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Abstract

Background and Aims:  Microbial-derived bile acids can modulate host gene expression, and their 
faecal abundance is decreased in active inflammatory bowel disease [IBD]. We analysed the impact 
of endoscopic inflammation on microbial genes involved in bile acid biotransformation, and their 
interaction with host transcriptome in the intestinal mucosa of IBD patients.
Methods:  Endoscopic mucosal biopsies were collected from non-inflamed and inflamed terminal 
ileum, ascending and sigmoid colon of IBD patients. Prediction of imputed metagenome functional 
content from 16S rRNA profile and real-time quantitative polymerase chain reaction [qPCR] were 
utsed to assess microbial bile acid biotransformation gene abundance, and RNA-seq was used for 
host transcriptome analysis. Linear regression and partial Spearman correlation accounting for age, 
sex, and IBD type were used to assess the association between microbial genes, inflammation, and 
host transcriptomics in each biopsy location. A Bayesian network [BN] analysis was fitted to infer 
the direction of interactions between IBD traits and microbial and host genes.
Results:  The inferred microbial gene pathway involved in secondary bile acid biosynthesis 
[ko00121 pathway] was depleted in inflamed terminal ileum of IBD patients compared with non-
inflamed tissue. In non-inflamed sigmoid colon, the relative abundance of bile acid-inducible 
[baiCD] microbial genes was positively correlated with the host Angiopoietin-like 4 [Angptl4] 
gene expression. The BN analysis suggests that the microbial baiCD gene abundance could affect 
Angptl4 expression, and this interaction appears to be lost in the presence of inflammation.
Conclusions:  Endoscopic inflammation affects the abundance of crucial microbial bile acid-
metabolising genes and their interaction with Angptl4 in intestinal mucosa of IBD patients.
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1.   Introduction

Inflammatory bowel disease [IBD] is characterised by idiopathic 
chronic inflammation of the gut, including two primary types of 
disease: ulcerative colitis [UC], defined by continuous inflammation 
limited to the colonic mucosa, and Crohn’s disease [CD], which can 
affect any segment of the gastrointestinal tract. IBD is a complex 
disease where environmental, microbial, immunological, and gen-
omic factors interact to promote intestinal inflammation. However, 
the mechanism by which these components interact to lead to IBD 
remains elusive. Characteristic changes in gut microbiome compos-
ition and function have been recognised not just as markers of dis-
ease but also as actively contributing to pathogenesis.1 One way by 
which the microbiota exerts its effect on the host is attributed to 
microbe-derived bile acids.2

Bile acids are amphipathic sterols synthesised in hepatocytes 
from cholesterol. The human liver produces two primary bile acids, 
cholic acid [CA] and chenodeoxycholic acid [CDCA]. Before se-
cretion into the intestinal tract, bile acids are conjugated [N-acyl 
amidation] to either glycine or taurine, producing conjugated 
bile acids.3 Once in the small intestine, human-derived bile acids 
undergo chemical diversification via three main microbial pathways: 
deconjugation, dehydrogenation, and dehydroxylation, which pro-
duce an array of secondary bile acids.4 Deconjugation refers to the 
enzymatic hydrolysis of the amide bond by bile salt hydrolase [BSH] 
enzymes. The resulting unconjugated bile acids are further exposed 
to 7α-dehydroxylating enzymes encoded on the microbial bile acid-
inducible [bai] operon leading to the formation of the two main 
secondary bile acids, deoxycholic acid [DCA] and lithocholic acid 
[LCA]. Finally, oxidation and epimerisation of bile acids by micro-
bial hydroxysteroid dehydrogenases [HSDH] contribute to signifi-
cantly increase the diversity of secondary bile acids.4

Recent studies have identified significant differences in bile acid 
composition in stool samples of IBD patients compared with non-
IBD subjects.5–9 Furthermore, a depletion of microbial bsh and 
bai genes has also been observed in stool samples of IBD patients, 
suggesting a potential role of bile acid-metabolising microbiota in 
the pathogenesis of IBD.8,10 A significant impact on intestinal gene 
expression of germ-free mice when monocolonised with bacteria 
carrying bile acid-transforming enzymes further underlines a po-
tential role of bile acids in modulating the host transcriptomics-gut 
microbe interaction.11 In IBD patients, studies using intestinal mu-
cosal samples from different locations have identified several host 
genes that covaried with the relative abundance of mucosa-adherent 
microorganisms, unravelling distinct interactions between host and 
gut microbiome.6,12–15 However, a targeted analysis of bacterial genes 
encoding relevant enzymes involved in bile acid metabolism in intes-
tinal mucosa has not been explored. In this study, we aim to identify 
the impact of inflammation on the abundance of microbial bile acid-
metabolising genes in intestinal mucosa and their interaction with 
host gene expression in IBD patients.

