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ABSTRACT
Background  Western diet and associated production 
of secondary bile acids (BAs) have been linked to the 
development of sporadic colorectal cancer (CRC). Despite 
observational studies showing that secondary BAs 
produced by 7α-dehydroxylating (7αDH+) gut bacteria are 
increased in CRC, a causal proof of their tumour-promoting 
effects is lacking.
Objective  Investigate the causal role of BAs produced by 
7αDH+ gut bacteria in CRC.
Design  We performed feeding studies in a porcine 
model of CRC combined with multi-omics analyses 
and gnotobiotic mouse models colonised with 7αDH+ 
bacteria or a genetically modified strain to demonstrate 
causality.
Results  Western diet exacerbated the CRC phenotype 
in APC1311/+ pigs. This was accompanied by increased 
levels of the secondary BA deoxycholic acid (DCA) and 
higher colonic epithelial cell proliferation. The latter was 
counteracted by the BA-scavenging drug colestyramine. 
Metagenomic analysis across multiple human cohorts 
revealed higher occurrence of bai (BA inducible) operons 
from Clostridium scindens and close relatives in faeces 
of patients with CRC. Addition of these specific 7αDH+ 
bacteria (C. scindens/Extibacter muris) to defined 
communities of gut bacteria led to DCA production and 
increased colon tumour burden in mouse models of 
chemically or genetically induced CRC. A mutant strain of 
Faecalicatena contorta lacking 7αDH caused fewer colonic 
tumours in azoxymethane/dextran sodium sulfate treated 
mice and triggered less epithelial cell proliferation in human 
colon organoids compared with wild-type F. contorta.
Conclusion  This work provides functional evidence for 
the causal role of secondary BAs produced by gut bacteria 
through 7αDH in CRC under adverse dietary conditions, 
opening avenues for future preventive strategies.

INTRODUCTION
Colorectal cancer (CRC) has one of the highest 
incidences and mortalities among all cancer types 
worldwide, with approximately 1.9 million new 
cases and 0.9 million deaths in 2022.1 Besides 
genetic factors, including mutations in the 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Western diet has been linked to the development 
of sporadic colorectal cancer (CRC).

	⇒ Dietary fat stimulates the production of secondary 
bile acids (BAs) by 7α-dehydroxylating (7αDH+) 
bacteria within the gut microbiome.

	⇒ Functional studies demonstrating a causal role of 
7αDH+ bacteria in CRC are lacking.

WHAT THIS STUDY ADDS
	⇒ Western diet exacerbates experimental colorectal 
tumourigenesis in APC1311/+ pigs, providing 
interventional proof for associative clinical data in a 
relevant preclinical model.

	⇒ Enhanced epithelial cell proliferation is associated 
with increased levels of faecal secondary BAs, 
particularly deoxycholic acid (DCA), and can be 
reversed by colestyramine administration in pigs.

	⇒ Colonisation of gnotobiotic mice with specific 
7αDH+ bacteria induces DCA production, 
stimulates colonic epithelial cell proliferation and 
alters the expression of genes involved in epithelial 
cell differentiation.

	⇒ 7αDH+ bacteria increased colon tumour burden 
in two gnotobiotic CRC models, while a 7αDH− 
mutant strain did not, demonstrating a causal role 
in experimental colon tumourigenesis.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The causal role of elevated levels of secondary BAs, 
particularly DCA, in Western diet-associated colonic 
tumourigenesis supports the implementation of 
personalised dietary interventions to reduce the 
production of secondary BAs in individuals at risk 
of CRC.

	⇒ Specific detection of Clostridium scindens and 
closely related 7αDH+ species in human stool 
may help to identify individuals at high risk of CRC 
associated with adverse diet and lifestyle.

	⇒ Future microbiome-based interventions for CRC 
prevention (new onset or post surgery) should 
explore targeting specific 7αDH+ bacteria.
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tumour-suppressing adenomatous polyposis coli (APC) gene, 
sporadic CRC risk is predominantly influenced by environ-
mental and lifestyle factors, including diet and the gut micro-
biome.2 3 There is convincing evidence for a positive association 
between CRC risk and Western-style diets rich in fat and red/
processed meat, while high-fibre intake is negatively associated 
with CRC risk. In healthy individuals in South Africa, who have 
a very low CRC risk, a diet switch for 2 weeks from a traditional 
high-fibre/low-fat to a Western-style low-fibre/high-fat diet 
altered gut microbiota composition and metabolism, leading to 
an increase in markers associated with CRC risk such as intes-
tinal epithelial cell (IEC) proliferation and infiltration of CD3+ 
and CD68+ immune cells.4 Alaskan Native people, who tradi-
tionally consume a diet rich in fat and have the world’s highest 
risk for CRC, have a gut microbiota characterised by lower 
diversity and metabolic adaption to bile acid (BA) metabolism.5

High-fat intake stimulates BA synthesis by the host, resulting 
in increased amounts of BAs entering the colon, where they 
are converted to secondary BAs by gut bacteria. Elevated levels 
of secondary BAs, in particular deoxycholic acid (DCA), were 
detected in faeces of patients with CRC and healthy individuals 
at high CRC risk, and they correlated with higher occurrence 
of BA-inducible (bai) genes involved in BA 7α-dehydroxylation 
(7αDH) by gut bacteria.4–7 In the murine Apcmin/+ model, a diet 
supplemented with the primary BA cholic acid (CA, 0.4% w/w, 
12 weeks), the precursor of DCA, increased the number and size 
of intestinal tumours.8 This effect was prevented by antibiotic 
treatment, suggesting a contribution of the gut microbiota to 
CA-associated tumourigenesis in this CRC model. Oral intake of 
DCA promoted tumour development in the proximal colon of 
wild-type mice (0.2% w/w in diet for up to 10 months),9 high-
grade dysplasia in AKR/J mice treated with azoxymethane (AOM) 
(0.25% w/w in diet for >10 weeks)10 and higher numbers of 
intestinal tumours in Apcmin/+ mice (0.2% w/v in drinking water 
for 12 weeks).11 Faecal microbiota transplantation from DCA-
treated Apcmin/+ donor mice to microbiota-depleted Apcmin/+ 
recipients on a control diet led to increased intestinal tumour 
numbers.12 However, in these studies, mice were fed with DCA 
directly, which does not mirror physiological conditions, or 
DCA levels were not analysed. Moreover, the Apcmin/+ mouse 
model develops tumours primarily in the small intestine, which 
does not reflect the location of tumourigenesis in humans and 
contrasts to colon being the main site of secondary BAs produc-
tion. Hence, clear evidence for a causal role of microbially 
produced DCA in relation to diet and underlying mechanisms in 
colonic tumourigenesis is lacking.

In this study, we investigated the role of secondary BA produc-
tion by gut bacteria in CRC, based on a multilayer approach 
using dietary interventions in genetically engineered pigs, patient 
stool samples, gnotobiotic mouse models of CRC, human colon 
organoids, and a combination of multi-omics and cultivation 
methods. This allowed us to span analyses from microbial 
community level to detailed investigations of specific microbiota 
members involved in the conversion of BAs, collectively demon-
strating a diet-driven, tumour-promoting function of secondary 
BA-producing bacteria.

RESULTS
Western diet promotes high levels of secondary BAs and 
aggravates disease in APC1311/+ pigs
Pigs and humans are omnivores and share similarities in their 
gut microbiota, gastrointestinal anatomy, physiology and meta-
bolic processes. This has made the pig an ideal model to study 

gastrointestinal diseases. In contrast to transgenic mouse models 
based on mutations of the Apc gene, APC1311/+ pigs recapitulate 
key features of human disease, including the location of tumours 
in the large intestine,13 disease progression and differences in 
severity within families.14

To investigate the role of a Western diet on the development 
of CRC under controlled conditions in a preclinical setting, 
we performed a feeding intervention in APC1311/+ pigs. The 
animals were fed (1 kg/day) either a control (CTRL) diet or 
an experimental diet enriched in red meat and lard (RL diet) 
for 3 months (see experimental design in online supplemental 
figure S1a and diet composition in online supplemental table 
S1). Compared with control APC1311/+ pigs, higher numbers 
of Ki67+ (marker for cell proliferation) cells in distal colonic 
crypts indicated increased proliferation of the colonic epithe-
lium in the RL diet group (figure 1a), which was accompanied 
by a significant increase in both the number and size of colonic 
polyps (figure 1b).

To assess the effects of experimental feeding on the gut micro-
bial ecosystem, faecal samples were analysed by 16S rRNA 
gene amplicon sequencing before and after intervention. Alpha-
diversity analysis revealed a trend towards increased richness 
and Shannon effective counts in the CTRL group, which was not 
observed in the RL group, including a sharp drop in diversity in 
the two pigs with most severe disease progression (figure 1c). 
According to beta-diversity analysis, the microbiota structure 
between CTRL and RL pigs overlapped at the beginning of the 
feeding trial (4 months) but diverged after experimental feeding 
(7 months, figure 1d). At the level of dominant bacterial families, 
a decrease in Prevotellaceae and Acidaminococcaceae over time 
was observed in both groups, but it was more pronounced in RL 
pigs (figure 1e). While Fibrobacteraceae increased in the CTRL 
group, RL pigs were characterised by a significant increase in 
Desulfovibrionaceae.

