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Abstract

The gut microbiome may affect overall cardiometabolic health. Enterolactone is an entero-
lignan reflective of dietary lignan intake and gut microbiota composition and diversity that
can be measured in the urine. The purpose of this study was to examine the association
between urinary enterolactone concentration as a reflection of gut health and blood pres-
sure/risk of hypertension in a large representative sample from the US population. This anal-
ysis was conducted using data from the National Health and Nutrition Examination Survey
(NHANES) collected from January 1999 through December 2010. Variables of interest
included participant characteristics (including demographic, anthropometric and social/envi-
ronmental factors), resting blood pressure and hypertension history, and urinary enterolac-
tone concentration. 10,637 participants (45 years (SE = 0.3), 51.7% (SE = 0.6%) were
female) were included in analyses. In multivariable models adjusted for demographic, socio-
economic and behavioral/environmental covariates, each one-unit change in log-trans-
formed increase in enterolactone was associated with a 0.738 point (95% CI: -0.946, -0.529;
p<0.001) decrease in systolic blood pressure and a 0.407 point (95% ClI: -0.575, -0.239;
p<0.001) decrease in diastolic blood pressure. Moreover, in fully adjusted models, each
one-unit change in log-transformed enterolactone was associated with 8.2% lower odds of
hypertension (OR = 0.918; 95% CI: 0.892, 0.944; p<0.001). Urinary enterolactone, an indi-
cator of gut microbiome health, is inversely associated with blood pressure and hyperten-
sion risk in a nationally representative sample of U.S. adults.

Introduction

Hypertension, or high blood pressure, is a global epidemic [1], affecting 32% of women and
34% of men worldwide [2]. Hypertension is associated with damage to vital target organs, con-
tributing to higher rates of heart failure, kidney failure, nonalcoholic fatty liver disease, cogni-
tive decline, myocardial infarction, and stroke [3]. Blood pressure is modifiable and can be
improved by lifestyle factors such as diet. Increasing the consumption of lignans may be
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particularly advantageous for reducing hypertension risk. Lignans are a type of phytoestrogen
and are bioactive, phenolic plant compounds found in highest concentration in flax and ses-
ame seeds, with lower concentrations found in other seeds, grains, fruits, and vegetables. Once
the lignan is digested, bacteria in the gut metabolizes the compound into postbiotic entero-
lignans, which includes enterolactone and enterodiol [4-6]. Concentrations of these entero-
lignans can be measured in the blood or urine [4,5]. Thus, enterolignans are emerging as
important inferential biomarkers of health that reflect not only dietary lignan intake, but also
gut microbiota composition and diversity [7].

Enterolactone is the main circulating enterolignan [4]. Enterolactone levels measured in
blood and/or urine are inversely associated with inflammation, cardiometabolic and coronary
disease, and cardiovascular and all-cause mortality [8-12]. Blood pressure is an important
CVD risk factor, however its association with enterolactone is incompletely understood.
Small-scale studies note inverse associations between serum enterolactone and hypertension
risk [1]. In order to further substantiate the association of enterolactone as a potential bio-
marker of gut health and CVD risk, we set out to examine the association between urinary
enterolactone concentration and blood pressure/risk of hypertension in a large representative
sample from the US population. We further accounted for participant demographic character-
istics, biobehavioral factors, and environmental factors that may influence this association. We
hypothesized that increased urinary enterolactone concentration would be inversely associated
with both blood pressure and the risk of hypertension.

Materials and methods
Design

This study involved use of serial cross-sectional data from the first six continuous waves of the
National Health and Nutrition Examination Survey (NHANES) collected from January 1999
through December 2010. The NHANES is based on a nationally representative sample of the
non-institutionalized population of the United States. The data contains measures concur-
rently obtained from questionnaires, physical examinations, and urinary biomarker speci-
mens. NHANES procedures have been ethically approved by the National Center for Health
Statistics Ethics Review Board. Prior to any data collection, signed participant consent was
obtained from all individuals. NHANES participant data are de-identified and are publicly
available. Additional information on NHANES methodology and data collection can be
obtained from the NHANES website (https://www.cdc.gov/nchs/nhanes.htm). Further, all
NHANES survey response rates have been published elsewhere (https://wwwn.cdc.gov/nchs/
nhanes/ResponseRates.aspx). The study was reviewed by the University of Texas at San Anto-
nio Institutional Review Board and was determined to be research not involving human sub-
jects as defined in 45 CFR 46.104(3)(A).

Participants

Adult respondents 18 years of age and older were included in this study. Phytoestrogens,
including enterolactone, were obtained from urine samples on 1/3 random sample of
NHANES respondents. As a result, this study was limited to the phytoestrogen sub-sample
that included measurements for both enterodiol and enterolactone (n = 10,637), and 2/3 of the
total sample (n = 24,693) was excluded. In analyses of continuous blood pressure measures,
420 cases were excluded due to lack of valid blood pressure data.
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Measures

The dependent variables for this study were continuous systolic and diastolic blood pressure
readings and categorical indication of hypertension (yes/no). Three consecutive auscultatory
blood pressure readings were taken for each participant after a 5-minute resting period [13],
from which we calculated the average of 3 systolic and diastolic blood pressure readings.
Ascertainment of hypertension involved a composite approach based on any indication of
hypertension from (1) blood pressure readings based on the current American Heart Associa-
tion guidelines (Hypertension defined as systolic blood pressure >130 mmHg or diastolic
blood pressure > 80 mmHg) [14], (2) self-reported diagnosis of hypertension by a healthcare
professional, or (3) self-reported use of blood pressure medication. Blood pressure readings
are reported as mmHg.

Urinary enterolactone levels were assessed by enzymatic deconjugation with solid-phase
extraction and reverse-phase high-performance liquid chromatography [15,16]. Enterolactone
measurements are reported in ng/ml and were transformed using the natural log for analytical
purposes.

Covariates for this study included demographic, socioeconomic, anthropometric, and
behavioral measures. Demographic variables included age (as continuous variable), self-identi-
fied sex (male or female [reference]), race/ethnicity (Mexican American, Other Hispanic, non-
Hispanic Black, non-Hispanic White [reference], and Other Race (including multi-racial)),
and marital status (married/living with partner, widowed/divorced/separated, never married
[reference], or missing). Socioeconomic variables included household income level (<$20,000
per year[reference], $20,000 to $54,999, $55,000 or more, >$20,000 but unspecified amount,
or missing) and educational attainment (less than high school [reference], high school gradu-
ate or equivalent, some college, college graduate and more, or missing). Behavior and anthro-
pometric variables included smoking status (former smoker, current smoker, never smoked
[reference]), participation in moderate or vigorous activities in the past 30 days (yes, no [refer-
ence], missing), body mass index (18.5 and lower (underweight), 18.6 to 24.9 (normal) [refer-
ence], 25 to 29.9 (overweight), 30 and above (obese), and missing). Self-reported use of
antibiotic medications (yes or none reported [reference]) was also included as a possible con-
founder due to prior findings showing an association between antibiotics and enterolactone
levels [17].

Statistical analysis

Descriptive statistics are reported as mean and standard error (SE) for continuous variables, or
as percent and SE for categorical variables, and were compared using t-tests for continuous
data and Rao-Scott adjusted chi-square for categorical data. Enterolactone did not follow a
normal distribution and was transformed for analysis by taking the natural log of the raw
enterolactone measure, which approximated a normal distribution. Continuous systolic and
diastolic blood pressure data were analyzed using unadjusted and multivariable adjusted linear
regression models, and are reported as coefficient, 95% confidence interval (CI) and p-values.
Binary hypertension data were analyzed using unadjusted and multivariable adjusted logistic
regression models, and are reported as odds ratios (OR), 95% CI, and p-values. All data were
analyzed with adjustments for complex sample design and weighting. Estimates of mean sys-
tolic and diastolic blood pressure and hypertension prevalence from multivariable adjusted
models were plotted with 95% prediction intervals (PI). Data were analyzed using IBM SPSS
Statistics version 27 (Chicago, IL), and data visualizations were performed using R version
4.1.1 (R Foundation for Statistical Computing).
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Table 1. Weighted descriptive statistics by composite hypertension indicator (n = 10,637).

