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ABSTRACT

Background: Microbial metabolism of lignans from high-fiber plant
foods produces bioactive enterolignans, such as enterolactone (ENL)
and enterodiol (END). Enterolignan exposure influences cellular
pathways important to cancer risk and is associated with reduced
colon tumorigenesis in animal models and lower colorectal cancer
risk in humans.

Objectives: The aim of this study was to test the effects of a flaxseed
lignan supplement (50 mg secoisolariciresinol diglucoside/d) com-
pared with placebo on host gene expression in colon biopsies and
exfoliated colonocyte RNA in feces and fecal microbial community
composition, and to compare responses in relation to ENL excretion.
Methods: We conducted a 2-period randomized, crossover inter-
vention in 42 healthy men and women (20—45 y). We used RNA-
seq to measure differentially expressed (DE) genes in colonic
mucosa and fecal exfoliated cells through the use of edgeR and
functional analysis with Ingenuity Pathway Analysis. We used 16S
ribosomal RNA gene (V1-V3) analysis to characterize the fecal
microbiome, and measured END and ENL in 24-h urine samples by
gas chromatography—mass spectrometry.

Results: We detected 32 DE genes (false discovery rate <0.05)
in the exfoliome, but none in the mucosal biopsies, in response
to 60 d of lignan supplement compared with placebo. Statistically
significant associations were detected between ENL excretion and
fecal microbiome measured at baseline and at the end of the
intervention periods. Further, we detected DE genes in colonic
mucosa and exfoliome between low- and high-ENL excreters.
Analysis of biopsy samples indicated that several anti-inflammatory
upstream regulators, including transforming growth factor g and
interleukin 10 receptor, were suppressed in low-ENL excreters.
Complementary analyses in exfoliated cells also suggested that
low-ENL excreters may be predisposed to proinflammatory cellular
events due to upregulation of nuclear transcription factor kB and
NOS2, and an inhibition of the peroxisome proliferator—activated
receptor y network.

Conclusions: These results suggest that ENL or other activities
of the associated gut microbial consortia may modulate response
to a dietary lignan intervention. This has important implications
for dietary recommendations and chemoprevention strategies. This
study was registered at clinicaltrials.gov as NCT01619020.  Am J
Clin Nutr 2019;00:1-14.

Keywords: human intervention, colon, lignan, enterolactone, sec-
oisolariciresinol, fecal microbiome, gene expression

Introduction

Colorectal cancer (CRC) is the third most common cause
of cancer-related deaths in men and women in the United
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States. Diet and lifestyle are important risk factors for CRC, and
increasing intake of plant foods high in dietary fiber has been
proposed as one approach to lower CRC risk in populations with
low-average fiber intakes (1). In humans, it is not clear whether
a protective effect of high-fiber foods may be due to the dietary
fiber itself, the phytochemicals in these foods, or the products of
bacterial metabolism of components of high-fiber foods (2).

Lignans are abundant in the woody portions of plants, seed
coats, and the bran layer of grains. Numerous plant lignans can be
converted by gut bacteria to the enterolignans enterodiol (END)
and enterolactone (ENL) (3, 4), which are thought to be more
biologically active than their precursors. In vitro and animal
studies support a role for lignans and lignan-rich foods in the
modulation of cancer-related pathways and colon tumorigenesis
(5). Experimental evidence suggests that enterolignans possess a
variety of biological activities, including antioxidant, antitumor,
weak estrogenic, and antiestrogenic properties, and modulate
enzymes involved in steroid hormone metabolism (5). However,
results of epidemiologic studies evaluating associations between
lignan exposure and CRC have been inconsistent, possibly due to
variation in the capacity of individuals to produce enterolignans.

Wide ranges in urinary enterolignan excretion have been
observed in humans on various habitual diets (6, 7) and in
relation to a flaxseed challenge (8—11). Further, pharmacokinetic
evaluation of END and ENL profiles with supplementation of
the plant lignan secoisolariciresinol diglycoside (SDG) suggests
that there is great variation in the microbial production of
enterolignans (12). In observational studies, dietary factors
account for a modest amount of the variation in enterolignan
excretion; and other often unaccounted sources of variation
include gastrointestinal transit time, sex, and gut microbiome
composition (13). Several studies have reported differences in
gut microbial communities among individuals with low and
high urinary ENL excretion (14, 15), and ENL production
has been linked to the abundance of Rumincoccus bromii and
Ruminococcus lactaris (16). The impact of this variation in ENL
production on host gut physiologic and immunologic responses
to lignan supplementation has not been quantified.

The primary aim of this human mechanistic study was to
evaluate, in healthy individuals, the effects of a flaxseed lignan
extract on gene expression in colonic mucosa and exfoliated cells
in stool. We used a randomized, crossover intervention study
to test the effect of dietary lignans compared with placebo on
mRNA expression, and to evaluate the modifying effect of gut
microbial community on ENL production and the host response.
The noninvasive exfoliated transcriptome (exfoliome) and tissue-
level transcriptome were also compared in paired samples as a
secondary aim.

Methods

Research design

The study was a randomly assigned, double-blind, placebo-
controlled crossover intervention comparing supplemental
flaxseed lignan extract with placebo (Figure 1). Each
intervention period lasted 60 d with at least a 60-d washout period
between the 2 interventions, and the baseline colon cleanse was
60 d prior to the start of the first intervention period. All study
procedures and materials were approved by the Fred Hutchinson
Cancer Research Center (Fred Hutch) Human Research

Protection Program, Institutional Review Board Committee B,
and Texas A&M University, 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.