Besides diet-induced effects on microbiota diversity and 
composition, changes in faecal metabolites were assessed. 
Targeted liquid chromatography with tandem mass spectrom-
etry (LC-MS/MS) measurements showed that primary BAs were 
overall increased in RL pigs after dietary intervention, primarily 
due to glycocholic acid (GCA), which was not detected in the 
CTRL group (figure 1f). Total faecal concentrations of secondary 
BAs were slightly higher in the CTRL group, mainly driven by 
hyodeoxycholic acid, which was shown by others to suppress 
epithelial cell proliferation.15 In contrast, levels of the CRC-
associated secondary BAs DCA and 12-keto-litocholic acid (12-
KLCA) were substantially higher in the RL group (figure 1g).

The bile acid sequestrant colestyramine limits Western 
diet-associated epithelial cell proliferation in the colon of 
APC1311/+ pigs
Next, we investigated whether the increase in BAs contributed to 
the RL diet-induced phenotype in APC1311/+ pigs. To this end, a 
second feeding trial was carried out, including a third group fed 
the RL diet supplemented with the drug colestyramine (COL; 
12 g/day), a bile acid scavenger that enhances bile acids excretion 
in faeces16 (see experimental design in online supplemental figure 
S1b). Immunohistochemistry staining of Ki67+ cells confirmed 
the proliferative effect of the RL diet in crypts of the distal colon, 
which was prevented by COL in the normal mucosa (figure 2a) 
and in lesions (online supplemental figure S2). While the number 
of polyps tended to decrease after intervention in all COL pigs 
(figure 2b; p=0.062), their size varied markedly between indi-
viduals in this group (figure 2c). Moreover, the total number and 
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size of polyps in the CTRL and RL groups showed inconsistent 
changes over time. However, compared with the RL diet, treat-
ment with COL resulted in fewer progressing polyps (figure 2d). 
Targeted analysis of faecal BAs at the end of the feeding period 
showed higher total levels of primary and secondary BAs in 
RL and COL pigs (adjusted p value (​p.​adj.)=​0.​068 and 0.066, 
respectively), including higher concentrations of GCA (​p.​adj.=​

0.​05), allocholic acid (​p.​adj.=​0.​07), CA and ursocholic acid (​p.​
adj.=​0.​05) (figure 2e). Faecal concentrations of the secondary 
BAs DCA and 12-KLCA increased with RL diet feeding, while 
they tended to be lower under COL treatment, even though 
these faecal amounts do not reflect the levels to which the gut 
epithelium is exposed (figure  2f). Targeted measurements of 
BAs were complemented by a lipidomics approach. Levels of 

Figure 1  Effects of Western diet on disease phenotype, faecal microbiota (16S rRNA amplicon sequencing) and bile acids (LC-MS/MS): 
(a) Percentage of Ki67+ cells in crypts of the distal colon from CTRL and RL pigs (n=3 each) after the feeding intervention; for each pig, 10 randomly 
selected fields were counted (small coloured dots). Mean values and SD per pig are shown in grey. Right panel: Exemplary Ki67 staining of distal 
colon samples. Black bars on the pictures represent 200 µm. (b) Number and size of polyps in the distal colon of APC1311/+ pigs aged 3 months 
(1 month prior to the feeding intervention) or 7 months (end of feeding intervention) and fed either the red meat and lard diet (n=8; red symbols) 
or the control diet (n=9; blue). Litters are indicated by different symbols. Right panel: Exemplary endoscopic pictures (last 40 cm of the colon). 
(c) Richness and Shannon effective counts over time; p=0.0206 and 0.1390, respectively (comparison of delta values). 4 months is the start of the 
dietary intervention, 7 months the end. (d) Beta-diversity shown as metaNMDS plot of generalised Unifrac distances. (e) Relative abundances of 
dominant bacterial families with significantly different changes over time (end-start/start) between feeding groups; (f) primary (grey stack bars) and 
secondary (brown) BA levels in faeces at the end of the feeding period; mean values per feeding group are shown (n=9 for CTRL, n=8 for RL). All 
values are available in online supplemental table S2. (g) Dot plots of the secondary BAs DCA and 12-KLCA in faeces. Mean values and SD across all 
pigs per group are shown in grey. Statistics: (a) Unpaired Wilcoxon rank-sum test; (b) Paired Wilcoxon signed-rank test; (d) PERMANOVA, p=0.001; 
pairwise comparisons with Benjamini-Hochberg adjustment: start, p.adj.=0.399; end, p.adj.=0.0015. (c–g) Wilcoxon rank-sum test with Benjamini-
Hochberg adjustment (*p.adj.≤0.05, **p.adj.≤0.01). BAs, bile acids; CA, cholic acid; CDCA, chenodeoxycholic acid; CTRL, control; DCA, deoxycholic 
acid; DHCA, dehydrocholic acid; DHLCA, dehydro-lithocholic acid; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; HCA, hyocholic acid; 
HDCA, hyo-deoxycolic acid; KLCA, keto-litocholic acid; Ki67, marker for cell proliferation; LC-MS/MS, liquid chromatography with tandem mass 
spectrometry; metaNMDS, meta non-metric multidimensional scaling; m, month; MCA, muricholic acid; norm. rel., normalised relative; nr, number; 
p.adj., adjusted p value; PERMANOVA, permutational multivariate analysis of variance; RL, red meat and lard diet; TCDCA, tauro-chenodeoxycholic 
acid.
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plant sterols were elevated in faecal samples from CTRL pigs, 
and COL tended to compensate for this effect in the case of 
cholestanol and 5α-sitostanol (figure 2g). In contrast, the levels 
of cholesterol and derivatives as well as total fatty acids (FAs) 
were highest in faeces of COL pigs (figure 2h). The differences 
in FAs were mainly driven by total saturated and branched chain 
(iso and ante-iso) FA, whereas unsaturated and long-chain FA 
(22–24) showed no significant differences.

Taken together, the two feeding trials in genetically engi-
neered pigs provide interventional evidence for the positive 
association between Western dietary habits, elevated levels 
of secondary BAs and polyp formation. Western diet-driven 

epithelial cell proliferation in the colon was prevented by the 
drug COL, which stimulated faecal excretion of lipids, making 
them likely unavailable for the host and BAs not accessible for 
bacterial conversion into secondary BAs. To further demonstrate 
the causal implication of secondary BAs in CRC development, 
we next used gnotobiotic mouse models.

Specific 7αDH+ bacteria are associated with CRC
Given the diversity of Clostridium and related species encoding 
bai genes, we next sought to identify the most relevant 7αDH+ 
bacteria in the context of CRC and explore their roles in 

Figure 2  Colestyramine treatment in transgenic APC1311/+ pigs: The COL diet corresponded to RL diet supplemented with 12 g/kg colestyramine (see 
detailed composition in online supplemental table S1). (a) Percentage of Ki67+ cells in crypts of the distal colon. For each pig, 10 randomly selected 
fields were counted (coloured dots). Mean values and SD per pig are shown in grey. Exemplary microscopic pictures of Ki67 staining (bars=200 µm) 
are displayed next to the graph. Polyp number (b) and size (c) in the distal colon (last 40 cm, 1 month prior to intervention; end of feeding period, 
n=5 for CTRL and COL, n=4 for RL). Litters are indicated by different symbols. (d) Fraction of progressing or regressing polyps (see Methods) as 
percentage of total polyp numbers (indicated below the x-axis for each pig). (e) Mean values of primary (grey) and secondary (brown) BAs at the 
end of the feeding period (7 months). All values are given in online supplemental table S3. (f) Individual values for DCA and 12-KLCA. Mean values 
and SD are shown in grey. (g) Sterol/stanol profiles. (h) FA profiles: total sat. FA, monounsaturated FA, di-unsaturated FA, >2 unsaturated FA, FAs 
separated by chain length, branched chain FA (iso- and ante-iso) and total FA. Individual values are provided in online supplemental table S3. Values 
in (g and h) are shown as individual values (black dots) and mean (bars)+SD (whiskers). CTRL diet (n=5); RL diet (n=4); COL diet (n=5). Statistics: 
(b and c) Paired Wilcoxon signed-rank test; (a, e–h) Kruskal-Wallis test with Dunn’s multiple comparisons and Benjamini-Hochberg adjustment (*p.
adj.≤0.05). (d) Pearson’s χ2. AlloCA, allocholic acid; AlloLCA; allolithocholic acid; ApoCA, apocholic acid; BAs, bile acids; CA, cholic acid; CDCA, 
chenodeoxycholic acid; COL, colestyramine; CTRL, control; DCA, deoxycholic acid; DHCA, dehydrocholic acid; DHLCA, dehydro-lithocholic acid; FA, fatty 
acid; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; GHCA, glycohyocholic acid; HCA, hyocholic acid; IsoLCA, isolithocholic acid; KLCA, 
keto-litocholic acid; Ki67, marker for cell proliferation; LCA, lithocholic acid; m, month; MCA, muricholic acid; nr, number; RL, red meat and lard diet; 
sat. saturated; TCDCA, tauro-chenodeoxycholic acid; UCA, ursocholic acid; UDCA, ursodeoxycholic acid; unsat., unsaturated.
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functional experiments. Therefore, we analysed the occurrence 
of bai operons from different mOTUs (metagenomic operational 
taxonomic units) in faecal metagenomes from patients with CRC 
(n=1034) and control individuals (n=1108) across multiple 
cohorts.17 The seven mOTUs with a prevalence >2% showed 
specificity in terms of both bai operon structure and protein 
sequence comparison (figure 3a,b). The occurrence of only two 
mOTUs corresponding to cultured species, Clostridium scindens 
(r03437) and C. hylemonae (r11469), was significantly higher in 
patients with CRC (figure 3c). Cumulative relative abundances 
of the bai operons from C. scindens and C. hylemonae confirmed 
the relevance of these two species in CRC when analysing all 
cohorts together (figure 3d). An increase was observed in nearly 
all individual studies, but significance depended on the cohort 
considered, likely due to varying size and environmental param-
eters (eg, diet) (figure 3e).

