at entry to the study, and BMI at each study visit. If 

interaction terms were significant, the Johnson-Neyman procedure [35] was used to probe 

the interactions of two continuous variables to fully explicate the nature of these conditional 

relationships. To facilitate interaction-term result interpretation, data for urinary excretion of 

isoflavones and the moderating serum electrolyte levels were mean-centered for statistical 

model analyses. Other variables were not mean-centered. The model fit of the LME models 

was assessed using the conditional Akaike information criterion (CAIC) [36,37]. The 

corresponding assumption on LME models and the identification of potential outliers or 

influential points were also inspected through residual analysis. All tests of statistical 

significance were two-sided with a P < 0.05 indicating a significant difference. Analyses 

were performed using SAS version 9.4 (SAS Institute, Inc., Cary, NC).

Results

Enrollment, treatment assignment and retention (Figure 2) [33].

Baseline characteristics, including blood pressure, basal dietary exposure to daidzein and 

genistein as measured in urine, and serum calcium, were balanced between treatment groups 

as randomized for all 197 subjects (Table 1) and for 166 subjects with follow-up visits (31 

drop-outs) (not shown). Each subject had 4 baseline visits and from 0 to 8 treatment phase 

visits, and the average number of these study visits was a proxy for duration of study 

participation, which was balanced as randomized. No subjects were removed due to serious 

side effects. The enrollment period between January 2003 and August 2012 was longer than 

expected due to a large number of dropouts, and also to interruption of the study by 

Hurricane Ike in 2008. The trial ended after research funding was exhausted [33].

Intention-to-treat analyses:

These analyses included all 197 randomized subjects (Table 2). Isoflavone treatment did not 

affect blood pressure compared to placebo, because interaction terms between treatment 

assignment and years on supplements were not significant for outcomes studied in models 

either unadjusted (Model 1) or adjusted for serum calcium (Models 2–4). However, a 

positive association between serum calcium and SBP was noted (Models 3–4, all P≤0.05).

Both the placebo and isoflavone pills contained riboflavin and subjects were restricted from 

taking other vitamins not provided by the study. As previously described [33,34], excretion 

of riboflavin at concentrations ≥ 1.42 μg/ml (Youden index) in a 12-hour urine collection 

was used to categorize each subject as adherent or non-adherent in taking study pills within 

12 hours preceding each follow-up visit. The Youden index defines a data point that yields 

the optimal value of sensitivity and specificity from a receiver operating curve. Main and 

interactive effects remained non-significant after additional adjustment for adherence in all 

models (β-estimates for the interaction term of treatment and time of Model 1 were −0.03 

and 0.04 for SBP and DBP, respectively, all P>0.05).

Based on a simultaneous presence of riboflavin and isoflavones in urine, an ‘as-observed 

treatment/exposure assignment’ was designated for all urine collections in 166 subjects, as 

previously described [34]. The ‘as-observed treatment assignment’ was consistent with the 
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randomized assignment in 143 subjects, which excluded 3 ‘non-adherent’ subjects, due to 

absence of all three compounds in their urine samples, 20 placebo subjects with unexpected 

high levels of all three compounds indicating unexpected multiple exposures to isoflavone 

pills in error [34], and 4 isoflavone subjects who received a batch of placebo pills in error. 

When the intention-to-treat model analyses were restricted to these 143 subjects, there was 

again no statistically significant treatment effect of isoflavones on blood pressure (results not 

shown).

Per protocol analyses of influence of variation in urinary excretion of isoflavones on blood 
pressure.

This analysis focused on the 166 subjects with follow-up visits. The intake-dose ratio of the 

two main isoflavones, daidzein and genistein in the isoflavone pills was 1:1. However, the 

excretion ratios of daidzein to genistein in the follow-up urine samples varied from 0.9 to 8.9 

among adherent subjects assigned to isoflavone group. To examine the effects of this 

metabolic variation, measured urinary excretion of isoflavones at baseline (average of four 

measures) and at each individual follow-up visit were used as exposure predictor instead of 

treatment assignment in statistical models.