Participants

Healthy men and women, aged 20-45 y, were recruited
from the greater Seattle area between September 2012 and
August 2016. Methods for recruitment included an informational
website, flyers posted on university campuses in Seattle, and
advertisements in campus and local newspapers. Potential eligi-
bility was assessed initially by questionnaire. Exclusion criteria
included age <20 or >45 y; tobacco use; consumption of >2
alcoholic beverages/d (equivalent to 720 mL beer, 240 mL wine,
or 90 mL hard liquor); regular use of prescription or over-the-
counter medications; oral or intravenous antibiotic use within the
past 3 mo; weight loss or gain of >4.5 kg in the past year; current
or planned pregnancy; breastfeeding; chronic medical illness;
history of gastrointestinal disorder (e.g., ulcerative colitis, Crohn
disease, celiac sprue, hereditary nonpolyposis colorectal cancer,
familial adenomatous polyposis, pancreatic disease, previous
gastrointestinal resection, radiation, or chemotherapy) and cancer
(other than nonmelanoma skin cancer); known allergy to nuts,
seeds, and flaxseed; contraindications to sigmoidoscopy; inability
to swallow pills; and dietary fiber intake >20 g/d as assessed with
the Block Fruit/Vegetable/Fiber Screener (NutritionQuest) (17).
The rationale for excluding individuals with higher fiber intakes
was to reduce the 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 d and completed a 24-h urine collection on day 3 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 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. The screening assays were
completed by a commercial laboratory (CLIA-licensed Quest
Diagnostics). Individuals with normal laboratory values [white
blood cell count 3000-11,000/mm?; platelet count 100,000—
400,000 mm?®; hematocrit 33-50% (women), 36-50% (men);
bilirubin 0.2-1.3 mg/dL; aspartate aminotransferase 0-35 U/L;
alanine aminotransferase 0—40 U/L; alkaline phosphatase 20-125
U/L; creatinine <1.2 mg/dL; potassium 3.5-5.0 mmol/L] were
invited to participate in the study. Participants also completed a
colon cleanse with oral magnesium citrate (60 mg/mL, 296 mL;
Safeway, Inc.) to ensure that they could tolerate this aspect of the
procedure and to provide continuity in gut perturbation across the
timeline of the study.

Flaxseed lignan extract supplements

Eligible participants were randomly assigned, blocked
on sex and lignan-metabolism status, i.e., ratio of
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FIGURE 1 Recruitment and study activities of the FlaxFX study. FFQ, food-frequency questionnaire; Sig, sigmoidoscopy.

ENL/[secoisolariciresinol (SECO) + END + ENL] in 24-h
urine after 3 d of a daily lignan capsule, to the order in which
they received lignan extract or placebo. A biostatistician (TWR)
generated the random allocation sequence and the project
coordinator (LL) enrolled and assigned participants to the
intervention sequence. Participants consumed the lignan extract
capsule containing 50 mg SDG plus rice bran (Barlene’s Organic
Oils), or a visually identical placebo (only rice bran), as 1
capsule by mouth daily for 60 d. Capsules were packaged by
the manufacturer in sealed plastic bottles with a count of 70
capsules per bottle. All active capsules came from the same lot.
Separate testing of the lignan extract in triplicate by HPLC (19)
confirmed that the mean SDG content was within specifications.
Further, 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.

Specimen collection
Stool, urine, and blood collection.

Participants collected 24-h urine and stool samples at the
beginning and end of each intervention period, prior to prepa-
ration for sigmoidoscopy. Stool samples were collected into
RNAlater for bacterial measures and additionally into Ambion
Denaturation solution (Life Tech) for exfoliated cell RNA (at
the end of each period). For bacterial measures, participants
were provided with fecal collection tubes with a scoop in the
lid (Sarstedt) containing 5 mL preservation solution and 12-15
glass beads (3 mm; Fisher). They were instructed to collect 2 pea-
sized aliquots of stool immediately at the time of defecation and
place the stool into each of the collection tubes and mix well by
shaking. The samples were delivered to the laboratory within 24 h
and stored at —80°C. At the time of stool collection, participants
also indicated stool consistency through the use of the Bristol

6102 8uUnf g0 U Jasn 1)) yoeasay Jeouen uosulyoinH paid Aq £€/2155/5zeAbuyuole/ca0 L 01 /10pAoBASqe-aoIe-80UBAPE/Ud[E/WO00"dNO dlWaped.//:sd)ly WOoJ) PaPEOjUMO(]



4 Lampe et al.

Stool Scale (20). Fasting blood samples were also collected at
baseline and at the end of each period.

Sigmoidoscopy, biopsy collection, and tissue separation.

A flexible sigmoidoscopy was performed at least 60 d after
the start of each intervention period. Participants took the study
capsules up until 24 h before sigmoidoscopy and prepared for
sigmoidoscopy by adherence to a clear-liquid diet for 24 h before
the procedure and drinking oral magnesium citrate solution (296
mL) the evening before. The sigmoidoscopy procedure was
conducted in the Gastroenterology suites at the Seattle Cancer
Care Alliance Outpatient Clinic. At sigmoidoscopy, a large-cup
flexible biopsy forceps [maximum capacity with needle (3.7
mm), Boston Scientific] was used to biopsy normal-appearing
mucosa from the sigmoid colon (30-35 cm from the level of the
external anal aperture) and rectum (10-12 cm from the level of
the external anal aperture, around the second valve of Houston).
Seven biopsies were taken at each site. As described previously
(21), epithelial cells were separated from the stromal layer. Both
fractions were separately stored in Ambion denaturation solution
at —80°C until RNA extraction.

Laboratory analyses
Urinary enterolignans.

SECO, END, and ENL were measured by gas
chromatography-mass spectrometry in 24-h urine samples
collected at the end of each intervention period (22-24). The
lowest level of quantitation of the 3 analytes in 2 mL urine was
6.5 ng/mL. Mean intra- and interbatch 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.

RNA extraction, sequencing, and gene expression analysis in
gut mucosa and exfoliated cells.