A total of 10,637 participants were included, with a mean age of 45 years (SE = 0.3), 51.7%
(SE = 0.6%) were female, and 70.2% (SE = 1.3%) were of non-Hispanic White racial/ethnic
background (Table 1). The weighted total prevalence of hypertension was 46.3% (SE = 0.7%).
Of the individuals with hypertension (either systolic > = 130 mmHg or diastolic > = 80
mmHg or self-reported diagnosis by a healthcare provider or self-reported taking blood

Total Sample Hypertension No Hypertension
Variables n=10,637 n=>5,172 n = 5,465 p-value
Enterolactone (natural log transformed) ng/mL, mean (SE) 5.5(0.03) 5.4 (0.03) 5.6 (0.04) <0.001
Age, mean (SE) 45.0 (0.3) 53.3 (0.4) 37.9(0.3) <0.001
Age Groups, percent (SE)
18-34 31.8(0.7) 14.2 (0.8) 46.9 (1.0) <0.001
35-49 30.2 (0.7) 27.8(0.9) 32.2(0.9)
50-64 22.5(0.6) 30.7 (0.8) 15.4 (0.7)
65 and older 15.6 (0.5) 27.3(0.9) 5.5(0.3)
Sex, percent (SE)
Female 51.7 (0.6) 47.2(0.9) 55.6 (0.8) <0.001
Male 48.3 (0.6) 52.8 (0.9) 44.4(0.8)
Race/Ethnicity, percent (SE)
Mexican American 7.9 (0.6) 5.6 (0.6) 9.9(0.7) <0.001
Other Hispanic 5.2 (0.8) 4.1(0.7) 6.1 (0.8)
Non-Hispanic Black 11.3 (0.7) 13.0 (0.9) 9.8 (0.7)
Non-Hispanic White 70.2 (1.3) 72.4 (1.4) 68.4 (1.4)
Other 5.3(0.4) 4.9 (0.5) 5.7 (0.5)
Marital Status, percent (SE)
Married/Living with Partner 61.3(0.8) 63.5(0.9) 59.3(1.1) <0.001
Widowed/Divorced/Separated 17.6 (0.6) 23.0 (0.9) 12.9 (0.6)
Never Married 18.2 (0.7) 11.2 (0.6) 24.2 (1.0)
Missing 3.0 (0.6) 2.2(0.7) 3.6 (0.5)
Education, percent (SE)
Less than High School Graduate 19.8 (0.7) 21.0 (0.9) 18.7 (0.7) 0.005
High School Graduate/or Equivalent 25.6 (0.7) 27.0 (1.0) 24.4 (1.0)
Some College/Associates Degree 30.6 (0.7) 29.8 (0.9) 31.4(0.9)
College Graduate or More 23.9 (0.9) 22.1(1.0) 25.4 (1.0)
Missing 0.1
Income to Poverty Ratio, percent (SE)
At or Below Poverty 13.4 (0.7) 12.4 (0.8) 14.3 (0.7) 0.01
1 to 3 Times Above Poverty 33.3(0.8) 35.0 (1.0) 31.8 (1.0)
>3 Times Above Poverty 46.3 (1.0) 45.6 (1.3) 46.9 (1.1)
Missing 7.0 (0.4) 7.0 (0.5) 7.0 (0.5)
Smoking Status, percent (SE)
Current Smoker 23.0(0.7) 20.1(0.9) 25.5(0.9) <0.001
Former Smoker 23.3 (0.6) 28.4 (0.8) 18.9 (0.9)
Never Smoked 50.0 (0.8) 50.4 (0.9) 49.6 (1.2)
Missing 3.7(0.2) 1.1 (0.2) 5.9(0.3)
Body Mass Index, percent (SE)
18.5 and lower (Underweight) 1.9(0.2) 1.2(0.2) 2.5(0.3) <0.001
18.6 to 24.9 (Normal Weight) 31.6 (0.7) 22.4(0.8) 39.5(0.8)
25 t0 29.9 (Overweight) 31.3 (0.6) 31.4(0.7) 31.2(0.9)
30 and above (Obese) 32.8(0.7) 42.6 (0.9) 22.4(0.8)
Missing 2.4(0.2) 2.4(0.3) 2.5(0.2)
Moderate Physical Activity Past 30 Days, percent (SE)
Yes 35.3(0.9) 33.4(1.0) 36.9 (1.1) <0.001
No 29.5(0.9) 31.1(1.1) 28.1(1.0)
Unable 1.4 (0.1) 2.3(0.3) 0.7 (0.1)
Missing 33.8 (1.3) 33.2(1.6) 34.3 (1.4)
Antibiotic Use, percent (SE)
Yes 1.4(0.2) 1.5(0.2) 1.3(02) 0.53
None Reported 98.6 (0.2) 98.5 (0.2) 98.7 (0.2)
https://doi.org/10.1371/journal.pone.0302254.t001
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pressure medication), 76.1% (SE = 0.8%) had measured hypertension at time of examination
(systolic > = 130 mmHg or diastolic > = 80 mmHg), 58.4% (SE = 1.0%) reported being told
by a healthcare provider that they had high blood pressure, and 46.7% (SE = 1.0%) reported
taking blood pressure medication. Individuals with hypertension had a higher mean age (53.3
years vs. 37.9 years; p<0.001), were more likely to be male (52.8% vs. 44.4%; p<0.001) and
more likely to be non-Hispanic Black (13.0% vs. 9.8%; p<0.001) or non-Hispanic White
(72.4% vs. 68.4%; p<0.001). Individuals with hypertension were also more likely to be mar-
ried/living with partner (63.5% vs. 59.3%; p<0.001) or widowed/divorced/separated (23.0% vs.
12.9%; p<0.001). Individuals with hypertension were less likely to have a college education
(22.1% vs. 25.4%; p = 0.005), live at or below poverty (12.4% vs. 14.3%; p = 0.01), be a current
smoker (20.1% vs. 25.5%; p<0.001), have a body mass index in the ‘normal range’ of 18.6 to
24.9 (22.4% vs. 39.5%; p<<0.001) and to have engaged in moderate physical activity in the past
30 days (33.4% vs. 36.9%; p<0.001). Mean enterolactone (natural log transformed) was also
lower for individuals with hypertension (5.4 vs. 5.6; p<0.001).

In linear regression models of continuous systolic and diastolic blood pressure, log-trans-
formed enterolactone was inversely associated with blood pressure, in unadjusted and multi-
variable adjusted models (Table 2). In unadjusted models, each one-unit change in log-
transformed increase in enterolactone was associated with a 0.582 point (95% CI: -0.817,
-0.347; p<0.001) lower systolic and a 0.366 point (95% CI: -0.520, -0.211; p<0.001) lower dia-
stolic blood pressure. In multivariable models adjusted for demographic, socioeconomic and
behavioral covariates, the association between enterolactone and blood pressure was not atten-
uated, rather it strengthened. Each one-unit change in log-transformed increase in enterolac-
tone was associated with a 0.738 point (95% CI: -0.946, -0.529; p<<0.001) decrease in systolic
blood pressure and a 0.407 point (95% CI: -0.575, -0.239; p<0.001) decrease in diastolic blood
pressure. Fig 1 illustrates the association between enterolactone and mean blood pressure lev-
els, showing a steady decrease in systolic and diastolic blood pressure as enterolactone
increases. For example, at 0.5 log ng/ml (1.65 ng/ml unlogged) mean systolic blood pressure is
125.7 (95% PI: 123.7, 127.8) and at 7 log ng/ml (1096.6 ng/ml unlogged) mean systolic blood
pressure falls to 120.9 (95% PI: 117.5, 124.4). Similarly, mean diastolic blood pressure is 72.6
(95% PI: 70.5, 74.7) at 0.5 log ng/ml, and falls to 69.9 (95% PI: 66.7, 73.1) at 7 log ng/ml (1096.6
ng/ml unlogged). Age, sex, race, ethnicity, marital status, education, smoking status, and BMI
were also associated with systolic and diastolic blood pressure levels (Table 2).

In unadjusted and multivariable adjusted logistic regression models of hypertension, log-
transformed enterolactone was associated with lower odds of hypertension (Table 3). In the
unadjusted model, each one-unit change in log-transformed enterolactone was associated with
5.4% lower odds of hypertension (OR = 0.946; 95% CI: 0.923, 0.970; p<0.001). Like the models
of continuous blood pressure, the enterolactone-hypertension association was strengthened in
the multivariable adjusted model. Each one-unit change in log-transformed enterolactone was
associated with 8.2% lower odds of hypertension (OR = 0.918; 95% CI: 0.892, 0.944; p<0.001).
The probability of hypertension decreases steadily as enterolactone levels increase (Fig 2). For
example, at 0.5 log ng/ml (1.65 ng/ml unlogged) the probability of hypertension was 0.57 (95%
PI: 0.47, 0.66) and at 7 log ng/ml (1096.6 ng/ml unlogged) the probability of hypertension is
0.43 (95% PI: 0.30, 0.57). Age, sex, race, ethnicity, smoking status, BMI and self-reported anti-
biotic use were also associated with hypertension (Table 3).

Discussion

The novel findings of this study are twofold: 1) Higher enterolactone concentration was associ-
ated with lower odds of hypertension and lower systolic and diastolic blood pressure in a large
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Table 2. Results of weighted, multivariable regression analyses of enterolactone by blood pressure (n = 10,217).