2.   Materials and Methods

2.1.   Study design and sample collection
Patients with confirmed UC, IBD-unclassified [IBD-U], and CD were 
recruited when attending regularly scheduled colonoscopy to assess 
disease activity or for surveillance. Asymptomatic healthy controls 
[HC] were recruited during routine, age-related colorectal cancer 
screening by colonoscopy. Recruitment was carried out at the ter-
tiary IBD referral centre, Mount Sinai Hospital [Toronto, Canada]. 

All subjects provided written informed consent and the study was 
approved by the Mount Sinai Hospital Research Ethics Board. 
Biopsy samples from the terminal ileum, ascending colon, and sig-
moid colon were taken using standard forceps. At the time of the 
procedure, endoscopic scores were calculated by the endoscopist 
at each biopsy location, using the Mayo endoscopic subscore16 for 
UC and IBD-U patients [range from 0 to 3 per segment], and the 
simple endoscopic score [SES-CD]17 for CD patients [range from 0 
to 12 per segment]. A Mayo endoscopic subscore >0 and SES-CD 
>2 were considered endoscopically inflamed mucosa. Clinical and 
demographic data were recorded, including IBD phenotype, con-
comitant primary sclerosing cholangitis [PSC], current use of medi-
cations, and previous ileocaecal resection. Patients using antibiotics 
within 3 months before colonoscopy were excluded. UC and IBD-U 
patients were analysed together, given phenotypic similarities. Two 
biopsies from each of the terminal ileum, ascending colon, and sig-
moid colon were immediately placed into cryovials and flash-frozen 
in liquid nitrogen for subsequent mucosa-associated microbiome 
analysis. Two additional samples from each site were immediately 
placed in RNAlater and sufficient time was provided for RNAlater 
permeability before storage for further host transcriptomic analysis. 
Study samples were stored at −80°C.

2.2.   Microbial DNA extraction and 16S rRNA gene 
sequencing
Total microbial DNA was extracted from biopsies using DNeasy 
blood and tissue kit [Qiagen, Hilden, Germany], as previously de-
scribed.18 Amplicon sequencing of the V4 hypervariable region of 
16s rRNA bacterial DNA was completed using primers 515F/806R19 
on an Illumina MiSeq platform [Illumina, San Diego, CA, USA]. 
Paired-end sequences were subsequently processed using the QIIME 
1.9.0 pipeline20 applying a closed reference operational taxonomic 
unit [OTU]-picking approach, including reference and de novo chi-
mera removal steps. OTUs were then assigned using the Greengenes 
reference database v13_8.20,21

2.3.   Inference of gut microbiota function from 16s 
rRNA profiles
To predict metagenome functional content from the community struc-
ture derived from 16S rRNA gene sequencing data, Phylogenetic 
Investigation of Communities by Reconstruction of Unobserved States 
[PICRUSt] V1.0 was applied.22 PICRUSt is a computational approach 
that uses an extended ancestral-state reconstruction algorithm to pre-
dict which microbial gene families are present, and then combines 
gene families to estimate the functional metagenomic content of the 
samples. The OTU table was used as the input file for metagenome 
imputation after a rarefaction step to 9000 sequences per sample. 
The pre-calculated table of gene counts was used to predict the gene 
composition of the microorganisms present in the microbiome.23 The 
clusters of orthologous groups [COG]24 and the Kyoto Encyclopedia 
of Genes and Genomes [KEGG]25 databases [updated March 2019] 
were accessed to identify relevant KEGG orthologues and COGs re-
lated to microbial secondary bile acid biosynthesis [KEGG pathway, 
ko00121].24 Relative abundance was calculated dividing KEGG 
orthologues or COG count in a specific sample by the total KEGG 
orthologues or COG counts in that sample. To determine which 
taxa were contributing to these microbial functions, we used the 
metagenome_contributions.py script in PICRUSt. The generated 
data were visualised with analyse_contributions package in R v4.0.2, 
and differential contribution analysis was performed using the linear 
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discriminant analysis [LDA] effect size [LEfSe] pipeline.26 LDA was 
used to estimate the effect size of each differentially abundant trait. 
Alpha values <0.05 were used for the Kruskall‐Wallis rank sum test, 
and a threshold of 2.0 was chosen for logarithmic LDA scores.

2.4.   Real-time quantitative polymerase chain 
reaction of microbial bile acid-metabolising gene 
abundance
Real-time quantitative polymerase chain reaction [qPCR] was per-
formed using microbial DNA [10  ng/μL] extracted from a subset 
of mucosal samples to quantify abundance of bsh, baiCD, and 
12α-hsdh genes using primers previously described in the litera-
ture [Supplementary Table S1, available as Supplementary data at 
ECCO-JCC online].27–31 For bsh gene, two primer sets corresponding 
to Bacteroides plebeius [bsh group 1a]27 and Bifidobacterium 
bifidum [bsh group 2] were amplified.31 For baiCD gene, a primer 
pair previously designed based on known nucleotide sequences from 
Clostridium scindens and Clostridium hiranonis was used.29 Finally, 
two primer sets from Clostridium hylemonae32 and Eggerthella sp.30 
were used to amplify 12α-hsdh gene. Each reaction was performed 
in duplicate using the SSoAdvanced Universal SYBR green supermix 
[BioRad, Hercules, CA, USA] on the CFX384 real-time PCR detec-
tion system, under the following run conditions: initial denaturation 
at 95°C for 3 min, followed by 40 cycles of 15 s at 95°C and 30 s at 
60°C. Fold change was calculated by ΔΔCt method, normalised to 
the 16S rRNA gene of Eubacteria [housekeeper].33 Mucosal samples 
from HC were used as the reference group. Outliers were filtered 
using the interquartile range method.

