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Abstract: Plant lignans and their microbial metabolites, e.g., enterolactone (ENL), may affect bile acid
(BA) metabolism through interaction with hepatic receptors. We evaluated the effects of a flaxseed
lignan extract (50 mg/day secoisolariciresinol diglucoside) compared to a placebo for 60 days each
on plasma BA concentrations in 46 healthy men and women (20–45 years) using samples from a
completed randomized, crossover intervention. Twenty BA species were measured in fasting plasma
using LC-MS. ENL was measured in 24-h urines by GC-MS. We tested for (a) effects of the intervention
on BA concentrations overall and stratified by ENL excretion; and (b) cross-sectional associations
between plasma BA and ENL. We also explored the overlap in bacterial metabolism at the genus level
and conducted in vitro anaerobic incubations of stool with lignan substrate to identify genes that are
enriched in response to lignan metabolism. There were no intervention effects, overall or stratified
by ENL at FDR < 0.05. In the cross-sectional analysis, irrespective of treatment, five secondary BAs
were associated with ENL excretion (FDR < 0.05). In vitro analyses showed positive associations
between ENL production and bacterial gene expression of the bile acid-inducible gene cluster and
hydroxysteroid dehydrogenases. These data suggest overlap in community bacterial metabolism of
secondary BA and ENL.

Keywords: lignans; bile acids; dietary intervention; enterolactone; microbiome

1. Introduction

Diets higher in fiber are associated with reduced risk of several chronic diseases, including many
cancers, cardiovascular disease, and obesity and related metabolic diseases [1–5]. Health benefits
of high-fiber foods may be attributed, in part, to microbial metabolites of plant lignans. Lignans
are polyphenols found in a variety of plant foods, including seeds, whole grains, legumes, fruits,
and vegetables. They can be converted to enterolignans (enterolactone (ENL) and enterodiol (END))
through gut microbial metabolism [6]. The enterolignans, and ENL in particular, possess a range
of biologic activities including anti-proliferative and anti-inflammatory effects, and modulation of
estrogen signaling, lipid metabolism, and bile acid regulation [7]. High inter-individual variation in
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metabolism of lignans has been observed under controlled conditions [8,9], and may influence the
level of exposure to the bioactive microbial metabolites and subsequent health-related outcomes.

Bile acids, derived from cholesterol in the liver, are released into the gut lumen in response to
ingestion of dietary fat. In the lower gastrointestinal tract, primary bile acids undergo microbial
metabolism to secondary bile acids, which have been positively associated with chronic disease,
e.g., liver disease and colorectal cancer [10,11]. There is growing recognition that both primary and
secondary bile acids are strong signaling molecules involved in metabolism. In the liver, intestine,
and other tissues, bile acids interact with the farnesoid-X receptor (FXR) and G-protein-coupled bile
acid receptor, more commonly known as TGR5, which contribute to glucose homeostasis and immune
regulation [12,13]. ENL interacts with nuclear receptors involved in bile acid metabolism and therefore
may mediate bile acid synthesis and metabolism [14]. These interactions between ENL and hepatic
receptors, and subsequent microbial activity, lead to a variety of secondary bile acid species [15],
and contribute to changes in bile acid pool size and composition.

Given the observation that ENL may affect synthesis and metabolism of bile acids, thereby
regulating downstream metabolic effects of bile acids, the primary goal of this analysis was to examine
the effects of a lignan intervention on plasma bile acid concentrations. Further, we determined
the association between plasma bile acids and ENL excretion cross-sectionally. We also conducted
an exploratory analysis, to evaluate whether there was overlap in metabolism at the taxon level.
We complemented our analyses with in vitro anaerobic incubations of stool with lignan substrate to
identify genes that are enriched in response to lignan metabolism.

2. Materials and Methods

2.1. Research Design

Data and biologic samples for the present analysis were derived from the FlaxFX study,
a randomized, double-blind, placebo-controlled crossover intervention comparing supplemental
flaxseed lignan extract to a placebo [16] (Figure S1). Each intervention period lasted 60 days with at
least a 60-day washout period between the two interventions. All study procedures and materials
were approved by the Fred Hutchinson Cancer Research Center (Fred Hutch) Institutional Review
Board, and informed, written consent was obtained from all participants prior to their starting the
study. The study was registered at http://www.clinicaltrials.gov as NCT01619020.

2.2. Participants

Details regarding recruitment have been published previously [16]. Briefly, healthy men and
women, aged 20 to 45 years, were recruited from the greater Seattle area between September 2012
and August 2016. Exclusion criteria included age <20 or >45 years, tobacco use, consumption of
>2 alcoholic beverages/day (equivalent to 720 mL beer, 240 mL wine, or 90 mL hard liquor), regular
use of prescription or over-the-counter medications, oral or IV antibiotic use within the past 3 months,
weight loss or gain of >4.5 kg in the past year, current or planned pregnancy, breastfeeding, chronic
medical illness, history of gastrointestinal disorder and cancer (other than non-melanoma skin cancer),
known allergy to nuts, seeds, and flaxseed, inability to swallow pills, and dietary fiber intake ≥20 g/day
as assessed using the Block Fruit/Vegetable/Fiber Screener (Nutrition Quest, Berkeley, CA, USA) [17].
The rationale for excluding individuals with higher fiber intakes was to reduce exposure to other plant
lignans associated with intake of high-fiber foods.