Systolic Blood Pressure Diastolic Blood Pressure
Variables Coefficient (95% CI); p value Coefficient (95% CI); p-value
Unadjusted:
Enterolactone (natural log transformed) -0.582 (-0.817, -0.347); <0.001 -0.366 (-0.520, -0.211); <0.001
Adjusted:
Enterolactone (natural log transformed) -0.738 (-0.946, -0.529); <0.001 -0.407 (-0.575, -0.239); <0.001
Age 0.540 (0.514, 0.567); <0.001 -0.015 (-0.038, 0.008); 0.198
Sex
Female (ref) 4.311 (3.611, 5.010); <0.001 3.613 (2.985, 4.242); <0.001
Male
Race/Ethnicity
Mexican American -0.291 (-1.185, 0.603); 0.520 -1.555 (-2.544, -0.566); 0.002
Other Hispanic -0.896 (-2.457, 0.664); 0.257 -0.042 (-1.261, 1.177); 0.945
Non-Hispanic Black 3.481 (2.562, 4.401); <0.001 1.539 (0.504, 2.574); 0.004
Non-Hispanic White (ref)
Other 1.760 (-0.097, 3.618); 0.063 1.492 (-0.077, 3.061); 0.062
Marital Status
Married/Living with Partner -2.295 (-3.046, -1.544); <0.001 3.114 (2.231, 3.997); <0.001
Widowed/Divorced/Separated -0.990 (-2.305, 0.325); 0.138 2.893 (1.861, 3.925); <0.001
Never Married (ref)
Missing -1.720 (-4.791, 1.351); 0.269 1.265 (-1.376, 3.906); 0.344
Education
Less than High School Graduate (ref)
High School Graduate/or Equivalent 0.289 (-0.900, 1.477); 0.631 1.384 (0.474, 2.295); 0.003
Some College/Associates Degree -0.474 (-1.771, 0.824); 0.470 1.674 (0.772, 2.576); <0.001
College Graduate or More -2.630 (-3.991, -1.268); <0.001 1.703 (0.633, 2.773); 0.002
Missing -0.219 (-17.132, 16.694); 0.980 7.434 (-3.131, 17.998); 0.166
Income to Poverty Ratio, percent (SE)
At or Below Poverty (ref)
1 to 3 Times Above Poverty -0.741 (-2.270, 0.787); 0.338 -1.335 (-2.420, -0.250); 0.016
>3 Times Above Poverty -1.352 (-2.770, 0.067); 0.062 0.170 (-0.989, 1.328); 0.772
Missing -0.406 (-2.237, 1.424); 0.660
Smoking Status
Current Smoker -1.599 (-2.521, -0.677); <0.001 -0.910 (-2.379, 0.558); 0.221
Former Smoker -1.830 (-2.828, -0.832); <0.001 -0.995 (-1.813,-0.177); 0.018
Never Smoked (ref) -0.560 (-1.410, 0.290); 0.194
Missing
Body Mass Index 2.730 (1.242, 4.218); <0.001 -5.080 (-6.783, -3.376); <0.001
18.5 and lower (Underweight)
18.6 to 24.9 (Normal Weight) (ref) -1.520 (-5.420, 2.381); 0.441 1.802 (-0.579, 4.183); 0.136
25 t0 29.9 (Overweight)
30 and above (Obese) 1.884 (0.954, 2.815); <0.001 1.249 (0.517, 1.981); 0.001
Missing 4.077 (3.147, 5.007); <0.001 3.062 (2.290, 3.835); <0.001
Moderate Physical Activity Past 30 Days 1.510 (-1.940, 4.960); 0.387 0.049 (-2.258, 2.356); 0.967
Yes
No (ref) 0.222 (-0.618, 1.062); 0.601 -0.441 (-1.349, 0.467); 0.337
Unable
Missing -0.429 (-4.396, 3.537); 0.830 -0.987 (-3.935, 1.961); 0.508
Antibiotic Use -2.330 (-3.278, -1.381); <0.001 -1.730 (-2.911, -0.550); 0.005
Yes
None Reported (ref) 3.081 (-0.217, 6.380); 0.067 0.271 (-2.219, 2.760); 0.83

https://doi.org/10.1371/journal.pone.0302254.t1002

representative cohort of U.S. adults, and 2) accounting for age, sex, race, ethnicity, marital sta-
tus, education, smoking status, and BMI strengthened, rather than attenuated, the association
between enterolactone and hypertension, as well as the relationship between enterolactone
and blood pressure. Therefore, enterolactone concentration may be a novel predictor of ele-
vated blood pressure and hypertension risk, which is strengthened when accounting for partic-
ipant demographic characteristics and environmental factors.

PLOS ONE | https://doi.org/10.1371/journal.pone.0302254 May 14, 2024 6/16


https://doi.org/10.1371/journal.pone.0302254.t002
https://doi.org/10.1371/journal.pone.0302254

PLOS ONE

Association of enterolactone with blood pressure and hypertension risk in NHANES

A. Systolic Blood Pressure
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Fig 1. Multivariable adjusted estimates of mean systolic (A) and diastolic (B) blood pressure levels at varying levels of
log-transformed enterolactone. Shaded area represents the 95% prediction interval.

https://doi.org/10.1371/journal.pone.0302254.g001

Higher enterolactone concentration may be a predictor of lower blood pressure due to its
association with the gut microbiota. Gut microorganisms are responsible for the metabolism
of lignans to enterolignans, and high urinary concentrations of enterolactone suggest favorable
gut microbial environment. High enterolactone levels have been shown to be inversely associ-
ated with cardiometabolic disease [8,9] and cardiovascular disease [11] and have been sug-
gested to mediate the relationship between diet quality and cardiometabolic health [18]. Our
findings support those of Lee et al. [1], in which higher tertiles of enterolactone concentration
were associated with lower prehypertension and hypertension risk among 229 pre/hyperten-
sive and 159 healthy Korean adults [1]. In the current study which used a sample of over
10,000 U.S. adults from NHANES, urinary enterolactone concentration was significantly
lower in hypertensive individuals compared to non-hypertensive individuals and lower levels
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Table 3. Results of weighted, unadjusted and multivariable adjusted logistic regression analyses of composite

hypertension (n = 10,637).

Variables

Unadjusted:

Enterolactone (natural log transformed)

Adjusted:

Enterolactone (natural log transformed)
Age
Sex
Female (ref)
Male
Race/Ethnicity
Mexican American
Other Hispanic
Non-Hispanic Black
Non-Hispanic White (ref)
Other
Marital Status
Married/Living with Partner
Widowed/Divorced/Separated
Never Married (ref)
Missing
Education
Less than High School Graduate (ref)
High School Graduate/or Equivalent
Some College/Associates Degree
College Graduate or More
Missing
Income to Poverty Ratio, percent (SE)
At or Below Poverty (ref)
1 to 3 Times Above Poverty
>3 Times Above Poverty
Missing
Smoking Status
Current Smoker
Former Smoker
Never Smoked (ref)
Missing
Body Mass Index
18.5 and lower (Underweight)
18.6 to 24.9 (Normal Weight) (ref)
25 t0 29.9 (Overweight)
30 and above (Obese)
Missing
Moderate Physical Activity Past 30 Days
Yes
No (ref)
Unable
Missing
Antibiotic Use
Yes
None Reported (ref)

https://doi.org/10.1371/journal.pone.0302254.1003

OR (95% CI); p-value
0.946 (0.923, 0.970); <0.001

0.918 (0.892, 0,944); <0.001
1.068 (1.064, 1.072); <0.001

1.805 (1.610, 2.024); <0.001
0.729 (0.623, 0.854); <0.001
0.712 (0.577, 0.879); 0.002
1.537 (1.295, 1.823); <0.001

1.189 (0.890, 1.588); 0.239

0.971 (0.825, 1.141); 0.715
0.993 (0.803, 1.229); 0.948

1.035 (0.680, 1.576); 0.870

1.129 (0.958, 1.330); 0.146
1.114 (0.930, 1.334); 0.237
0.947 (0.772, 1.160); 0.593
0.627 (0.045, 8.768); 0.726

0.810 (0.680, 0.965); 0.019
0.730 (0.612, 0.871); <0.001
0.649 (0.514, 0.821); <0.001

0.827 (0.711, 0.962); 0.014
0.859 (0.741, 0.995); 0.043

0.909 (0.633, 1.305); 0.601
0.949 (0.561, 1.607); 0.845

1.385 (1.195, 1.604); <0.001
2.797 (2.418, 3.234); <0.001
1.197 (0.834, 1.716); 0.325
0.948 (0.819, 1.097); 0.465

1.310 (0.789, 2.177); 0.293
0.805 (0.700, 0.926); 0.003

1.399 (1.039, 1.882); 0.027

were predictive of higher systolic blood pressure, diastolic blood pressure and hypertension
status. The results of the current analysis conflict with a previous study by Frankenfeld et al.
[8]. In this previous study that also utilized NHANES, higher enterolactone concentration was

not associated with high blood pressure (defined as a categorical variable). Discrepancy may
be related to differences in sample size (n = 2,260 adults in Frankenfeld et al.) as well as differ-
ences in independent variables that were included and/or excluded in statistical models. Previ-

ous work did not consider physical activity status, body mass index, marital status, and
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Fig 2. Multivariable adjusted probability of hypertension at varying levels of log-transformed enterolactone.
Shaded area represents the 95% prediction interval.

https://doi.org/10.1371/journal.pone.0302254.g002

income-to-poverty ratio, all of which may impact not only blood pressure, but diet and gut
health. Indeed, we noted that the addition of these demographic and biobehavioral factors to
our models strengthened, rather than attenuated, associations between enterolactone levels
and blood pressure. Taken together and our findings support an inverse association between
enterolactone and blood pressure / hypertension in a large sample of U.S. adults.