2.5.   Host RNA extraction and RNA-sequencing 
from mucosal samples
Total RNA was extracted from homogenised tissue with the 
miRNeasy Mini Kit [Qiagen, Hilden, Germany], following the 
manufacturer’s instructions. RNA quantity and purity were meas-
ured on the Nanodrop ND-1000 instrument [Thermo Fisher 
Scientific, Waltham, MA, USA]. RNA quality was measured with 
Bioanalyser 2100 [Agilent, San Francisco, CA, USA] at Princess 
Margaret Genomics Centre [Toronto, ON, Canada]. Only sam-
ples with RNA integrity number [RIN] greater than or equal to 7.5 
were considered for further analysis. Complementary DNA [cDNA] 
libraries were prepared using reagents and protocols provided by 
Bio-Rad, and sequencing was performed using paired-end runs on 
a HiSeq 2500 instrument [Illumina, San Diego, CA, USA]. Sequence 
reads were mapped against Homo sapiens reference genome hg20 
[GRC38] using HISAT2-2.1.0 on SciNet, a high-performance com-
puting cluster at the University of Toronto. Trimming was then per-
formed on the mapped reads using Trim Galore.0.3.4 [https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/] and cutadapt 
1.2.1 [https://github.com/marcelm/cutadapt]. Quality control was 
performed and reads with Phred+33 scores less than 20, and those 
belonging to adaptor sequences were trimmed. Furthermore, paired 
reads were removed if read became shorter than 20 bases after 
trimming. Quality-controlled reads were then used to quantify and 
normalise transcript levels using the StringTie 1.3.3b and Ballgown 
2.16.0 pipeline [https://ccb.jhu.edu/software/stringtie/]. A mask was 
applied to genes coding for ribosomal and haemoglobin subunits.

2.6.   Host transcriptome dimensionality reduction 
and analysis
Principal component analysis [PCA] of the host transcriptomics 
count data was performed after variant stabilising transformation. 

Interpretation of the PCA axes was assisted by visual inspection of 
the top components and loadings. PCAtools package34 implemented 
in R was used to evaluate correlations between clinical variables and 
principal components [PCs]. For transcriptomics data dimension-
ality reduction, the top 500 positive and negative gene loadings ex-
plaining the largest variability of PC1 were selected for downstream 
analysis. Gene count normalisation was performed via the median 
of ratios method implemented in the Bioconductor package DESeq2 
v1.28.1.35 Normalised and log-transformed counts were used for 
downstream analysis. Finally, a group of functional host genes previ-
ously associated with bile acids or bile acid-metabolising microbiota 
in murine models, including bile acid receptors, were selectively 
added to the analysis11,36,37 [Supplementary Data, Excel file 1]

2.7.   Statistical analysis
Except for PCA, all the analyses were performed separately on 
each biopsy location. Univariate analyses of imputed microbial 
genes regarding IBD type and biopsy location were performed by 
either Kruskal‐Wallis or Mann‐Whitney U test, depending on the 
number of analysed groups. To identify associations between in-
ferred microbial genes and intestinal inflammation [inflamed and 
non-inflamed mucosa], a linear regression model was fitted ac-
counting for IBD type [UC/IBDU or CD], age at colonoscopy, and 
sex. The microbe-microbe gene interactions and the microbial gene-
host transcriptomics interactions were assessed by partial Spearman 
correlation accounting for IBD type, age at colonoscopy, and sex.38 
Differential expression of host genes of interest between inflamed 
and non-inflamed mucosa was analysed by a negative binomial gen-
eralised linear model [GLM] implemented in the DESeq2 package 
in R,35 and p-values were adjusted for false discovery rate [FDR] 
by the Benjamini‐Hochberg method.39 Although unadjusted p-values 
<0.05 are reported, only FDR <0.05 were considered statistically 
significant. To gain further insight into the interaction between mi-
crobial genes involved in bile acid metabolism, host genes, and host 
phenotype, a Bayesian network [BN] probabilistic graphical model 
was fitted using the bnlearn v4.6.1 package.40 Categorical and con-
tinuous variables of interest were discretised [Hartemink’s method] 
and provided as input to the BN construction. The hill-climbing al-
gorithm with scoring based on the Bayesian Dirichlet equivalence 
[BDe] score was used for directed acyclic graph [DAG] construction. 
Consensus networks were obtained by generating 1000 bootstraps 
of the input data. The empirical frequency for each edge [associ-
ation], indicating the strength and direction of the association, was 
determined and edges that met an empirical threshold frequency 
greater than or equal to 0.6 were used to produce the consensus 
DAG. The resulting DAGs were visualised using the bnviewer v0.1.6 
package implemented in R v4.0.2.

