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Abstract

Enterolignans, products of gut bacterial metabolism of plant lignans, have been associated with
reduced risk of chronic diseases, but their association with other plasma metabolites is unknown.
We examined plasma metabolite profiles according to urinary enterolignan excretion in a cross-
sectional analysis using data from a randomized crossover, controlled feeding study. Eighty
healthy adult males and females completed two 28-day feeding periods differing by glycemic load,
refined carbohydrate, and fiber content. Lignan intake was calculated from food records using a
polyphenol database. Targeted metabolomics was performed by LC-MS on plasma from fasting
blood samples collected at the end of each feeding period. Enterolactone (ENL) and enterodiol
(END), were measured in 24-h urine samples collected on the penultimate day of each study
period using GC-MS. Linear mixed models were used to test the association between enterolignan
excretion and metabolite abundances. Pathway analyses were conducted using the Global Test.
Benjamini-Hochberg false discovery rate (FDR) was used to control for multiple testing.

Of the metabolites assayed, 121 were detected in all samples. ENL excretion was associated
positively with plasma hippuric acid and melatonin, and inversely with epinephrine, creatine,
glycochenodeoxycholate, and glyceraldehyde (P <0.05). Hippuric acid only satisfied the FDR of g
< 0.1. END excretion was associated with myristic acid and glycine (g <0.5). Two of 57 pathways
tested were associated significantly with ENL, ubiquinone and terpenoid-quinone biosynthesis,
and inositol phosphate metabolism. These results suggest a potential role for ENL or ENL-
metabolizing gut bacteria in regulating plasma metabolites.
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Introduction

Cancer and other chronic diseases result from aberrant signaling in biological pathways
relating to cell proliferation, inflammation and oxidative stress, among others.! There is
evidence that select phytochemicals or bioactive compounds in plant foods, such as lignans,
modulate these pathways, thereby reducing cancer risk or progression.? 3 Lignans are
diphenolic compounds found in foods such as fruits, vegetables, seeds, the bran layer of
grains, and legumes. Lignans commonly present in plant foods include pinoresinol,
lariciresinol, matairesinol, medioresinol, sesamin, syringaresinol, and secoisolariciresinol.#=
Dietary lignans are metabolized to two major enterolignans: enterodiol (END) and
enterolactone (ENL) by gut bacteria involved in various enzymatic steps including
deglycosylation, demethylation, dehydroxylation, reduction, and dehydrogenation.’

END and ENL are absorbed, conjugated in the gut epithelium or liver with sulfate or
glucuronic acid, and excreted in the urine and bile. ENL accounts for the majority of
enterolignans in circulation or excreted in the urine, and has a longer half-life than END.8
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Aglycones such as secoisolariciresinol and matairesinol, and others, may be absorbed
directly, or converted to intermediates before conversion to END and ENL, and subsequent
excretion.?

END and ENL may exert weak estrogenic effects through binding of the estrogen receptor,
and there is evidence of anti-inflammatory and antitumorigenic activity, as well as reduced
oxidative stress with increased consumption of lignans.2 10-13 High intake of dietary sources
of lignans, as well as plasma END and ENL concentrations, have been associated with
reduced risk of colorectal, 4 15 prostate, and breast cancer.16-18

The use of metabolomics, i.e. measurement of small metabolites in biospecimens or
biofluids in biomedical research, systems biology and biomarker discovery, is rapidly
increasing.19-23 The metabolic state reflects a number of genetic and environmental factors
including diet, and metabolites may serve as biomarkers of dietary exposure. Metabolites
may also be associated with signaling pathways related to the development of cancer, and
therefore can serve as predictors of disease.2# Enterolignans, which eventually undergo
enterohepatic circulation, may affect metabolic pathways by regulating sterol transporters??,
steroid hormones and their receptors25: 27, and liver enzymes28. Hence, it is possible that
enterolignans alter plasma metabolite abundances as a result of their activity on various
tissues.