Participants who met the initial eligibility criteria completed a self-administered food frequency
questionnaire [18] and a health and demographic survey, and provided a stool sample. After completing
the stool collection, prospective participants also consumed the study flaxseed lignan extract for 3 days
and completed a 24-h urine collection on the third day in order to characterize participants as low- or
high-ENL excreters for randomization. Individuals still interested in participating in the intervention
underwent further screening before randomization, including a medical history, measurement of blood
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pressure and complete blood count, liver panel, chemistry panel, blood urea nitrogen, serum creatinine
measured in a fasting blood draw, and a urine pregnancy test in women [16].

2.3. Flaxseed Lignan Extract Supplement

Eligible participants were randomly assigned, blocked on sex and lignan-metabolism status
(i.e., ratio of ENL/ (secoisolariciresinol (SECO) + END + ENL) in 24-h urine after 3 days of a daily lignan
capsule), to the order in which they received the lignan extract or placebo. Participants consumed
the lignan extract capsule containing 50 mg secoisolariciresinol diglycoside (SDG) plus rice bran
(Barlene’s Organic Oils, Ferndale, WA, USA), or a visually identical placebo (only rice bran), as one
capsule by mouth daily for 60 days. Capsules were packaged by the manufacturer in sealed plastic
bottles with a count of 70 capsules per bottle, with all active capsules from the same lot. Separate
testing of the lignan extract in triplicate by HPLC [19] confirmed that the mean SDG content was
within specifications. The mean lariciresinol and pinoresinol (other plant lignans) content was 0.8 and
3.0 mg/capsule, respectively. During each intervention period, adherence to the study capsules was
monitored by pill count. Compliance based on capsules returned was 98% with only one participant
falling under 80% compliance during one study period (62% capsules returned during placebo period).

2.4. Specimen Collection

Fasting blood samples were collected at the baseline and at the end of each period after a 12-h
overnight fast. Blood was collected into vacutainer tubes containing EDTA and was processed and
stored as plasma at −80 ◦C using a standard protocol. Participants collected 24-h urine and stool
samples at the beginning and end of each intervention period. Stool samples were collected into
RNAlater for bacterial measures as described [16].

2.5. Laboratory Analyses

2.5.1. Plasma Bile Acids

Bile acid concentrations were carried out by liquid chromatography tandem mass spectrometry
(LC-MS/MS) as previously described [20]. Briefly, 200 µL plasma were combined with 600 µL
HPLC-grade methanol and 10 µL solution containing 10 µM of each stable-isotope labeled internal
standard (d4-IS): Cholic acid–2,2,4,4–D4 (CA-D4), deoxycholic acid–2,2,4,4–D4 (DCA-D4), glycocholic
acid–2,2,4,4–D4 (GCA-D4), and glycochenodeoxycholic acid–2,2,4,4–D4 (GCDCA-D4). The samples
were vortexed for 10 s, stored for 20 min at−20 ◦C. After centrifuge at 18,000× g for 15 min (4 ◦C), 650 µL
supernatant was dried at 30 ◦C in a Speed-Vac for 3 h. The samples were reconstituted in MeOH/H2O
(1:1, v/v) to 100 µL and centrifuged at 18,000× g for 5 min (4 ◦C). Ninety µL aliquots were transferred
into LC vials prior MS analysis. Chromatographic separation was performed using a Waters Acquity
I-Class system and a Waters X Select HSS T3 column (2.5 µm, 2.1 × 150 mm). The mobile phase A was
5 mM ammonium acetate in H2O, and mobile phase B was acetonitrile, both containing 0.1% acetic
acid. Gradient elution mode was as follows: 0.0–1.0 min, 75% A; 1.0–15.0 min, 5% A; 15.0–25.0 min,
5% A; 25.0–25.1 min, 75% A, 25.1–40.0 min 75% A. The flow rate was 0.3 mL/min, column temperature
40 ◦C, and injection volume 2 µL. Data were measured on a Waters Xevo TQ-S micro mass spectrometer
equipped with an electrospray ionization (ESI) source. The ESI conditions were as follows: Electrospray
negative ionization mode; voltage 2.0 kV; cone voltage 30 V; source offset 50 V; desolvation temperature
600 ◦C; cone gas flow 150 L·h−1; desolvation gas flow 1000 L·h−1. Mass measures of fifty-five bile
acids and the d4-IS were recorded using the multiple-reaction-monitoring (MRM) mode. The peak
areas were extracted from MRM peaks using Skyline software version 4.2.0. [21]. Absolute bile acid
concentrations were calculated using the ratio between the peak areas of each bile acid and the d4-IS
and the slope of the calibration curve built with bile acids standard compounds [22,23]. Intra- and
inter-assay CVs were 8.7 and 9.8, respectively.
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2.5.2. In Vitro Incubations

All participants were offered the opportunity to provide a fresh stool sample on the day of their
first blood draw for in vitro analysis. A subset of 9 participants were willing and able to provide a
sample. The stool was collected in a plastic tub, and within 30 min, brought into a Bactron Anaerobic
Chamber. Inside the chamber the stool was weighed and combined with anaerobic TCAP2 media
(Table S1) to a final concentration of 1.66% wt:vol. The stool was broken apart with a spatula and further
mixed with a stir bar and magnetic stir plate. The fecal suspension was then filtered through sterile
cheesecloth and electronically pipetted into 50 mL glass serum bottles in triplicate (20 mL aliquots).
The bottles were inoculated with SDG dissolved in 100% methanol (Thermo Fisher Scientific, Waltham,
MA, USA) to a final concentration of 6.55 µM SDG or left un-spiked (blank “control”). The bottles
were capped with rubber stoppers and fitted with aluminum seals. The bottle headspace was replaced
with 100% high-purity N2 for 10 min at the rate of 0.5–1.0 L/min. Bottles were placed in a rotating
incubator (C24 Incubator, New Brunswick Scientific, Enfield, CT, USA) and incubated at 37 ◦C/300 rpm
for 6–7 days.