Isoflavone exposure, measured as daidzein excretion (DE), genistein excretion (GE), their 

sum excretion (DE + GE) or net difference in excretion (DE – GE), had no significant 

effects on DBP in unadjusted model (Model 1, Table 3). However, after adjustment for 

serum calcium concentrations (Models 2–3, Table 3), excretion rates (average of a 12 hr 

urine collection) of isoflavones were inversely correlated with DBP. DBP lowering effects 

increased by 20.9% for DE, 11.8% for GE, 18.8% for DE + GE, and 25% for DE – GE, 

when comparing the coefficients of Model 2 and Model 1. There were no statistically 

significant interactions between isoflavone excretion and serum calcium on DBP as an 

outcome (Model 4, Table 3). Serum calcium was significantly associated with DBP in all 

models. The CAIC showed that models with DE, GE, and DE + GE as predictors (Models 

2–3, Table 3) were slightly better (all P<0.05) than DE – GE (P=0.052 to 0.068) [36,37]. 

Based on Model 2 (Table 3) and controlling for serum calcium concentration and days of 

exposure, the mean decreases in DBP was up to 2.6 mmHg when comparing between 

adherent isoflavone subjects with maximum isoflavone excretion and placebo subjects with 

minimum isoflavone excretion.

Isoflavone excretion was not significantly associated with SBP, in models unadjusted or 

adjusted for serum calcium (Models 1 and 2, respectively, Table 4). However, the interaction 

terms between isoflavones (DE, GE, DE + GE, or DE – GE) and serum calcium were 

significantly and inversely associated with SBP (Models 3–4). The CAIC on models with 

interaction terms (Models 3–4) indicated that GE was the best predictor of SBP (GE > (DE 

+ GE) > DE > (DE – GE)) [36,37]. Nonetheless, all models with interaction terms 

adequately explained variation in SBP.

A significant interaction term implies that serum calcium and isoflavones moderate the 

effects of each other on SBP. A negative interaction term indicates that elevated isoflavones 

(DE and GE) decrease SBP when serum calcium levels are high, but increase (restore) SBP 

when serum calcium levels are low. A significant interaction also implies that there are 
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certain serum calcium concentrations that isoflavones (focal predictors) have no effects on 

SBP. Their interaction on changes of SBP (using Model 3 in Table 4 as an example) was 

further explored using the Johnson-Neyman technique [35]. Example plots of simple slopes 

(Figures 3A–B) show that the effects of DE and GE on SBP varied with serum calcium 

concentrations. Plots of simple slopes between DE + GE and DE – GE and serum calcium 

were similar (not shown). When DE is the focal predictor (Figure 3C), both upper and lower 

confidence bands (95% CI) for all slope estimates at serum calcium ≤ −0.6737 mg/dL are 

greater than zero (i.e. positive slopes). (Note: the negative value of serum calcium level is 

due to mean-centered data transformation.) When GE is the focal predictor (Figure 3D), the 

regions of statistical significance for simple slopes are: (i) significantly greater than 0 when 

serum calcium concentrations are ≤−0.5499 mg/dL, (ii) significantly less than 0 when serum 

calcium concentrations are ≥0.528 mg/dL or (iii) not statistically different from 0 when 

serum calcium concentrations are between these values. When DE + GE is the focal 

predictor (Figure 3E), there are also three regions of different statistical significances for the 

regression slope estimates separated by serum calcium concentrations ≤-0.5774 mg/dL 

(positive slopes) and ≥1.0712 mg/dL (negative slopes), and between these values 

(insignificant slopes). When the focal predictor is DE – GE (Figure 3F), regions of 

significance were not found for any serum calcium concentrations observed in our data set.

The intention-to-treat Model 3 of Table 2 for SBP, was reanalyzed by categorizing serum 

calcium levels into three calcium conditioning effect regions assessed using GE (Figure 3D). 

The means ± standard error (SE), sample sizes (n), and net treatment effects (Δ between 

placebo and isoflavones) for SBP were (i) for serum calcium ≤ −0.55 mg/dL: 116.10±2.39 

(n=18 placebo), 115.81±2.46 mmHg (n=17 isoflavones), and Δ=−0.30 mmHg (P=0.93) 

(positive slope); (ii) for serum calcium between −0.55 to 0.53 mg/dL: 118.66±1.45, 

116.44±1.44 mmHg (both n=83), and Δ=−2.23 mmHg (P=0.28) (insignificant slope); and 

(iii) for serum calcium ≥0.53 mg/dL: 120.99±1.93 (n=34 placebo), 114.89±1.89 mmHg 

(n=37 isoflavones), and Δ=−6.10 mmHg (P=0.03) (negative slope).