Inclusion of various demographic, biobehavioral and lifestyle factors strengthened, rather
than attenuated, the association between enterolactone and blood pressure. This may be taken
to suggest that these factors are moderators of the association between enterolactone and
blood pressure as they may impact overall hypertension risk as well as gut microbiota compo-
sition. For example, male sex, Black race, higher BMI, older age, and smoking increase the risk
for hypertension [19-24]. These same demographic, environmental and lifestyle factors also
impact the gut microbiota. Cigarettes are composed of multiple chemicals, each with their
own detrimental effect on the microbiome [25]. Higher BMI and obesity are also associated
with changes in the composition of the gut microbiota, which are known to contribute the
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development of obesity [26,27]. Since smoking and obesity result in unfavorable changes in
gut microbiota, they are all also associated with a decrease in enterolactone concentration [28-
31]. In contrast, physical activity, higher education, higher income, and being married is asso-
ciated with improved vascular outcomes and decreased risk for hypertension [3,32-35]. Physi-
cal activity and habitual exercise may have a favorable effect on the gut microbiome [36,37]. A
study by Xia et al. found spontaneous hypertensive rats had a significant decrease in systolic
blood pressure following a 12-week moderate exercise intervention that correlated with a
decreased abundance of several pathogenic microbial strains [38,39]. Higher education and
income may result in higher health literacy coupled with an enriched living environment
enabling access to healthier foods, promoting overall gut health. Thus, modifiable CVD risk
factors may also be modifiable gut health factors.

In addition to modifiable risk factors, there are non-modifiable risk factors that may influ-
ence the gut microbiota and thus risk for hypertension. For example, aging is associated with
altered gut microbiota composition with the loss of key taxa over time [40] as well as the addi-
tion of variants related to disease [40-42]. There are notable sex differences in gut microbiome
composition in both humans [43,44] and animals [45,46] and gut microbiome dysregulation
may be more strongly associated with blood pressure and hypertension risk in women com-
pared to men [47]. There may be racial variation in gut microbiome composition between
White and Black hypertensive individuals [48]. However, it should be noted that some racial
variation may be driven by systemic environmental factors related to socioeconomic status
like education and wealth that can influence lifestyle and thus gut microbiome composition
[49,50]. Taken together, our findings highlight that numerous interactive individual-level fac-
tors may moderate associations between enterolactone and blood pressure.

Our findings are biologically plausible due to the possible effects of enterolactone on blood
pressure regulation. Lignan-derived polyphenols such as enterolactone function as antioxi-
dants and are known to attenuate excess reactive oxygen species (ROS) production, thus
reducing oxidative stress [51]. This is important for maintaining the bioavailability of nitric
oxide (NO), a potent vasodilator that is needed to promote vascular endothelial function and
maintain optimal blood pressure [52]. In addition, enterolactone is a phytoestrogen, with has
been shown to have weak estrogenic properties [53], including activating tissue-specific estro-
gen receptors [54]. Estrogen is known to activate endothelial nitric oxide synthase via nonge-
nomic estrogen receptor alpha, thus increasing the production of NO [55]. However, whether
enterolactone acts similarly to endogenous estrogen, stimulating NO production via endothe-
lial nitric oxide synthase, has yet to be determined.

High enterolactone concentration is correlated with greater gut microbial diversity, which
may influence the development of hypertension [38]. Increased gut microbial diversity is asso-
ciated with enhanced production of short chain fatty acids (SCFA) such as acetate, butyrate,
and propionate, which play integral roles in maintaining host biological processes, including
blood pressure regulation [56]. Supplementation with SCFA may be a promising treatment of
endothelial dysfunction. For example, supplementation with acetate has been shown to
improve endothelial function and aortic stiffness in mice [57,58]. This is important to note as
age-associated increase in aortic stiffness and loss of endothelial-dependent vasodilation as
manifestations of vascular dysfunction are established precursors to the development of hyper-
tension [59,60]. Parenthetically, age-related gut dysbiosis significantly contributes to vascular
dysfunction [61] and age-related aortic stiffness and endothelial dysfunction can be amelio-
rated via fecal microbiota transplant (FMT) from young healthy mice to older mice [58,62].
Moreover, a study by Li et al. showed high blood pressure to be transferable between hyperten-
sive humans and germ-free mice via fecal transplantation, further illuminating a unique causal
role for gut microbial diversity as a risk factor for hypertension [14]. Taken together and these
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studies support that age-related changes to the gut microbiome with subsequent decreases in
SCFA and other metabolites like enterolignans may negatively affect vascular function and
affect blood pressure regulation.

The composition of the gut microbiome impacts the ability to process lignans. Intervention
studies have indicated that the foundation of the microbiome drives an individual’s capability
of converting lignan-rich dietary sources to enterolactone as observed in both serum and
urine levels [6,63-65]. Lampe et al. [6] demonstrated high enterolactone producing healthy
adults aged 20-45 years have a more robust gut microbial diversity compared to low enterolac-
tone excreters, independent of 60-day lignan supplementation. Additionally, Lagkouvardos
et al. [64] observed increased serum enterolactone following a one-week dietary intervention
but no change to dominant bacterial makeup in nine healthy males. A study conducted by
Hullar et al. [66] found a positive correlation between urinary enterolactone excretion and gut
microbial diversity. It appears that while additional lignan sources to the diet do increase
serum and urinary enterolactone levels, the ability to produce enterolactone is either impeded
or accelerated based on individual microbial diversity. For example, members of the genus
Klebsiella are more abundant in both non-enterolactone producers [7] and individuals with
hypertension [67]. Conversely, both Sawane et al. and Lampe et al. observed a more robust
abundance of the Ruminococcaceae genera (Firmicutes phylum) in enterolactone producers,
regardless of dietary intervention [6,7]. Thus, greater urinary enterolactone levels are not only
areflection of dietary lignan intake, but are a reflection of host gut microbial diversity.

The current study includes some limitations. We did not account for individual differences
in diet nor directly assess microbiome composition in the current analysis. In addition, recent
literature suggest menopause may impact decrease a women’s gut microbial diversity due to
the reduction of sex hormones, whereas prior to menopause, women have increased diversity
compared to men [68]. Therefore, this results in sex differences in the microbiome with aging
[68]. In addition, menopause is also associated with an increase in blood pressure and cardio-
vascular disease risk [69]. Therefore, whether menopause status among women included in
this analysis affects the association between urinary enterolactone concentration and blood
pressure/hypertension risk is unknown, particularly when age is included in the model. Future
studies should account for menopause status to determine if this may confound these associa-
tions. This was a cross sectional study and as such, causation cannot be inferred. Much of our
discussion considered the effect of enterolactone on blood pressure but it is also possible that
hypertension may alter gut health [70]. High blood pressure may cause intestinal damage and
increase gut permeability [71]. Moreover, prescribed antihypertensive medications share a bi-
directional relationship with the gut microbiome [72]. The composition of the gut microbiome
influences the pharmacokinetics of antihypertensive medications and these medications alter
microbial diversity [72]. This bi-directional relationship between the gut microbiome and anti-
hypertensive medications also differs across the type of medication prescribed, such as a cal-
cium-channel blocker versus an angiotensin II receptor blocker [72]. Additionally, antibiotic
use is associated with lower enterolactone levels 3-12 months following course completion,
further highlighting the impact of microbe diversity on lignin metabolism [17,73]. This com-
pounded with the basal capacity to produce enterolactone could elevate one’s risk of develop-
ing or exacerbating hypertension. Taken together, our findings should be interpreted with
care—enterolactone levels may be a reflection of gut dysbiosis as either a cause or consequence
of hypertension and its related sequela like obesity, poor diet, and physical inactivity.

In conclusion, urinary enterolactone may be a novel indicator for gut microbiome health
and hypertension risk in the general U.S population. This indicator is also strengthened, rather
than attenuated, by the inclusion of demographic, social and environmental factors,
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highlighting their moderating effect on the gut microbiome as well as blood pressure and
hypertension risk.