Daily aliquots of fecal suspensions from individual incubating serum bottles were taken at
approximately the same time every day using the anaerobic technique and stored at −20 ◦C in aliquots
of 500 µL/day for lignan analysis and 100 µL/day for bacterial enumeration. Samples for DNA analysis
were taken on Day 1 and 24 h of the incubation, and stored at −80 ◦C. The Day 1 sample was two
pea-sized scoops of fresh stool dispersed in 5 mL sterile RNAlater (Thermo Fisher Scientific, Waltham,
MA, USA) collected in the anaerobic chamber during the previously described procedure. To collect
the 24 h incubation pellet, fecal suspensions from serum bottles were combined in a sterile 50 mL
centrifuge tube and spun down in a Beckman Coulter Centrifuge at 30× g/4 ◦C for 10 min, supernatant
was discarded, and the pellet was re-suspended with 5 mL sterile RNAlater for storage.

2.5.3. Lignans

SECO, END, and ENL were measured by gas chromatography–mass spectrometry in 24-h urine
samples collected at the end of each intervention period [16]. The lowest level of quantitation of the
3 analytes in 2 mL urine was 6.5 ng/mL. The mean intra- and inter-batch coefficients of variation for
quality control samples were 5.1 and 9.5% for SECO, 8.0 and 11.3% for END, and 4.8 and 6.0% for ENL,
respectively. The same method was used to measure these compounds in the in vitro incubations.
For each time point, the measured metabolite concentration was divided by inoculated substrate
concentration to calculate percent conversion.

2.5.4. Fecal Microbiome Nucleic Acid Extraction

Stool samples from the intervention collected in RNAlater were thawed and homogenized and
two subsamples were extracted for DNA following previously published protocols [24]. We also
extracted RNA and DNA from both the 24-h of the in vitro incubations and the stool used as an
inoculum for the incubations. Total RNA was extracted [25,26] after the addition of synthetic internal
standards [25] and bacterial mRNA was enriched [26–28]. The quality of the RNA was evaluated
using the Agilent 2100 Bioanalyzer (Agilent Technologies). mRNA amplification was performed using
MessageAmpII (Ambion, Foster City, CA, USA). cDNA was generated after addition of an in vitro
transcribed internal standard [29].

2.5.5. 16S rRNA Gene Sequencing

Participant stool samples from the baseline and end of each intervention period were analyzed by
paired-end sequencing of the V1–V3 region of the 16S rRNA gene, using the 27F mod forward
PCR primer sequence 5′-AGRGTTNGATCMTGGCTYAG-3′ and the 519R reverse PCR primer
sequence 5′-GTNTTACNGCGGCKGCTG-3′ [30] as described [24]. Sequencing was performed
(Molecular Research, Shallowater, TX, USA) on the MiSeq using the MiSeq Reagent Kit v3 following
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the manufacturer’s guidelines to obtain 2 × 300 bp paired-end reads (Illumina, San Diego, CA,
USA). FastQ files were exported and securely transferred to Fred Hutch (BaseSpace, Illumina) for
bioinformatic analysis. To classify bacterial taxonomy, sequences were processed using QIIME v 1.9,
as previously published, except that we used SILVA (release 132), and OTU picking was implemented
in Vsearch [16,24,31,32].

2.5.6. Stool and In Vitro Incubation Metagenomic and Metatranscriptomic Bioinformatic Analysis

Sequence reads were processed for bioinformatic analysis of the metagenomes and
metatranscriptomes with the KneadData v 0.5.1 quality control pipeline, which uses Trimmomatic
(version 0.36), BMTagger filtering, and decontamination algorithms to remove low-quality read bases
and host (human) reads, respectively [33]. Trimmomatic was run with parameters MAXINFO:80:0.5
and MINLEN:50. Functional profiling was performed using HUMAnN2 version 0.11.2 [34] with reads
de-paired and implementing Diamond [35] to map reads against UniRef90 [36]. Sequences per gene
family were counted, normalized for length and alignment quality, and linked to pathways using
MetaCyc [37]. For each participant, data matrices of the abundance of genes, gene families, and genes
in metabolic pathways were evaluated.

2.6. Statistical Analysis

Of the 55 bile acids assayed, 20 had sufficient concentrations to be reliably quantitated and retained
for analysis. For one individual, all three time points for muricholic acid were below the limit of
detection. These observations were imputed with the equivalent of half the lowest concentration for
this bile acid (0.25 nM). A very small value (1 × 10−4) was imputed for zero values for ENL (a total of
4). ENL was used for stratified analyses (below and above median: 22.1 µmol/24 h) and association
analyses, as it was found to be the most informative metabolite in the parent study [16]. Plasma bile
acids and urinary ENL were transformed using the natural logarithm to improve the normality of
distributions prior to analysis.

