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Gut microbiota restricts intestinal 
lipid uptake via modulation of bile 
phosphatidylcholine metabolism in mice
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Alina Viehof-Beckmann    7, Thomas Clavel    7, Michael Zimmermann    8, 
Joerg Heeren9, Piero Giansanti    10, Anna S. Weiss    11, Sven Hermeling1, 
Aline Dupont12, Anna-Lena Ullrich12, Florian Jokisch    5, Claudine Seeliger2, 
Andre Bleich4, Maria Hidrobo2, Bärbel Stecher    11,13,14, Olivia I. Coleman    15, 
Claudia Moresi6, Giorgia Greter6, Markus Arnoldini    6, Josef Scheiber16, 
Silke Matysik1, Martin Klingenspor17, Bernhard Küster    18,19, Dirk Haller    15, 
Ralph Burkhardt    1, Folkert Kuipers    20 & Josef Ecker    1,2 

The gut microbiota influences host metabolism, but the mechanisms of lipid 
uptake from food remain mysterious. Here we used stable isotope-labelled 
tracers in gnotobiotic mouse models, which revealed that host uptake of 
dietary lipids depends on microbial colonization. Systemic lipid metabolism 
modelling predicted that the gut microbiota restricts intestinal lipid 
absorption, and labelled lipid administration verified that the gut contents 
of microbiota-colonized mice contained up to 12-fold more lipids than those 
of germ-free animals. A combination of lipidomics and proteomics showed 
that gut microbes trigger Myd88 signalling, leading to a downregulation 
of hepatic Cyp7b1 activity and increased taurocholate production. 
Taurocholate stimulates phospholipase A1 activity in bile, causing the 
degradation of phosphatidylcholine that is essential for luminal micelle 
formation and lipid uptake. A diverse microbiome was associated with 
lower phosphatidylcholine content. This previously unrecognized host–gut 
microbiota interplay via enzymes in bile could provide future targets to 
modulate dietary lipid absorption.

Lipids are a critical energy source providing more than 30% of total 
caloric intake in adults1. Systemic uptake of dietary lipids, predomi-
nantly occurring as triglycerides (TG), is a multistep process2. It 
comprises their emulsification with biliary bile acids (BA) and phos-
pholipids, hydrolysis to fatty acids (FA) by pancreatic TG lipase (PNLIP), 
before uptake into enterocytes. After re-esterification to complex 
lipids, they are packaged into chylomicrons that are secreted into 
the lymph entering the circulation. Although nutrient uptake and 
the body’s energy balance were associated with the gut microbiota3, 

microbial impact on systemic uptake of dietary lipids is not very 
well understood.

The gut microbiota is a complex and dynamic ecosystem of ~39 tril-
lion cells with a mass of ~0.2 kg for a 70-kg adult, located in the gastro-
intestinal tract (GIT)4. It makes non-digestible nutrients available for 
the host and impacts host metabolism5. Acetate originating from gut 
microbial degradation of fibre is a precursor for hepatic synthesis of 
lipids distributed into the circulation6. Primary BA are synthesized in 
the liver, conjugated to taurine or glycine, secreted into bile and stored 
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Therefore, we here investigated the gut microbiota’s fundamental 
role in intestinal lipid absorption using stable isotope-labelled lipids 
and mass spectrometry in germ-free (GF), specific pathogen-free (SPF) 
and gnotobiotic mice colonized with different microbial consortia.

Results
The gut microbiota reduces systemic uptake of dietary lipids
To investigate whether the gut microbiota impacts dietary lipid uptake 
and flux, we applied stable isotope labelling in vivo. GF, Oligo-MM12 
(OMM12) and SPF mice simultaneously received deuterium-labelled 

in the gallbladder. After release into the gut lumen, BA can be metabo-
lized by the gut microbiota and reabsorbed into the circulation7. Evi-
dence that the gut microbiota impacts dietary lipid uptake is available. 
The fermentation products lactate and acetate from Lacticaseibacillus 
paracasei and Escherichia coli impede chylomicron secretion from 
mouse enterocytes8, whereas Clostridium bifermentans promotes TG 
uptake in mice fed with a high-fat diet9.