Supporting information

S1 Checklist.
(DOCX)

S1 File.
(XLSX)

Author Contributions

Conceptualization: Jeffrey T. Howard, Kevin S. Heffernan.
Formal analysis: Jeffrey T. Howard.

Supervision: Jeffrey T. Howard, Kevin S. Heffernan.

Writing - original draft: Cynthia M. Weiner, Shannon E. Khan, Caleb Leong,
Sushant M. Ranadive, Sara C. Campbell, Jeffrey T. Howard, Kevin S. Heffernan.

Writing - review & editing: Cynthia M. Weiner, Shannon E. Khan, Sushant M. Ranadive,
Sara C. Campbell, Jeffrey T. Howard, Kevin S. Heffernan.

References

1. LeeJ, KangJY, Ko KP, Park SK. The Association between Plasma Concentration of Phytoestrogens
and Hypertension within the Korean Multicenter Cancer Cohort. Nutrients. 2021 Dec 5; 13(12):4366.
https://doi.org/10.3390/nu13124366 PMID: 34959918

2. Zhou B, Carrillo-Larco RM, Danaei G, Riley LM, Paciorek CJ, Stevens GA, et al. Worldwide trends in
hypertension prevalence and progress in treatment and control from 1990 to 2019: a pooled analysis of
1201 population-representative studies with 104 million participants. The Lancet. 2021 Sep; 398
(10304):957-80. https://doi.org/10.1016/S0140-6736(21)01330-1 PMID: 34450083

3. OstchegaY, Fryar C, Nwankwo T, Nguyen D. Hypertension prevalence among adults aged 18 and
over: United States, 2017-2018. Hyattsville, MD: National Center for Health Statistics; 2020. Report
No.: NCHS Data Brief, no 364. PMID: 32487290

4. Peterson J, DwyerJ, Adlercreutz H, Scalbert A, Jacques P, McCullough ML. Dietary lignans: physiology
and potential for cardiovascular disease risk reduction: Nutrition Reviews®©, Vol. 68, No. 10. Nutrition
Reviews. 2010 Sep 28; 68(10):571-603.

5. Mullens DA, Ivanov I, Hullar MAJ, Randolph TW, Lampe JW, Chapkin RS. Personalized Nutrition Using
Microbial Metabolite Phenotype to Stratify Participants and Non-Invasive Host Exfoliomics Reveal the
Effects of Flaxseed Lignan Supplementation in a Placebo-Controlled Crossover Trial. Nutrients. 2022
Jun 8; 14(12):2377. https://doi.org/10.3390/nu14122377 PMID: 35745107

6. LampeJW, KimE, Levy L, Davidson LA, Goldsby JS, Miles FL, et al. Colonic mucosal and exfoliome
transcriptomic profiling and fecal microbiome response to a flaxseed lignan extract intervention in
humans. The American Journal of Clinical Nutrition. 2019 Aug; 110(2):377-90. https://doi.org/10.1093/
ajcn/nqy325 PMID: 31175806

7. Sawane K, Hosomi K, Park J, Ookoshi K, Nanri H, Nakagata T, et al. Identification of Human Gut Micro-
biome Associated with Enterolignan Production. Microorganisms. 2022 Oct 31; 10(11):2169. https://
doi.org/10.3390/microorganisms10112169 PMID: 36363762

8. Frankenfeld CL. Cardiometabolic Risk Factors Are Associated with High Urinary Enterolactone Concen-
tration, Independent of Urinary Enterodiol Concentration and Dietary Fiber Intake in Adults. The Journal
of Nutrition. 2014 Sep; 144(9):1445-53. https://doi.org/10.3945/jn.114.190512 PMID: 24966407

9. Struja T, Richard A, Linseisen J, Eichholzer M, Rohrmann S. The association between urinary phytoes-
trogen excretion and components of the metabolic syndrome in NHANES. Eur J Nutr. 2014 Sep; 53
(6):1371-81. https://doi.org/10.1007/s00394-013-0639-y PMID: 24378981

10. Vanharanta M, Voutilainen S, Lakka TA, Van Der Lee M, Adlercreutz H, Salonen JT. Risk of acute coro-
nary events according to serum concentrations of enterolactone: a prospective population-based case-

PLOS ONE | https://doi.org/10.1371/journal.pone.0302254 May 14, 2024 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302254.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302254.s002
https://doi.org/10.3390/nu13124366
http://www.ncbi.nlm.nih.gov/pubmed/34959918
https://doi.org/10.1016/S0140-6736(21)01330-1
http://www.ncbi.nlm.nih.gov/pubmed/34450083
http://www.ncbi.nlm.nih.gov/pubmed/32487290
https://doi.org/10.3390/nu14122377
http://www.ncbi.nlm.nih.gov/pubmed/35745107
https://doi.org/10.1093/ajcn/nqy325
https://doi.org/10.1093/ajcn/nqy325
http://www.ncbi.nlm.nih.gov/pubmed/31175806
https://doi.org/10.3390/microorganisms10112169
https://doi.org/10.3390/microorganisms10112169
http://www.ncbi.nlm.nih.gov/pubmed/36363762
https://doi.org/10.3945/jn.114.190512
http://www.ncbi.nlm.nih.gov/pubmed/24966407
https://doi.org/10.1007/s00394-013-0639-y
http://www.ncbi.nlm.nih.gov/pubmed/24378981
https://doi.org/10.1371/journal.pone.0302254

PLOS ONE

Association of enterolactone with blood pressure and hypertension risk in NHANES

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

control study. The Lancet. 1999 Dec; 354(9196):2112-5. https://doi.org/10.1016/S0140-6736(99)
05031-X PMID: 10609816

Vanharanta M, Voutilainen S, Rissanen TH, Adlercreutz H, Salonen JT. Risk of Cardiovascular Dis-
ease—Related and All-Cause Death According to Serum Concentrations of Enterolactone: Kuopio
Ischaemic Heart Disease Risk Factor Study. Arch Intern Med. 2003 May 12; 163(9):1099. https://doi.
org/10.1001/archinte.163.9.1099 PMID: 12742810

Eriksen AK, Kyra C, Narskov NP, Frederiksen K, Bach Knudsen KE, Overvad K, et al. Pre-diagnostic
plasma enterolactone concentrations are associated with lower mortality among individuals with type 2
diabetes: a case-cohort study in the Danish Diet, Cancer and Health cohort. Diabetologia. 2019 Jun; 62
(6):959-69. https://doi.org/10.1007/s00125-019-4854-9 PMID: 30963187

Ostchega Y, Prineas RJ, Paulose-Ram R, Grim CM, Willard G, Collins D. National health and nutrition
examination survey 1999-2000: effect of observer training and protocol standardization on reducing
blood pressure measurement error. Journal of Clinical Epidemiology. 2003 Aug; 56(8):768-74. https://
doi.org/10.1016/s0895-4356(03)00085-4 PMID: 12954469

Whelton PK, Carey RM, Aronow WS, Casey DE, Collins KJ, Dennison Himmelfarb C, et al. 2017 ACC/
AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for the Prevention, Detection,
Evaluation, and Management of High Blood Pressure in Adults: A Report of the American College of
Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. Hypertension
[Internet]. 2018 Jun [cited 2022 Jan 4];71(6). Available from: https://www.ahajournals.org/doi/10.1161/
HYP.0000000000000065

Barnes S, Coward L, Kirk M, Sfakianos J. HPLC-Mass Spectrometry Analysis of Isoflavones. Experi-
mental Biology and Medicine. 1998 Mar 1; 217(3):254—62.

National Health and Nutrition Examination Survey 1999-2000 Data Documentation, Codebook, and
Frequencies. Centers for Disease Control and Prevention; 2012.