3.   Results

3.1.   Cohort description
We previously reported the 16S rRNA gene-based mucosa-associated 
microbiota composition of this cohort consisting of 215 patients with 
IBD and 48 HC.18 After excluding seven patients with antibiotic ex-
posure at the time of colonoscopy, 114 UC/IBD-U and 94 CD, with a 
total of 445 biopsy samples available for PICRUSt imputation, were 
analysed [n = 140 terminal ileum, n = 115 ascending colon, n = 190 sig-
moid colon]. Clinical and endoscopic characteristics of this IBD cohort 
are depicted in Supplementary Table S2, available as Supplementary 
data at ECCO-JCC online. A total of 165 out of 445 samples [37%] 
were obtained from endoscopically inflamed mucosa. From this original 
cohort, 202 biopsy samples [n = 67 terminal ileum, n = 28 ascending 

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab096#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab096#supplementary-data
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://github.com/marcelm/cutadapt
https://ccb.jhu.edu/software/stringtie/
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab096#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab096#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab096#supplementary-data
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colon, n  =  111 sigmoid colon], corresponding to 134 participants 
[n = 52 UC/IBD-U, n = 46 CD, n = 36 HC] were processed for bulk 
RNA-seq and had microbial DNA available for qPCR analysis. This 
subset was used for the integrative microbiome-host gene expression 
analysis. The clinical and endoscopic characteristics of this subcohort 
are depicted in Table 1. In this subset, 58 out of 151 [38.4%] mucosal 
samples from IBD patients were collected from inflamed tissue.

3.2.   Microbial bile acid-metabolising genes in 
mucosal samples and univariate analysis against 
IBD type
A total of 4794 KEGG orthologue gene function categories were 
imputed in our full set of samples using PICRUSt with a relatively 
low weighted nearest sequenced taxon index [NSTI, mean 0.057 ± 
0.012], indicating a good accuracy of the metagenomic predic-
tion.22 In our samples, we did not detect the KEGG orthologue 
K15870 corresponding to baiCD gene function, which may imply 
either low counts of mucosa-associated microbiota carrying out 
7α-dehydroxylation or incorrect gene annotation for this function. 
Conversely, KEGG pathway ko00121 corresponding to overall sec-
ondary bile acid biosynthesis and KEGG orthologue K01442 cor-
responding to microbial bsh gene function [COG3049] were found 
in all mucosal samples. In the univariate analysis, IBD type was not 
associated with relative abundance of ko00121 and COG3049 at 
different biopsy locations [Supplementary Figures S1 to S4, available 
as Supplementary data at ECCO-JCC online].

3.3.   Imputed microbial secondary bile acid-
metabolising gene pathway abundance in ileal 
mucosa is decreased by intestinal inflammation
To dissect how inflammation affects the abundance of imputed mi-
crobial bile acid metabolism genes in each biopsy location, we ap-
plied a multivariable linear regression model to the secondary bile 
acid metabolism [ko00121] pathway and bsh [COG3049] gene 
abundance to test their association with non-inflamed and inflamed 

mucosa while controlling for age, sex, and IBD type. Compared 
with non-inflamed ileal mucosa, inflamed terminal ileum of IBD 
patients was associated with a reduced abundance of the ko00121 
gene pathway [linear regression, F value = 4.08, p-value = 0.04], but 
no significant difference was observed for COG3049 gene function 
in this location [linear regression, F value = 3.19, p-value = 0.07] 
[Figure 1]. No differences were observed in colonic biopsies for ei-
ther ko00121 pathway [ascending colon, p-value = 0.35, and sig-
moid colon, p-value = 0.23] or COG3049 function [ascending colon, 
p-value = 0.20, and sigmoid colon, p-value = 0.14] between inflamed 
and non-inflamed mucosa [Supplementary Figure S5, available as 
Supplementary data at ECCO-JCC online].