We previously reported that levels of dietary-derived polyun-
saturated FA including docosahexaenoic acid (FA22:6 n-3) in plasma 
were inversely correlated with the presence of the gut microbiota6. 
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Fig. 1 | The gut microbiota reduces systemic lipid uptake. a, The experimental 
labelling strategy. b, A heat map depicting FCs (>0.5) of AUC from the 0-6 h time 
courses after tracer gavage for GF versus OMM12 and GF versus SPF mice. GF: 
n = 5 mice at 1 h and 2 h, n = 4 mice at 6 h; OMM12: n = 4 mice at 1 h, n = 5 at 2 h and 
6 h; SPF: n = 5 mice per timepoint. c–f, FA16:0[D5] and FA16:0[D31] in plasma (c), 
eWAT (d), ileum tissue (e) and content (f). Means ± s.d. GF: n = 5 mice at 1 h and 2 h, 

n = 4 mice at 6 h; OMM12: n = 4 mice at 1 h, n = 5 at 2 h and 6 h; SPF: n = 5 mice per 
timepoint. *,#P < 0.05, **,##P < 0.01, ***,###P < 0.00, one-way ANOVA with Tukey post 
hoc test, OMM12(*) or SPF(#) compared with GF. Note, when comparing b with c–f, 
in b, the FCs of the AUCs for all timepoints (0–6 h) are presented, whereas in c–f, 
the time courses of the absolute concentrations at 0 h, 1 h, 2 h and 6 h are shown.
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palmitic acid (FA16:0[D5]) and tripalmitin (TG(FA16:0[D31])3) per oral 
gavage (Fig. 1a). SPF mice harbour diverse gut microbiota6, OMM12 mice 
are colonized with 12 microbial strains representing the major murine 
gut microbiota phyla10. The body mass between GF, OMM12 and SPF 
mice on a standard chow diet is not different11. Total FA were quantified 
1, 2 and 6 h after gavage by gas chromatography–mass spectrometry 
(GC-MS) in gut contents, plasma, bile and tissues. The flux kinetics are: 
in the first 20 min, the lipid mix reaches the half of the jejunum. After 1 h, 
tracers can be detected in colon tissue and they peak in blood plasma, 
before peripheral tissues including liver at 2 h and white adipose tissues 
at 6 h are reached. If the gut microbiota affects TG lipolysis in the gut 
lumen, different time-dependent concentrations profiles (1–6 h) of 
FA16:0[D5] and FA16:0[D31] will be expected in plasma.

Mice with gut microbiota had a reduced uptake of tracers into the 
circulation and peripheral tissues. In plasma and white adipose tissue, 
the areas under the curve (AUCs) for FA16:0[D5] and FA16:0[D31] were 
much smaller in SPF and OMM12 compared with GF mice (log2 fold 
changes (log2(FC)) between −0.9 and −9.4; Fig. 1b–d). In ileum and 
colon contents, the AUCs of labelled FA were much larger in colonized 
compared with GF animals (log2(FC) between 1.8 and 3.6; Fig. 1b,e,f), 
because less labelled FA reached the circulation in SPF and OMM12 com-
pared with GF mice. The results were almost identical for FA16:0[D5] 
and FA16:0[D31] indicating that TG lipolysis is not affected by the gut 
microbiota. The elongation products FA18:0[D5/31] were detected in 
intestinal contents, plasma and liver (Extended Data Fig. 1a). FA were 
integrated in phosphatidylcholine (PC) and TG of plasma, liver and 
epididymal white adipose tissue (eWAT), with increased levels in GF 
mice (Extended Data Fig. 1b).

These data show that the gut microbiota substantially modulates 
luminal and systemic contents of labelled FA.