Total RNA was isolated from stromal and epithelial biopsies
with the use of the Ambion RNAqueous kit following the manu-
facturer’s instructions. Following isolation, DNA was removed
with DNAFree (Ambion) and RNA quality was assessed with
an Agilent Bioanalyzer 2100 on an RNA 6000 Nano chip. RNA
concentrations were measured on a NanoDrop spectrophotometer
(Thermo Scientific). Stool polyA™ RNA was isolated with the
mTRAP Maxi kit (Active Motif) followed by DNA removal
with DNAFree. Sequencing libraries were generated from 250
ng of biopsy RNA with the use of the TruSeq RNA sample
preparation kit (Illumina) as previously described (25). Briefly,
libraries from stool RNA were generated with 100 ng RNA in
the Ovation 3'-DGE kit (NuGEN) to produce cDNA followed
by the Encore NGS Library System (NuGEN) to create Illumina
libraries. All libraries were quantified through the use of the
Library Quantification kit (Kapa Biosystems), and sequencing
was performed on an Illumina HiSeq 2500 platform on the Texas
A&M campus with standard Illumina protocols. Approximately
32 million 50-bp single-end reads were sequenced for each
biopsy sample and 46 million reads for stool samples. RNA reads
obtained from sequencing were mapped with the STAR aligner

(26) with the use of the default parameters for the Ensembl
GRCh38 human reference. Reads were examined for quality
control with FastQC (27), and quantified with HTSeq-count (28).
RNA sequencing reads were filtered to remove genes present in
low abundance. For biopsies, genes with at least 3 counts per
million in at least 5 samples were retained. For stool exfoliated
cells, the RNA-seq gene count matrix is very sparse, with most
entries corresponding to zero transcripts; thus genes in stool were
removed if >12 samples contained only O or 1 read in both
treatment groups.

Fecal microbiome measures.

Stool samples collected in RNAlater were thawed and
homogenized, and 2 subsamples were extracted for DNA
following previously published protocols (29). For paired-
end sequencing of the VI-V3 region of the 16S ribosomal
RNA (16S rRNA) gene, we used the 27F mod forward
polymerase chain reaction (PCR) primer sequence 5'-
AGRGTTNGATCMTGGCTYAG-3" and the 519R reverse
PCR primer sequence 5-GTNTTACNGCGGCKGCTG-3'
(30) as described previously (29). Sequencing was performed
(Molecular Research) on the MiSeq with the use of the MiSeq
Reagent Kit version 3 following the manufacturer’s guidelines to
obtain 2 x 300-bp paired-end reads (Illumina). FastQ files were
exported and securely transferred to Fred Hutch (BaseSpace,
[llumina) for bioinformatic analysis.

Total Eubacterials were measured with TagMan real-
time PCR (Applied Biosystems, QuantStudio 5) 8FM (5'-
AGAGTTTGATCMTGGCTCAG-3')-530R primers (5-
TTACCGCGGCKGCTGGCAC-3’) and a Bac 338 NED
labeled probe (5-CCAKACTCCTACGGGAGGCAGCAG-
3’) (Applied Biosystems), and Archaeal 16S rRNA
genes (FW  5-CCGGGTATCTAATCCGGTTC-3;  5'-
CTCCCAGGGTAGAGGTGAAA-3"; FAM-labeled probe F
FAM: 5-CCGTCAGAATCGTTCCAGTCAG-3'). For quality-
control purposes, we used a standard made of DNA extracted
from the following pure cultures: Bacillus fragilis HM-20D
BEI Resources, Bifobacterium adolescentis 15703D ATCC,
Clostridium difficile BAA-1382D-5 ATCC, Veillonella parvula
10790D-5 ATCC, Methanobrevibacteri smithii, DSM 11975,
and Escherichia coli. DNA extracted from pure cultures was
used to generate standard curves with the same primer probe
set. The TagMan PCR assays were carried out following a
standard procedure (30, 31). We expressed M. smithii as a ratio
of total Eubacteria in the sample (31). Data were analyzed with
QuantStudio software version 1.2.x (Applied Biosystems).

Microbiome bioinformatic analysis.

To classify bacterial taxonomy, sequences were processed
with QIIME version 1.9, as previously published except that we
used SILVA (release 132) and operational taxonomic unit (OTU)
picking was implemented in Vsearch (29, 32, 33). To further
evaluate the microbial pathways associated with a dysbiotic gut
environment, functional genes within the bacterial LPS synthesis
pathway (defined in KEGG, www.genome.jp/pathways/map0054
0) were imputed from 16S rRNA genes (34).
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Statistical analysis
Urinary enterolignans.

Urinary enterolignans (SECO, END, and ENL) were trans-
formed with the natural logarithm to improve the normal-
ity of distributions prior to analysis. The distribution of
ENL/(SECO + END + ENL) was transformed by squaring
the ratio. Zero values were imputed as half the lowest value
for each enterolignan. Linear mixed models (Stata version15.1;
StataCorp) were used to assess the effects of flaxseed lignan
extract compared with placebo on 24-h enterolignan excretion at
the end of each intervention. Analyses were adjusted for age, BMI
(kg/m?), and sex and assay batch.

Gene expression analysis in gut mucosa and exfoliated cells.

The pipeline for data preprocessing, normalization, and
analyses involved testing for differentially expressed (DE) genes,
and the identification of combinations of genes that best separated
intervention effects in terms of classification error is described
in Supplemental Figure 1. The edgeR software package (35)
was used for data normalization and DE gene testing. To adjust
for sample-to-sample variation with respect to sequencing depth,
RNA-seq data were normalized with edgeR, accounting for group
effects and applying the upper-quartile method. Subsequently,
boxplots of log,-transformed normalized gene counts were
generated, and select samples excluded if the median was close
to 0 and total gene reads were <100,000. Tagwise dispersions
were shrunk toward the trended local-fit dispersion, dispersion
estimates obtained, and negative binomial models fitted to the
data with edgeR. The generalized linear model option in edgeR
was subsequently used to identify DE genes. This procedure
was applied uniformly to 3 experimental contrasts: /) placebo
compared with lignan intervention in the biopsy samples; 2)
placebo compared with lignan intervention in the exfoliated cells;
and 3) low- compared with high-ENL excreters in both biopsy
and exfoliated cell samples. Low- and high-ENL excreters were
defined as below and above the median 24-h ENL excretion
at the end of the lignan extract intervention (23.4 wmol/24
h) (Figure 2). Benjamini-Hochberg (36) false discovery rate
(FDR) was used to account for multiple testing, and genes were
considered to be DE if the corrected P values were <0.05.