3.4.   Microbial taxa contribution to bile salt 
hydrolase gene function varies with intestinal 
inflammation
Given the lack of a significant effect of inflammation on imputed 
bsh relative abundance, we then explored for differences in the 
taxa contributing to bsh gene [COG3049] function between non-
inflamed and inflamed mucosa, using the metagenome_contribu-
tions.py script in PICRUSt and the LEfSe pipeline. At the phylum 
level, an increased relative contribution to bsh gene function of 
Proteobacteria [LDA = 4.7] and Actinobacteria [LDA = 4.0] was ob-
served in inflamed terminal ileum and sigmoid colon, respectively, 
compared with non-inflamed mucosa [Figure 2A; Supplementary 
Figure S6, available as Supplementary data at ECCO-JCC online]. 
At the genus level, we identified several changes in the taxa contrib-
uting to bsh gene function [Figure 2B; Supplementary Figure S6]. 
Within the Clostridia class, Oscillospira [LDA = 4.0] and Blautia 
[LDA  =  4.2] reduced their contribution, whereas Acinetobacter 
[LDA = 3.9] and a group of unclassified genera belonging to the class 
Gammaproteobacteria [LDA  =  4.7] increased their contribution 
in inflamed compared with non-inflamed terminal ileum. Finally, 
Bifidobacterium [LDA  =  3.8] and Faecalibacterium [LDA  =  3.8] 

Table 1.  Main characteristics of the analysed cohort for microbe-host interaction.

Characteristics HC UC/IBDU CD Total IBD cohort

[n = 36] [n = 52] [n = 46] [n = 98]

Median age, y [range] 57 [41–71] 34 [19–64] 29 [17–67] 33 [17–67]

Sex, n female [%] 14 [38.9] 31 [59.6] 23 [50.0] 54 [55.1]
Median age at diagnosis of IBD, y [range] - 25 [11–56] 21 [7–57] 22.5 [7–57]
Median duration of IBD, y [range] - 8 [1–44] 8 [0–30] 8 [0–44]
Montreal classification, n
  CD location, L1/L2/L3 - - 5/15/26 -
  CD behaviuor, B1/B2/B3 - - 27/8/11 -
  UC extent, E1/E2/E3 - 10/16/26 - -
Primary sclerosing cholangitis, n [%] - 3 [5.8] 1 [2.2] 4 [4.1]
Prior history of Ileocaecal resection, n [%] - - 4 [8.7] -
Medication at colonoscopy
  5-aminosalicylates, n [%] - 41 [78.8] 8 [17.4] 49 [50.0]
  Immunomodulators, n [%] - 3 [5.8] 10 [21.7] 13 [13.3]
  Biologic therapy, n [%] - 5 [9.6] 9 [19.6] 14 [14.3]
  Corticosteroids, n [%] - 3 [5.8] 0 3 [3.1]
Inflamed mucosaa

  Terminal ileum, n/total samples [%] 0/23 0/23 10/21 [46.7] 10/44 [22.7]
  Ascending colon, n/total samples [%] 0/2 4/15 [26.7] 4/11 [36.3] 8/26 [31.0]
  Sigmoid colon, n/total samples [%] 0/30 21/41 [51.2] 19/40 [50.6] 40/81 [49.3]

HC, healthy controls; UC, ulcerative colitis; IBDU, inflammatory bowel disease unclassified; CD, Crohn´s disease; y, years. 
aPercentages are based on the total number of samples per site as denominator.

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab096#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab096#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab096#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab096#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab096#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab096#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjab096#supplementary-data
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genera increased their relative contribution to bsh gene abundance 
in inflamed sigmoid colon compared with non-inflamed tissue.

3.5.   Microbial baiCD genes interact with Angptl4 
host gene in non-inflamed sigmoid colon mucosa
Given the observed reduction of microbial secondary bile acid bio-
synthesis [ko00121] pathway in our analysis with PICRUSt, using 
qPCR we then tested the expression of specific mucosa-associated 
microbial genes which participate in bile acid metabolism. Bsh from 