Table 5 shows how estimates of the intervention effect for SBP vary with both levels of 

isoflavones and serum calcium (using GE in model 2 of Table 4 as an example). When 

serum calcium is at the 100th percentile for the group, its effects on SBP are −13.07 mmHg 

and 4.67 mmHg, when GE is at 100th and 0th percentiles, respectively, resulting in a net 

intervention effect on SBP of −17.74 mmHg (a decrease). In contrast when serum calcium 

concentration is at the 0th percentile of the group, the net intervention effect between 

maximum vs minimum GE is an increase in SBP of 13.81 mmHg. As also shown in Table 5, 

when urinary GE is, for example, at the 100th percentile, effects on SBP change from −13.07 

to 10.16 mmHg as serum calcium level changes from the 100th to 0th percentiles.

Discussion

In this study, the assigned intake dose of isoflavone supplementation did not affect SBP or 

DBP by intention to treat analyses. However, urinary excretion levels of the two main soy 

isoflavones, daidzein and genistein, strongly predicted changes in SBP and DBP and 

importantly these effects on blood pressure were also modified inversely by serum calcium 
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levels. Serum calcium moderated the effects of isoflavones on SBP and suppressed some, 

but not all effects of isoflavones on DBP.

Calcium is essential for life. A well-established physiological effect of calcium is that higher 

serum calcium levels lead to higher blood pressure [38]. This is consistent with our data 

showing that serum calcium concentrations were positively associated with DBP in all 

models with β-estimates significant for most models. In contrast, urinary output of 

isoflavones was inversely correlated with DBP (Table 3, negative slopes). Thus, serum 

calcium and isoflavones have opposite effects on DBP. As reported previously, isoflavones 

were found to increase serum calcium concentrations in the same study subjects [33], which 

explains why controlling for serum calcium in the models (Models 2–3, Table 3) 

strengthened the effects of isoflavones on DBP by up to 30%.Controlling for serum calcium 

levels at baseline (which were balanced between the two study groups, Table 1) and after 

treatment [33] did not completely negate the effects of isoflavones on decreasing DBP, 

suggesting a pathway for isoflavone effects on DBP that is independent of serum calcium, 

perhaps involving estrogen receptors. While these changes are small, they may be 

cumulatively significant over periods of continued isoflavone ingestion and may have a long 

term role in preventing CVD.

We have shown that isoflavones interact with serum calcium to affect SBP. The negative β-

estimate of the interaction term implies that isoflavones counteract the physiological effects 

of calcium on SBP, so that when serum calcium levels are higher than the group median, 

isoflavones decrease SBP and when serum calcium levels are lower than median, isoflavones 

increase or restore SBP (Table 5 and Figure 3). The nature of a significant interaction also 

implies that there is a no-effect zone of their interaction. This no effect zone is found to be 

close to the group mean for serum calcium, and appears to be the narrowest for GE and 

absent for DE – GE as exposure predictors. Thus, GE is more efficient in moderating the 

physiological effect of calcium on SBP than DE + GE or DE. Our prior observation that 

isoflavones increase serum calcium levels [33] suggests that the isoflavones-SBP dose-

response curve is more likely to occur around the high serum calcium effect zone, where 

SBP is more likely to be decreased by isoflavone exposure.

There are a number of possible explanations for failure to detect isoflavone treatment effects 

on blood pressure by intention-to-treat analysis in this (Table 2) and other studies 

[21,22,39,40]. Firstly, differences in isoflavone bioavailability inclusive of adherence and 

metabolism as noted here and by others [27–30] can have substantial effects on blood 

pressure and this was not considered in prior studies [21,22,39,40]. Even if adherence rates 

are similar and balanced between the treatment groups, as in this study, patterns of variation 

in adherence and metabolism differed within- and between-subjects, which are harder to 

adjust for in intention-to-treat models [33,34]. Secondly, thresholds of serum calcium 

required to significantly moderate isoflavone effects on SBP differed for the excretion of 

individual, sum or difference of the two isoflavones suggesting that daidzein and genistein 

act synergistically (DE + GE) but also somewhat antagonistically (DE – GE) to influence 

blood pressure. Model fit statistics showed that that the two isoflavones have different 

potencies. GE is the best-fit predictor, followed by DE + GE (testing for synergism), and 

then by DE. DE – GE (testing for antagonism) was the least fit predictor of treatment effects 
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suggesting that DE dominates the effect. Such differences in activity of daidzein and 

genistein in our current study are consistent with preclinical study results (reviewed in 