Linear discriminant analysis. Multiple genes together often
distinguish different classes better than a single gene. Thus,
we utilized linear discriminant analysis (LDA) to identify
multivariate discriminators (feature gene sets) for intervention
classification (25, 37). Specifically, LDA was used to validate
and complement the analysis of DE genes. Estimation of the
classification error is of critical importance, and when sample
size is limited, an error estimator may have a large variance
and, therefore, may often be low, even if it is approximately
unbiased (37). This can produce many feature sets and classifiers
with low error estimates. To mitigate this problem, the bolstered
error estimation was applied (38). This procedure places a kernel
at each data point and computes the error by integrating the
kernels over their misclassification regions, rather than simply by
counting incorrectly classified points, thereby giving more weight
to points near the classification boundary (37, 38). The result of
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FIGURE 2 Urinary ENL excretion (24 h) in participants at the end of 60-
d placebo (triangles) and lignan (squares) intervention periods. Participants
(n = 42) were categorized as low (open symbols) and high (solid symbols)
ENL excreters based on median ENL excretion after lignan supplementation
(23.4 pmol/24 h). ENL, enterolactone.

this approach is a list of highly ranked feature sets possessing
minimum bolstered classification error estimates.

Variance filtering. For the exfoliated cell data, the preprocess-
ing and normalization steps described above could not fully
account for the high and unequal variance of a subset of genes
in each intervention group. In addition, several samples had
extremely high gene reads, which could lead to falsely declaring a
gene to be DE even after applying the FDR correction step. Thus,
we adopted a postprocessing step (Supplemental Figure 1) based
on the normalized gene count variance. This postprocessing
step was introduced to filter out DE genes with highly variable
normalized gene counts in each intervention group. For this

TABLE 1 Demographics of the FlaxFX study participants (n = 42)!

Men n =20 Women n = 22
Age,y 332 £ 87 314 £ 8.0
Height, cm 1759 £ 5.6 166.6 £ 9.5
Weight, kg 80.3 + 10.7 773 £ 234
BMI, kg/m? 26.0 £ 3.9 277 £ 74
Minority, n (%) 10 (50.0) 7 (31.8)
Family history CRC, n (%) 0(0.0) 3(13.6)
Take supplements, n (%) 6 (30.0) 7 (31.8)
Ever smoked, n (%) 1(5.0) 4(18.2)
Energy,? kcal/d 2250 + 828 1996 + 495
Total fat,> g/d 87 + 41 87 + 25
Fiber,? g/d 23.0 + 11.8 20.1 + 7.4
Calcium,? mg/d 852 + 424 885 £+ 375
SECO,? umol/24 h 0.53 (0.03-2.8) 0.41 (0.03-1.6)
END,? pmol/24 h 0.93 (0.04-4.4) 1.83 (0.02-13.2)

ENL,? pumol/24/h

5.80 (0.1-24.2)

10.2 (0.03-60.8)*

Data are presented as means =+ SDs, n (%), or mean (range). CRC,
colorectal cancer; END, enterodiol; ENL, enterolactone; SECO,

secoisolariciresinol.

2Based on 3-d food records: women n = 21 (1 missing).
3Values are means (ranges); values at day 0 of first period; urinary
enterolignan excretion in pmol/24 h; zeros imputed as half the lowest value

for each variable.

4Excludes 1 outlier with a baseline value of 107.7 nmol/24-h, although

this individual is included in all subsequent analyses.
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TABLE 2 Effects of 60 d of flaxseed lignan extract compared with placebo
on urinary enterolignan excretion (n = 42)!

Lignan Placebo Lignan extract P value?
SECO 0.03 (0.006) 2.95(0.61) <0.001
END 0.38 (1.01) 5.19 (1.36) <0.001
ENL 2.85(0.67) 13.62 (3.19) <0.001
ENL/SECO + END + ENL 0.77 (0.03) 0.62 (0.02) <0.001

!Urinary enterolignan excretion in ptmol/24 h; values presented as
back-transformed adjusted geometric means (geometric SDs) or back-transformed
square root (SDs) for ratio ENL/SECO + END + ENL. END, enterodiol; ENL,
enterolactone; SECO, secoisolariciresinol.

2P values derived from linear mixed models evaluating the effects of flaxseed
lignan extract compared with placebo on urinary lignan excretion adjusted for age,
BMLI, sex, intervention sequence, and assay batch.

purpose, we computed the SD of normalized counts for each
gene within the same intervention group. Subsequently, for each
intervention, quartiles of the corresponding SDs were adopted
with Q3 + 1.5 x IQR as a filter cutoff for the respective group,
where Q3 is the 75th percentile and IQR is the corresponding
calculated interquartile range. Genes with variance of their
normalized counts that exceeded that cutoff value were filtered
out from the list of the DE genes.

Ingenuity analysis. “Functional enrichment” analysis was
performed with Ingenuity Pathway Analysis (IPA) software
(Qiagen) as we have previously described (39, 40). This in silico
analysis is based on prior knowledge of expected effects between
transcriptional regulators and their target genes stored in the
Ingenuity Knowledge Base and the observed effects as seen in
the DE gene data. A network analysis that used the IPA Network
Generation Algorithm was used to identify biologically relevant
gene sets. The score computed by IPA for each network indicates

A Biopsy Exfoliated
cells

16,969 | 21,011 1948
B Biopsy Exfoliated
cells

200

FIGURE 3 Venn diagrams representing detectable transcripts in colonic
biopsies and exfoliated cells. (A) A total of 21,011 genes (including
noncoding genes, pseudogenes, and protein-coding gene transcripts) were
detected in both gut mucosal biopsy samples and exfoliated cells, accounting
for 92% of genes in exfoliated cells and 55% of genes in colonic biopsy
samples (n = 219 biopsy samples and 54 exfoliated samples). (B) Data
preprocessing and filtering resulted in the identification of 15,120 genes
from the biopsy samples and 4577 genes from the exfoliated epithelial cells
samples.

the likelihood of the genes being found together in that network
by random chance (41).