The mechanisms underlying the potentially beneficial health effects of lignans are not clear.
We hypothesize that enterolignans affect metabolic signaling in multiple pathways
influencing biological responses, and ultimately oncogenesis. There are at least two possible
rationales for the association between ENL and metabolites: 1) ENL regulates endogenous
metabolism, consequently altering metabolite concentrations, or 2) high ENL excretion
reflects the presence of a microbial community that also alters metabolism of dietary
compounds or produces signaling molecules that modify endogenous pathways and
circulating metabolites. Our aim in this study was to conduct an exploratory analysis of the
association of urinary excretion of enterolignans with metabolite profiles in a targeted
plasma metabolomics approach in the context of a controlled feeding trial.

Study Design and Participants

The current study is a cross-sectional analysis based on dietary and biospecimen data
obtained from a previous randomized crossover, controlled feeding trial, the Carbohydrate
and Related Biomarkers (CARB) Study, which was designed to evaluate effects of specific
diet patterns on biomarkers of cancer-risk pathways2. This trial tested two controlled diets
for 28 days each. All food and beverages were prepared in the human nutrition laboratory at
the Fred Hutchinson Cancer Research Center (Fred Hutch). Height and weight
measurements were obtained at baseline, as well as whole-body dual-energy X-ray
absorptiometry (DXA) scans to obtain body fat percentage, and weight was monitored
throughout the study periods. Participants completed a daily checklist for consumption, and
returned any unconsumed food, which was weighed and recorded. Fasting blood samples
and 24-h urine samples were collected at the end of each diet period. Blood was collected
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after a 12 h fast in order to examine more stable biomarkers reflective of the dietary patterns.
Weight was monitored throughout the study periods.

For each diet, a 7-day menu rotation was designed (ProNutra version 3.2, Viocare). Overall
macronutrient distribution was the same (as % of energy), and fat and protein-containing
foods were similar on both diets. While the diets were initially designed to differ by
glycemic load, there were other notable differences. The low glycemic index diet was high
in whole grains, including foods with more slowly absorbable carbohydrates (WG diet),
while the other diet included more refined grains and rapidly absorbed carbohydrates from
food sources of higher glycemic indices (RG diet). A total of 80 participants with complete
biospecimen data were included in the present study. All study activities were performed in
accordance with the Declaration of Helsinki and the study protocol was approved by the
Fred Hutch Institutional Review Board (Initial approval received February 2006 with
continuation review and approval obtained through May 2018) and Clinical Trials Office.
All participants gave informed written consent. This trial was registered at https://
www.clinicaltrials.gov as NCT00622661.

Assessment of Lignan Intake

Dietary lignan intakes of lariciresinol, matairesinol, pinoresinol, secoisolariciresinol,
syringaresinol, and medioresinol were calculated for the 80 participants from the CARB
study using diet records of all foods consumed seven days prior to urine collection at the end
of each diet period, and thus representative of the complete cycle of study foods.
Calculations were based primarily on the Phenol Explorer database of polyphenol content in
foods30, which provides concentrations for common plant lignans, and other nutrient
databases were referenced for unrepresented foods.31-36 Total lignan consumption was
calculated by summing intakes of the 6 plant lignans. Values were summed and converted
into mean daily intake for each participant.

Data Collection and Laboratory Analysis

END and ENL were measured from 24-h urine samples collected at the end of each feeding
period. Urine was extracted and enzymatically hydrolyzed and aglycones, along with
deuterated internal standards, were analyzed as trimethylsilyl derivatives by gas
chromatography-mass spectrometry (GC-MS)37, in a total of 8 batches. The lowest level of
quantification (LOQ) for END and ENL in 4 ml of urine was 3.12 ng/ml. Mean intra- and
inter-run coefficients of variation (CV) for quality control samples were 4.8% and 9.5% for
END and 2.4% and 2.9% for ENL, respectively. Values are represented as pmol excreted in a
24-h urine sample.