B. plebius and B. bifidum, baiCD from C. scindens and C. hiranonis, 
and 12α-hsdh from C. hylemonae and Eggerthella sp. were analysed. 
As a measure of microbe-microbe and host-microbe cross-talk, 
we evaluated partial Spearman correlations among microbial and 
host genes accounting for age at colonoscopy, sex, and IBD type. 
Several significant correlations were identified among microbial 
genes [Supplementary Figure S7, available as Supplementary data 
at ECCO-JCC online] in non-inflamed and inflamed mucosa. Given 
these correlations and the double representation of bsh and 12α-hsdh 
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Figure 1.  Inferred bile acid-metabolising gene abundance in terminal ileum samples [n = 140 samples]. Data expressed as relative abundance of imputed gene 
function from 16S marker gene data using PICRUSt. Differential abundance analysis was performed by linear regression modelling including endoscopic 
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disease.
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Figure 2.  Relative metagenome contribution to bile salt hydrolase [bsh] gene abundance [COG3049]. Bar plot with taxa contributing to bsh gene function in 
intestinal mucosa of healthy controls [HC] and inflammatory bowel disease [IBD] patients with or without endoscopic inflammation at Phylum [A] and Genus 
[B] level in each biopsy site. Genus contributing to <1% were collapsed as Other. Imputed bsh genes that could not be annotated to the family and/or order level 
are depicted as unclassified at the Class level.
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in our microbial gene set, we included only one representative of 
these gene functions in our microbe-host interaction analysis. For the 
host genes, the top 500 loadings contributing to the first component 
of the PCA [Supplementary Figure S8, available as Supplementary 
data at ECCO-JCC online] were selected for downstream analysis 
[see Supplementary Data, Excel file 1 for a complete list of the ana-
lysed host genes]. The visual inspection of PCA [Supplementary 
Figure S8] and the correlation analysis between clinical variables and 
PCA loadings [Supplementary Figure S9, available as Supplementary 
data at ECCO-JCC online] showed that biopsy location and endo-
scopic inflammation were the major drivers of host transcriptomics 
variance; therefore, the three biopsy locations and non-inflamed 
and inflamed mucosa were independently analysed. Conversely, 
given the minimal effect of IBD type in differential gene expression 
[Supplementary Figure S9], this variable along with age and sex, 
were only included as covariates in our model. A significant positive 
association between baiCD bacterial gene abundance and expres-
sion of Angptl4 host gene in non-inflamed sigmoid colon [n = 39 
samples, partial Spearman’s rho  =  -0.65, p-value  =  2.09  ×  10-05,  
FDR = 0.03] was identified [Figure 3A; Supplementary Data, Excel 
file 2]. The association between baiCD and Angptl4 gene was not 
observed when inflamed sigmoid colon mucosa was analysed [Figure 
3B]. No host gene expression-microbial gene associations were iden-
tified in other biopsy locations [see Supplementary Data, Excel file 
2]. To understand the dissimilar correlation between baiCD and 
Angptl4 genes in ileal and colonic mucosa, we analysed the effect 
of endoscopic inflammation on these genes according to biopsy lo-
cation. Whereas inflammation significantly downregulated the ex-
pression of Angptl4 in the terminal ileum, non-effect or the opposite 
effect was noticed in the ascending colon and sigmoid colon mucosa, 
respectively [Figure 4A]. This might indicate a differential regulation 
of Angptl4 gene according to the spatial location in the intestinal 
tract. No significant differences were found in the relative abundance 
of bacterial baiCD genes according to inflammatory status [Figure 
4B]. Finally, we did not find correlations between other host genes 
(including bile acid receptors GPBAR1 [TGR5], NR1H4 [FXR] and 

VDR) and the studied microbial genes [see Supplementary Data, 
Excel file 2].

3.6.   Bayesian network analysis of microbial 
genes, Angptl4, and host phenotype in sigmoid 
colon mucosa
To better understand the interactions and infer the putative dir-
ection between the studied microbial genes and Angptl4 host 
gene in sigmoid colon, taking into account patient characteris-
tics [i.e., age, sex, and IBD type], we used a conditional prob-
abilistic graphical BN model. Similar to previous analysis, each 
biopsy location and non-inflamed and inflamed mucosa were ana-
lysed separately. A total of nine variables were used as the input 
of the model [Figure 5]. Continuous variables such as age, micro-
bial gene abundance, and Angptl4 gene expression, were discret-
ised before including them in the model. In non-inflamed sigmoid 
colon mucosa, there were four directed edges that after bootstrap 
resampling met the empirical threshold frequency of 0.6 [Figure 
5A] to be considered significant associations. According to this 
model, the baiCD microbial gene abundance was the only studied 
microbial gene putatively affecting Angptl4 host gene expression 
in non-inflamed sigmoid colon mucosa [empirical bootstrap fre-
quency = 0.721]. When inflamed mucosa was analysed, the influ-
ence of baiCD gene abundance in Agptl4 host gene expression 
was lost [empirical bootstrap frequency = 0.125] [Figure 5B]. No 
associations between age, sex, or clinical diagnosis and Anptl4 
host gene were identified.

4.   Discussion

Bile acids are highly abundant endogenous molecules derived from 
the host-gut microbiota cometabolism, with a recognised effect 
on immune regulation.41 Previous studies have demonstrated that 
stool samples from IBD patients show an impairment in the bile 
acid-metabolising capacity of the gut microbiome compared with 
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non-IBD controls, which has been implicated in the IBD pathogen-
esis.7,10,42 In the present study, we analysed the effect of inflammation 
on bile acid-metabolising microbiota in mucosal samples in three 
different biopsy locations [terminal ileum, ascending colon, and sig-
moid colon] using PICRUSt and qPCR. PICRUSt detected imputed 
microbial secondary bile acid biosynthesis [ko00121 pathway] 
and bsh [COG3049] functions in the three biopsy sites; however, 