Based on the aforementioned metagenomic data, we used C. 
scindens in a gnotobiotic mouse model to study the relevance 
of microbial DCA production in CRC development. Germ-free 
wild-type mice on a high-fat diet (HFD) were colonised with 
a simplified consortium of human gut bacteria referred to as 
‘BA-converting defined microbiota’ (BACOMI) (online supple-
mental figure S1c,d). BACOMI includes 7αDH+ activity by 
C. scindens to produce DCA and can be compared with the 
condition without DCA when C. scindens is excluded from 
the consortium (7αDH−). Targeted quantitative PCR (qPCR) 
analysis revealed a high relative abundance of 23.0±2.9% 
(mean±SD) for C. scindens in BACOMI-colonised mice and 
a relatively uniform colonisation pattern of the other bacteria 
after 3 months (figure 3f). Consistently, the presence of C. scin-
dens caused high levels of secondary BAs, in particular DCA, 
which was not detected when 7αDH activity was lacking in the 
microbial consortium (figure 3g and online supplemental figure 
S3a). DCA concentrations were higher in female than male mice 
when colonised by C. scindens. Interestingly, 7αDH activity and 
DCA enhanced the expression of genes within BA-dependent 
signalling pathways (figure 3h) or involved in epithelial cell func-
tion and tumourigenesis in the colonic epithelium (figure  3i). 
Furthermore, 7αDH activity was linked to higher numbers of 
Ki67+ epithelial cells in the colon (figure 3j). Consistently, DCA 
induced epithelial cell proliferation in human colon organoids 
compared with CA (online supplemental figure S4a) or when 
added to supernatants of BACOMI, with or without C. scindens, 
excluding potential confounding factors due to other bacterial 
stimuli (online supplemental figure S4b,c).

Microbially produced deoxycholic acid promotes 
tumourigenesis in the colon
To analyse whether 7αDH-mediated BAs affect colonic tumouri-
genesis, germ-free wild-type mice on HFD were colonised with 
BACOMI with or without C. scindens and then treated with 
AOM and dextran sodium sulfate (DSS) (figure 4a). To consoli-
date these findings independent of the 7αDH+ bacterial species 
used, we performed additional experiments in mice colonised 
with the mouse gut isolate Extibacter muris18 instead of C. scin-
dens. The bai operon of E. muris has a high similarity to the 
bai operon of C. hylemonae18 and the latter species was also 
significantly associated with CRC in the metagenomic analysis 
(figure 3c). Moreover, C. hylemonae is proposed to be reclas-
sified within the genus Extibacter in GTDB (Release R226),19 
highlighting the phylogenetic relatedness of these two species.

Following AOM/DSS treatment, C. scindens was present 
at higher relative abundance (50.3±7.1%) (figure  4b) when 

compared with untreated BACOMI-colonised mice (figure 3f), 
suggesting favourable growth conditions for C. scindens 
under chemically induced colonic tumourigenesis. DCA was 
only detected in gnotobiotic mice colonised with C. scindens, 
including higher levels in female mice (figure  4d and online 
supplemental figure S5a). Levels of 3-oxo-DCA were also 
higher in the caecal content of female mice when C. scindens 
was present. Despite these sex differences in secondary BA 
concentrations, bacterial 7αDH activity led to higher tumour 
numbers in the colon of mice (figure 4f). Stratification according 
to tumour size revealed significance for small tumours, which 
suggests early-stage promotion of tumourigenesis by DCA rather 
than tumour progression.

Compared with C. scindens-colonised mice, E. muris was less 
abundant, which was linked to a more uniform distribution of 
the remaining bacterial species (figure  4c). DCA was detected 
in the caecum when 7αDH activity by E. muris was present and 
sex-specific differences (higher levels in females) were confirmed 
(figure  4e and online supplemental figure S5b). Several other 
secondary BAs were significantly elevated when E. muris 7αDH 
was present (eg, 12-oxo-chenodeoxycholic acid (CDCA), 
hyocholic acid, tauro-deoxycholic acid or lithocholic acid 
(LCA)). Interestingly, levels of the primary BA CA were higher in 
7αDH- mice, indicating enhanced conversion in 7αDH+ mice. 
Similar to the effects of C. scindens, 7αDH activity by E. muris 
caused higher numbers of tumours in the colon, which was again 
linked primarily to small tumours (figure 4g).

To confirm the role of microbial DCA production in colonic 
tumour development, we performed gnotobiotic experiments 
in a murine model of spontaneous colitis-associated cancer 
driven by nAtf6 oncogene activation (nAtf6IEC)20 combined 
with interleukin-10 knockout (Il10−/−).21 We used a different 
defined community of cultured gut bacteria, the OMM12, 
which lacks strains with 7αDH activity.22 The addition of E. 
muris to OMM12 (OMM12+E) led to DCA production in the 
mouse gut (online supplemental figure S6a). Germ-free IEC-
specific Atf6 transgenic mice deficient for IL-10 (nAtf6IEC tg/

wt; Il10−/−) colonised with OMM12+E were characterised by 
more and earlier dropouts (online supplemental figure S7a). 
While the tumour incidence in nAtf6IEC tg/wt;Il10−/− mice was 
similar in both colonisation groups (online supplemental figure 
S7b), E. muris significantly increased tumour numbers in the 
colon of these mice (online supplemental figure S7c,d), which 
was not the case in nAtf6IEC fl/fl;Il10−/− mice. This suggests that 
both oncogene activation and DCA production are required 
in addition to inflammation in this model to drive colonic 
tumourigenesis.

To specifically demonstrate the role of bacterial 7αDH in 
promoting colon tumourigenesis, a wild-type strain of Faecali-
catena contorta or its baiH mutant (ΩbaiH), unable to produce 
dehydroxylated secondary BAs,23 was used with BACOMI 
(without C. scindens and E. muris) to colonise germfree mice 
(online supplemental figure S1e). In contrast to wild-type F. 
contorta, the ΩbaiH mutant strain was not able to produce DCA 
in colonised BACOMI mice (figure 5a and online supplemental 
figure S5c). After AOM/DSS treatment, the lack of DCA by 
ΩbaiH induced fewer tumours in the colon than the wild-type 
strain of F. contorta (figure 5b). The presence of DCA resulted in 
higher numbers of small-sized tumours, confirming early-stage 
promotion of tumourigenesis (figure 5b). Treatment of human 
colon organoids with supernatants from wild-type F. contorta 
or the ΩbaiH mutant strain incubated with CA led to higher 
numbers of Ki67+ epithelial cells when stimulated with the wild-
type strain supernatant (figure 5c,d). Taken together, these results 
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Figure 3  Identification of specific DCA-producing bacteria associated with CRC and functional evaluation in a gnotobiotic mouse model: 
(a) Genomic architecture of the bai operon in mOTUs (metagenomic operational taxonomic units) detected at >2% prevalence (n=2142). (b) Protein 
sequence identities between the different genomic architectures of the bai operon shown in (a). (c) Quantile plots of relative abundances of mOTU-
specific bai operons over all CRC (n=1034) versus control (n=1108) samples. Due to high protein sequence similarity between Clostridiales sp. 
(m12265) and Clostridiales sp. (m12309) (last two bacteria listed), relative abundances are almost identical. (d) Cumulative relative abundance of 
the bai operons from C. scindens and C. hylemonae in samples from all cohorts. Only the samples with a detected bai operon from either of the two 
species are plotted. The corresponding number of positive samples is indicated above the x-axis. (e) Same as in d, but per study. The total number 
of samples is indicated below the x-axis. Studies that included <10 samples with detected bai operons in either of the groups (CTRL or CRC) were 
excluded. Adjusted p values <0.5 are shown (Wilcoxon rank-sum test with Benjamini-Hochberg adjustment, excluding samples without bai operon 
detected). (f) Relative abundances of bacterial species in colonic content of mice colonised with the BACOMI consortium with (7αDH+, n=10, 5F and 
5M mice) or without (7αDH−, n=10, 5F/5M) C. scindens as measured by targeted qPCR. (g) Primary (grey) and secondary (brown) BA profile in caecal 
content quantified using LC-MS/MS (female and male mice are shown separately; the stacked bars indicate mean values; all individual concentrations 
are available in online supplemental table S4). (h, i) Expression of genes related to (h) BA metabolism and (i) epithelial cell proliferation and 
differentiation in the colonic mucosa. (j) Exemplary images of immunofluorescence staining for Ki67+ cells in colonic crypts of BACOMI 7αDH− or 
BACOMI 7αDH+) mice and corresponding quantification shown as bar plots (n=4 mice each). (f, h–j) Shown as mean values+SD. Statistics: Wilcoxon 
rank-sum test with Benjamini-Hochberg adjustment (*p.adj.≤0.05; **p.adj.≤0.01, ***p.adj.≤0.001, ****p.adj.≤0.0001). BA, bile acid; bai, BA 
inducible; BACOMI, BA-converting defined microbiota; CA, cholic acid; CRC, colorectal cancer; CTRL, control; DCA, deoxycholic acid; F, female; gfc, 
geometric fold change; Ki67, marker for cell proliferation; LCA, lithocholic acid; LC-MS/MS, liquid chromatography with tandem mass spectrometry; 
M, male; MCA, muricholic acid; p.adj., adjusted p value; pval, p value; qPCR, quantitative PCR; rel. abund., relative abundance; TCA, taurocholic acid; 
7αDH, 7α-dehydroxylation.