[41,42]), and make differential bioavailability a more critical factor to consider in statistical 

models. We have considered controlling for the ratio of DE to GE in the intention-to-treat 

model. But this approach was inappropriate, because DE to GE ratios cannot be calculated 

in urine samples from placebo subjects. Lastly, even though the physiological role of serum 

calcium in regulating blood pressure is well-known, serum calcium has not been considered 

in statistical modeling of the effects of estrogens or isoflavones and CVD.

The significant interaction term of isoflavones and serum calcium as a negative predictor of 

SBP in this study can be explained as follows. In preclinical models, calcium is central to the 

regulation of vascular tone and reactivity, and thus, blood pressure. Myogenic responses in 

blood vessels occur by both endothelium-dependent and independent pathways [5]. The 

former depends on endothelium-derived relaxing factors, and particularly nitric oxide (NO), 

to maintain vascular tone. The synthesis of NO requires activation of endothelial nitric oxide 

synthase (eNOS), which occurs when it dissociates from membrane caveolae. This 

dissociation is calcium dependent [5,43]. 17β-Estradiol [43] and isoflavones (both daidzein 

and genistein) [44,45] have been shown to modulate eNOS by inducing a rapid non-genomic 

and membrane receptor-mediated influx of calcium, leading to NO production and a 

decrease in blood pressure; this process is not affected by anti-estrogens [5,40,46]. In the 

endothelium-independent pathway, calcium influx and efflux through L-type calcium 

channels and other transporters regulate myocyte contraction and blood pressure in a manner 

opposite to that induced by NO [5,39,47,48]. Both 17β-estradiol [5,49] and isoflavones have 

been shown to have direct effects on these ion channels and transporters [50–52] and 

therefore calcium concentration in the myocytes. Thus, isoflavones (as 17β-estradiol) 

modulate calcium levels in both myocytes and endothelial cells with opposite directional 

changes on SBP. Since our models show that the interaction term is a negative predictor of 

SBP, it suggests that effects of isoflavones on the endothelium-dependent pathway (i.e. 

through NO production) may be the dominant pathway.

As previously described [33], this study had a number of strengths, including the study of 

premenopausal women to prevent future postmenopausal complications, a high quality study 

design (randomized, double blind, placebo controlled, and Figure 1), repeated measurement 

of riboflavin excretion to assess adherence and measurement of isoflavone excretion to 

assess bioavailable exposure to both major isoflavones. Weaknesses included a high dropout 

rate, although this was balanced between treatment groups and comparable to that in many 

other studies including the Women’s Health Initiative [6,7]. The double-blind study design 

prevented ongoing quality control of all batches of dispensed pills and detection of 

dispensing errors. However, monitoring urinary excretion of isoflavones allowed direct 

assessment of isoflavone exposure and detection of dispensing errors, dietary isoflavone 

exposure, nonadherence, and variation in excretion. Use of urinary excretion of isoflavones 

as predictors in the analysis reduced any impact of dispensing errors. Collecting 12-hour 

urine samples rather than obtaining single time-point blood samples was a strength for 

assessing exposure to isoflavones, given their short half-lives [28]. Tissue levels of 

isoflavones are likely to be more specific and sensitive as exposure markers, but tissue 

sampling for analytical measurement is not practical. Other limitations were that riboflavin 

Lu et al. Page 9

Eur J Nutr. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was used to assess adherence for only the day of sampling; and the use of a mixture of 

genistein, daidzein, and glycitein limited comparisons of their individual potencies. We 

chose to not analyze the contributions of glycitein (a minor isoflavone component) or equol 

(a daidzein metabolite) due to anticipated collinearity with daidzein.