a significant reduction of ko00121 pathway abundance was only 
observed in inflamed ileal mucosa of IBD patients compared with 
non-inflamed tissue. This finding was independent of age, sex, and 
IBD type [CD or IBD-U]. Moreover, in our univariate analysis, IBD 
type did not show an effect on ko00121 pathway abundance either. 
This might imply an effect of inflammation on mucosa-associated 
microbiota involved in bile acid metabolism, which is common to 
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Figure 4.  Differential expression of host Angptl4 gene and bacterial baiCD gene according to mucosal inflammation in inflammatory bowel disease patients 
[IBD]. A] expression of Angptl4 is depicted as log-normalised counts in the terminal ileum, ascending colon, and sigmoid colon. Boxplots depicting the median 
and interquartile range. Asterisks indicate significant differential expression compared with healthy controls [HC] using a negative binomial generalised linear 
model [GLM], FDR <0.05. B] Differential expression of baiCD bacterial gene is depicted as fold change calculated by 2^[-ΔΔCt] formula in the terminal ileum, 
ascending colon, and sigmoid colon. Bar plots include the mean and standard error. FDR, false discovery rate.
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UC/IBD-U and CD patients. Although no significant reduction of 
microbial bsh gene abundance was observed with intestinal inflam-
mation in any of the studied biopsy locations, the taxa contributing 
to this function significantly varied in the presence of inflammation 
in all the three biopsy sites. These changes in the taxa contributing 
to bsh gene function in mucosal microbiota may constitute another 
mechanism affecting the resulting bile acid deconjugation activity.43 
For instance, BSH from Bacteroides has a lower enzymatic activity 
compared with BSH from other taxa; therefore, an increased con-
tribution of Bacteroides to the bsh gene abundance in the micro-
bial community could impair the mucosal microbiota capacity to 
produce unconjugated bile acids even with no changes in bsh gene 
abundance.43 We did not observe a significant effect of inflamma-
tion in the relative abundance of ko00121 and COG3049 in colonic 
samples. This could be explained by spatial differences previously 
reported in the taxonomic profile along the gastrointestinal tract44 
producing variable microbial resilience to host inflammation.45

Gut microbes in the small and large bowel deconjugate bile 
salts to free bile acids by means of BSH enzymes, which makes bile 
acids accessible for subsequent microbial biotransformation into 
secondary bile acids.46 After bile acid deconjugation, the minor 
fraction [~5%] of unconjugated bile acids that overcome ileal re-
absorption undergo chemical diversification starting in the ter-
minal ileum and continuing in the colon via two main microbial 
pathways: dehydroxylation and dehydrogenation reactions.3 Our 
PICRUSt analysis did not identify the 7α-dehydroxylating function 
[KEGG orthologue K15870] in mucosal samples, and no KEGG 
orthologue was identified for hsdh gene function. This emphasises 
that imputed functions carried out by under-represented species may 
not be addressed by 16S rRNA-based metagenome-inferring tools.27 
However, the abundance of these bacterial genes have been exten-
sively reported in human stool specimens in the context of meta-
bolic diseases, infectious conditions, and IBD using shotgun meta
genomics.9,28,43,47 Unfortunately, the low microbial biomass and 
extremely high fraction of human DNA make the application of 
shotgun metagenomic sequencing challenging in mucosal samples.48 
Consequently, we aim to investigate the presence and abundance of 
bsh, baiCD, and hsdh microbial genes in human mucosal samples 
using specific qPCR primers. Unlike stool specimens, mucosal sam-
ples provide a more accurate picture of those microbes directly in 
contact with and more likely to influence the host.6,12–15,49 Leveraging 
this more suitable niche to study the microbiota-host interaction, 
we identified that an increased abundance of microbial baiCD 
genes is associated with the upregulation of the Angptl4 host gene 
in non-inflamed sigmoid colon biopsies of IBD patients. Microbial 
baiCD gene is located within a bai operon and encodes a stereo-
specific NAD[H]-dependent 3-dehydro-4-bile acid oxidoreductase. 
This is a critical enzyme in the 7α-dehydroxylation responsible for 
the biosynthesis of the main secondary bile acids DCA and LCA.50 
Although 7α-dehydroxylation is limited to a small subset of gut mi-
crobes, this process is extremely efficient, determining that nearly 
100% of bile acids in the colon are secondary bile acids.3 Indeed, 
we used a previously validated primer that amplifies the baiCD gene 
from C.  scindens and C. hiranonis whose 7α-dehydroxylating ac-
tivity is at least 10 times higher than other species.51 Our analysis 
of non-inflamed and inflamed mucosa of IBD patients shows that 
the microbial baiCD-host Angptl4 gene cross-talk in the sigmoid 
colon is lost in the presence of inflammation. This observation is 
in line with LePage et  al., who identified a significant decrease of 
transcript/bacterial genus pairs in the colonic mucosa of UC patients 
in the context of colitis.12 Loss of relevant microbe-host dialogue in 

active IBD may have a crucial pathogenic role. Although the correl-
ation between Angptl4 host gene and microbial baiCD gene was not 
statistically significant in ascending colon and terminal ileum, the 
negative partial Spearman correlation was numerically weaker in in-
flamed compared with non-inflamed mucosa [ascending colon: -0.13 
vs -0.49; terminal ileum: -0.15 vs -0.28]. 