Blood was drawn after a 12-hour fast from each participant on day 28 of each diet period,
processed and stored at —80 °C. Targeted HILIC liquid chromatography (LC)-mass
spectrometry (MS) metabolite analysis of human plasma samples was performed at the
University of Washington Northwest Metabolomics Research Center as previously
described.38: 39 Following a standard protocol, frozen plasma was thawed at 4 °C and a 50
pL aliquot was spiked with a 50 pL mixture containing 22 stable isotope-labeled amino and
organic acid internal standards (SILISs) of known concentrations. Methanol (250 pL)
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containing two SILISs was added and the mixture was vortexed for 10 sec. After 20 min at
-20 °C, the samples were centrifuged at 18,000 x g for 15 min. The supernatant (150 uL)
was collected and then dried at 30 °C in a Speed-Vac for 105 min. At the end, dried samples
were reconstituted in 0.5 mL HILIC LC solvent containing two more SILISs, centrifuged at
18,000 x g for 5 min, and collected supernatants were transferred to LC vials for targeted
LC-MS analysis. Samples were prepared in batches of 30 (60 samples per day).

The targeted platform consisted of a dual pump Agilent 1260 LC system running HILIC
chromatography coupled to AB-Sciex 5500 QTrap MS operating in multiple-reaction-
monitoring (MRM) mode. 103 (81 metabolites plus 22 stable isotope-labeled internal
standards) and 123 (119 metabolites and 4 stable isotope-labeled internal standards)
compounds belonging to38 major metabolic pathways based on the KEGG database were
targeted in positive and negative ionization modes, respectively (total: 200 metabolites and
26 stable isotope-labeled internal standards). In total, 121 metabolites and 24 internal
standards were measured across samples. In order to monitor the LC-MS assay performance
and to assess the reproducibility of the measurements, a quality control plasma sample was
injected for every 10 study samples. The LC-MS assay was run over 10-day period of non-
stop data acquisition. The average CV over the 10-day period was 8.5% (based on MRM
peak areas without any MS signal normalization) and 80% of measured MRM peaks had CV
< 10%. Only six measured metabolic species had CV > %15. The use of 26 stable isotope-
labeled internal standards enabled sample prep monitoring and the absolute quantitation of
24 metabolites.

Statistical Analysis

Results

Linear mixed models were used to test the association of 24-h urinary enterolignan (END
and ENL) excretion as a continuous variable with plasma metabolite concentrations
individually, with fixed effects including age, sex, percentage body fat, batch (metabolomics
data), study diet, and diet sequence, and participant as the random effect. A very small value
(1 x 1074) was imputed for zero values for ENL or END (a total of 4 and 21, respectively).
All statistical analyses were performed on log-transformed values of enterolignan excretion
and metabolite abundances. Statistical analyses were conducted in SAS 9.4.

Pathway analysis using the Global Test in MetaboAnalyst 3.0 was performed on all 160
samples (from both diet periods) without accounting for the repeated measures.40-42
Benjamini-Hochberg false discovery rate (FDR) was used to control for multiple testing
with a significance level of q < 0.1.

Characteristics of 80 CARB study participants completing both the WG and RG diets,
stratified by urinary excretion of ENL and END (above vs. below-median) are shown in
Table 1, as we were interested in examining whether there were any differences at baseline
between high and low ENL excreters in factors that might also affect plasma metabolite
profiles. Overall, the majority of participants were White, followed by Hispanic. A greater
proportion of Black participants were in the lower-median excretion categories for END and
ENL (82%) compared to the other ethnic groups on the WG diet, and Black participants also
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excreted low amounts of END on the RG diet. There were no notable differences in dietary
intake of lignans between participants in the above- and below-median excretion groups for
END or ENL. Consistent with this, there was no linear correlation between dietary lignan
intake and ENL excretion for participants on either the WG or RG diets (Figure 1), and
regression analysis revealed no significant association (data not shown).

Table 2 shows average daily intake of six common plant lignans as well as the total amount
of lignans and fiber consumed on each study diet. Consumption of all plant lignans was
significantly higher on the WG diet compared to the RG diet. Lariciresinol and pinoresinol
together accounted for 85-88% of total lignans consumed. Similar to total dietary lignan
intake, dietary fiber content of the WG diet was approximately twice that of the RG diet.
Mean excretion of END and ENL were also increased on the WG diet relative to the RG
diet.