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

at U
n

iversity o
f M

aastrich
t C

o
n

so
rtia

 
o

n
 F

eb
ru

ary 13, 2026
 

h
ttp

://g
u

t.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
18 D

ecem
b

er 2025. 
10.1136/g

u
tjn

l-2024-332243 o
n

 
G

u
t: first p

u
b

lish
ed

 as 

https://dx.doi.org/10.1136/gutjnl-2024-332243
http://gut.bmj.com/


7Osswald A, et al. Gut 2025;0:1–15. doi:10.1136/gutjnl-2024-332243

Gut microbiota

Figure 4  Effects of bacterial 7αDH on colonic tumourigenesis in gnotobiotic mice treated with AOM/DSS. (a) Setup of AOM/DSS experiments 
using BACOMI 7αDH− mice deprived of 7αDH activity and their BACOMI 7αDH+ counterparts colonised with either C. scindens (b, d, f, 7αDH−, 
n=8–7; 7αDH+, n=6) or E. muris (c, e, g, 7αDH−, n=10; 7αDH+, n=8). Mice were culled after either 16 weeks (C. scindens) or 18 weeks (E. muris). 
(b, c) Relative abundances of the bacterial species in colonic content as analysed by qPCR (b) or 16S rRNA gene amplicon analysis (c). (d, e) Primary 
(grey) and secondary (brown) BA profile in caecal content as quantified using LC-MS/MS (female and male mice shown separately). Data are shown 
as stacked bar plots of mean values. Individual concentrations are available in online supplemental table S4. (f, g) Number of colonic tumours; total or 
stratified according to their size: small (<1.2 mm2), medium (1.2–2.5 mm2), large (>2.5 mm2). Exemplary macroscopic pictures of the colon are shown 
below the bar plots; single tumours or areas with many tumours are indicated with red arrowheads or circles. In (b, c, f, g) the sex of mice is indicated 
by different symbols (triangle=male; dots=female). Statistics (d–g): Wilcoxon rank-sum test with Benjamini-Hochberg adjustment (*p.adj.≤0.05; **p.
adj.≤0.01, ***p.adj.≤0.001). AOM, azoxymethane; BACOMI, BA-converting defined microbiota; CA, cholic acid; CDCA, chenodeoxycholic acid; C. 
scindens, Clostridium scindens; DCA, deoxycholic acid; DSS, dextran sodium sulfate; E. muris, Extibacter muris; F, female; KLCA, keto-litocholic acid; 
LCA, lithocholic acid; LC-MS/MS, liquid chromatography with tandem mass spectrometry; M, male; MCA, muricholic acid; norm. rel., normalised 
relative; nr, number; qPCR, quantitative PCR; rel., relative; TCA, taurocholic acid; TUDCA, tauroursodeoxycholic acid; UDCA, ursodeoxycholic acid; 
7αDH, 7α-dehydroxylation.
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demonstrate the causal role of bacterial 7αDH in promoting 
colonic epithelial cell proliferation and tumourigenesis.

DISCUSSION
This study demonstrates the role of secondary BAs produced 
via gut bacterial 7αDH as tumour-promoting metabolites in 
experimental CRC. In contrast to non-physiological DCA 
supplementation in previous studies, we provide causal 
evidence linking the CRC risk-promoting effects of Western 
diets to functional adaptation of the gut microbiota. The 
experiments in APC1311/+ pigs substantiate the clinical rele-
vance of Western diet-mediated stimulation of microbial BA 
metabolism and suggest that promoting the excretion of BAs 
is a therapeutic option to limit their tumourigenic effects in 
the large intestine.

Bacterial 7αDH activity from the specific DCA-producers 
C. scindens, E. muris and F. contorta enhanced colonic 
tumourigenesis in gnotobiotic mice. This validates our own 
findings about the higher occurrence of bai operons from 
C. scindens and C. hylemonae in metagenomes from patients 
with CRC and is an important experimental proof of 
previous observational data on higher numbers of 7αDH+ 
bacteria in faeces of patients with CRC or individuals at 
high CRC risk.5–7 It also provides physiologically relevant 

evidence for the tumour-promoting effects of secondary BAs 
in murine CRC models compared with previously tested 
oral DCA supplementation and observed effects in the small 
intestine.9–12 Of note, 7αDH caused significantly higher 
numbers of small but not large colonic tumours in our 
gnotobiotic mouse experiments with AOM/DSS treatment. 
This may indicate that DCA promotes cellular processes 
underlying tumour initiation rather than progression in 
the colonic epithelium of susceptible hosts. Data obtained 
in the nAtf6IECtg/wt; Il10−/− gnotobiotic model of CRC 
demonstrates the importance of host genetic modification 
besides gut inflammation for the tumour-promoting effect 
of 7αDH+ bacteria.

There are multiple possible mechanisms for the tumour-
promoting effect of DCA. For instance, it was shown to stim-
ulate cancer stemness in colonic epithelial cells by modulating 
β-catenin signalling.24 It also triggered proliferation and DNA 
damage in ApcMin/+ Lgr5+ intestinal stem cells by antagonising 
the BA receptor farnesoid X receptor.25 Moreover, oral admin-
istration of DCA and HFD-associated secondary BAs promoted 
proliferation of Lgr5+ stem cells via the BA receptor Takeda 
G protein-coupled receptor 5 (TGR5).26 Consistently, 7αDH-
mediated production of DCA did not induce colonic tumours 
without AOM/DSS in our study but it increased Ki67+ 

Figure 5  Causal role of bacterial 7αDH in epithelial cell proliferation and colonic tumourigenesis using a genetically modified strain in gnotobiotic 
mice and human colon organoids. (a) DCA concentrations in faeces of BACOMI mice colonised with F. contorta wild-type strain (7αDH+) or its ΩbaiH 
mutant (7αDH−), as quantified by LC-MS/MS. Faeces was collected 1 week before the end of the experiment. The sex of mice (n=6 per colonisation 
group) is indicated by symbols: triangle, male; dots, female. (b) Number of colonic tumours; total or stratified according to their size: small (<1.2 mm2), 
medium (1.2–2.5 mm2), large (>2.5 mm2). (c) Percentage of Ki67+ cells in human colonic organoids stimulated with different dilutions of cell-free 
bacterial supernatant from F. contorta wild-type versus ΩbaiH mutant incubated with 100 µM CA for 24 hours (n=5). (d) Exemplary microscopic 
images of Ki67-staining from human organoids; scale bar=50 µm. Statistics: Wilcoxon rank-sum test (*p≤0.05; **p≤0.01). BA, bile acid; bai, BA 
inducible; BACOMI, BA-converting defined microbiota; CA, cholic acid; DAPI, 4',6-diamidino-2-phenylindole; DCA, deoxycholic acid; F. contorta, 
Faecalicatena contorta; Ki67, marker for cell proliferation; LC-MS/MS, liquid chromatography with tandem mass spectrometry; nr, number; 7αDH, 
7α-dehydroxylation.
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epithelial cell numbers and enhanced the expression of genes 
previously shown to be involved in secondary BA-associated 
colonic tumourigenesis.24 25 The tumour-promoting role of 
secondary BAs in susceptible hosts due to diet is also supported 
by our observation of Western diet-driven increase in Ki67+cells 
in the colon of APC1311/+ pigs. Furthermore, enhanced faecal 
excretion of BAs by COL was associated with reduced prolif-
eration in the colonic epithelium. This finding provides addi-
tional preclinical evidence for the potential use of COL for CRC 
prevention. Previous data in mice showed that COL decreased 
the expression of genes involved in epithelial cell proliferation 
in the colon and that it could prevent streptozotocin and HFD-
induced hepatocellular carcinoma.27 The use of BA sequestrants 
in individuals at increased CRC risk appears to be promising for 
prevention, since prediagnostic high plasma levels of BAs were 
linked to CRC outcome in a prospective study.28 In this context of 
preventive BA reduction, it is worth noticing that secondary BAs 
also increased the expression of genes with essential regulatory 
functions (eg, Guca2a, Muc2, Pparg) in our gnotobiotic mice, 
suggesting that 7αDH-associated microbial metabolites have a 
fundamental role in regulating intestinal epithelium homeostasis 
and regeneration. Thus, low but not completely abolished DCA 
levels seem to be a promising preventive or therapeutic target for 
CRC risk reduction. Recently, BAs were shown to be required 
for TGR5-dependent regeneration of intestinal epithelial cells 
and protection from colitis in mice,26 further supporting the 
importance of physiological BA levels.