Transcriptional differences between terminal ileum and colon 
are pronounced and were noticeable in our PCA. In fact, the dif-
ferential expression analysis of Agptl4 gene showed an opposite re-
sponse to inflammation in terminal ileum compared with sigmoid 
colon. These distinct transcriptomic patterns have been previously 
described along the proximal-distal axis of the small and large in-
testine.52 These transcriptional differences might explain divergent 
relationships between host and bile acid-metabolising microbiota in 
our three studied biopsy locations.

Although our study design does not allow us to prove biological 
causality, the BN analysis implies that baiCD microbial genes might 
influence the expression of the Angptl4 host gene. Interestingly, 
previous evidence has shown that microbial-derived molecules, 
including bile acids and short chain fatty acids [SCFA], can modu-
late Angptl4 expression in entero-endocrine HuTu-80 cell lines.53 
Angptl4 is a ubiquitously expressed glycoprotein playing a crucial 
role in lipid homeostasis by inhibiting the enzyme lipoprotein lipase54 
and has been implicated as a potential link between the gut micro-
biota and fat storage.55,56 To the best of our knowledge, a pathogenic 
role of ANGPTL4 in human IBD has not been demonstrated; how-
ever, murine and in vitro models have identified a relevant role of 
ANGPTL4 in many inflammation-associated diseases, including the 
capacity of attenuating chemical and dietary saturated fat-induced 
intestinal inflammation in mice.57,58

Our study has a number of strengths and limitations. This co-
hort provides us with a high proportion of minimally medicated 
IBD patients in endoscopic remission [less than 25% of subjects on 
immunomodulators/biologics at colonoscopy]. This enabled us to 
evaluate the microbial-host gene interaction in the absence of endo-
scopic inflammation or potent anti-inflammatory therapy, which 
may confound or blunt the host-microbe interaction.12 However, our 
limited sample size impeded some clinically relevant comparisons. 
For instance, we did not observe differences in bile acid metabolising 
genes or significant host-microbe interactions when CD and UC/
IBD-U patients were separately analysed, which could be determined 
for the significant reduction in the sample size. However, analysing 
CD and UC/IBD-U together is common in studies evaluating the effect 
of inflammation on host transcriptomics and host transcriptomics-
microbiome interaction,6,14,59 especially given the limited effect of 
IBD type on gene expression profile.59 Our unsupervised analysis 
confirmed this common observation. 

Similarly, due to the small group of PSC patients and CD pa-
tients with previous ileocaecal resection, we were not able to ana-
lyse the influence of liver disease and ileal disease recurrence, where 
bile acids and bile acid-metabolising microbiota could play a sig-
nificant pathogenic role. Although our PICRUSt analysis showed an 
appropriate prediction accuracy [NSTI] of metagenome functions, 
this approach is only an inference of the secondary bile acid bio-
transformation and bsh gene abundance, especially considering that 
many species or strains can carry more than one allele encoding 
these functions,60 and horizontal gene transmission among bacteria 
has been identified.47 One of the main limitations in our current ap-
proach for studying host gene expression-bile acid-metabolising mi-
crobe interactions is the lack of direct bile acid measurement, the 
end-products of the analysed microbial genes. By using PICRUSt and 
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qPCR, we can only investigate the ex vivo genomic potential of mi-
crobes to synthesise bile acids. Though the baiCD gene expression 
evaluated with the PCR primer used in our study has been signifi-
cantly correlated with 7α-dehydroxylation activity assays,29 other 
biologic factors such as hepatic biosynthesis, substrate availability, 
and entero-hepatic circulation, can also influence the concentration 
of microbial-derived bile acids. Finally, we emphasise that despite 
the results of our BN model, no causal inferences can be drawn from 
our study, especially considering the intricate and bidirectional rela-
tionship between gut microbiota, bile acids metabolism, and host. In 
fact, it has been proposed that ANGPTL4 may influence bile acid ab-
sorption through a mechanism dependent on modulation of the gut 
microbiota composition,61 so an effect of ANGPTL4 on bile acid-
metabolising microbiota cannot be ruled out. Moreover, other mi-
crobial metabolites synthesised by baiCD-bearing Clostridia, such as 
SCFA, could also drive the effect on host Angptl4 gene expression.62 
Our findings should be further validated in independent IBD cohorts 
to determine their generalisation.

In conclusion, our study shows for the first time an interaction 
between microbial baiCD genes and host Angptl4 gene in non-
inflamed intestinal mucosa of IBD patients. This study provides 
evidence that expands the growing realisation of the relevance of 
bile acid-metabolising microbiota in IBD. Controlled experimental 
studies determining the impact of specific microbial functions related 
to bile acid metabolism are needed to support these findings. As far 
as our knowledge, this is also the first report demonstrating an asso-
ciation between a crucial and specific microbial function involved in 
secondary bile acid biosynthesis and host Angptl4 gene. Angptl4 has 
exhibited the capacity to attenuate colonic inflammation in animal 
models57; therefore, modulation of baiCD abundance in the gut 
microbiota may be employed to influence Angptl4 expression and 
modulate the intestinal inflammation in IBD.
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