Linear mixed models were used to (a) test the effects of the flaxseed intervention on individual
bile acid concentrations; bile acid groups based on summing individual bile acids into categories of
primary, secondary, glycine-conjugated, and taurine-conjugated; and stratified by low- and high-ENL
excreters, as determined by below and above median excretion after the flaxseed extract intervention;
and (b) cross-sectionally determine the association between plasma bile acids and ENL. Analyses were
adjusted for age, sex, body mass index (BMI; kg/m2), intervention sequence, assay batch, and baseline
bile acid concentrations. One outlier with high baseline values for most bile acids was excluded from
intervention analyses but included in all cross-sectional analyses where the baseline was not included
in the model. Because dietary fat may affect bile acid concentrations, we further evaluated the inclusion
of mean dietary fat intakes at baseline. As point estimates did not differ, results are presented without
its inclusion. Potential carryover effects were assessed by including terms for the intervention sequence
and interaction of the intervention period. These terms were not found to be significant in any of the
models. Cross-sectional analyses were additionally adjusted for intervention and were not adjusted
for baseline bile acid concentrations or the intervention sequence. All associations were controlled for
multiple testing using the Benjamini–Hochberg algorithm [38], and false discovery rate (FDR) < 0.05
was considered significant.

There is a considerable overlap in the enzymatic reactions involved in metabolism of both lignans
and secondary bile acids, i.e., hydroxylation/dehydroxylation, epimerization, and deconjugation
reactions [39,40]. Given the association between ENL and bile acids irrespective of treatment,
we conducted an exploratory analysis examining the association between the gut microbial composition
at the end of placebo, representing an individual’s usual gut microbial composition, and 24-h urinary
ENL excretion and individual bile acids at the end of the lignan intervention. A less conservative
FDR of 10% was used for this analysis. Files of sequence counts for the gut microbiome were used
in statistical analysis. To account for the compositional nature of the microbial genera abundances
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(n = 147), we calculated the centered log-ratio (CLR) transformation [41]. Microbial DNA extracted from
two participants did not pass quality control, leaving a sample of n = 44 for this analysis. All analyses
were performed using Stata (StataCorp v16, College Station, TX, USA).

The metagenomic and metatranscriptomic sequencing of the in vitro samples resulted in an
average of 8.8 (3.5) and 9.4 (2.7 M) sequences before quality control (QC) and 8.8 (3.5) and 9.2 (2.7 M)
after QC. The average read length was 142 bp (5). We analyzed both genes and transcripts of genes
involved in secondary bile acid production in the stool and in vitro incubations of individuals that
produce ENL. Metagenomic and metatranscriptomic samples were assessed at 24 h of the in vitro
incubations and in stool samples used for the inoculum in the incubations. An overview of the relative
abundance of genes and transcripts was expressed as a relative percent of the total number of secondary
bile acid genes in the stool or in vitro samples. To normalize gene expression, we used the ratio
of reads per thousand (RPK) counts of metatranscriptome to metagenomic sequences (RNA/DNA)
from enzymes involved in secondary bile acid metabolism including 7 α and β hydroxysteroid
dehydrogenase (DHSH), 12 α DHSH, and the bile acid-inducible (bai) gene cluster (summed across all
genes in the cluster) (Table 1). Further, we assessed the relationship between the bacterial expression of
genes involved in secondary bile acids in the in vitro assays and gene expression of genes involved
in secondary bile acid production with baseline measurements of SECO, ENL, and END from the
sample participants.

Table 1. Enzymes involved in secondary bile acid synthesis.

Abbreviation Enzyme

BSH Choloylglycine Hydrolase (EC 3.5.1.24)
12aHSDH 12–alpha-hydroxysteroid dehydrogenase (EC 1.1.1.176)
7aHSDH 7–alpha-hydroxysteroid dehydrogenase (EC 1.1.1.159)
7bHSDH 7–beta-hydroxysteroid dehydrogenase (EC 1.1.1.201)
3aHSDH 3–alpha-hydroxysteroid dehydrogenase (EC 1.1.1.53)
3bHSDH 3–beta-hydroxysteroid dehydrogenase (EC 1.1.1.145

Bile acid inducible (Bai) Gene Cluster
BaiA NAD(P)-dependent 3–alpha-hydroxysteroid dehydrogenase (EC 1.1.1.50)
BaiB Bile acid-coenzyme A ligase (EC 6.2.1.7)

BaiCD NAD(H)-dependent 7–alpha-hydroxy–3–oxo-delta 4–cholenoic acid oxidoreductase
BaiE Bile acid 7–alpha dehydratase (EC 4.2.1.106)
BaiF Bile acid CoA-transferase (EC 2.8.3.25)
BaiG Bile acids transporter, MFS family
BaiH NAD(H)-dependent 7–beta-hydroxy–3–oxo-delta 4–cholenoic acid oxidoreductase
BaiI Bile acid 7–beta-dehydratase (EC 4.2.1.106)

CHSTR Cholesterol reductase (gene not known)

3. Results

Characteristics of the 46 participants overall and stratified by ENL excretion are given in Table 2.
Individual 24 h urinary ENL excretion at the end of the lignan intervention period varied among
participants, ranging from 0.8–196 µmol/24 h (Figure 1).

Overall, there were no differences in plasma bile acids after the lignan intervention after controlling
for FDR < 0.05; however, mean cholic acid (CA) concentrations tended to be lower after the lignan
intervention compared to the placebo (by 46%; P = 0.004; Table 3). Similarly, when evaluating the
effects of the intervention stratified by low- and high-ENL excreter status, there were no bile acids that
differed at FDR < 0.05, although mean glycoursodeoxycholic acid (GUDCA) and glycohyocholic acid
(GHCA) was lower in the high-ENL excreter group, taurolithocholic acid (TLCA) was higher among
low-ENL excreters, and CA was lower in both groups (P < 0.05 for all; Table 3). In the cross-sectional
analysis, irrespective of treatment, five secondary bile acids were significantly associated with ENL
(FDR < 0.05; Table 4), with one positive association: Isolithocholic acid (ILCA), and four inverse
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associations: GUDCA, glycohyodeoxycholic (GHDCA), hyodeoxycholic (HDCA), and muricholic
acid (MA).