Conclusions

Exposure to soy isoflavones, measured as amounts excreted in urine, appears to moderate 

(modulate) the physiological effect of calcium on blood pressure, an effect not evident by 

dose assignment. Daidzein and genistein differ in potency in moderating effects of calcium 

on blood pressure homeostasis. Our novel findings suggest that dietary isoflavones 

participate in calcium and blood pressure homeostasis. These observations may help to 

explain why calcium, when provided along with other micronutrients in foods, is associated 

with fewer adverse cardiovascular effects such as stroke and thromboembolism than when 

provided as calcium monotherapy [11,19]. Our findings also support previous 

epidemiological observations of low risk for CVD with soy consumption. Therefore, soy 

consumption should be helpful for population health. Health benefits of isoflavones requires 

further studies.
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Figure 1: 
Study design and protocol: There were 2 baseline visits (B1 & B2) 2 days apart in each one 

of the two screening menstrual cycles. After randomization and during supplements, follow-

up visits (V1 to V8) occurred every 3 menstrual cycles apart for 2 years. Subjects in each 

treatment arm were randomized into 3 subgroups, so the first follow-up visit was after being 

on supplement for either 1, 2, or 3 menstrual cycles. All study visits occurred during the 

luteal phase of the menstrual cycle. On each visit, subjects brought a 12-hr urine collection, 

provided fasting blood samples, and were measured for blood pressure, weight, and height 

by study nurse. Mammograms, breast magnetic resonance images, and bone density scans 

were acquired once before and annually after supplements coincided with a study visit.

Lu et al. Page 15

Eur J Nutr. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Flow diagram of a blinded randomized trial comparing effects of soy isoflavones and 

placebo on blood pressure showing the enrollment of 30- to 42-year-old female subjects, 

allocation to treatment, follow-up for up to 2 years, and data analysis, as described [33].
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Figure 3: 
Probing the interactive effects of isoflavone(s) and calcium on systolic blood pressure (SBP) 

(using Model 3 of Table 4 as an example) by the Johnson-Neyman technique [35]. Panels A-

B are plots of simple slopes for focal predictor isoflavones and SBP as a function of serum 

calcium at the 10th (Low Ca2+), 50th (Median Ca2+), and 90th (High Ca2+) percentiles of 

values found in our study samples. Panels C to F show the regions of significance and 95% 

confidence bands for the regression slope estimates for the conditional relation between SBP 

and isoflavone concentrations as a function of serum calcium. The dashed vertical lines (----- 

in panels C-F) indicate calcium thresholds separating regions of statistical significances. 

Panels A & C for daidzein (DE) as predictor; B & D for genistein (GE); E for sum excretion 

(DE + GE); and F for difference in excretion (DE – GE). Note that the lengths of all graph 

lines correspond to ranges of data found in our study samples. Simple slopes for DE + GE 

and DE – GE are not shown.
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Table 1.

Baseline characteristics and number of study visits of 197 female subjects randomized to treatment with 