We examined the association between enterolignan excretion and plasma abundances of
metabolites determined by targeted LC-MS based metabolomics (Table 3). Seven plasma
metabolites associated linearly with ENL excretion at P<0.05. Only one metabolite satisfied
the FDR of q < 0.1 (hippuric acid). ENL excretion was positively associated with plasma
hippuric acid and melatonin, and inversely associated with epinephrine, creatine,
glycochenodeoxycholate, and glyceraldehyde. Two plasma metabolites were associated with
END excretion; myristic acid was inversely associated (P =0.003), and glycine was
positively associated (P=0.02). However, these metabolites did not satisfy the FDR threshold
of g<0.1.

Among the 57 pathways containing metabolites represented in our panel, two were
significantly associated with ENL at an FDR level of g < 0.1 using the Global Test. These
included the inositol phosphate metabolism, and ubiquinone and other terpenoid-quinone
biosynthesis pathways, which were sparsely represented, with 1 and 2 metabolites each,
respectively (data not shown).

Discussion

In this randomized crossover controlled feeding trial, we found that urinary excretion of
ENL was positively associated with higher plasma concentrations of hippuric acid, and the
association was significant with FDR correction. Other metabolites that were significant at p
< 0.05 were melatonin, epinephrine, creatine, glycochenodeoxycholate and glyceraldehyde.
By analyzing plasma metabolites involved in a range of biological processes, we have taken
a step towards uncovering mechanisms associated with lignan-mediated health effects in this
exploratory analysis.

In the present study, higher urinary excretion of the enterolignans ENL and END was
observed on the WG diet relative to the RG diet, which is to be expected given the greater
proportion of lignan-containing foods on the WG diet. Major lignan-contributing food
sources on the WG diet included strawberries, carrots, bell peppers, and grapefruit, and
apricots, cauliflower, potatoes, and bell peppers on the RG diet. Interestingly, we found
lignan intakes to be much higher than those reported previously. Even on the RG diet, total
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lignan intakes (ranging from 13 to 29 mg/day) exceeded the previous reports of about 1
mg/day (and ~23 g/d of fiber).43 For Western countries, reported mean intakes range from
0.1 — 2 mg/day.** These differences could be explained in part by the expanded databases
that now include a more complete plant lignan profile; earlier estimates were often limited to
two or three compounds.#® Furthermore, results from controlled feeding studies are likely to
be different from those obtained with food frequency questionnaires. Food records from
controlled feeding studies allow for calculation of intakes of very specific items that may be
considerably high in polyphenol content, whereas food frequency questionnaires might only
obtain an overall estimate of a food type in a line item combination of several similar foods.

Gut bacteria play a prominent role in production of enterolignans. After consumption of
dietary plant lignans, conversion to the bioactive compounds, END and ENL occurs through
the activity of gut bacteria. Accordingly, we previously reported that increased excretion of
ENL is associated with composition and diversity of the gut microbial community.*6 Unlike
plant lignan intakes, mean excretion of ENL (4.6 umol on WG diet and 3.0 pmol on RG
diet) and END (0.82 pmol on WG diet and 0.41 umol on RG diet) of participants in our
study was consistent with what has been reported previously,*”-20 although not as high as
END and ENL levels obtained (9-12 pmol/24h) after ingestion of a single dose of SDG (1.3
umol/kg body weight).8 We did not observe a statistically significant linear association
between ENL and plant lignan intakes. This is consistent with previous observational
studies, in which weak correlations were reported (Spearman r = 0.16 — 0.21).51:52 In
general, excretion of END and ENL varied widely among participants in our study, which,
beyond differences in lignan intakes, is likely attributable to inter-individual variation in the
gut microbiota, intestinal transit time, rate of absorption, or other differences in the intestinal
environment affecting metabolite production, as well as genetic variation in transporters and
biotransformation enzymes .8 9. 46.53. 54 |nterindividual variation in ENL has been observed
previously under controlled conditions in human participants®. Such interindividual variation
may be expected given the various precursors involved in ENL conversion and possible
intermediate metabolites. In our study there were no observed differences by sex, and
participants had not used antibiotics within the previous 3 months. Hence, the absence of a
linear association between ENL excretion and total lignan intakes among participants in our
study further supports the significance of the gut microbial composition and activity in ENL
production, and ultimately ENL exposure by the host.