The gut microbiota limits FA absorption from the gut lumen 
into intestinal tissue
To analyse what processes of lipid flux are potentially affected by micro-
biota, lipid metabolism was modelled at the system level. We used the 
quantitative time courses of FA16:0[D5] and FA16:0[D31] determined in 
gut contents, plasma and six tissues to build a physiology-based kinetic 
model describing in vivo FA flux12 (Fig. 2a and Supplementary Data 1). It 
includes the parameters of gastrointestinal flow in the small and large 
intestine (kp1 and kp2), FA absorption from the gut lumen into intesti-
nal tissue and further to blood (kabs), FA distribution from circulation 
to white adipose tissue (kstor), liver (khep) and other tissues (modelled 
together as ke). We set up a basic model with six parameters, assuming 
them being microbiota-independent, and fit their values to FA16:0[D5] 
and FA16:0[D31] measurements in all model compartments for the three 
mouse groups simultaneously. To determine the effect of gut micro-
bial presence on FA flux processes, for each of the model parameters, 
we tested whether defining this parameter as mouse group-specific 
improves the model performance. We built six models with eight param-
eters, where one of the parameters from the basic model is changed 
to three mouse group-specific parameters, and fitted parameter val-
ues to the same data as for the basic model. We found that setting the 
intestinal absorption parameter kabs as group-specific substantially 

improves the model performance (mean squared error (MSE) reduction 
>20%, difference in Akaike information criterion (AIC) >50 compared 
with the basic model; Fig. 2b and Supplementary Data 1). This suggests 
that despite being penalized for increased complexity, the model with 
group-specific intestinal absorption coefficient best explains the dif-
ferences in FA16:0[D5] and FA16:0[D31] kinetics in most tissues (Fig. 2c 
and Extended Data Fig. 2), with robust estimates of the corresponding 
parameters (Fig. 2d). The coefficient of intestinal FA absorption, kabs, 
is estimated to be twofold higher in GF mice compared with OMM12 or 
SPF mice (Fig. 2d). This is supported by the finding that 20 min after 
oral gavage, in duodenum tissue, 2.4–3.2% of total FA16:0 originated 
from absorption (FA16:0[D31] and FA16:0[D5]), whereas in OMM12 and 
SPF mice, it was only 1.3–1.6% and 1.0–1.4% (Extended Data Fig. 3a). kp1 
specifying FA gastrointestinal flow in the small intestine was not differ-
ent between the mouse groups, which was validated experimentally. 
Transit times of the lipid mix are similar in the small intestine of male 
and female GF, OMM12 and SPF mice (Extended Data Fig. 3b).

The advantage of using model selection with AIC is that it provides 
a balance between model complexity and its goodness-of-fit and helps 
to identify parameters, which, when added to the model, improve its 
fitting to experimental data across several tissues simultaneously. 
Our results indicate that the differences between labelled FA profiles 
observed in the three mouse groups across different tissues (Fig. 1b–f) 
can be best explained by reduced intestinal FA absorption in the pres-
ence of the microbiota.

The gut microbiota impacts biliary glycerophospholipid  
levels relevant for intestinal FA absorption
Cluster of differentiation 36 (Cd36) and FA transporter 4 (Slc27a-
4FATP4) are relevant for FA transport into enterocytes13. Cd36 mRNA 
is lower expressed in epithelial cells from the ileum of GF mice com-
pared with conventional mice14. In our study, no difference in Cd36 
mRNA expression between GF, OMM12 and SPF mice in duodenum, 
ileum and jejunum tissue was found (Extended Data Fig. 3c). Palmi-
toylation of CD36 mediated by palmitoylacyltransferases zinc finger 
DHHC-type containing 4 and 5 (ZDHHC4 and ZDHHC5 and DHHC4 
and DHHC5) affects its membrane localization and activity15,16. How-
ever, the gut microbiota, such as Lactobacillus, can affect CD36 
palmitoylation17, and the G protein-coupled BA receptor 1 (Gpbar1, 
TGR5)18, for which deoxycholate is an agonist19, similar Dhhc4 and 
Dhhc5 mRNA expressions were detected in the duodenum, jejunum 
and ileum of GF, OMM12 and SPF mice (Extended Data Fig. 3c). Slc27a4 
mRNA expression was elevated in the duodenum and jejunum tissue 
of GF compared with OMM12 and SPF mice (Extended Data Fig. 3c), 
which could contribute to their higher intestinal absorption of 
FA16:0[D5] and FA16:0[D31].