Bolvig AK, Kyra C, Ngrskov NP, Eriksen AK, Christensen J, Tjgnneland A, et al. Use of antibiotics is
associated with lower enterolactone plasma concentration. Mol Nutr Food Res. 2016 Dec; 60
(12):2712-21. https://doi.org/10.1002/mnfr.201600566 PMID: 27500753

Koemel NA, Senior AM, Benmarhnia T, Holmes A, Okada M, Oulhote Y, et al. Diet Quality, Microbial
Lignan Metabolites, and Cardiometabolic Health among US Adults. Nutrients. 2023 Mar 15; 15(6):1412.
https://doi.org/10.3390/nu15061412 PMID: 36986142

Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, et al. Heart Disease and Stroke
Statistics—2015 Update: A Report From the American Heart Association. Circulation [Internet]. 2015
Jan 27 [cited 2023 Jul 6];131(4). Available from: https://doi.org/10.1161/CIR.0000000000000152
PMID: 25520374

Landi F, Calvani R, Picca A, Tosato M, Martone AM, Ortolani E, et al. Body Mass Index is Strongly
Associated with Hypertension: Results from the Longevity Check-up 7+ Study. Nutrients. 2018 Dec 13;
10(12):1976. https://doi.org/10.3390/nu10121976 PMID: 30551656

Ramirez LA, Sullivan JC. Sex Differences in Hypertension: Where We Have Been and Where We Are
Going. American Journal of Hypertension. 2018 Nov 13; 31(12):1247-54. https://doi.org/10.1093/ajh/
hpy148 PMID: 30299518

Aggarwal R, Chiu N, Wadhera RK, Moran AE, Raber |, Shen C, et al. Racial/Ethnic Disparities in Hyper-
tension Prevalence, Awareness, Treatment, and Control in the United States, 2013 to 2018. Hyperten-
sion. 2021 Dec; 78(6):1719-26. https://doi.org/10.1161/HYPERTENSIONAHA.121.17570 PMID:
34365809

Gao K, Shi X, Wang W. The life-course impact of smoking on hypertension, myocardial infarction and
respiratory diseases. Sci Rep. 2017 Jun 28; 7(1):4330. https://doi.org/10.1038/s41598-017-04552-5
PMID: 28659608

Husain K, Ansari RA, Ferder L. Alcohol-induced hypertension: Mechanism and prevention. WJC. 2014;
6(5):245. https://doi.org/10.4330/wjc.v6.i5.245 PMID: 24891935

Gui X, Yang Z, Li MD. Effect of Cigarette Smoke on Gut Microbiota: State of Knowledge. Front Physiol.
2021 Jun 17; 12:673341. https://doi.org/10.3389/fphys.2021.673341 PMID: 34220536

Aguirre M, Bussolo De Souza C, Venema K. The Gut Microbiota from Lean and Obese Subjects Con-
tribute Differently to the Fermentation of Arabinogalactan and Inulin. Loh G, editor. PLoS ONE. 2016 Jul
13; 11(7):e0159236.

Zhang Z, Mocanu V, Cai C, Dang J, Slater L, Deehan EC, et al. Impact of Fecal Microbiota Transplanta-
tion on Obesity and Metabolic Syndrome—A Systematic Review. Nutrients. 2019 Sep 25; 11(10):2291.
https://doi.org/10.3390/nu11102291 PMID: 31557953

Johnsen NF, Hausner H, Olsen A, Tetens |, Christensen J, Knudsen KEB, et al. Intake of Whole Grains
and Vegetables Determines the Plasma Enterolactone Concentration of Danish Women. The Journal
of Nutrition. 2004 Oct; 134(10):2691—7. https://doi.org/10.1093/jn/134.10.2691 PMID: 15465768

PLOS ONE | https://doi.org/10.1371/journal.pone.0302254 May 14, 2024 13/16


https://doi.org/10.1016/S0140-6736(99)05031-X
https://doi.org/10.1016/S0140-6736(99)05031-X
http://www.ncbi.nlm.nih.gov/pubmed/10609816
https://doi.org/10.1001/archinte.163.9.1099
https://doi.org/10.1001/archinte.163.9.1099
http://www.ncbi.nlm.nih.gov/pubmed/12742810
https://doi.org/10.1007/s00125-019-4854-9
http://www.ncbi.nlm.nih.gov/pubmed/30963187
https://doi.org/10.1016/s0895-4356(03)00085-4
https://doi.org/10.1016/s0895-4356(03)00085-4
http://www.ncbi.nlm.nih.gov/pubmed/12954469
https://www.ahajournals.org/doi/10.1161/HYP.0000000000000065
https://www.ahajournals.org/doi/10.1161/HYP.0000000000000065
https://doi.org/10.1002/mnfr.201600566
http://www.ncbi.nlm.nih.gov/pubmed/27500753
https://doi.org/10.3390/nu15061412
http://www.ncbi.nlm.nih.gov/pubmed/36986142
https://doi.org/10.1161/CIR.0000000000000152
http://www.ncbi.nlm.nih.gov/pubmed/25520374
https://doi.org/10.3390/nu10121976
http://www.ncbi.nlm.nih.gov/pubmed/30551656
https://doi.org/10.1093/ajh/hpy148
https://doi.org/10.1093/ajh/hpy148
http://www.ncbi.nlm.nih.gov/pubmed/30299518
https://doi.org/10.1161/HYPERTENSIONAHA.121.17570
http://www.ncbi.nlm.nih.gov/pubmed/34365809
https://doi.org/10.1038/s41598-017-04552-5
http://www.ncbi.nlm.nih.gov/pubmed/28659608
https://doi.org/10.4330/wjc.v6.i5.245
http://www.ncbi.nlm.nih.gov/pubmed/24891935
https://doi.org/10.3389/fphys.2021.673341
http://www.ncbi.nlm.nih.gov/pubmed/34220536
https://doi.org/10.3390/nu11102291
http://www.ncbi.nlm.nih.gov/pubmed/31557953
https://doi.org/10.1093/jn/134.10.2691
http://www.ncbi.nlm.nih.gov/pubmed/15465768
https://doi.org/10.1371/journal.pone.0302254

PLOS ONE

Association of enterolactone with blood pressure and hypertension risk in NHANES

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

Sonestedt E, Borgquist S, Ericson U, Gullberg B, Olsson H, Adlercreutz H, et al. Enterolactone Is Differ-
ently Associated with Estrogen Receptor B—Negative and—Positive Breast Cancer in a Swedish Nested
Case-Control Study. Cancer Epidemiology, Biomarkers & Prevention. 2008 Nov 1; 17(11):3241-51.

Halldin E, Eriksen AK, Brunius C, Da Silva AB, Bronze M, Hanhineva K, et al. Factors Explaining Inter-
personal Variation in Plasma Enterolactone Concentrations in Humans. Mol Nutr Food Res. 2019 Aug;
63(16):1801159. https://doi.org/10.1002/mnfr.201801159 PMID: 30817848

Morisset AS, Lemieux S, Veilleux A, Bergeron J, John Weisnagel S, Tchernof A. Impact of a lignan-rich
diet on adiposity and insulin sensitivity in post-menopausal women. Br J Nutr. 2009 Jan 13; 102(2):195—
200. https://doi.org/10.1017/S0007114508162092 PMID: 19586570

Huai P, Xun H, Reilly KH, Wang Y, Ma W, Xi B. Physical Activity and Risk of Hypertension: A Meta-Anal-
ysis of Prospective Cohort Studies. Hypertension. 2013 Dec; 62(6):1021-6. https://doi.org/10.1161/
HYPERTENSIONAHA.113.01965 PMID: 24082054

Shahu A, Herrin J, Dhruva SS, Desai NR, Davis BR, Krumholz HM, et al. Disparities in Socioeconomic
Context and Association With Blood Pressure Control and Cardiovascular Outcomes in ALLHAT.
JAHA. 2019 Aug 6; 8(15):€012277. https://doi.org/10.1161/JAHA.119.012277 PMID: 31362591

Schultz WM, Hayek SS, Samman Tahhan A, Ko Y, Sandesara P, Awad M, et al. Marital Status and Out-
comes in Patients With Cardiovascular Disease. JAHA. 2017 Dec 2; 6(12):e005890. https://doi.org/10.
1161/JAHA.117.005890 PMID: 29263033

Manfredini R, De Giorgi A, Tiseo R, Boari B, Cappadona R, Salmi R, et al. Marital Status, Cardiovascu-
lar Diseases, and Cardiovascular Risk Factors: A Review of the Evidence. Journal of Women’s Health.
2017 Jun; 26(6):624-32. https://doi.org/10.1089/jwh.2016.6103 PMID: 28128671

Campbell SC, Wisniewski PJI. Exercise is a Novel Promoter of Intestinal Health and Microbial Diversity.
Exercise and Sport Sciences Reviews. 2017 Jan; 45(1):41. https://doi.org/10.1249/JES.
0000000000000096 PMID: 27782912

Dowden RA, Wisniewski PJ, Longoria CR, Oydanich M, McNulty T, Rodriguez E, et al. Microbiota Medi-
ate Enhanced Exercise Capacity Induced by Exercise Training. Medicine & Science in Sports & Exer-
cise [Internet]. 2023 Mar 14 [cited 2023 Jul 19];Publish Ahead of Print. Available from: https://journals.
Iww.com/10.1249/MSS.0000000000003170 https://doi.org/10.1249/MSS.0000000000003170 PMID:
36924325

LiJ, Zhao F, Wang Y, Chen J, Tao J, Tian G, et al. Gut microbiota dysbiosis contributes to the develop-
ment of hypertension. Microbiome. 2017 Dec; 5(1):14. https://doi.org/10.1186/s40168-016-0222-x
PMID: 28143587

Longoria CR, Guers JJ, Campbell SC. The Interplay between Cardiovascular Disease, Exercise, and
the Gut Microbiome. RCM. 2022 Oct 27; 23(11):365.