The most significant difference observed with increasing ENL excretion was increased
plasma hippuric acid, the only metabolite satisfying the FDR threshold of 0.1. Urinary
excretion of hippuric acid correlates with consumption of polyphenols, including flavonoid-
rich fruits and vegetables, notably, anthocyanin-rich berries, as well as green and black
tea®>>7, Polyphenols commonly require transformation by gut bacteria for absorption.
Consequently, hippuric acid production, like ENL, is highly dependent on activity of the gut
bacteria. Hippuric acid is rapidly synthesized from conversion of polyphenolic compounds
into the smaller phenolic acids benzoic acid and cinnamic acid (by activity of microbiota in
the gut), which may also be derived from phenylalanine®8-60 Benzoic acid is then
conjugated with glycine to form hippuric acid.! Other glycine conjugated aromatic
compounds derived from phenylalanine catabolites are also generated by gut bacteria, and
can be absorbed from the intestine. Hippuric acid was found to be 17-fold higher in plasma

Food Funct. Author manuscript; available in PMC 2018 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miles et al.

Page 8

from conventional mice compared with their germ-free counterparts.>® Gram negative
bacteria in particular play a role in its metabolism, as demonstrated through inhibition of
hippuric acid production in the presence of neomycin.%2 Additionally, urinary excretion of
hippurate is reduced with antibiotic treatment.5364 Blautia producta (previously
Ruminococcus productus), Eubacterium limosum, and strains of Clostridium and
Eubacterium genera which have been associated with metabolism of plant polyphenols,®°
may also be implicated in ENL metabolism1%: 53. 59, |n a separate study modeling microbial-
host connections in healthy humans, bacteria of the Clostridia class, particularly, were
shown to positively correlate with hippuric acid.?® It follows that hippuric acid is increased
synonymously with ENL likely as a consequence of increases of select communities of gram
negative bacteria, and this is consistent with other reported correlations between gut bacteria
and metabolic phenotypes. Nonetheless, there is also the possibility that positive
associations between ENL and plasma metabolites, such as hippuric acid, reflect shared
metabolic pathways. Further, variation in genes coding for biotransformation enzymes and
transporter proteins which results in functional differences, may also explain some of the
interindividual variation.56: 67

Melatonin, which was also increased with ENL, is an endogenous metabolite produced by
the pineal gland involved in regulation of the circadian rhythm. Its biosynthesis begins with
tryptophan, a metabolite of the shikimate pathway, which is converted to serotonin before
conversion to melatonin. Interestingly, ENL was shown to regulate expression of circadian
clock genes through activity of the estrogen receptor in mice.%8 Furthermore, enterolignans
regulate signaling via NFxB and Nrf-2, and may interact with CREB or CRB binding
protein, which are also associated with increased melatonin synthesis, to regulate
transcription of genes associated with inflammatory signaling.6%-"1 Melatonin is synthesized
by plants’2, including food-source ones such as banana, tomato, rice, oats, corn, barley, and
it is also present in tea, coffee, and wine.”3-7> Thus, in addition to potential ENL-regulated
endogenous metabolism, increases in melatonin may have been associated with increased
consumption of plant foods and particularly grains on the WG diet.

Melatonin is also produced by bacteria, particularly aerobic photosynthetic bacteria and
cyanobacteria, with some variations in enzymatic reactions.’® Some (indole-containing)
metabolites derived from tryptophan can be produced by Clostridium, which are also
involved in metabolism of enterolignans’, and other enteric bacteria expressing
tryptophanase, % 77 potentially altering the availability of tryptophan for melatonin
synthesis. While gut bacteria may affect the availability of tryptophan, it is unlikely that they
have direct effects on endogenous melatonin production, which is very tightly regulated.