Table 2. Characteristics of participants in the FlaxFX intervention study overall and stratified by ENL
excretion a.

Characteristic
All Participants Low ENL High ENL (n = 23)

(n = 46) (n = 23)

Female n (%) 23 (50.0) 11 (47.8) 12 (52.2)
Age (years) 32.1 (8.4) 33.1 (9.3) 31.1 (7.6)
BMI (kg/m2) 26.7 (5.8) 27.2 (7.1) 26.2 (4.3)

Energy intake (kcal/day) b 2067 (518) 2289 (602) 1865 (324)
Dietary fat (g/day) b 86 (30) 96 (34) 77 (23)

Dietary fiber (g/day) b 20.5 (7) 19.2 (7.2) 21.6 (6.7)
Dietary protein (g/day) b 86.9 (30.3) 99.8 (35.5) 74.6 (17.6)

Race/ethnicity (n)
American Indian 2 1 1

Asian 11 7 4
Black African American 2 1 1

Caucasian 28 12 16
Other (more than 1 race) 3 2 1

Urinary Enterolignans (µmol/24 h) c

SECO 0.4 (0.5) 0.5 (0.6) 0.3 (0.4)
END 1.1 (2.7) 1.2 (3) 1.1 (2.4)
ENL 7.6 (14.3) 4.1 (5) 11.1 (19.2)

Baseline plasma bile acid groups (nM) d

Σ Total bile acids 2630 (2515) 2623 (2652) 2639 (2428)
Σ Primary bile acids 1511 (1747) 1411 (1633) 1617 (1890)

Σ Secondary bile acids 1119 (984) 1212 (1173) 1022 (737)
Σ Total taurine-conjugated 293 (666) 193.6 (200) 397 (926)
Σ Total glycine-conjugated 1309 (1274) 1284 (1103) 1336 (1455)

a All values are baseline measures presented as means (SD) unless otherwise indicated. Low and high enterolactone
(ENL) defined by below and above median urinary excretion after the lignan flaxseed intervention period
(22.1 µmol/24 h). b Based on 3–day food records. N = 44 (n = 2 excluded based on biologically implausible energy
intakes). c Values at the end of the placebo intervention period; zeros imputed as half the lowest value for each
variable. d One person with high baseline bile acid concentrations omitted from bile acid totals. BMI, body mass
index; SECO, secoisolariciresinol; END, enterodiol; ENL, enterolactone.
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Figure 1. Urinary ENL excretion (24 h) in participants at the end of 60-day placebo (triangles) and
lignan (squares) intervention periods. Participants (n = 45) were categorized as low (open symbols)
and high (solid symbols) ENL excreters based on median ENL excretion after lignan supplementation
(22.1 µmol/24 h).
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Table 3. Effects of a flaxseed lignan supplement compared to placebo overall and stratified by ENL excretion on plasma bile acids in a randomized, controlled,
crossover intervention a.

Bile Acid
All Participants (n = 45) Low ENL (n = 23) High ENL (n = 22)

Placebo Flax P b Placebo Flax P b Placebo Flax P b

Primary
Σ Primary bile acids 1364 (960) 1202 (868) 0.18 1415 (865) 1337 (899) 0.72 1310 (1067) 1060 (830) 0.25

Cholic acid 262 (313) 142 (88) 0.004 275 (379) 134 (60) 0.04 284 (233) 149 (110) 0.04
Taurohyocholic acid 6.5 (4.0) 5.8 (3.9) 0.14 5.9 (3.3) 5.2 (2.4) 0.51 7.3 (4.6) 6.4 (5.1) 0.13

Glycocholic acid 273 (306) 269 (309) 0.62 234 (169) 286 (320) 0.94 315 (403) 252 (304) 0.44
Taurocholic acid 123 (188) 132 (182) 0.64 88.7 (58.8) 116 (137) 0.92 159 (250) 150 (220) 0.52

Chenodeoxycholic acid 430 (420) 388 (386) 0.85 518 (485) 501 (474) 0.96 338 (324) 270 (219) 0.84
Glycochenodeoxycholic acid 269 (217) 265 (232) 0.96 293 (224) 296 (234) 0.94 243 (212) 233 (231) 0.99

Secondary
Σ Secondary bile acids 1830 (726) 1802 (900) 0.34 1900 (819) 1961 (990) 0.51 1756 (626) 1635 (782) 0.91

Deoxycholic acid 480 (338) 453 (318) 0.86 486 (371) 487 (326) 0.49 473 (308) 417 (314) 0.23
Taurodeoxycholic acid 57.5 (62.2) 65.5 (84.5) 0.90 60.3 (71.8) 63.5 (88.8) 0.89 55.6 (51.8) 67.5 (81.8) 0.77
Glycodeoxycholic acid 311 (295) 311 (304) 0.72 344 (331) 331 (324) 0.84 275 (253) 290 (288) 0.75

Lithocholic acid 73.3 (40.1) 72.2 (49.6) 0.87 66.8 (45.2) 72.6 (46.1) 0.38 80.1 (33.5) 71.7 (32.4) 0.29
Glycolithocholic acid 69.4 (39.4) 65.0 (37.3) 0.63 70.1 (46.0) 66.5 (45.1) 0.90 68.6 (32.1) 63.4 (27.8) 0.54
Taurolithocholic acid 14.9 (7.0) 18.3 (15.1) 0.24 13.1 (6.8) 17.0 (9.1) 0.01 16.7 (6.8) 19.6 (19.7) 0.58