In the mouse experiments, we detected a larger caecal BA pool 
and higher DCA concentrations in female compared with male 
animals. It is known that female and male mice differ in their 
BA composition and female mice tend to have higher serum and 
liver DCA concentrations.29 Moreover, sex hormones influence 
hepatic BA metabolism, including their production, secretion 
and absorption.29 Therefore, our data is in line with already 
described sex differences in BAs and illustrates the importance 
to investigate both sexes. Besides BAs, sex hormones also affect 
CRC risk directly: testosterone increases CRC risk,30 while 
oestrogen has the opposite effect.31 This possibly explains why, 
in our gnotobiotic experiments, colonic tumour numbers were 
increased by secondary BA production in both male and female 
mice despite markedly higher DCA concentrations in the latter 
group.

Besides the causal role of secondary BAs in experimental CRC 
as demonstrated here, Western diet may promote CRC risk via 
the microbiome in several manners. For example, a recent study 
by Yang et al32 demonstrated that experimental CRC was asso-
ciated with higher levels of Alistipes spp and dysregulation of 
gut microbial co-metabolism leading to higher levels of glycer-
ophospholipids. Moreover, diets high in fat content are usually 
associated with increased occurrence of Enterobacteriaceae, 
potentially including pks+ Escherichia coli with tumourigenic 
effects.33 CRC risk does not exclusively arise from the increase 
in tumour-promoting factors but also from the lack of tumour-
suppressive dietary compounds, including complex carbohy-
drates fermented by gut bacteria to short chain fatty acids such 
as butyrate.4 5 Furthermore, Western or HFDs are very diverse 
in terms of fat content and quality, with consequences regarding 
effects on the host. Recent studies showed that a ketogenic diet, 
highly enriched in fat and very low in carbohydrates, reduced 
experimental colonic tumourigenesis.34 However, the long-term 
clinical relevance of ketogenic diets remains to be demonstrated. 
Taken together, these findings highlight the complexity of diet-
associated changes in gut microbial metabolism and support the 
use of model organisms and experimental diets with detailed 

composition to unravel the influence of nutrition on CRC devel-
opment or prevention.

In conclusion, our studies demonstrate the causal role of gut 
microbial 7αDH activity in experimental CRC. Secondary BAs, 
in particular DCA, are implicated in the tumour-promoting 
effects of Western diets, which provides a promising target for 
CRC prevention via dietary intervention or modulation of gut 
microbial BA metabolism.

METHODS
Animal work
All experiments were carried out according to the German 
Animal Welfare Act and the European Union Normative for Care 
and Use of Experimental Animals. Individual approval numbers 
from the corresponding authorities are provided in the following 
subsections that describe the specific experiments.

Porcine experiments
These experiments were approved by the Federal Government 
of Bavaria (permit no. ROB55.2-2-2532.Vet_02-18-33). Pigs 
were provided by the Chair of Livestock Biotechnology at the 
Technical University of Munich, Germany, and were housed 
and sampled at the animal facility Thalhausen (Faculty of Life 
Science Weihenstephan, Freising, Germany).

Dietary Interventions in APC1311/+ pigs
The experimental design is depicted in online supplemental 
figure S1a. APC1311/+ pigs (German landrace×minipig cross-
breed)13 underwent colonoscopy at the age of 3 months to enable 
their separation into two groups with a comparable distribution 
of individuals in terms of polyp numbers and size, sex and litter-
mates. Both groups were fed a standard diet until the dietary 
intervention started at the age of 4 months to allow for recovery 
after colonoscopy. The CTRL and experimental diet enriched in 
RL were specifically designed for this experiment and purchased 
from ssniff Spezialdiäten GmbH (Soest, Germany; cat. no. S5745-
S074 and S5745-S076, respectively). Main differences between 
the diets are illustrated in online supplemental figure S1a and 
their detailed compositions are provided in online supplemental 
table S1. The diets were fed to the pigs in a restricted manner 
(approximately 1 kg/day) for 3 months until the age of 7 months. 
At the end of the feeding period, faecal samples were taken, and 
colonoscopy was performed, including biopsy collection. Two 
RL pigs dropped out of the study due to tumour-independent 
reasons (meningitis and a foot malformation).

For the second feeding trial testing the effects of COL, the 
overall experimental design was as in the first experiment 
(online supplemental figure S1b). However, APC1311/+ pigs were 
assigned to three groups instead of two (n=4–5 pigs each): 
CTRL, RL and COL (=RL diet supplemented with 12 g/kg COL; 
Ratiopharm GmbH, Ulm, Germany; EAN 4150037520609). 
The recommended dose by the manufacturer is 4–16 g/day for 
adult subjects. Additional components of the drug COL besides 
the active agent were added to CTRL and RL diet. Detailed diet 
compositions are available in online supplemental table S1.

Colonoscopy
Pigs underwent colonoscopy 1 month prior to dietary interven-
tion and after the 3 months of experimental feeding. To reduce 
the load of faecal material in the large bowel, pigs were fasted 
for 24 hours before the procedure. Based on bodyweight, pigs 
were narcotised (0.2 mg/kg ketamine and 0.05 mL/kg azaperone) 
and the large bowel was flushed with tap water to remove 
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remaining luminal content. Tissue biopsies and images were 
taken using a STORZ colonoscopy system (Flexible SILVER 
SCOPE). To ensure accuracy and reproducibility, each colonos-
copy video was independently reviewed twice for verification of 
total polyp number and morphological classification within the 
evaluated 40 cm segment of the colon. During each procedure, 
a minimum of five representative polyps per pig were obtained 
by endoscopic biopsy for histopathological assessment. Regres-
sive polyps were characterised by elevated polypoid morphology 
with a white surface layer and partial tissue apoptosis. In 
contrast, progressing polyps predominantly exhibited sessile 
or pedunculated morphologies. Most progressing polyps were 
sessile, featuring a flat, broad base and a reddish superficial layer, 
hallmarks of actively growing polyps.

Collection of faeces and sampling
In both pig trials, fresh faecal samples were collected prior to 
(4 months of age) and immediately after dietary intervention (7 
months of age) before colonoscopy. In brief, faecal material was 
taken directly from the rectum of each pig using sterile gloves 
and placed into individual, sterile plastic containers. Solely the 
material from core areas of the faeces was collected using a 
sterile spatula. Samples were immediately frozen on dry ice and 
stored at −80°C for later sequencing and metabolomics. Tissue 
samples from the rectum were collected either during colonos-
copy (pig trial 1) or after the pigs were culled (pig trial 2). The 
resulting samples were formalin-fixed and paraffin-embedded 
tissue blocks that were stored at room temperature.

Mouse experiments
BACOMI consortium
The defined microbial community BACOMI (Bile acid-converting 
microbiota) contains six bacterial species (all obtained from the 
Leibniz-Institute DSMZ - German Collection of Microorganisms 
and Cell Cultures, Braunschweig, Germany) that can transform 
the host-derived primary BAs into dehydroxylated secondary 
BAs (adapted from Ridlon et al)35 (online supplemental figure 
S1c). Bacteroides uniformis (B. uniformis) DSM 6597, Phocaei-
cola vulgatus (P. vulgatus) DSM 1447 and Parabacteroides dista-
sonis (P. distasonis) DSM 20701 express bile salt hydrolases 
(BSH) that produce free primary BAs from conjugated counter-
parts. Bilophila wadsworthia (B. wadsworthia) DSM 11045 can 
further metabolise taurine released by BSH activity into H2S. 
Clostridium scindens (C. scindens) DSM 5676 is the key member 
of the BACOMI consortium, as it is the only species with 7α-de-
hydroxylating (7αDH) activity. Finally, Blautia producta (B. 
producta) DSM 2950 was added due to being a dominant human 
gut bacterium that is H2-consuming, acetogenic, able to isom-
erise bile acids and thus increases variability of the BA pool. The 
other 7αDH+ species Extibacter muris (E. muris) DSM 28560 
was isolated and described by us previously.36 37 Faecalicatena 
contorta S122 was previously isolated and genetically modified 
to create a ΩbaiH mutant strain unable to produce DCA.23 All 
bacteria except for B. wadsworthia were cultured in brain heart 
infusion medium supplemented with resazurin, hemin, yeast 
extract and L-cysteine under anaerobic conditions. B. wadswor-
thia was cultured as previously described.38

OMM12 ± E. muris consortium
OMM12 is a defined community of cultured bacteria repre-
senting the five major phyla in the mouse gut.22 We amended this 
consortium by the addition of the 7αDH+ species E. muris DSM 
28560. For the generation of cryo-stocks, individual strains were 

grown in anaerobic Akkermansia medium. Strains were mixed 
equally (based on OD measurements) and mixed with 20% glyc-
erol in a 1:1 ratio (exact mixing volumes and strain designations 
are given in online supplemental table S7).