Next, we focused on bile, because it emulsifies luminal dietary 
lipids inducing the formation of micelles necessary for intestinal lipid 
absorption. The lipid composition of gallbladder bile depended on 
gut microbial colonization (Fig. 2e). Although GF mouse bile primar-
ily contained PC, SPF bile was dominated by lysophosphatidylcholine 
(LPC) (Fig. 2f,g). The concentrations of lysophosphatidylethanolamine 
and LPC (Extended Data Fig. 3d,e), especially unsaturated LPC18:1, 

Fig. 2 | The gut microbiota limits intestinal lipid absorption and modifies 
phospholipid composition of bile. a, The FA flux model. Processes considered 
are indicated with coefficients k. b, A comparison of each of mouse group-
specific models (with one specific parameter) to the basic model in terms of MSE 
reduction and AIC difference. For kabs, the group-specific model outperforms 
the basic model. c, Results of the best model (with group-specific kabs) fit to the 
labelled substrate distribution data in different tissues for GF, OMM12 and SPF 
simultaneously. Lines with shaded areas represent model fit and 50% confidence 
intervals for the model simulation results. d, The best model (with group-specific 
kabs coefficient) parameters for general and mouse group-specific coefficients. 
Bars represent the best model (with group-specific kabs coefficient) parameter 

estimates for general and mouse group-specific coefficients. Whiskers 
correspond to standard error of parameter estimates. e, A heat map depicting 
lipid species FCs after tracer gavage (0–6 h, AUC) for GF versus OMM12 or SPF. 
GF: n = 5 mice at 1 h and 2 h, n = 4 mice at 6 h; OMM12: n = 4 mice at 1 h, n = 5 at 
2 h and 6 h; SPF: n = 5 mice per timepoint. Only FCs with P < 0.1 are shown after 
repeated ANOVA measures. Numbers of analysed lipid species are indicated in 
brackets. f,g, Relative abundance of LPC, PC, free cholesterol (Free Chol.) (f) and 
LPE, PE (g) of GF, OMM12 and SPF bile. h, PC/LPC ratio of GF, OMM12 and SPF bile. 
Means + s.d. GF: n = 26, OMM12: n = 11, SPF: n = 11. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001, two-sided t-test with unequal variance. + indicates female,  
• indicates male.
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LPC18:2, LPC20:4 and LPC22:6 (Extended Data Fig. 4a,b), increased 
threefold from GF < OMM12 < SPF leading to altered PC/LPC (Fig. 2h).

To provide further evidence for these findings, we eliminated 
Akkermansia muciniphila from OMM12 to generate OMM11 mice.  

A. muciniphila was associated with reduced plasma lipid levels and lipid 
storage20,21, and 16S ribosomal RNA (16S rRNA) sequencing revealed it 
as an abundant member of the OMM12 microbiota in all gut segments 
(Fig. 3a). GF, OMM11 and OMM12 mice were gavaged with FA16:0[D5] and 
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TG(FA16:0[D31])3. At 1 h later, we found that FA16:0[D5] and FA16:0[D31] 
levels in plasma and liver as well as biliary PC/LPC ratios could be ranked 
from highest to lowest: GF > OMM11 > OMM12 (Fig. 3b–d). Unsaturated 
LPC increased with gut microbiota diversity (Extended Data Fig. 4c). 
To support that A. muciniphila can affect systemic lipid absorption, 
mice colonized with easy accessible microbiota (EAM) without or 
with A. muciniphila were investigated. The EAM consortium consists 