Microbiome analysis

Files of sequence counts were used in the statistical analysis.
To account for the compositional nature of the microbial abun-
dances, we calculated the centered log-ratio (CLR) transform
(42). We tested the effect of lignan intervention compared
with placebo on « (Shannon-Weaver) and g diversity (first
3 axes from principal coordinates analyses through the use
of weighted and unweighted Unifrac distance matrices), and
imputed bacterial functional genes (34) based on linear mixed
models that accounted for the repeated sampling crossover design
and adjusted for age, sex, and BMI. We performed a (global)
permutational multivariate MANOVA (43, 44) to test for an
effect of the intervention on the fecal microbial community
based on the weighted and unweighted Unifrac distance metrics.
Finally, in a global test that accounted for the paired microbiome
samples, we applied a (penalized) paired Hotelling’s 72 test
(45) to the CLR-transformed microbial abundance profiles from
each participant. Potential carryover effects (including terms for
intervention sequence and interaction of intervention x period)
were not found to be significant in any of the models.

Next, given the variation in enterolignan excretion in response
to the intervention (Figure 2), we investigated the hypothesis
that a person’s fecal microbial composition is associated with
enterolignan production. We examined the association between
24-h urinary ENL and END at the end of the lignan intervention
(continuous) and the global microbiome composition at 3 time
points (baseline, end-of-placebo, and end-of-intervention). To
test for this association, we used ENL and END production
as outcomes in MiRKAT (46), adjusted for age, sex, and
BMI. As MiRKAT allows for multiple distance measures and
adjusts for these in an omnibus test, we used weighted and
unweighted Unifrac as well as Euclidean distance applied to
CLR-transformed abundances [e.g., (47)]. Similarly, to investi-
gate individual taxa in this association, we fit linear regression
models for each of the 80 genera present in >25% of participants
after placebo, estimating their effect on urinary enterolignan
excretion (continuous) after lignan extract, adjusted for age, sex,
and BMI. We fit the same linear mixed model described above
for functional genes within the bacterial LPS synthesis pathway.
Analyses were performed with Stata version 15.1, and the R
programming language (version 1.0.1) (48).

Results

A total of 210 people (mean + SD age 31.6 £+ 8.5 y; 52.4%
women) submitted eligibility screening questionnaires in re-
sponse to study advertisements (Figure 1). Fifty-two participants
started the trial with 5 (2 men and 3 women) dropping out before
the end of Period 1 because they started on prescription medica-
tions, and 1 during Period 2 due to pregnancy. Forty-six partici-
pants finished all aspects of the study; however, due to delays in
recruitment of the last 4, we include here the 42 for whom biopsy
data were available for analysis within the grant timeline. Par-
ticipant characteristics stratified by sex are presented in Table 1.
There were no differences in characteristics by low- and high-
ENL excretion (below and above the median; data not shown).
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FIGURE 4 Comparison of gene expression in stroma and epithelial tissue from biopsies and exfoliome in stool. The exfoliome signature arises from cells
sloughed from both the small intestine and colon and comprises reads from a diverse array of cell types expected to be found in the intestinal mucosa. (A)
Heatmap showing counts of genes that are reported to be primarily expressed at specific anatomic locations (stomach, pancreas, small intestine, colon). All
genes with counts >400 are dark blue. (B) Heatmap showing counts of biomarker genes from each cell type and each data source. N = 219 biopsy samples
and 54 exfoliated samples. Abbreviations in Supplemental Table 7 and at https://www.ncbi.nlm.nih.gov/gene/.

Participants were on the study capsules for a mean = SD
of 62 £+ 3 d and compliance based on capsules returned was
98%, with only 1 participant falling <80% compliance during
1 study period (62% capsules returned during placebo period).
Urinary lignan excretion (24 h) of SECO, END, and ENL
was statistically significantly higher after the lignan intervention
compared with placebo (P < 0.001 for all; Table 2), whereas

the ratio ENL/SECO + END + ENL was significantly lower
after the lignan intervention. Individual 24-h urinary ENL
excretion at the end of the lignan supplement intervention
period varied among participants, ranging from 0.02 to 84.36
umol/24 h (Figure 2). Bristol Stool Scale scores did not
differ between the 2 intervention periods (data not shown;
P =0.47).
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FIGURE 5 Overlap of DE genes. (A) Depiction of the overlap between
the DE (FDR <0.05) genes with respect to lignan intervention compared with
placebo in exfoliated cells (n = 54 samples). LDA identified genes (bolstered
resubstitution error <0.227), and the genes that successfully passed the low
variance filter. Testing for intervention effects in exfoliated cell samples
revealed 973 DE (FDR <0.05) genes. Among those genes, 32 (star) were
also identified in 2-gene LDA with bolstered resubstitution error <0.227 and
passed the low variance postprocessing step. (B) Depiction of the overlap
between the DE (FDR <0.05) protein-coding genes with respect to low-
compared with high-ENL excreter status in biopsies (n = 219 samples) and
exfoliated cells (n = 54 samples). See Supplemental Tables 2 and 3 for
additional details. DE, differentially expressed; ENL, enterolactone; FDR,
false detection rate; LDA, linear discriminant analysis.

Gene expression in colonic mucosa and exfoliated cells

Before evaluating the data for intervention effects, we
compared gene expression results from biopsy samples and
exfoliated cells. A total of 21,011 genes (including noncoding
genes, pseudogenes, and protein-coding gene transcripts) were
detected in both biopsy and exfoliated cells, accounting for 55%
of genes in colonic biopsy samples and 92% of genes in exfoliated
cells (Figure 3A). Data preprocessing and filtering resulted in the
identification of 15,120 genes from the biopsy samples and 4577
genes from the exfoliated epithelial cell samples (Figure 3B and
Supplemental Figure 1).

The anatomic origin of the gene expression signature derived
from the exfoliated cells (exfoliome) was determined. We
extracted the counts of genes previously identified and expressed
predominantly in specific anatomic locations (i.e., stomach,
pancreas, small intestine, and colon). Interestingly, the exfoliome
contained virtually no reads from genes representing the stomach
or pancreas. In contrast, there was a signature arising from both
the colon and small intestine (Figure 4A). In addition to the
anatomic origin, we also evaluated the cell types represented in
the colonic mucosal biopsies and exfoliome. For this purpose, we
reviewed the literature for marker genes expressed either solely
by a specific cell type or at least highly enriched in a specific

cell type (25). As expected, the mucosal biopsies expressed many
gene markers suggesting the contribution of crypt epithelial cells,
including goblet cells. Further examination of the exfoliome
revealed the expression of marker genes typically associated with
intestinal enteroendocrine and tuft cells (Figure 4B).