Gnotobiotic mouse experiments
The experiments in AOM/DSS treated mice were approved 
by the Ministry of Social Affairs, Health, Integration and 
Consumer Protection of the state Brandenburg (permit no. 
2347-15-2021). Germ-free male and female wild-type mice 
(BALB/cJ) were kept in positive-pressure isolators at the animal 
facility of the German Institute for Human Nutrition Potsdam-
Rehbruecke (Nuthetal, Germany) with a 12 hours light-dark 
cycle at 22±2°C and 55±5% air humidity. Starting 1 week prior 
to colonisation, the mice were switched from standard diet to a 
HFD (online supplemental table S1). Mice (n=8–10 per group) 
were colonised by gavage (108 cells per bacterium in 100 μL 
medium; 50 μL orally and 50 μL rectally at day 0 and 2) with 
BACOMI either with (7αDH+) or without (7αDH−) C. scin-
dens. After colonisation, mice were either kept for 12 weeks 
(online supplemental figure S1d and figure 3) or subjected to 
further treatment to induce experimental CRC (figure  4). In 
the latter case, mice received three intraperitoneal injections of 
AOM (Merck, Darmstadt, Germany) (5 mg/kg body weight) in 
the interval of 1 week, starting at week 2 after colonisation. 5 
days after the final AOM injection, mice were treated with three 
cycles of DSS (MP Biomedicals, Santa Ana, USA) with 5 days of 
DSS (1.5% in drinking water) followed by 16 days of normal 
drinking water. Mice were culled 2 weeks after the end of the 
AOM/DSS treatment and colonic tumours were counted using 
a binocular microscope. The colonisation and AOM/DSS treat-
ment of mice with E. muris and F. contorta (wild-type or ΩbaiH 
mutant) followed the same protocol, but mice colonised with 
E. muris were kept 2 weeks longer after colonisation and prior 
to AOM/DSS treatment to confirm colonisation status, and the 
mice colonised with the F. contorta strains received two cycles 
of DSS (online supplemental figure S1e). For BACOMI with 
C. scindens colonisation, three mice (male n=1, female n=2) 
dropped out in the 7αDH+ group during the first DSS cycle, 
whereas for the 7αDH− group, two mice (male n=1, female 
n=1) dropped out at the end of the third DSS cycle or after the 
first AOM injection, respectively. For BACOMI with E. muris 
colonisation, two female mice dropped out in the 7αDH+ 
group after the first DSS cycle. For BACOMI with wild-type F. 
contorta, one female mouse dropped out in the first DSS cycle 
and a male mouse dropped out in the second DSS cycle. For 
BACOMI with the mutant F. contorta strain (ΩbaiH), two male 
mice dropped out in the first DSS cycle.

Germ-free IEC-specific expression of activated (p50) nAtf6 
transgenic mice (nAtf6IEC)20 was crossed to germ-free Il10−/− 
mice. Heterozygous mice with monoallelic nAtf6 expression 
(nAtf6fl/wt; Vil-Cretg/wt; Il10−/−) and floxed controls (nAtf6fl/wt; 
Vil-Crewt/wt; Il10−/−) were used for gnotobiotic work.21 These 
experiments were approved by the Committee on Animal Health 
Care and Use of the State of Upper Bavaria (Regierung von Ober-
bayern; AZ TVA 55.2–2532.Vet_02-18-121). 4-week-old mice 
were inoculated orally (50 µL) and rectally (100 µL) with cryo-
stocks of the OMM12 or OMM12+E. muris (OMM12+E) 
strain mixture at day 0 and day 3, received a standard diet 
(autoclaved V1124-300, Ssniff, Soest, Germany) ad libitum and 
kept colonised for 12 weeks. All mice were euthanised with CO2 
at the end of an experiment (age 16 weeks) or when abortion 
criteria were met.
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Quantitative real-time PCR for intestinal gene expression
The Dynabeads mRNA purification kit (Thermo Fisher Scien-
tific, Waltham, USA) was used for mRNA isolation. Lysis buffer 
(200 μL) and 10 zirconium beads were added to approximately 
5 mg of intestinal tissue stored at −80°C in RNA later tissue 
reagent (Qiagen, Venlo, Netherlands). A tissue lyser (Qiagen, 
Hilden, Germany) was then used for homogenisation (2×2 min 
at 50 Hz with a 2 min break in between). The lysate was pulled 
through a syringe five times with a 1 mL syringe and centrifuged 
(18 800x g, 2 min, room temperature). The rest of the protocol 
was as per the manufacturer’s instructions. mRNA concentra-
tions were determined using a Nanodrop (Peqlab VWR, Radnor, 
USA) and 20 ng were used for reverse transcription using the 
RevertAid H Minus First Strand cDNA Synthesis kit (Thermo 
Fisher Scientific) according to manufacturer’s recommenda-
tions. For qPCR, the mastermix was prepared according to 
the manufacturer’s recommendations given by the Quantinova 
SYBR Green PCR Kit (Qiagen, Hilden, Germany), and forward 
and reverse primers added (0.5 μM each) (online supplemental 
table S5). Then, 4 ng template cDNA was used in a total reaction 
volume of 10 μL. Samples were amplified using the 7500 Fast 
Real-Time PCR System (Applied Biosystems, Waltham, USA). To 
determine CT-values, the Life Technologies 7500 Software (V.2.3) 
was used. Normalisation was to the housekeeping gene Rpl13a, 
which encodes for the 60S ribosomal protein L13a. Results were 
calculated relative to the control group of 7αDH− mice.

Immunohistochemistry and immunofluorescence
Specimens from the two pig trials were fixed in 4% formalde-
hyde solution for 24 hours, embedded and sectioned (3 μm). 
The tissue sections were then deparaffinised, antigen unmasked 
(citrate buffer, pH=6) and endogenous peroxidases were inac-
tivated in 3% H2O2 for 10 min. After blocking for 1 hour (2% 
goat serum in phosphate buffered saline (PBS)), sections were 
incubated overnight at 4°C with the primary antibody for Ki67 
(Rabbit, DSC innovative Diagnostik-System, Hamburg, Germany, 
KI681C002, dilution 1:400) followed by a second overnight 
incubation with the secondary antibody (Goat Anti-Rabbit 
IgG, Santa Cruz, Dallas, USA, sc-2780, dilution 1:400). Perox-
idase activity was detected using diaminobenzidine substrate 
or the VECTASTAIN Elite ABC Kit (Vectorlab, Newark, USA, 
PK-6100), respectively. Staining of Ki67 was considered posi-
tive and quantified only when detected in nuclei. Ten randomly 
selected fields (magnification ×40) from each tissue section were 
analysed. Values are presented as the percentage of the stained 
cells per area.

For the gnotobiotic mouse trial (figure 3), the dissected tissues 
were fixed using Methacarn solution and embedded in paraffin. 
Tissues were cut into 4 μm-thick sections and deparaffinised 
by heating (60°C, 15 min) followed by two times xylol for 
3 min. The specimens were then rehydrated using a decreasing 
alcohol series: 100% for 2 min, 96% for 2 min, and 70% for 
1 min, followed by water for 1 min. After rinsing twice in water 
(5 min each), the specimens were boiled in 10 mM citrate buffer 
(pH=6) for 30 min for antigen retrieval, followed by 30 min 
of cooling. Thereafter, the specimens were washed three times 
with water for 5 min, once with PBS for 5 min, and then blocked 
with PBS containing 5% goat serum for 1 hour at room tempera-
ture. Primary antibodies against Ki67 (abcam, Cambridge, UK, 
ab15580, dilution 1:200) were incubated overnight at 4°C. 
Specimens were then washed three times in PBS (5 min each) 
and incubated with the secondary antibody (AlexaFluor-488, 
Thermo Fisher Scientific; dilution 1:200), and Hoechst (Merck, 

Darmstadt, Germany; dilution 1:200) for 1–2 hours at room 
temperature. All antibodies were diluted in PBS containing 1% 
bovine serum albumin and 0.3% Triton X-100. Finally, the spec-
imens were washed in PBS for 5 min each and covered with glass 
slides using mounting medium (Vector Laboratories, Newark, 
USA). For imaging, a confocal laser microscope was used (LSM 
780 microscope, Zeiss, Oberkochen, Germany). Tile scans with 
40× magnification were acquired and analysed with the ZEN 
(black edition) V.2.3 software (Zeiss).

Microbiota composition analysis
Metagenomic DNA was obtained using a modified version of a 
previously published protocol.39 Cells were lysed mechanically 
via bead-beating and DNA was purified on columns (Macherey-
Nagel, Düren, Germany). A robotised platform (Biomek4000, 
Beckman-Coulter, Aachen, Germany) was then used for library 
construction. The V3-V4 regions of 16S rRNA genes were 
amplified (25 cycles) in a two-step PCR using primers 341F 
(5′-cctacgggnggcwgcag) and 785R (5′-gactachvgggtatctaatcc)40 
and 24 ng of template DNA. A double combinatorial indexing 
strategy was used. Amplicons were purified using the AMPure 
XP system (Beckmann Coulter), pooled in equimolar amounts 
and sequenced in paired-end mode using a MiSeq system (Illu-
mina, San Diego, USA).