of Bacteroides thetaiotaomicron, E. coli and Eubacterium rectale, 
representing the three most abundant bacterial phyla of human gut 
microbiota22. The addition of A. muciniphila to the EAM consortium 
decreased the amounts of FA16:0[D5] and FA16:0[D31] in plasma and 
liver 1 h after tracer gavage (Fig. 3e,f) providing further evidence that 
A. muciniphila, in addition to other microbial species, contributes to 
lipid absorption.
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Fig. 3 | Systemic lipid uptake depends on biliary PC/LPC modulated by gut 
microbiota. a, The gut microbial load and composition in OMM12 and OMM11 
gut content. OMM12, n = 7 mice, OMM11, n = 6 mice. b,c, The FA16:0[D5] and 
FA16:0[D31] levels in plasma (b) and liver (c) of GF, OMM11 and OMM12, 1 h after 
gavage with tracers. Means + s.d. GF, n = 6 mice, OMM12, n = 5 mice, OMM11, n = 5 
mice. *P < 0.05, **P < 0.01, one-sided t-test with unequal variance. (d) PC/LPC in 
the bile of GF, OMM11 and OMM12, 1 h post-gavage. Means + s.d. GF, n = 4 mice, 
OMM12, n = 4 mice, OMM11, n = 5 mice. *P < 0.05, one-sided t-test with unequal 

variance. e,f, FA16:0[D5] and FA16:0[D31] levels in plasma (e) and liver (f) of 
EAM-colonized GF mice with or without A. muciniphila, 1 h after gavage with 
tracers. Means + s.d. EAM, n = 6 mice, EAM + A. muciniphila, n = 4 mice. *P < 0.05, 
one-sided t-test with unequal variance. g, The FA16:0[D5] and FA16:0[D31] in 
plasma and liver of SPF mice 1 h after gavage with tracers ± 100 nmol PC34:2. 
Means + s.d., control, n = 8 mice, control + PC34:2, n = 7 mice. *P < 0.05, two-sided 
t-test with unequal variance. • indicates male.
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Following food intake, the gallbladder releases bile into the gut 
lumen. Thus, we tested whether luminal glycerophospholipid contents 
affect systemic lipid uptake in mice. Luminal PC enhances TG transport 
from the lumen to lymph23, and dietary and biliary PC promotes intes-
tinal chylomicron output in rodents24,25. SPF mice were administered 
the tracer mix ± 100 nmol PC34:2 as major PC species in mouse bile, 
with slightly elevated contents in OMM11 and OMM12 compared with 
GF and SPF mice (Extended Data Fig. 4d). After 1 h, FA16:0[D5] and 
FA16:0[D31] levels were ~2.0-fold elevated in plasma and liver in the 
presence of PC34:2 (Fig. 3g).

We conclude that gut microbial presence reduces biliary PC con-
tents, which decreases intestinal lipid uptake, and this effect can be 
modified by changing microbiota composition.

PC is metabolized to LPC by PLA1 in bile
PC can be metabolized to LPC by phospholipases in the liver, before 
the secretion of PC into the bile via ATP binding cassette B4 (ABCB4) 
transporter26. Comparing GF with colonized animals, we did not find 
differences in LPC levels and PC/LPC in liver or other tissues, except 
for bile (Fig. 2e and Extended Data Fig. 5a,b). In addition, protein abun-
dances of hepatic ABCB4 and phospholipases were similar between 
colonized and GF animals (Extended Data Fig. 5c).

To test whether LPC is generated in the bile, mouse bile samples 
were incubated with PC15:0/18:1[D7] at 10 nmol µl−1 (equivalent to total 
PC amounts of SPF bile) (Fig. 4a). The concentrations of the phospholi-
pase A (PLA)1 and PLA2 products, LPC18:1[D7] and LPC15:0, respectively, 
were measured after 2–360 min of incubation using high-resolution 
mass spectrometry (HR-MS) (Fig. 4b). In SPF animals, after 2 min more 
than 40% of the substrate was metabolized to LPC18:1[D7] (PLA1) 
(Extended Data Fig. 6a). SPF PLA1 activities were ~2-fold higher than those 
of OMM12 mice and ~4-fold higher than those of GF mice (Fig. 4b), explain-
ing the differences in PC/LPC between the groups (Fig. 2h). Neither 
LPC15:0, nor LPC18:1[D7] was detected in heat-treated GF bile (Fig. 4b) 
verifying that PC to LPC metabolism depends on enzyme activity.