Interestingly, ENL excretion was inversely associated with concentrations of a major bile
acid, glycochenodeoxycholate. Chenodeoxycholic acid is synthesized endogenously from
cholesterol, and conjugated with glycine to become glycochenodeoxycholate. Subsequently
it is secreted into the gut, where it can be deconjugated by the activity of gut bacteria, or
reabsorbed from the small intestine. C. Scindens and other 7a.-hydroxylating bacteria
containing bile acid-inducible genes regulate the levels of chenodeoxycholic acid,® 78 and
consequently, glycochenodeoxycholate in the circulation. It is conceivable that regulation of
this bile acid is explained by increases in select communities of gut bacteria associated with
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higher ENL. ENL may also regulate pregnane X receptor, which is involved in bile acid
metabolism?7. Importantly, changes in deoxycholic acid and other bile acids can delineate
metabolic diseases or conditions.’9-81

Epinephrine is a neurotransmitter synthesized endogenously from tyrosine. Gut bacteria of
the Clostridia genera, play an important role in fermentation of amino acids in both the small
and large intestine82 83 and consequently, may alter the bioavailability of amino acids, as
may other species.84 Therefore, it is possible that the observed differences in epinephrine
with ENL are partially explained by inter-individual differences in activity or composition of
the gut microbial community. Alternatively, it is possible that lower plasma epinephrine is a
result of downstream signaling associated with increased melatonin.8® Besides epinephrine,
creatine, and glyceraldehyde, other metabolites related to amino acid metabolism, were all
decreased with increasing ENL excretion, although not satisfying the FDR threshold.
Decreases in glycine and other amino acids in the hepatic portal vein were recently reported
in conventional mice compared to germ-free animals, with the implication that amino acids
are likely consumed by bacteria as part of their own metabolism and supporting their
growth.86 Therefore decreases in amino acid-related plasma metabolites associated with
higher ENL may be explained by higher gut bacterial metabolic activity.

Findings from pathway analysis are limited, as this was an exploratory analysis which did
not take into account the crossover design or additional covariates. Only two pathways were
associated with ENL excretion: ubiquinone and terpenoid quinone biosynthesis, and inositol
phosphate metabolism. However, there was no overlap with plasma metabolites identified in
individual analyses.

Only two plasma metabolites were associated with END excretion, with none satisfying the
FDR. END is an intermediate in microbial metabolism, and consequently, a less useful
marker of gut microbial activity than ENL, the predominant enterolignan in urine and serum.
Furthermore, differences in metabolite abundances associated with END and ENL excretion
may also be explained by distinct communities of enterolignan-producing bacteria.8 8 As
a saturated fatty acid, myristic acid is obtained from the diet, and has been associated with
increased serum cholesterol and inflammation89: 0. Hence, an inverse relationship between
myristic acid and END might be expected. There was, on the other hand, a marginal increase
in glycine with increasing END. This increase correlates with the increase in hippuric acid
noted with increased ENL. Additionally, glycine has been associated previously with
decreases in free fatty acids in plasma®®. Thus, the decrease in myristic acid is perhaps partly
attributable to increased glycine.

To our knowledge this is the first study investigating the relationship between urinary ENL
and END excretion and plasma metabolites. A major strength of this study is the controlled
feeding design. With such a design, the effect of inter-individual variation in diet on
enterolignans is diminished since individuals consumed all the same foods, though in
varying amounts, while on each controlled diet. Therefore, it is unlikely that differences in
ENL profiles in this study may be attributed to unknown confounding by consumption of
select lignans or overall lignan consumption. The use of targeted metabolite profiling
currently allows for detection of ~200 metabolites in many important metabolic pathways
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with good reproducibility. However, while our targeted platform contained metabolites in 38
different metabolic pathways, some pathways were underrepresented. Moreover, our
findings are limited without associated data on gut microbial community structure. Also,
there was still a range in lignan dose as a result of differences in energy and food needs
among participants. Differing or missing values for lignan content for some study foods
consumed may have also have resulted in underestimates of plant lignan intake.
Additionally, it should be pointed out that diet, and other related factors or behaviors
unaccounted for in the current study, may affect both metabolite abundances and ENL
excretion independently. Thus, in such a cross-sectional analysis, a direct regulatory
mechanism cannot be ascertained.