Isolithocholic acid 73.5 (33.0) 73.8 (32.6) 0.97 59.8 (24.2) 68.7 (36.3) 0.29 87.9 (35.4) 79.2 (28.1) 0.28
Glycoursodeoxycholic acid 146 (104) 134 (108) 0.17 169 (122) 155 (112) 0.82 122 (76) 112 (103) 0.05
Glycohyodeoxycholic acid 132 (91) 122 (90) 0.33 150 (105) 139 (92) 0.99 113 (69) 105 (87) 0.14

Hyodeoxycholic acid 106 (48) 107 (68) 0.46 108 (50) 124 (88) 0.96 104 (47) 77.8 (31.5) 0.16
Glycohyocholic acid 36.3 (27.4) 29.9 (25.1) 0.11 33.7 (28.6) 30.6 (29.6) 0.60 39.0 (26.4) 29.3 (20.0 0.03

5β-Cholanic acid-3β, 12α-diol 158 (81) 167 (102) 0.61 160 (79) 191 (117) 0.21 156 (85) 142 (81) 0.61
Muricholic acid 164 (124) 176 (172) 0.78 171 9137) 208 (202) 0.28 158 (111) 143 (131) 0.22

Tauro-α-muricholic acid 8.1 (9.6) 6.9 (8.7) 0.08 8.3 (10.5) 6.6 (9.8) 0.07 7.7 (8.8) 7.3 (7.6) 0.46
Σ Glycine-conjugated bile acids 1237 (925) 1196 (925) 0.62 1295 (876) 1304 (967) 0.95 1176 (860) 1084 (887) 0.15
Σ Taurine-conjugated bile acids 210 (231) 229 (260) 0.96 176 (134) 208 (228) 0.94 245 (301) 251 (293) 0.95

a Data presented as absolute nM concentrations (SD). Low and high enterolactone (ENL) defined by below and above median urinary excretion after the lignan flaxseed intervention period
(22.1 µmol/24 h). b Raw P values generated from linear mixed models evaluating the effects of intervention on bile acids, adjusted for age, sex, body mass index, treatment sequence,
baseline values, and batch. No intervention effects were significant at false discovery rate < 0.05. One outlier with high baseline values was excluded from these intervention analyses.
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Table 4. Cross-sectional association of plasma bile acids and enterolactone (ENL) excretion irrespective
of intervention (µmol/24 h urine; n = 46).

Bile Acid Type β SE P Value a

Glycoursodeoxycholic acid Secondary −0.2144 0.0455 2.39 × 10−6 *
Glycohyodeoxycholic acid Secondary −0.1964 0.0439 7.69 × 10−6 *

Isolithocholic acid Secondary 0.1095 0.0298 0.0002 *
Hyodeoxycholic acid Secondary −0.1095 0.0298 0.0002 *

Muricholic acid Secondary −0.1715 0.0513 0.0008 *
Lithocholic acid Secondary 0.0999 0.0397 0.01

Chenodeoxycholic acid Primary −0.1359 0.0628 0.03
Glycolithocholic acid Secondary 0.0654 0.0388 0.09
Taurolithocholic acid Secondary 0.0786 0.0434 0.07

Cholic acid Primary 0.0685 0.0475 0.15
5β-Cholanic acid-3β, 12α-diol Secondary −0.0431 0.0366 0.24
Glycochenodeoxycholic acid Primary −0.0701 0.0674 0.30

Taurodeoxycholic acid Secondary 0.0746 0.0815 0.36
Deoxycholic acid Secondary 0.0473 0.0537 0.38

Tauro-α-muricholic acid Secondary 0.0418 0.0825 0.61
Glycocholic acid Primary −0.0477 0.0759 0.53

Glycodeoxycholic acid Secondary 0.0256 0.0745 0.73
Glycohyocholic acid Secondary −0.0085 0.0496 0.86

Taurocholic acid Primary −0.0044 0.0773 0.95
Taurohyocholic acid Primary 0.0001 0.0416 1.00

a Linear mixed model evaluating the association of bile acids and ENL excretion (continuous), adjusted for age, sex,
body mass index, and batch for both time-points per person (n = 96 observations). * Statistically significant with
false discovery rate < 0.05.

In order to further investigate the role of the gut microbiome, and in particular the overlap between
gut bacterial genera associated with ENL and with bile acids, we explored potential associations
between the 147 genera in stool at the end of the placebo period and a) urinary ENL excretion and b)
the 20 plasma bile acids after the flaxseed lignan intervention. For this analysis, we used an FDR cutoff

of 0.1. Although no genera passed the FDR cutoff, four exhibited positive coefficients in the model
with ENL (Alistipes, Ruminococcus_2, and a bacterium in the Order Rhodospirallales) while Coprococcus_3
suggested an inverse association (Table S2). A total of 65 genera/bile acid associations exhibited a raw
P value < 0.01 and two secondary bile acids (GHDCA and GUDCA acid) were inversely associated
with Ruminiclostridium_6 at FDR < 0.1 (Table S2).