To exclude that the gut microbiota is a relevant source of PLA 
activity in the gut lumen, OMM12 bacteria were incubated with 
PC15:0/18:1[D7] for 24 h, revealing no substantial degradation to 
LPC18:1[D7] (PLA1) or LPC15:0 (PLA2) (Extended Data Fig. 6b). The 
result was identical when autoclaved OMM12 bacteria were incubated 
with PC15:0/18:1[D7] (negative control), whereas the addition of a 
recombinant PLA1 induced LPC18:1[D7] generation (positive control), 
demonstrating that no microbial PLA activity is present.

To identify PLA proteins, the bile proteome was analysed. In total, 
393–737 proteins were detected (Fig. 4c and Supplementary Data 2). 
Only one protein with a known PLA activity was identified: carboxyl 
ester lipase (CEL), found among the 50 most abundant proteins, with 
similar amounts in GF, OMM12 and SPF bile. CEL, formerly known as bile 
salt-stimulated lipase having a broad substrate specificity including 
PC27, could also be detected in human bile. It is synthesized in the pan-
creas, consistent with the large fraction of pancreatic proteins enriched 
in bile. To confirm an involvement of CEL in gut microbiota-dependent 
lipid absorption, mice with a global CEL deficiency were bred. An inves-
tigation of PLA1 activity in bile after incubation with PC15:0/18:1[D7] 
for 2 and 15 min revealed a reduction when CEL was absent (Fig. 4d). 
LPC18:1[D7] levels were twofold lower in CEL-deficient compared with 
control mice. Accordingly, PC/LPC was 2.5-fold higher in CEL knockouts 
(KOs) than in controls (Fig. 4e). At 1 h after gavage with FA16:0[D5] and 
TG(16:0[D31])3, the concentrations of FA16:0[D5] and FA16:0[D31] were 
2.5–5.0-fold elevated in plasma and liver in SPF CEL-KO mice compared 
with SPF controls, demonstrating that CEL is involved in lipid absorp-
tion (Fig. 4f,g). The result that FA16:0[D5] and FA16:0[D31] levels were 
not different in GF CEL-KO and SPF CEL-KO mice indicates that the gut 
microbiota limits systemic lipid absorption via CEL.

These data show that gallbladder bile contains a considerable 
PLA1 activity that is highest in SPF mice, followed by OMM12 and GF 

animals. The most likely PLA1 candidate is CEL, because it is the only 
protein with known phospholipase activity detected in bile samples. 
CEL deficiency decreases PLA1 activity in bile and increases systemic 
lipid uptake in SPF mice.

Biliary PLA1 activity is stimulated by TCA depending on gut 
microbial colonization
CEL activity depends on taurocholic acid (TCA)28,29. To investigate 
whether a TCA-stimulated PC to LPC conversion might explain our 
findings, we quantified BA in GF, OMM12 and SPF bile. Although total BA 
levels were similar (Extended Data Fig. 7a), their composition differed 
(Fig. 5a). Whereas GF bile mainly contained tauro-β-muricholic acid 
(TβMCA), SPF bile was dominated by TCA, suggesting that TCA stimu-
lates PC to LPC conversion. This is confirmed by the finding that TCA 
elevates PLA1-mediated LPC18:1[D7] generation from PC15:0/18:1[D7] 
in GF bile (Extended Data Fig. 7b).

To substantiate this hypothesis, we investigated biliary PC metabo-
lism in mice with a gene deficiency in cytochrome P450 2c70 (Cyp2c70) 
generating 6-hydroxylated BA (Extended Data Fig. 8)30. In Cyp2c70-KO 
mice, in bile, TβMCA was absent and TCA levels were tenfold lower 
than in controls (Extended Data Fig. 9a). Although LPC levels and 
PC/LPC were unchanged in liver (Extended Data Fig. 9b,c), in bile, 
LPC concentrations, particularly those of unsaturated species, were 
reduced (Extended Data Fig. 9d–f). PC15:0/18:1[D7] to LPC18:1[D7] 
(PLA1) conversion was ~5-fold reduced in the bile of Cyp2c70-KO mice 
(Extended Data Fig. 9g).

Of note, addition of TβMCA, whose levels are strongly lowered 
in bile of SPF and OMM12 mice (Fig. 5a) reduced PLA1-mediated 
LPC18:1[D7] generation from PC15:0/18:1[D7] almost twofold 
(Extended Data Fig. 7c). Glyco-conjugated cholic acid, a major human 
BA, increases PLA1 activity by 20%, whereas glyco-conjugated cheno-
deoxycholic acid had no effect (Extended Data Fig. 7d).