Conclusions

In conclusion, increased urinary excretion of ENL was significantly associated with
increased hippuric acid in plasma, and to a lesser degree, decreases in plasma metabolites
mediating nucleic acid, amino acid, and bile acid metabolism. These findings suggest a role
for ENL excretion as a surrogate for a gut microbial profile associated with metabolic
processes, as well as a possible role of ENL in regulation of endogenous metabolism,
although the mechanisms are unknown.
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Figure 1.
Scatter plot of dietary lignan intake and urinary enterolactone (ENL) excretion in 80

participants. Dietary intake (umol/d) during the final seven days before urine collection was
calculated using Phenol Explorer. ENL excretion was measured from 24-h urine samples
collected at the end of the RG and WG diet periods. Plot shows the association between
lignan intake and ENL during each feeding period (black diamond = refined grain (RG) diet,
open circle= whole grain (WG) diet). There was no significant association between ENL
excretion and dietary lignan intake when analyzed in a multiple linear regression model.
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Table 2

Comparison of dietary lignan intake and enterolignan excretion between whole grain (WG) and refined grain
(RG) dietary patterns in 80 participants in the CARB Study
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WG Diet

Dietary plant lignan intake

Mean, SD (range)? mg/d
20.8,3.9 (12.8 - 29.4)
13.6, 2.5 (8.6 — 20.0)

40,08 (L3-6.1)

0.48, 0.12 (0.10 - 0.70)

0.20, 0.04 (0.13 - 0.28)

Lariciresinol
Pinoresinol
Secoisolariciresinol
Matairesinol

Syringaresinol

Medioresinol 0.25, 0.05 (0.12 - 0.36)
Sesamin 0.83,0.22(0-1.2)
Total lignans 40.2, 7.5 (25.9 - 58.0)

Dietary fiber intake (g/d)
Mean, SD (range)b
Urinary enterolignan excretion (umol/24-h urine)
Mean, SD (range)
Enterolactone (ENL)
Enterodiol (END)

umol/d

57.7,10.8 (35.6 - 81.7)
38.0,7.0 (23.9-55.7)
11.2,2.4 (3.5-16.8)
1.3,0.33(0.27 - 2.0)
0.48, 0.09 (0.31 -0.68)

0.63,0.13 (0.30 - 0.92)

2.3,0.62 (0-3.4)
111.6, 20.7 (72.0 - 161.1)

55.3, 14 (35.2 - 77.9)

45,38(0-17.3)
0.8,1.7(0-13.7)

RG Diet

mg/d
12.9,2.5 (7.0 - 17.8)
6.7,1.3 (4.3-10.7)
1.4,0.2 (0.87 - 1.9)
0.11, 0.03 (0.07 - 0.24)
0.11, 0.02 (0.07 - 0.15)

0.006, 0.001 (0.001 —
0.009)

0
21.3,4.0 (13.0 - 29.3)

umol/d

35.9,7.0 (19.4 - 49.3)
18.8,3.6 (12.0 - 29.8)
3.8,0.68 (2.4 -5.1)
0.31, 0.07 (0.20 - 0.68)
0.26, 0.05 (0.16 — 0.35)

0.02, 0.003 (0.003 - 0.02)

0
59.1, 11.1 (36.1-81.5)

28.1, 8 (17.7 - 38.0)

2.9,2.6 (0-12.7)
0.4,0.7 (0-5.3)

bCorresponds to mean consumption during study diet period

a . ] - - . .
Corresponds to mean consumption over the final 7 days before urine collection for the respective controlled diet
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Metabolites associated with enterolactone (ENL) and enterodiol (END) excretion (umol/24-h)@

Table 3

Metabolite

ENL
Hippuricacid

Melatonin
Epinephrine
Creatine
Glycochenodeoxycholate
Glyceraldehyde
END
Myristic acid
Glycine

Metabolic Pathway

phenylalanine 0.13
tryptophan 0.05

tyrosine -0.02

amino acid -0.03

bile acid -0.08

pentose phosphate -0.02
lipid/fatty acid -0.03

amino acid, nucleotide, microbial 0.01

Estimate®  P-valueC

0.0008

0.009
0.014
0.019
0.020
0.042

0.003
0.021

q-valued

0.09™
0.48
0.48
0.48
0.48
0.85

0.35
0.95
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a . . e . . . .
Multiple linear regression from a mixed model with fixed effects urinary enterolignan excretion (continuous), age, sex, batch, percentage body fat,

diet sequence, study diet

b - . .
Beta coefficient from linear mixed models

cSignificant at p <0.05

dBenjamini-Hochberg (False Discovery Rate; FDR)

*
Significant at FDR q <0.1
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