The stool microbiome capacity for in vitro conversion of SDG to ENL varied across participants
(Figure 2). A microbiome that produced ENL was also enriched in transcripts for enzymes involved in
secondary bile acid metabolism and gene expression was more variable than gene content (Figure 3a).
Although bile salt hydrolase, the bai gene cluster and 7α DHSH were present in all samples (Figure 3a),
and expression varied (Figure 3b). In contrast, 7β DHSH and 12α DHSH were not detected in all
samples, but 7β DHSH showed enriched expression in more of the in vitro samples (5 out of 9) which
produced ENL (Figure 3a,b). There was high inter-individual variability in the different types of
hydrolases involved in speciation of the secondary bile acids (Figure 3b).
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Figure 3. (a) The relative percent of bacterial genes and transcripts in the secondary bile acid pathway in
ENL producing stool and in vitro (IV) incubation samples (enzyme abbreviations in Table 1). (b) Gene
expression of bacterial enzymes normalized to gene content (RNA/DNA) involved in secondary bile
acid metabolism in ENL producing stool and in vitro (IV) incubation samples (enzyme abbreviations in
Table 1).

4. Discussion

In this ancillary study using data from a randomized, crossover trial, we found modest intervention
effects of a flaxseed lignan extract as compared to the placebo on circulating bile acids, mainly CA,
overall and by ENL excreter status. However, these effects did not remain significant after controlled
for multiple testing. In the cross-sectional analysis, irrespective of treatment, we observed robust
associations between ENL excretion and certain circulating secondary bile acids, particularly secondary
CA-derived species. These results likely reflect lower liver-derived CA available as substrate.

To date, evaluation of the effects of lignans on bile acids has only been conducted in animal
models, mainly in the context of cholestasis [42–46] or hepatocarcinogenesis [47,48]. In vitro, ENL has
been shown to inhibit cholesterol 7α hydroxylase (CYP7A1) activity, the enzyme involved in catalyzing
the rate-limiting step in the conversion of cholesterol to primary bile acids, [49]. In mice, lignans
downregulate liver-X receptor (LXR), the receptor regulating CYP7A1, through an AMP-activated
protein kinase-associated mechanism [50,51]. As a moderate activator of pregnane-X receptor (PXR),
ENL ligand-binding leads to differential hepatic oxidation and detoxification of secondary bile
acids, such as LCA and DCA [52,53]. Bile acids are strong signaling molecules which activate
FXR and TGR5 and contribute to the regulation of several systemic endocrine functions, including
lipid and glucose metabolism, immune responses, and energy metabolism [54]. Activation of FXR
varies, with chenodeoxycholic acid (CDCA) having the greatest potency, followed by LCA, DCA,
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and finally CA [54]. Conversely, TGR5 is mainly activated by the secondary bile acids, LCA and
TLCA [54]. Bile acids can also have pathologic effects in higher concentrations, particularly species
with higher hydrophobicity [55]. Therefore, changes in the composition of the bile acid pool may
impact health-related outcomes.

In the cross-sectional analysis, irrespective of treatment, there were strong associations between
ENL excretion and several secondary bile acid species, particularly CA-derived species which tended
to be consistent across analyses. For instance, GUDCA, GHDCA, and HDCA, were inversely associated
with ENL, while isolithocholic acid (ICA) was positively associated. GUDCA and GHCA were
also the two secondary bile acids that tended to be lower among high-ENL excreters with lignan
supplementation. These associations likely reflect lower CA availability. The branch point between
the production of CA versus CDCA requires the addition of a single hydroxyl group at the C–12
position of 7α-hydroxy–4–cholestene–3–one, catalyzed by the enzyme CYP8B1 [56]. This reaction leads
to the production of CA and controls the ratio of CA to CDCA. Phytochemicals can have a variety
of effects through several mechanisms, and numerous compounds have been shown to modulate
cytochrome P450 enzymes. For example, a study in mice showed that ellagic acid (a dilactone of
hexahydroxydiphenic acid) inhibited CYP8B1 mRNA 8-fold [57]. Thus, it is plausible that ENL is
modulating this CYP enzyme, leading to lower production of CA.

Much attention has been given to defining the hepatic biosynthesis of the primary bile acids
CDCA and CA [58] and the 7α-dehydroxylation of primary bile acids by bacteria with bai genes to
secondary bile acids, LCA and DCA [59,60]. Tertiary bile acid metabolism (i.e., further conversion of
secondary bile acids to additional metabolites in the liver) includes two pathways, 6α-hydroxylation
of LCA to HDCA catalyzed by CYP3A [61], and DCA conversion to HDCA via CYP3A6/3A7 [62].
If ENL down-regulates the amount of substrate converted to CA and CDCA, then the pools available
for conversion to tertiary HDCA would also be reduced. Moreover, detectable differences in glycine,
but not taurine, conjugates may be due to low circulating concentrations of taurine conjugates. Taurine
conjugates constituted roughly 11% of the bile acid pool in our data.

The bile acid composition of the human intestine is determined by multiple factors, including
the characteristics of the bioconversion reactions, the abundances of the bacterial taxa involved in
the reactions, and the availability of substrates/cofactors in the intestinal environment [63]. Our data
suggests that bacteria associated with fiber metabolism may impact secondary bile acid metabolism.
Alistipes and Ruminococcus were positively associated with ENL at P < 0.01. These organisms are
enriched in genes for complex glycan metabolism or fermentation to short-chain fatty acids associated
with fiber metabolism [64]. Although they have not be identified in ENL production per se [65,66],
they may be indicative of a habitual fiber-rich diet that would contain more lignan substrates. GUDCA
and GHDCA were inversely associated with Ruminiclostridium_6 at FDR < 0.1. Ruminiclostridium is also
associated with dietary fiber degradation which may impact the overall pool of bile acids available for
conversion to secondary bile acids [67,68]. There were some genera that were correlated with both ENL
and secondary or tertiary bile acids. For example, Coprococcus was positively associated with ENL and
HDCA and inversely with GHCA and tauro-α-MA, whereas Ruminococcus_2 was inversely associated
with ENL and MA. These associations suggest that the microbiome may impact host exposures by
altering the speciation of both secondary and tertiary bile acids and ENL.