These findings demonstrate that, in bile, PC to LPC conversion 
by PLA1 is stimulated by TCA and inhibited by TβMCA, whose levels 
depend on microbial colonization.

The gut microbiota increases TCA contents by CYP7B1-
dependent decrease of alternative BA synthesis in liver
To clarify how the gut microbiota modulates biliary TCA, we investi-
gated BA synthesis in liver secreting BA into bile. The differences of 
TCA and TβMCA fractions between GF, OMM12 and SPF mice in liver 
(Fig. 5b) were similar to the ones observed in bile (Fig. 5a). To get a 
more comprehensive view, the liver proteome was quantified. In total, 
6102 proteins were identified (Supplementary Data 2), with 221 being 
differentially abundant (log2(FC) >0.5 or <−0.5, false discovery rate 
(FDR) <0.05) between GF and OMM12 mice and 239 between GF and SPF 
mice (Extended Data Fig. 10a,b). To find verified candidates regulated 
by the gut microbiota, we combined the results for both comparisons 
resulting in 61 overlapping proteins that were up- (Fig. 5c, Q2) and 87 
overlapping proteins that were downregulated significantly (Fig. 5c, 
Q4) in SPF and OMM12 versus GF groups, including two candidates of 
BA metabolism, CYP7B1 and CYP2C70.

BA are synthesized from cholesterol by: (1) the classic pathway 
generating chenodeoxycholic acid (CDCA) by cytochrome P450 family 
27 subfamily A member 1 (CYP27A1) or (T)CA by cytochrome P450 fam-
ily 8 subfamily B member 1 (CYP8B1) and (2) the alternative pathway, 
in which CYP7B1 generates CDCA that is metabolized to (T)βMCA by 
CYP2C70 in mice (Fig. 5d). CYP7B1 is the rate-limiting enzyme of the 
alternative pathway7. Its protein abundance decreased with gut coloni-
zation (Fig. 5d), as well as the ratio between its product and substrate, 
TβMCA and 27-hydroxycholesterol (27-HC; Fig. 5e). We conclude that 
the reduced abundance of CYP7B1 is a major driver for the concomitant 
increase of the TCA to TβMCA ratio (Fig. 5f).

To test the activity of bacterial bile salt hydrolase (BSH) cleaving 
the amide bond linking BA to taurine, caecal contents of OMM12 and SPF 
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mice were incubated with TβMCA and TCA for 30 and 90 min, revealing 
similar β-muricholic acid (βMCA) and cholic acid (CA) levels (Fig. 5g). 
BSH activity for TβMCA and TCA in GF mice was identical as in the incu-
bations with phosphate-buffered saline (PBS) (negative control). We 
conclude that increase of the TCA to TβMCA ratio in GF > OMM12 > SPF 
is not related to bacterial BSH. Instead, the major driver is the decreased 
abundance of CYP7B1 associated with gut microbial colonization.