Huang S, Haiminen N, Carrieri AP, Hu R, Jiang L, Parida L, et al. Human Skin, Oral, and Gut Micro-
biomes Predict Chronological Age. Grice EA, editor. mSystems. 2020 Feb 11; 5(1):e00630-19. https://
doi.org/10.1128/mSystems.00630-19 PMID: 32047061

Lee SH, Yun Y, Kim SJ, Lee EJ, Chang Y, Ryu S, et al. Association between Cigarette Smoking Status
and Composition of Gut Microbiota: Population-Based Cross-Sectional Study. JCM. 2018 Sep 14; 7
(9):282. https://doi.org/10.3390/jcm7090282 PMID: 30223529

Ghosh TS, Shanahan F, O'Toole PW. The gut microbiome as a modulator of healthy ageing. Nat Rev
Gastroenterol Hepatol. 2022 Sep; 19(9):565—-84. https://doi.org/10.1038/s41575-022-00605-x PMID:
35468952

Kim YS, Unno T, Kim BY, Park MS. Sex Differences in Gut Microbiota. World J Mens Health. 2020; 38
(1):48. https://doi.org/10.5534/wjmh.190009 PMID: 30929328

LvJ, Wang J, YuY, Zhao M, Yang W, Liu J, et al. Alterations of gut microbiota are associated with blood
pressure: a cross-sectional clinical trial in Northwestern China. J Transl Med. 2023 Jun 30; 21(1):429.
https://doi.org/10.1186/s12967-023-04176-6 PMID: 37391847

Kozik AJ, Nakatsu CH, Chun H, Jones-Hall YL. Age, sex, and TNF associated differences in the gut
microbiota of mice and their impact on acute TNBS colitis. Experimental and Molecular Pathology. 2017
Dec; 103(3):311-9. https://doi.org/10.1016/j.yexmp.2017.11.014 PMID: 29175304

Bridgewater LC, Zhang C, Wu Y, Hu W, Zhang Q, Wang J, et al. Gender-based differences in host
behavior and gut microbiota composition in response to high fat diet and stress in a mouse model. Sci
Rep. 2017 Sep 7; 7(1):10776. https:/doi.org/10.1038/s41598-017-11069-4 PMID: 28883460

Virwani PD, Qian G, Hsu MSS, Pijarnvanit TKKTS, Cheung CNM, Chow YH, et al. Sex Differences in
Association Between Gut Microbiome and Essential Hypertension Based on Ambulatory Blood Pres-
sure Monitoring. Hypertension. 2023 Jun; 80(6):1331—-42. https://doi.org/10.1161/
HYPERTENSIONAHA.122.20752 PMID: 37073724

PLOS ONE | https://doi.org/10.1371/journal.pone.0302254 May 14, 2024 14/16


https://doi.org/10.1002/mnfr.201801159
http://www.ncbi.nlm.nih.gov/pubmed/30817848
https://doi.org/10.1017/S0007114508162092
http://www.ncbi.nlm.nih.gov/pubmed/19586570
https://doi.org/10.1161/HYPERTENSIONAHA.113.01965
https://doi.org/10.1161/HYPERTENSIONAHA.113.01965
http://www.ncbi.nlm.nih.gov/pubmed/24082054
https://doi.org/10.1161/JAHA.119.012277
http://www.ncbi.nlm.nih.gov/pubmed/31362591
https://doi.org/10.1161/JAHA.117.005890
https://doi.org/10.1161/JAHA.117.005890
http://www.ncbi.nlm.nih.gov/pubmed/29263033
https://doi.org/10.1089/jwh.2016.6103
http://www.ncbi.nlm.nih.gov/pubmed/28128671
https://doi.org/10.1249/JES.0000000000000096
https://doi.org/10.1249/JES.0000000000000096
http://www.ncbi.nlm.nih.gov/pubmed/27782912
https://journals.lww.com/10.1249/MSS.0000000000003170
https://journals.lww.com/10.1249/MSS.0000000000003170
https://doi.org/10.1249/MSS.0000000000003170
http://www.ncbi.nlm.nih.gov/pubmed/36924325
https://doi.org/10.1186/s40168-016-0222-x
http://www.ncbi.nlm.nih.gov/pubmed/28143587
https://doi.org/10.1128/mSystems.00630-19
https://doi.org/10.1128/mSystems.00630-19
http://www.ncbi.nlm.nih.gov/pubmed/32047061
https://doi.org/10.3390/jcm7090282
http://www.ncbi.nlm.nih.gov/pubmed/30223529
https://doi.org/10.1038/s41575-022-00605-x
http://www.ncbi.nlm.nih.gov/pubmed/35468952
https://doi.org/10.5534/wjmh.190009
http://www.ncbi.nlm.nih.gov/pubmed/30929328
https://doi.org/10.1186/s12967-023-04176-6
http://www.ncbi.nlm.nih.gov/pubmed/37391847
https://doi.org/10.1016/j.yexmp.2017.11.014
http://www.ncbi.nlm.nih.gov/pubmed/29175304
https://doi.org/10.1038/s41598-017-11069-4
http://www.ncbi.nlm.nih.gov/pubmed/28883460
https://doi.org/10.1161/HYPERTENSIONAHA.122.20752
https://doi.org/10.1161/HYPERTENSIONAHA.122.20752
http://www.ncbi.nlm.nih.gov/pubmed/37073724
https://doi.org/10.1371/journal.pone.0302254

PLOS ONE

Association of enterolactone with blood pressure and hypertension risk in NHANES

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Walejko JM, Kim S, Goel R, Handberg EM, Richards EM, Pepine CJ, et al. Gut microbiota and serum
metabolite differences in African Americans and White Americans with high blood pressure. Interna-
tional Journal of Cardiology. 2018 Nov; 271:336-9. https://doi.org/10.1016/j.ijcard.2018.04.074 PMID:
30049487

Williams DR, Priest N, Anderson NB. Understanding associations among race, socioeconomic status,
and health: Patterns and prospects. Health Psychology. 2016 Apr; 35(4):407—11. https://doi.org/10.
1037/hea0000242 PMID: 27018733

Bowyer R, Jackson M, Le Roy C, Ni Lochlainn M, Spector T, Dowd J, et al. Socioeconomic Status and
the Gut Microbiome: A TwinsUK Cohort Study. Microorganisms. 2019 Jan 11; 7(1):17. https://doi.org/
10.3390/microorganisms7010017 PMID: 30641975

Polat Kose L, Gulcin I. Evaluation of the Antioxidant and Antiradical Properties of Some Phyto and
Mammalian Lignans. Molecules. 2021 Nov 24; 26(23):7099. https://doi.org/10.3390/
molecules26237099 PMID: 34885681

Stauss HM, Persson PB. Role of Nitric Oxide in Buffering Short-Term Blood Pressure Fluctuations.
Physiology. 2000 Oct; 15(5):229-33. https://doi.org/10.1152/physiologyonline.2000.15.5.229 PMID:
11390916

Wang LQ. Mammalian phytoestrogens: enterodiol and enterolactone. Journal of Chromatography B.
2002 Sep; 777(1-2):289-309. https://doi.org/10.1016/s1570-0232(02)00281-7 PMID: 12270221

Penttinen P, Jaehrling J, Damdimopoulos AE, Inzunza J, Lemmen JG, Van Der Saag P, et al. Diet-
Derived Polyphenol Metabolite Enterolactone Is a Tissue-Specific Estrogen Receptor Activator. Endo-
crinology. 2007 Oct 1; 148(10):4875—-86. https://doi.org/10.1210/en.2007-0289 PMID: 17628008

Chen Z, Yuhanna IS, Galcheva-Gargova Z, Karas RH, Mendelsohn ME, Shaul PW. Estrogen receptor
o mediates the nongenomic activation of endothelial nitric oxide synthase by estrogen. J Clin Invest.
1999 Feb 1; 103(3):401-6.

Huart J, Leenders J, Taminiau B, Descy J, Saint-Remy A, Daube G, et al. Gut Microbiota and Fecal Lev-
els of Short-Chain Fatty Acids Differ Upon 24-Hour Blood Pressure Levels in Men. Hypertension. 2019
Oct; 74(4):1005—13. https://doi.org/10.1161/HYPERTENSIONAHA.118.12588 PMID: 31352822

Lindquist A, Greenberg N, Longtine A, VanDongen N, Mahoney S, Clayton Z, et al. Oral Supplementa-
tion with the Short-Chain Fatty Acid Acetate Ameliorates Age-Related Aortic Stiffening in Mice. Physiol-
ogy. 2023 May; 38(S1):5732615.

Greenberg N, VanDongen N, Gioscia-Ryan R, Casso A, Hutton D, Clayton Z, et al. Age-related Aortic
Stiffness Can Be Transferred and Ameliorated via Fecal Microbiota Transplant in Mice. Innovation in
Aging. 2021 Dec 17; 5(Supplement_1):823—4.