Raw data were processed using IMNGS (https://www.imngs.​
org),41 an online platform based on UPARSE.42 Sequences were 
clustered into operational taxonomic units (OTUs) at 97% 
sequence similarity and only those with a relative abundance 
≥0.25% in at least one sample were kept to exclude spurious 
OTUs.43 Parameters for data processing were: min/max sequence 
length, 300–500 nt; barcode mismatch, 1; end-trim length, 15; 
max. no. expected errors, 3; trimming q score, 3. The number 
of sequences per sample after filtering was 26 286±8044 for 
the first pig trial and 12 564±3954 for the gnotobiotic mouse 
experiment with E. muris. Downstream diversity and compo-
sition analyses were performed in Rhea (https://github.com/​
Lagkouvardos/Rhea).44 For the first pig trial, taxonomies were 
assigned using SILVA release 128. Several families showed a 
significantly different behaviour between the feeding groups 
over time. A pseudocount (lowest value×10) was added to the 
normalised relative abundance of each family per sample before 
calculation to avoid division by zero. For family comparison 
over time, a start-adjusted delta value was calculated as follows: 
(end – start) / start. For changes in α-diversity, original values 
without pseudocount were used for the same calculation. Iden-
tities of the OTUs for the gnotobiotic mouse experiment were 
confirmed using Eztaxon.45 Normalised relative abundances are 
plotted in figures 1 and 4 and provided in online supplemental 
tables S2 and S4.

For the gnotobiotic mouse trials with C. scindens, the QIAmp 
Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany) was used 
to extract and purify DNA from colon content. Approximately 
50–80 mg frozen content was added to a cryotube containing 
ca. 100 mg of 0.1 mm glass beads, and 1 mL of InhibitEx 
buffer, followed by bead-beating (Uniprep, UniEquip, Neuried, 
Germany) for 2×5 min at 3000 rpm. All samples were processed 
according to the manufacturer’s instructions except for the 
elution volume (changed to 70 μL). For DNA isolation from 
bacterial cultures, the Genomic DNA from Microorganisms Kit 
(Macherey-Nagel) was used as per the manufacturer’s instruc-
tions. The disruption time was 12 min, and the samples were 
eluted twice using the same elution buffer.
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A standard curve plotting bacterial cell number against CT-
value was established for each BACOMI species using real-time 
qPCR and species-specific primers (online supplemental table 
S5). The standard curve was generated from overnight bacterial 
cultures and cell numbers were determined using a Thoma cell 
counting chamber (Fein-Optik, Herburg, Germany). For quan-
tification, bacterial DNA was isolated from colon content and 
bacterial cell numbers (online supplemental table S4) were calcu-
lated using the generated standard curve.

Analysis of bai operon occurrence in metagenomes
To quantify the occurrence of bai operons in faecal metage-
nomes, we first extracted bai sequences from Kim et al46 and 
retained the operons harbouring at least seven of the eight genes 
found in experimentally validated bai operons. The complete 
contig of each bai sequence was downloaded from GenBank. 
GECCO (V.0.9.7) was trained on the complete contigs with 
default parameters using Pfam V.35.047 and bai-specific HMMs7 
as training features. We then ran GECCO on ProGenomes3 
(PG3) representative genomes (n=41 171) and selected those 
clusters with more than seven unique bai genes, since all experi-
mentally verified bai operons had >7 unique bai genes with our 
approach, based on bai genes HMM annotation. This resulted 
in a total of 18 PG3 genomes with complete bai operons and we 
extracted the protein sequence of each of the individual operons. 
We then computed protein sequence similarity across the bai 
genes between operons from all genomes to understand how 
divergent the sequences are, which is important to know prior 
to quantifying relative abundances in metagenomes. Protein 
sequence similarity was computed by pairwise alignment (global 
mode, BLOSUM62 substitution matrix) as implemented in 
Biopython V.1.81.48 Next, we used mmseqs map (V.13.45111) to 
map protein sequences of the complete operons of all 18 clusters 
against our reduced GMGC (Global Microbial Gene Catalogue) 
gut catalogue (n=13 788 251 ORFs) to identify which genes 
contained parts of the operons. This approach also enabled 
species-resolved bai operon quantification. We then collected a 
total of n=2142 samples from case-control metagenomic studies 
of CRC (n=1034 CRC, n=1108 CTRL, see online supplemental 
table S8 for an overview). These metagenomes were processed 
and profiled as follows: (1) Raw reads were cleaned using 
bbduk (V.38.93), including low-quality trimming on either side 
(qtrim=rl trimq=3), discarding low-quality reads (maq=25), 
adapter removal (ktrim=r k=23 mink=11 hdist=1 tpe=true 
tbo=true; against the bbduk adapter library), and length filtering 
(ml=45); (2) Reads were screened for host contamination using 
kraken2 (V.2.1.2) against the human hg38 reference genome 
with ribosomal sequences masked (Silva_v_138); (3) Cleaned 
reads were then mapped onto our reduced human gut gene cata-
logue using BWA-MEM (V.0.7.17) with default parameters and 
alignments were filtered to >45 bp alignment length and >97% 
sequence identity. Reads aligning to multiple genes contrib-
uted fractional counts towards each hit gene. Alignment counts 
for a gene were normalised against its length, then scaled up 
according to the strategy employed by NGLess (https://ngless.​
embl.de/Functions.html#count) and propagated to the func-
tional features with which the gene is annotated. Extensive use 
of gffquant (V.2.10.0, https://github.com/cschu/gff_quantifier) 
was made throughout the functional profiling workflow. As 
information about which individual GMGC gene corresponded 
to a part of the bai operon of a given bacterial species was avail-
able, we obtained species-resolved relative abundances of bai 
operons. Values for all GMGC genes belonging to a specific 

species’ bai operon were summed to compute total relative 
abundance for the bai operon of the given bacterial species. We 
only included bai-encoding species if they occurred at a preva-
lence of at least 2% in the entire dataset. To calculate the preva-
lence of the bacterial species, we performed taxonomic profiling 
using mOTUs (V.3.1) with default parameters after having run 
the bbduk quality filtering as described above. Differential abun-
dance analysis was performed using a linear mixed model with 
the study as a random effect, through the SIAMCAT package. 
A pseudocount of 1e-8 was used for plotting zero values on a 
logarithmic scale (figure 3c). For figure 3d,e, zero values of the 
two respective mOTUs were not considered. For figure 3e, only 
studies with more than 10 samples containing bai operons of 
either C. hylemonae or C. scindens in each group were included.

Bile acid measurements
Pig stool samples from trial 1 and 2 were analysed as described 
previously by Wegner et al and Reiter et al, respectively.49 50

For the BACOMI mouse experiments, about 30 mg of lyoph-
ilised caecal content (experiments with C. scindens) or 60 mg 
faeces (experiments with F. contorta) were mixed with 450 μL 
acetonitrile, followed by 15 min vortexing and then centrif-
ugation (13 000×g, 60 min, 21°C). Supernatant (300 μL) 
was mixed with the internal standards (ISTDs) d4-CDCA and 
d4-LCA (10 μM each) and dried in a SpeedVac system (Jouan 
RC10.22, Thermo Fisher Scientific). The residue was dissolved 
with methanol and water (1:1). Chromatographic separation of 
5 μL sample was achieved on a 1290 Infinity II HPLC (Agilent 
Technologies) equipped with a Poroshell EC-C18 column 
(Agilent Technologies; 3.0×150 mm, 2.7 μm) connected to a 
guard column (3.0×5 mm, 2.7 μm) of the same material. The 
column was tempered to 30°C. A mobile phase system consisting 
of 10 mM ammonium acetate/acetonitrile (80:20 v:v; solvent 
A) and water/acetonitrile (20:80 v:v; solvent B) was applied at 
a flow rate of 0.2 mL/min. The initial solvent composition of 
85% solvent A was maintained for 6 min. Then, solvent A was 
decreased stepwise to 70, 40 and 20% within 20, 30 and 40 min 
of total run-time, respectively. After 45 min, the mobile phase 
reached initial conditions again. MS/MS analysis was carried 
out using a 6495C triple-quadrupole mass spectrometer (Agilent 
Technologies) operating in the negative electrospray ionisa-
tion mode (ESI−). The ion source parameters were: sheath gas 
temperature, 400 °C; sheath gas flow, 12 L/min of nitrogen; 
nebuliser pressure, 40 psi; drying gas temperature, 120 °C; 
drying gas flow, 15 L/min of nitrogen; capillary voltage, 4500 V; 
nozzle voltage, 0 V; iFunnel high pressure RF voltage, 90 V and 
iFunnel low pressure RF voltage, 60 V. A total of 30 compounds 
(28 bile acids and 2 ISTDs) were simultaneously analysed by 
single reaction monitoring or, if feasible, by multiple reaction 
monitoring. High-performance liquid chromatography-tandem 
mass spectrometry (HPLC-MS/MS) parameters are given in 
online supplemental table S6. Quantification was performed 
using MassHunter Workstation Quantitative Analysis for 
QQQ (V.10.1; Agilent Technologies). Analytes were externally 
calibrated in the concentration range of 0.09–90 μM (ISTDs 
constantly 10 μM). BA concentrations were normalised to dry 
weight of the caecal content subjected to extraction.