Inter-individual variation in microbial transformation of lignans and bile acids is influenced by
variation in microbial gene content, strain variation in enzyme kinetics, and substrate availability [69].
The complete metabolism of lignans and bile acids to ENL and secondary bile acid species, respectively,
can occur in a single organism with the complete metabolic pathway or in a consortia of bacteria
whose genome content completes the full metabolic pathway [39,70]. The large number of bacteria
that expressed bile salt hydrolase (BSH) in stool or the in vitro incubations suggests that this is not a
rate limiting step in secondary bile acid production [71]. However, the high inter-individual variation
in the BSH and dehydrogenases suggests that the gut microbiome may influence inter-individual
variation in the speciation of secondary bile acids. The positive association between ENL production
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and gene expression of the bai cluster and dehydrogenases suggests overlap in community metabolism
of secondary bile acids and ENL. Additionally, gene expression for secondary bile acid metabolism was
enriched in the ENL, producing in vitro incubations. We identified Eggerthella lenta and Gordonibacter
pamelaceae in the in vitro incubations. Both of these organisms not only have a complete bai gene cluster
which is involved in the conversion of primary to secondary bile acids, but they have recently been
identified as part of a consortium of bacteria that produce ENL [69,70]. Our previous work showed
that the microbial composition at the baseline was positively associated with ENL production in this
cohort, reinforcing that the microbial community involved in ENL production may impact secondary
bile acid production [16].

To our knowledge, this is the first study to evaluate the effects of lignans on circulating bile acids
in humans. Strengths of the study include the robust randomized, crossover design with placebo
control, the measurement of a broad range of bile acid species, and the conservative analysis with
stringent correction for multiple testing. There are limitations worth noting. We lacked sufficient
power to detect significant effects of the lignan flaxseed intervention on many of the bile acids,
and concentrations of many bile acid species were below the limit of detection, particularly the
taurine-conjugated species, which are typically present in very low concentrations. Post-hoc power
calculations using data from this pilot study suggest that the minimum sample size needed to detect a
similar effect size for any of the 20 bile acids is 52 for CA, the primary bile acid which had the largest
difference between interventions (46%; 141 nM versus 262 nM), with larger sample sizes required for
the remaining bile acids. Despite these power and detection limitations, we observed lower mean CA,
GUDCA, and GHCA concentrations with lignan supplementation. Further, we analyzed bile acids in
fasting plasma. Given the homeostatic regulation of bile acids, we may not have adequately captured
intervention effects that may have occurred post-prandially. We also did not measure sulfated bile acid
species. Sulfation is an important elimination pathway and contributes to bile acid homeostasis [72,73].

Dietary factors such as fat and fiber intake play a role in determining bile acid concentrations [74,75];
these were not controlled in this study. As we recruited based on lower fiber intake, it is unlikely to be a
factor. While fat intake was lower among high-ENL excreters, considering the crossover study design,
this is also unlikely to contribute to our results, although it may have increased the variability across
individuals. Nonetheless, we conducted a sensitivity analyses adjusting for dietary fat in the statistical
models and found that point estimates were no different with or without adjustment. Our study
lacks fecal bile acid measures for comparison with plasma bile acid concentrations. Plasma bile acid
concentrations have been shown to reflect hepatic concentrations [76], however, it is not known how
they relate to concentrations in the gut lumen. FXR is widely distributed in various tissues, including
liver, intestine, and adipose, and it has been proposed that circulating bile acids are required for
maintaining FXR expression [77].

Regarding the exploratory analysis, in the intervention we were only able to evaluate associations
between ENL excretion and bile acids with gut bacteria at the genera level. Our in vitro experiments
and work by Heinken et al. [39] suggest that there are strain-level differences in metabolism and our
analysis using 16S rRNA may not have provided sufficient detail. While our in vitro incubations were
in a small subset of samples, they did show overlap in bacterial species that produce both ENL and
secondary bile acids, and that ENL production was associated with gene expression in secondary bile
acid pathways. Future application of this in vitro approach should use combinatorial incubations with
both SDG and bile acids to understand the impact of ENL metabolic mechanisms on secondary bile
acid speciation that may impact host exposures.

5. Conclusions

In conclusion, we found modest intervention effects of a flaxseed lignan extract on circulating CA
and its conjugates, overall and by ENL excreter status. In the cross-sectional analysis we observed robust
associations between ENL excretion and certain circulating secondary bile acids, particularly secondary
CA-derived species, possibly reflecting lower CA available as substrate. Our in vitro approach supports
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the application of metagenomic and metatranscriptomics to reveal the gene abundance and expression
of species and genes involved in ENL and bile acid metabolism. Analysis of these microbial pathways
within a larger controlled dietary intervention can provide the analytical rigor needed to unravel the
impact of ENL on bile acid metabolism and host health.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/6/1837/s1,
Figure S1: CONSORT diagram; Table S1: TCAP2 Media components for in vitro incubations; Table S2: Association
between gut bacterial genera at the end of placebo and ENL excretion and plasma bile acids after 60 days of
flaxseed lignan intervention (n = 44) a.
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