After characterizing the cellular source of the gene signatures,
we examined the biopsy and exfoliome transcriptomes for
alterations induced by lignan treatment. Assessment of biopsy
gene expression patterns revealed no DE genes (FDR <0.05)
upon comparison of the lignan extract with placebo interventions.
This finding was further substantiated by the 2-gene LDA,
where the minimum classification error among all possible
feature sets of size 2 was 0.34. Typically, a misclassification
error of 0.5 is regarded as a random assignment providing no
meaningful information for identifying couples of genes that can
differentiate intervention from control effects. In contrast, testing
for intervention effects in exfoliated cell samples revealed 973
DE genes (FDR <0.05) genes (Figure 5A), of which 32 passed
the variance filter and were also identified by 2-gene LDA with a
bolstered resubstitution error <0.227 (Supplemental Table 1).
Gene ontology analysis revealed enrichment for several genes
involved in cancer (e.g., translocation associated membrane
protein 1 (TRAM1), IL-18, homeobox A10 (HOXA10), hes family
bHLH transcription factor 1 (HESI), and ATP binding cassette
subfamily A member 5 (ABCAS), and expression of RNA, e.g.,
ASXL transcriptional regulator 2 (ASXL2), cAMP responsive
element binding protein 3 like 3 (CREB3L3), eukaryotic
translation initiation factor 5 (EIFS5), iron responsive element
binding protein 2 (IREB2), and nuclear receptor coactivator 2
(NCOA2)).

Given that urinary ENL excretion varied substantially among
individuals in response to the lignan intervention (Figure 2),
we examined DE separately in low- compared with high-ENL
excreters (Figure 5B). Assessment of biopsy gene expression
patterns revealed 552 DE genes (FDR <0.05) upon comparison
of the low- with the high-ENL excreters (Figure 5B and Sup-
plemental Table 2). In comparison, examination of exfoliated
cells revealed 1113 DE genes (FDR <0.05), with only 28 DE
in common between the biopsies and exfoliome (Supplemental
Tables 2 and 3). To identify host gene networks and upstream
regulators modulated by ENL status, we performed an IPA
upstream regulator analysis. Initially, we quantified known
targets of transcriptional regulators present in our data set and
compared their direction of change (over- or underexpression)
to predict likely relevant regulators including transcription
factors, nuclear receptors, and enzymes (Supplemental Table 4).
Figure 6 provides a representation of highly ranked upstream
regulators and their respective annotated DE genes. The complete
ranked list is described in Supplemental Table 5. Biopsies
from low-ENL compared with high-ENL excreters exhibited a
suppression of the immune regulatory genes associated with
transforming growth factor 8 (TGFg) (Figure 6A) and interleukin
10 (IL-10) receptor (Figure 6B) signaling. Exfoliated cell
analyses indicated an activation of gut cell metabolism gene
regulators nuclear transcription factor k B (NF-«B) (Figure 6C)
and NOS?2 (Figure 6D) in low-ENL excreters. Low-ENL excreters
compared with high-ENL excreters also exhibited an inhibition
of the peroxisome proliferator—activated receptor y (PPARy)
network in the exfoliome (Figure 7). The complete ranked list
is described in Supplemental Table 6.
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FIGURE 6 Differentially expressed genes and upstream regulators in colon biopsies and exfoliated cells. Colon biopsies: TGFS1 (A), IL-10 receptor (B).
Exfoliated cells: NF-«B (C) and NOS2 (D). z Scores >2.0, P values <0.05. See Supplemental Tables 4 and 5 for additional details. Data are derived from 219
biopsy samples and 54 exfoliated samples that had a fold change of >1.3 or <—1.3 and an FDR of <0.05. IL-10, interleukin 10; NF-xB, nuclear transcription
factor k B; TGFB1, transforming growth factor 8. Abbreviations in Supplemental Table 7 and at https://www.ncbi.nlm.nih.gov/gene/.

Fecal microbiome

In the fecal samples from this study, we identified 9 phyla,
15 classes, 20 orders, 44 families, 147 genera, and 1324 OTUs.
There was an mean + SD of 27,000 £ 12,000 sequences per
sample and a mean £ SD sequence length of 503 + 27 bp.
No statistically significant intervention effect on « diversity
(Shannon-Weaver) (P = 0.28) was observed. There were no
significant differences in the microbial community structure
between the placebo and the intervention period according to
paired (Hotelling’s 72, P = 0.25) or unpaired multivariate tests
(mirKAT P > 0.4 for all distance metrics). Further, no individual
genera were statistically significantly different between lignan
and placebo intervention (FDR <0.05; data not shown).

Given that the effects of lignan intervention on colonic gene
expression may depend on exposure to ENL or reflect an ENL-
producing microbial phenotype, we evaluated the association
between fecal microbiome parameters at each of the 3 stool
sampling times (baseline, and end of lignan and placebo
intervention) and urinary ENL and END excretion (continuous
variables) at the end of the lignan intervention. ENL, but not

END, was statistically significantly associated with microbiome
composition (Table 3), and Figure 8 illustrates this observed
association between ENL and microbial composition. Eleven
bacterial genera plus Methanobrevibacter in the domain Archaea
were statistically significantly associated with ENL and 3 were
associated with END after lignan intervention at a nominal
P < 0.05 (Table 4). After controlling for FDR <O0.1, the
relative abundance of one genus, Alistipes, remained significantly
positively associated with ENL. The microbial LPS synthesis
pathway was statistically significantly inversely associated with
ENL excretion (8 coefficient: —0.66; 95% CI: —1.32, —0.01;
P = 0.049; data not shown).