For the gnotobiotic mouse experiment with E. muris, samples 
were lyophilised overnight at −60°C. The dried caecal contents 
were weighed, and six ceramic beads (2.5 mm) were added to 
each tube. Proportionally to the weight of each sample, between 
500 μL and 1500 μL of MeOH/H2O (2/1) + 0.1% formic acid 
was used as extraction solvent. Samples were homogenised in a 
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Precellys 24 Tissue Homogenizer (Bertin Instruments, Montigny-
le-Bretonneux, France) at 6500 rpm 2×20” beat and 20” rest. 
The homogenised caecal samples were centrifuged at 21 000 rcf 
for 15 min at 4°C. 100 uL from each supernatant or calibration 
standard was transferred into individual wells of 2 mL 96-well 
plate. 50 μL of an ISTD solution (CA-d4, CDCA-d4, TCA-d4, 
TUDCA-d4, DCA-d4 and LCA-d4, each at 2 μM in methanol) was 
pipetted in each well. Immediately after the addition of ISTD, 
600 μL of 0.2% formic acid in H2O was added to each sample 
or calibration standard level. The 96-well plate was shaken 
with an orbital shaker at 300 rpm and centrifuged at 2000x g, 
5 min, 4°C. The contents of the 96-well plate were extracted 
by solid phase extraction with an Oasis HLB 96-well uElution 
plate (Waters, Milford, USA). The extracted samples were dried 
in a Biotage SPE Dry 96 (Biotage, Uppsala, Sweden) at 20°C and 
reconstituted with 100 μL of MeOH/H2O (50/50). The plate 
was shaken with an orbital shaker at 300 rpm, 5 min and centri-
fuged at 2000x g, 5 min, 4°C. The samples were injected on the 
liquid chromatography-high resolution mass spectrometry (LC-
HRMS) system.

The quantitative method was performed on an Agilent 
ultrahigh-performance liquid chromatography 1290 series 
coupled in tandem to an Agilent 6530 Accurate-Mass Q-TOF 
mass spectrometer.51 The separation was done on a Zorbax 
Eclipse Plus C18 column (2.1×100 mm, 1.8 μm) and a guard 
column Zorbax Eclipse Plus C18 (2.1×5 mm, 1.8 µm) (both 
Agilent Technologies). The column compartment was kept 
heated at 50°C. Two different solutions were used as eluents: 
ammonium acetate (5 mM) in water as mobile phase A and pure 
acetonitrile as mobile phase B. A constant flow of 0.4 mL/min 
was maintained over 26 min of run time with the following 
gradient (expressed in eluent B percentage): 0–5.5 min, constant 
21.5% B; 5.5–6 min, 21.5–24.5% B; 6–10 min, 24.5–25% 
B; 10–10.5 min, 25–29% B; 10.5–14.5 min, isocratic 29% B; 
14.5–15 min, 29–40% B; 15–18 min, 40–45% B; 18–20.5 min, 
45–95% B; 20.5–23 min, constant 95% B; 23–23.1 min, 
95–21.5% B; 23.10–26 min, isocratic 21.50% B. The system 
equilibration was implemented at the end of the gradient for 
3 min in initial conditions. The autosampler temperature was 
maintained at 10°C and the injection volume was 5 μL. The ioni-
sation mode was operated in negative mode for the detection 
using the Dual AJS Jet stream ESI Assembly. The quadrupole 
time-of-flight (QTOF) acquisition settings were configured in 
4 GHz high-resolution mode (resolution 17 000 full width at 
half maximum (FWHM) at m/z 1000), data storage in profile 
mode and the high-resolution full mass spectrometry (MS) chro-
matograms were acquired over the range of m/z 100–1700 at 
a rate of 3 spectra/s. The mass spectrometer was calibrated in 
negative mode using ESI-L solution from Agilent Technologies 
every 6 hours to maintain the best possible mass accuracy. Source 
parameters were set up as follows: drying gas flow, 8 L/min; gas 
temperature, 300°C; nebuliser pressure, 35 psi; capillary voltage, 
3500 V; nozzle voltage, 1000 V. Data were processed afterwards 
using the MassHunter Quantitative software and MassHunter 
Qualitative software (Agilent Technologies) to control the mass 
accuracy for each run. In the quantitative method, 43 bile acids 
were quantified by calibration curves. The quantification was 
corrected by addition of internal standards in all samples and 
calibration levels. Extracted ion chromatograms were gener-
ated using a retention time window of ±1.5 min and a mass 
extraction window of ±60 ppm around the theoretical mass of 
the targeted bile acid.

For all experiments, BAs that were not detected by the respec-
tive methods were assumed to be absent, set to 0 μmol/g and only 

those BAs detected in at least 50% of the animals in at least one 
group were considered for downstream analyses. Statistics were 
done only on dominant BA species (the concentration thresholds 
are shown in the figures; all individual values for all BAs are 
available in online supplemental tables S2–4). Ursodeoxycholic 
acid (UDCA) is a primary BA in rodents, but a secondary BA in 
humans. Due to their similarity to humans, we classified UDCA 
as a secondary BA in pigs.

Lipidomic analyses
Faecal homogenates for analysis of fatty acids, sterols and stanols 
were prepared in isopropanol as described before.52 Subse-
quently, the homogenates were used for both fatty acid and 
sterol/stanol analysis. Concentrations of total faecal fatty acids 
were determined by gas chromatography coupled to mass spec-
trometry (GC-MS) as described previously53 with some modi-
fications. Samples were derivatised to fatty acid methyl ester 
(FAME). The initial column temperature of 50°C was held for 
0.75 min, increased with 40 °C/min to 110°C, with 6 °C/min to 
210°C, with 15 °C/min to 250°C and held for 2 min. Iso-FAMEs 
and ante-iso-FAMEs standards were applied to identify branched 
chain fatty acids and to calibrate the instrument response. 
Samples for analysis of sterols and stanols were analysed as 
described previously.54

Generation of bacterial supernatants for organoid 
experiments
For the incubation of either wild-type F. contorta or the ΩbaiH 
mutant with CA, 100 µL overnight culture was inoculated in 
10 mL of trypticase soy broth supplemented with resazurin, 
hemin, yeast extract, salt solution, L-cysteine and 100 µM CA 
under anaerobic conditions. For the incubation of BACOMI 
with or without C. scindens, 100 µL overnight culture of each 
strain was inoculated together in 10 mL of trypticase soy broth 
supplemented with resazurin, hemin, yeast extract, salt solution, 
1 M taurine, L-cysteine and either 50 µM DCA, or dimethyl sulf-
oxide (DMSO) as negative control, under anaerobic conditions. 
After 24 hours at 37°C, the cultures were centrifuged (16 000x g, 
5 min, 4°C) and cell-free supernatants collected.

Human colonic organoid experiments
Normal colon organoids, established from healthy human intes-
tinal biopsies, were kindly provided by Dr Franziska Baenke 
and Dr Daniel E Stange (Dresden, Germany). They were main-
tained in Matrigel (#356231, Corning) supplemented with 
growth medium (IntestiCult, #06010, STEMCELL Technolo-
gies, Vancouver, Canada). For growth analysis, 50 µM CA or 
DCA (#C1129 and #D2510, respectively; both Sigma Aldrich, 
Burlington, USA) or bacterial supernatants were added as indi-
cated and the organoids were incubated for 48 hours at 37°C. 
Intact organoids were detached from Matrigel using Cell 
Recovery Solution (#CLS354253, Corning) and embedded 
in Epredia HistoGel (HG-4000–012, Thermo Fischer Scien-
tific). Cells were fixed in ROTIHistofix (#P087.5, Carl Roth, 
Karlsruhe, Germany) for 24 hours and embedded in paraffin. 
Tissues were cut into 4 µm-thick sections, deparaffinised with 
xylol three times for 5 min, then rehydrated using a decreasing 
alcohol series: three times each 100%, 96% and 70% (each 
time for 3 min), followed by PBS three times for 5 min. After-
wards, the specimens were boiled in 10 mM citrate buffer 
(pH=6) for 25 min for antigen retrieval, followed by 30 min 
of cooling. Thereafter, the specimens were washed three times 
with PBS for 5 min, and then blocked with PBS containing 
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1% bovine serum albumin and 0.2% Triton X-100 for 30 min 
at room temperature. Primary antibodies against Ki67 (Cell 
Signaling Technology, Danvers, USA, 12 202S, dilution 1:200) 
were incubated overnight at 4°C. Specimens were then washed 
three times in PBS (5 min each) and incubated with the 
secondary antibody (AlexaFluor-594, Thermo Fisher Scientific 
A21207, dilution 1:1000), and 4',6-diamidino-2-phenylindole 
(DAPI) (dilution 1:1000) for 1 hour at room temperature. All 
antibodies were diluted in PBS containing 1% bovine serum 
albumin. Finally, the specimens were washed in PBS for 5 min 
and covered with glass slides using mounting medium (DAKO 
FluorSave, Glostrup, Denmark). For imaging, a fluorescence 
Olympus IX81 microscope was used (Evident Scientific, 
Waltham, USA).

Data visualisation and statistics
Statistical analyses were done using R (V.4.2.1) in RStudio using 
the rstatix package or GraphPad Prism (V.10.6.1) (GraphPad 
Software, Boston, USA). For microbiota analyses, detailed 
information is provided in Rhea (https://github.com/Lagkou-
vardos/Rhea).44 Comparisons between two groups were done by 
Wilcoxon tests and Benjamini-Hochberg adjustment. Compar-
isons between three groups were done by Kruskal-Wallis tests 
with Dunn’s multiple comparisons and Benjamini-Hochberg 
adjustments. Adjusted p values are with stars as defined in 
the corresponding legends; non-adjusted p values are given as 
numbers directly in the graphs whenever appropriate. Graphs 
were created in R using tidyverse (ggplot2; RRID:SCR_014601), 
ggpubr, cowplot and ggbreak or GraphPad Prism. ​BioRender.​
com was used to create the visual abstract (Created in BioRender. 
Oßwald, A. (2026) https://BioRender.com/gj1ikmx).
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