placebo or soy isoflavones *, †, ‡

Variables
Placebo Isoflavone

n0 Mean ± SD; % n1 Mean ± SD; %

Age at study consent (yr) 98 37.35 ± 3.45 99 37.58 ± 2.95

Race/Ethnicity (%) 98 49.75 99 50.25

 Hispanic 39 39.80 51 51.52

 African American 12 12.24 14 14.14

 White 47 47.96 34 34.34

At study site

 Body weight (kg) 98 74.99 ± 17.33 99 73.46 ± 16.62

 Height (cm) 98 160.21 ± 6.01 99 160.69 ± 7.63

 BMI (kg/m2) 98 29.17 ± 6.33 99 28.45 ± 6.05

 Waist circumference (cm) 97 90.83 ± 13.79 99 89.60 ± 13.14

 Hip circumference (cm) 97 109.02 ± 12.95 99 108.10 ± 11.40

 Waist-to-hip circumferenceratio 97 0.83 ± 0.06 99 0.83 ± 0.06

 Systolic blood pressure (mmHg) 98 119.27 ± 14.85 99 115.55 ± 14.07

 Diastolic blood pressure (mmHg) 98 71.51 ± 9.08 99 ;69.47 ± 9.09

Urinary level

 Riboflavin concentration (μg/mL) 91 0.66 ± 1.00 93 0.82 ± 1.72

 Riboflavin excretion (mg/h) 91 0.05 ± 0.08 93 0.06 ± 0.01

 Daidzeinexcretion (mg/h) 90 0.06 ± 0.03 89 0.07 ± 0.04

 Genistein excretion (mg/h) 90 0.08 ± 0.05 89 0.08 ± 0.04

Serum level

 Total protein (g/dL) 98 7.54 ± 0.50 98 7.50 ± 0.45

 Albumin (g/dL) 98 4.28 ± 0.34 99 4.28 ± 0.26

 Calcium (mg/dL) 98 9.01 ± 0.35 99 9.05 ± 0.28

 Chloride (mEq/L) 98 105.27 ± 1.91 99 105.49 ± 1.85

 Potassium (mEq/L) 98 4.04 ± 0.22 99 4.07 ± 0.24

 Sodium (mEq/L) 98 140.50 ± 1.47 99 140.67 ± 1.50

 Study visits (n) 98 8.60 ± 3.00 99 8.70 ± 3.10

*
Variables were average of 4 baseline screening visits except for race/ethnicity. Study visitswere mean number of baseline and completed follow-up 

visit.

†
Means and standard deviations (SDs) for numerical variables and the percentage for categorical variables are stratified by groups.

‡
For race/ethnicity, the P value between groups was 0.15 (Fisher’s exact test). For numerical variables, all P values between groups were greater 

than 0.05.
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Table 2.

Results of multiple regression models of effect of treatment with isoflavones on systolic and diastolic blood 

pressure in 197 premenopausal women assessed by intention-to-treat analysis

Systolic Blood Pressure * Diastolic Blood Pressure *

Effect β-Estimate (SE) P value β-Estimate (SE) P value

Model 1
† Treatment×Month −0.040 (0.071) 0.57 0.023 (0.041) 0.57

Model 2
‡

Treatment×Month −0.036 (0.071) 0.61 0.029 (0.041) 0.48

Calcium 0.869 (0.856) 0.31 0.787 (0.539) 0.15

Model 3
§

Treatment×Month −0.018 (0.071) 0.80 0.030 (0.041) 0.46

Calcium 2.494 (1.278) 0.051 0.936 (0.797) 0.24

Treatment×Calcium −2.943 (1.719) 0.09 −0.274 (1.082) 0.80

Model 4
‖

Treatment×Month −0.023 (0.070) 0.75 0.024 (0.041) 0.56

Calcium 2.740 (1.258) 0.030 1.051 (0.791) 0.18

Treatment×Calcium −2.779 (1.695) 0.10 −0.221 (1.073) 0.84

*
Regression coefficient (β-Estimate), corresponding standard error (SE), and P value for effect indicated.

†
Model 1 included treatment (Treatment), number of months on treatment (Month), and the interaction term of Treatment×Month measured at each 

sampling.

‡
Model 2 included the variables in model 1 and mean-centered calcium.

§
Model 3 included the variables in model 2 and the interaction term of Treatment×Calcium. Consult results of Tables 3–4 for rationale for testing 

Treatment×Calcium.

‖
Model 4 included the variables in model 3 and age at entry to the study, race, and BMI measured at the time of each blood sampling.
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Table 5.

Estimated intervention effects of isoflavones conditioned on serum calcium levels on systolic blood pressure 

during treatment of women with isoflavones using amounts of genistein excreted in urine, as an example

Effects on systolic blood pressure (mmHg)*

Genistein (GE), mg/h (percentile)
Calcium, mg/dL (percentile)

1.46 (100th) 0.56 (90th) −0.05 (50th) −0.45 (10th) −1.15 (0th)

0.77 (100th) −13.07 −5.06 0.37 3.93 10.16

0.22 (90th) −2.69 −1.05 0.07 0.80 2.08

−0.06 (50th) 2.59 1.00 −0.08 −0.79 −2.03

−0.14 (10th) 4.10 1.58 −0.13 −1.25 −3.21

−0.17 (0th) 4.67 1.80 −0.14 −1.42 −3.65

Intervention effect
† −17.74 −6.86 0.51 5.35 13.81

*
Estimated using regression coefficients of genistein excretion (GE) as a predictor in Model 3 (Table 4); consult footnote of Table 3 for means used 

to center GE and calcium.

†
Comparing between excreting maximum and minimum GE.
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