Discussion

Transcriptomic profiling of colon biopsies and exfoliated cells
in stool was used to evaluate the effect of a 60-d flaxseed
lignan intervention as compared with placebo on pathways
relevant to colon cancer risk. We detected modest differences
in colonic gene expression and the exfoliome in response to the
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FIGURE 7 Exfoliated cell network. PPARy signaling activity network was the highest scoring network, with low-ENL excreters < high-ENL excreters.
Green represents underexpressed mRNAs (low-ENL < high-ENL). Red represents overexpression. See Supplemental Table 6 for additional details. ENL,
enterolactone; PPARy, peroxisome proliferator—activated receptor y. Abbreviations in Supplemental Table 7 and at https://www.ncbi.nlm.nih.gov/gene/.

supplement. However, we identified significant contributions of
the gut microbiome to production of the enterolignan ENL during
the lignan intervention, and substantial differences in colonic
and exfoliome gene expression between low- and high-ENL
excreters.

Effect of intervention on gene expression: utility of
exfoliated cells compared with biopsies

This study was novel in that it included a comparison of
intervention response in both colonic mucosal biopsies and
exfoliated cells within the same individual. In general, the
exfoliated cells (exfoliome) contained fewer genes attributable to
the human genome than the epithelial cell (tissue) transcriptome
from colon biopsies (Figure 3). This is consistent with our
previous findings where we demonstrated that the exfoliated
transcriptome reflects a subset of the tissue-level transcriptome
in a mouse model of nonsteroidal anti-inflammatory drug
enteropathy (25). Although we did not attempt to identify the
precise sources of cells, marker genes representing various
anatomic regions and cell types revealed that the signature in the

exfoliome was derived from both the small intestine and colon
with virtually no signature coming from the stomach or pancreas
(Figure 4). Many of the cell types associated with the colonic
mucosa (epithelium and stroma) were present in the exfoliome,
suggesting contribution from a variety of mucosal cell types.
These findings corroborate and extend previous observations
made in mice (25).

Having established that the exfoliome and transcriptome from
colonic epithelial biopsies were uniquely influenced by ENL-
excreter phenotype (Figure 5B), we used DE gene data to
examine which pathways and upstream regulators (driver genes)
were both modulated by ENL excreter status and implicated
in gut homeostasis. Analysis of biopsy samples indicated
that several anti-inflammatory upstream regulators including
transforming growth factor g (49) and IL-10 receptor (50, 51)
were suppressed in low-ENL excreters (Supplemental Table
4 and Figure 6). Complementary analyses in exfoliated cells
also suggested that low-ENL excreters may be predisposed
to proinflammatory events due to the upregulation of NF-«xB
and NOS2 (52, 53) (Figure 6) and inhibition of the PPARy
network (Figure 7). Interestingly, emerging evidence indicates
that colonocyte metabolism determines the types of microbes
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TABLE 3 Kernel association test results between 24-h excretion of END or ENL and global microbial composition at each of 3 time points’

Gut microbial community Urinary lignan Unweighted Unifrac Weighted Unifrac P Centered log-ratio P Omnibus test P

sampling time variable P value value value value

At baseline (n = 34) ENL 0.006 0.520 0.109 0.020
END 0.742 0.540 0.192 0.425

After placebo (n = 36) ENL 0.007 0.057 0.017 0.023
END 0.292 0.609 0.124 0.306

After lignan (n = 35) ENL 0.006 0.798 0.134 0.020
END 0.541 0.694 0.402 0.688

I All tests were adjusted for sex, BMI, and age. The MiRKAT test allows for multiple distance measures (3 used here) and adjusts for these in an omnibus
test. The centered log-ratio column refers to a kernel association test based on Euclidean distances between genus-level abundances that were transformed by

the centered log-ratio. END, enterodiol; ENL, enterolactone.

that thrive in the gut (54, 55). This new paradigm identifies
energy metabolism of surface colonocytes as a factor critical to
controlling oxygen availability and dysbiosis in the lumen of
the colon. Low- compared with high-ENL excreters exhibited
differences in the activation status of PPARy, NOS2, and NF-«B
consistent with a signature of epithelial dysfunction (56).

Effect of intervention on fecal microbiome and
ENL-excreter phenotype

The lignan intervention did not change fecal microbial
community composition compared with placebo—a finding that
was not unexpected. Lagkouvardos et al. (16) also reported, in
the context of a 1-wk flaxseed intervention, that overall diversity
and the composition of dominant bacteria remained similar and
participant specific. Studies suggest that there is a strong associa-
tion between gut microbial community and habitual diet and that,
experimentally, substantial changes in diet can alter gut microbial
community structure (57-59). In contrast, supplementation with
50 mg SDG appears to be a minor perturbation. Further,
production of ENL requires a polymicrobial consortium, and the
members that are identified in conjunction with ENL production
are often subdominant groups (60). Consequently, each member

IS

w

PCoA component 2 (8.7%)
log(ENL)

PCoA component 1 (12%)

FIGURE 8 Plot based on the first two PCoA axes from unweighted
Unifrac. A line connects within-person placebo (open circle) and lignan
intervention (star) gut microbiome samples, with each participant colored
by log(pmol/24-h) urinary ENL excretion at end of the lignan intervention
period (n = 33). ENL, enterolactone; PCoA, principal coordinates analysis.

of the consortium may not contribute strongly to overall microbial
composition although the overall consortium confers a metabolic
phenotype that may affect host health. Future studies that
incorporate microbial pathway analysis estimated from measures
of microbial functional genes (i.e., metatranscriptomics) may
capture more robustly the polymicrobial contribution to the ENL
phenotype.

Several striking patterns emerge that give insight into the
role of the microbiome in ENL production and the impact
on health outcomes. ENL production may be a hallmark of a
healthy lifestyle since several of the genera positively associated
with END and ENL excretion in our study (e.g., Alistipes,
Barnesiella, Ruminococcaceae) have also been correlated with
health in a large cross-study meta-analysis (61). However,
signals associated with consortial production of ENL are
complex. The conversion of SDG to END and ENL involves 4
major catalytic reactions—O-deglycosylation, O-demethylation,
dihydroxylation, and dehydrogenation—and requires consortial
metabolism to produce ENL (16). Not only are numerous
enzymatic reactions involved to produce ENL but each reaction
is catalyzed by a specialized group of bacteria that is often a
minor component of the overall microbiome (13, 14). This is
evident here, since global analysis based on presence/absence
showed stronger association between microbial composition and
postintervention ENL production (Table 3).