Guo X, Lu X, Yang J, Kassab GS. Increased aortic stiffness elevates pulse and mean pressure and
compromises endothelial function in Wistar rats. American Journal of Physiology-Heart and Circulatory
Physiology. 2014 Sep 15; 307(6):H880-7. https://doi.org/10.1152/ajpheart.00265.2014 PMID:
25038146

Schulz E, Gori T, Miinzel T. Oxidative stress and endothelial dysfunction in hypertension. Hypertens
Res. 2011 Jun; 34(6):665—73. https://doi.org/10.1038/hr.2011.39 PMID: 21512515

Brunt VE, Gioscia-Ryan RA, Richey JJ, Zigler MC, Cuevas LM, Gonzalez A, et al. Suppression of the
gut microbiome ameliorates age-related arterial dysfunction and oxidative stress in mice. J Physiol.
2019 May; 597(9):2361-78. https://doi.org/10.1113/JP277336 PMID: 30714619

VanDongen NS, Gioscia-Ryan RA, Frye JN, Casso AG, Zigler MC, Seals DR, et al. Transfer of Young
Gut Microbiota Ameliorates Age- and Western-Style Diet-Related Vascular Endothelial Dysfunction in
Mice. FASEB j [Internet]. 2019 Apr [cited 2023 Jul 6];33(S1). Available from: https://onlinelibrary.wiley.
com/doi/10.1096/fasebj.2019.33.1_supplement.828.16

McCann SE, Hullar MAJ, Tritchler DL, Cortes-Gomez E, Yao S, Davis W, et al. Enterolignan Production
in a Flaxseed Intervention Study in Postmenopausal US Women of African Ancestry and European
Ancestry. Nutrients. 2021 Mar 12; 13(3):919. https://doi.org/10.3390/nu13030919 PMID: 33809130

Lagkouvardos I, Klaring K, Heinzmann SS, Platz S, Scholz B, Engel KH, et al. Gut metabolites and bac-
terial community networks during a pilot intervention study with flaxseeds in healthy adult men. Mol Nutr
Food Res. 2015 Aug; 59(8):1614—-28. https://doi.org/10.1002/mnfr.201500125 PMID: 25988339

Knust U, Spiegelhalder B, Strowitzki T, Owen RW. Contribution of linseed intake to urine and serum
enterolignan levels in German females: A randomised controlled intervention trial. Food and Chemical
Toxicology. 2006 Jul; 44(7):1057—64. https://doi.org/10.1016/}.fct.2005.12.009 PMID: 16494982

Hullar MAJ, Lancaster SM, Li F, Tseng E, Beer K, Atkinson C, et al. Enterolignan-Producing Pheno-
types Are Associated with Increased Gut Microbial Diversity and Altered Composition in Premeno-
pausal Women in the United States. Cancer Epidemiology, Biomarkers & Prevention. 2015 Mar 1; 24
(3):546-54. https://doi.org/10.1158/1055-9965.EPI-14-0262 PMID: 25542830

PLOS ONE | https://doi.org/10.1371/journal.pone.0302254 May 14, 2024 15/16


https://doi.org/10.1016/j.ijcard.2018.04.074
http://www.ncbi.nlm.nih.gov/pubmed/30049487
https://doi.org/10.1037/hea0000242
https://doi.org/10.1037/hea0000242
http://www.ncbi.nlm.nih.gov/pubmed/27018733
https://doi.org/10.3390/microorganisms7010017
https://doi.org/10.3390/microorganisms7010017
http://www.ncbi.nlm.nih.gov/pubmed/30641975
https://doi.org/10.3390/molecules26237099
https://doi.org/10.3390/molecules26237099
http://www.ncbi.nlm.nih.gov/pubmed/34885681
https://doi.org/10.1152/physiologyonline.2000.15.5.229
http://www.ncbi.nlm.nih.gov/pubmed/11390916
https://doi.org/10.1016/s1570-0232(02)00281-7
http://www.ncbi.nlm.nih.gov/pubmed/12270221
https://doi.org/10.1210/en.2007-0289
http://www.ncbi.nlm.nih.gov/pubmed/17628008
https://doi.org/10.1161/HYPERTENSIONAHA.118.12588
http://www.ncbi.nlm.nih.gov/pubmed/31352822
https://doi.org/10.1152/ajpheart.00265.2014
http://www.ncbi.nlm.nih.gov/pubmed/25038146
https://doi.org/10.1038/hr.2011.39
http://www.ncbi.nlm.nih.gov/pubmed/21512515
https://doi.org/10.1113/JP277336
http://www.ncbi.nlm.nih.gov/pubmed/30714619
https://onlinelibrary.wiley.com/doi/10.1096/fasebj.2019.33.1_supplement.828.16
https://onlinelibrary.wiley.com/doi/10.1096/fasebj.2019.33.1_supplement.828.16
https://doi.org/10.3390/nu13030919
http://www.ncbi.nlm.nih.gov/pubmed/33809130
https://doi.org/10.1002/mnfr.201500125
http://www.ncbi.nlm.nih.gov/pubmed/25988339
https://doi.org/10.1016/j.fct.2005.12.009
http://www.ncbi.nlm.nih.gov/pubmed/16494982
https://doi.org/10.1158/1055-9965.EPI-14-0262
http://www.ncbi.nlm.nih.gov/pubmed/25542830
https://doi.org/10.1371/journal.pone.0302254

PLOS ONE

Association of enterolactone with blood pressure and hypertension risk in NHANES

67.

68.

69.

70.

71.

72.

73.

Avery EG, Bartolomaeus H, Maifeld A, Marko L, Wiig H, Wilck N, et al. The Gut Microbiome in Hyperten-
sion. Circulation Research. 2021 Apr 2; 128(7):934-50.

Peters B, Santoro N, Kaplan R, Qi Q. Spotlight on the Gut Microbiome in Menopause: Current Insights.
IJWH. 2022 Aug;Volume 14:1059-72. https://doi.org/10.2147/IJWH.S340491 PMID: 35983178

El Khoudary SR, Aggarwal B, Beckie TM, Hodis HN, Johnson AE, Langer RD, et al. Menopause Transi-
tion and Cardiovascular Disease Risk: Implications for Timing of Early Prevention: A Scientific State-
ment From the American Heart Association. Circulation [Internet]. 2020 Dec 22 [cited 2023 Jan 27];142
(25). Available from: https://www.ahajournals.org/doi/10.1161/CIR.0000000000000912 https://doi.org/
10.1161/CIR.0000000000000912 PMID: 33251828

Nakai M, Ribeiro RV, Stevens BR, Gill P, Muralitharan RR, Yiallourou S, et al. Essential Hypertension Is
Associated With Changes in Gut Microbial Metabolic Pathways: A Multisite Analysis of Ambulatory
Blood Pressure. Hypertension. 2021 Sep; 78(3):804—15. https://doi.org/10.1161/
HYPERTENSIONAHA.121.17288 PMID: 34333988

E Ntlahla E, Mo Mfengu M, A Engwa G, N Nkeh-Chungag B, R Sewani-Rusike C. Gut permeability is
associated with hypertension and measures of obesity but not with Endothelial Dysfunction in South
African youth. Afr H Sci. 2021 Sep 27; 21(3):1172-84.

Chen HQ, Gong JY, Xing K, Liu MZ, Ren H, Luo JQ. Pharmacomicrobiomics: Exploiting the Drug-Micro-
biota Interactions in Antihypertensive Treatment. Front Med. 2022 Jan 19; 8:742394. https://doi.org/10.
3389/fmed.2021.742394 PMID: 35127738

Adgent MA, Rogan WJ. Triclosan and prescription antibiotic exposures and enterolactone production in
adults. Environmental Research. 2015 Oct; 142:66—71. https://doi.org/10.1016/j.envres.2015.06.017
PMID: 26114916

PLOS ONE | https://doi.org/10.1371/journal.pone.0302254 May 14, 2024 16/16


https://doi.org/10.2147/IJWH.S340491
http://www.ncbi.nlm.nih.gov/pubmed/35983178
https://www.ahajournals.org/doi/10.1161/CIR.0000000000000912
https://doi.org/10.1161/CIR.0000000000000912
https://doi.org/10.1161/CIR.0000000000000912
http://www.ncbi.nlm.nih.gov/pubmed/33251828
https://doi.org/10.1161/HYPERTENSIONAHA.121.17288
https://doi.org/10.1161/HYPERTENSIONAHA.121.17288
http://www.ncbi.nlm.nih.gov/pubmed/34333988
https://doi.org/10.3389/fmed.2021.742394
https://doi.org/10.3389/fmed.2021.742394
http://www.ncbi.nlm.nih.gov/pubmed/35127738
https://doi.org/10.1016/j.envres.2015.06.017
http://www.ncbi.nlm.nih.gov/pubmed/26114916
https://doi.org/10.1371/journal.pone.0302254