We also found evidence of certain bacteria involved in
consortial production of ENL, although the signal did not
survive adjustment for multiple comparisons (Table 4). ENL
production has been linked to abundance of Ruminococcus bromii
and Ruminococcus lactaris (16), and a member of the Ru-
minococcaceae was positively associated with ENL production.
Methanobrevibacter tended to be in higher abundance in high-
ENL excreters. Methanobrevibacteri smithii is central to the
syntrophic hydrogen metabolism that may be important to ENL
production (62). In addition, Bilophila was inversely associated
with ENL production. Some members of this desulfodigenic
group can metabolize bile salts and are reduced with consumption
of a high plant food-based diet (57). Given the complexity of
ENL production as outlined above, it is not surprising that single
bacterial groups are not easily identified with ENL production in
humans.

The LPS synthesis pathway was significantly inversely asso-
ciated with ENL production. LPS, a component of the cell wall
material from gram-negative bacteria, activates an inflammation
cascade through NF-«B by binding to Toll-like receptors (63).
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TABLE 4 Association between gut bacterial genera at the end of placebo period and urinary ENL and END excretion after 60 d of lignan extract (n = 38)!

n (%) of 38 participants Direction of

Bacterial taxon harboring each genus association’ P value

ENL
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales; Rikenellaceae; Alistipes 37(97) + 0.0013
Bacteria; Proteobacteria; Alphaproteobacteria; Rhodospirillales; uncultured; uncultured bacterium 5(13) + 0.004
Bacteria; Firmicutes; Clostridia; Clostridiales; Ruminococcaceae; Ruminococcus 2 21 (55) + 0.01
Bacteria; Firmicutes; Clostridia; Clostridiales; Lachnospiraceae; [Eubacterium] xylanophilum group 14 (37) + 0.015
Archaea; Euryarcheota; Methanobacteria; Methanobacteriales; Methanobacteriaceae; Methanobrevibacter 22 (61) + 0.015
Bacteria; Firmicutes; Clostridia; Clostridiales; Ruminococcaceae; UBA1819 7 (18) — 0.024
Bacteria; Firmicutes; Clostridia; Clostridiales; Lachnospiraceae; Roseburia 38 (100) + 0.026
Bacteria; Firmicutes; Clostridia; Clostridiales; Lachnospiraceae; Coprococcus 3 17 (45) — 0.034
Bacteria; Firmicutes; Clostridia; Clostridiales; Lachnospiraceae; CAG-56 5(13) — 0.039
Bacteria; Proteobacteria; Deltaproteobacteria; Desulfovibrionales; Desulfovibrionaceae; Bilophila 13 (34) - 0.040
Bacteria; Firmicutes; Clostridia; Clostridiales; Lachnospiraceae; [Ruminococcus] gnavus group 9(24) — 0.048
Bacteria; Firmicutes; Clostridia; Clostridiales; Lachnospiraceae; Dorea 38 (100) — 0.049

END
Bacteria; Cyanobacteria; Melainabacteria; Gastranaerophilales; uncultured_bacterium; Other 4 (11) — 0.023
Bacteria; Bacteroidetes; Bacteroidia; Bacteroidales; Barnesiellaceae; Barnesiella 20 (53) + 0.034
Bacteria; Firmicutes; Clostridia; Clostridiales; Ruminococcaceae; CAG-352 6(16) + 0.043

'Results from linear regression models for the association of urinary enterolignan excretion (continuous) after lignan intervention with each genus abundance at the end of
placebo period, adjusted for sex, BMI, and age; only genera significant at P < 0.05 are listed. END, enterodiol; ENL, enterolactone.

24, higher relative abundance in high- compared with low-ENL excreters; —, lower relative abundance in high- compared with low-ENL excreters.

3Significant with Benjamini-Hochberg false discovery rate (<0.1 for 80 tests within each analysis for ENL and END).

Other studies have shown that the LPS pathway is associated
with inflammation in obesity (64, 65). Taken together with our
colonic gene expression findings, these data suggest that the low-
ENL excreter phenotype is associated with microbial signatures
of epithelial dysfunction.

The strengths of the study include the use of a randomized,
placebo-controlled crossover study design in which each person
served as his or her own control. Use of a flaxseed lignan extract
isolated the effects of SDG compared with other components
in flaxseeds and lignan-rich foods, thus reducing confounding
effects from exposure to other bioactive compounds. Instead
of relying on urinary or plasma ENL concentrations, we
characterized ENL excreter status through the use of 24-h urine
collections after 60 d of SDG supplementation, which provides
a more robust estimate of an individual’s microbial capacity to
produce ENL. Limitations included the small sample size, which
reduced our statistical power for stratified analyses. Several
technical and logistic aspects of the study may also have made it
more difficult to detect subtle changes in biopsy gene expression
with the lignan intervention. The clear liquid diet and oral
magnesium citrate solution may have changed gene expression in
the colon cells (obtained via biopsy) to a greater degree than in the
exfoliome (collected prior to colon preparation), contributing to
differences between the two types of samples. It may also explain
in part why statistically significantly DE genes in response to
intervention were detected in the exfoliated cells, but not the
biopsies. Alternatively, changes in gene expression may be more
pronounced in the right compared with the left side of the colon,
such that changes are not detected in sigmoid colon biopsies,
but are detected in the exfoliome, which includes cells sloughed
from the length of the large bowel. Further investigation of the
differences in these transcriptional profiles is warranted. This
study also would be enhanced by the use of metatranscriptomics
to evaluate changes in fecal bacterial gene expression.

In conclusion, among all participants, we detected modest
differences in the colonic mucosal transcriptome and the
exfoliome in response to a 60-d flaxseed lignan intervention. In

contrast, the finding that metabolic and inflammatory pathways
in colonic mucosa and exfoliated cells differed between the low-
and high-ENL excreters suggests that ENL or other activities of
the associated gut microbial consortia are modulators of response
to a dietary lignan intervention. This has important implications
for personalized dietary recommendations and chemoprevention
strategies (i.e., not all individuals will experience sufficient
exposure to ENL as a result of plant lignan consumption so as
to elicit a beneficial, cancer-preventive response).
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