CYP7B1, the ratio between TCA and TβMCA in liver as well as 
PLA1 in bile are modulated by the MYD88 signalling axis
To investigate how the gut microbiota modulates Cyp7b1, we com-
pared differentially abundant proteins in colonized mice (n = 191, 
abs(log(FC)) ≥ log2(1.5), FDR <0.05 in both SPF and OMM12 groups 
versus GF) to differentially genes from publicly available datasets. We 
retrieved 216 RNA sequencing and 528 Affymetrix Microarray datasets 
from Expression Atlas31 and performed overrepresentation analysis 
between the sets of differentially expressed genes using Fisher’s exact 
test. In the top 30 of the most similar expression profiles, we found mul-
tiple occurrences of mouse groups with deletions in salvador family WW 
domain containing protein 1 (Sav1), nuclear receptor subfamily 1 group 
1 member 3 (Nr1i3, constitutive androstane receptor (Car)), Janus kinase 
2 (Jak2), Ras association domain family member 1a (Rassf1a) and Myd88 
genes (Fig. 6a). As the adaptor protein MYD88 is crucial for sensing gut 
microbes via Toll-like receptors (TLRs)32, and a hepatocyte-specific 
deletion elevates Cyp7b1 mRNA expression33, it was considered as 
most promising candidate. We could detect a twofold induced Cyp7b1 
transcription (Fig. 6b) and reduced TCA but increased TβMCA con-
tents in livers of mice with a Myd88 global gene deficiency compared 
with those from control animals (Fig. 6c) and a shift towards classical 
BA synthesis indicated by the lowered TCA/TβMCA (Fig. 6d). Tauro 
ursodeoxycholic acid (TUDCA) and tauro deoxycholic acid (TDCA) 
contents were reduced in livers of Myd88-KO animals compared with 
controls, as observed for the GF versus SPF comparison (Fig. 6c). An 
analysis of PLA1 activity in bile after incubation with PC15:0/18:1[D7] 
for 2–120 min revealed more than 50% lower LPC18:1[D7] levels in 
Myd88-KO compared with control animals (Fig. 6e). Total LPC levels 
were 2.3-fold increased but PC/LPC 2.8-fold decreased in Myd88-KO 
animals as well as the systemic uptake of FA16:0[D5] and FA16:0[D31] 
(Fig. 6f–h) strengthening a relevance of MYD88 for lipid absorption. To 
confirm an involvement of Myd88 in regulation of Cyp7b1 expression, 
we knocked down Myd88 in the HepG2 hepatocyte cell line (Fig. 6i–j). 
In cells treated with small interfering RNAs (siRNAs) against Myd88, 
Cyp7b1 transcription was 3.5-fold increased, which is in line with mRNA 
expression profiles detected in liver samples from Myd88-KO animals 
(Fig. 6b).

These results show that MYD88 signalling modulates Cyp7b1 
expression, the ratio between TCA and TβMCA in liver and PLA1-
dependent PC to LPC degradation in bile.

Discussion
We unveiled that gut microbiota regulates enzymes in gallbladder bile 
to modify intestinal uptake of dietary lipids. The amount of lipids enter-
ing the circulation (based on the AUCs of FA16:0[D5] and FA16:0[D31]) 
was reduced in OMM12 by 45–51% and in SPF by 58–63% compared 
with GF mice within 6 h. This reduction is much larger compared with 
effects of anti-obesity drugs. Orlistat, a gastric and pancreatic lipase 
inhibitor, lowers dietary lipid absorption by ~30%13, and semaglutide, 
a glucagon-like peptide 1 (GLP-1) analogue, reduces postprandial TG 
accumulation in serum by ~24%34. Recombinant GLP-1 alleviates intes-
tinal absorption of triolein by ~10–24% in rats35.

We aimed to investigate lipid flux as close to physiological condi-
tions as possible and applied stable isotope-labelled lipids that can 
be traced with mass spectrometry. Comparing our results with those 
from others, the individual experimental conditions must be con-
sidered. Wang and colleagues reported that GF mice fed a high-fat 

diet contained lower amounts of unsaturated FAs in their intestinal 
epithelial cells compared with those of conventional mice using a 
colorimetric assay, which does not detect saturated FA36. The appli-
cation of lipoprotein lipase (LPL) inhibitor blocking peripheral lipid 
uptake before gavage of [3H]-labelled TG, revealed a higher accumu-
lation of [3H] over 7 h in plasma of SPF compared with GF on a chow 
and high-fat diet9. Surprisingly, [3H]-TG uptake kinetics were largely 
similar in plasma of LPL inhibitor treated and untreated mice, in which, 
after a first peak, a decrease of systemic lipids would be expected 
owing to flux in peripheral tissues, as observed here. Gao et al., showed 
that gut microbiota-induced interleukin-22 production in small intes-
tinal T cells reduces absorption of [3H]-labelled TG in enterocytes 
of mice fed a standard diet, which can be restored after antibiotic 
treatment37,38. Although others showed that microbial colonization of 
GF mice decreases whole gut transit times39,40, here, the transit times of 
the gavaged lipid mix in the small intestine, which is most relevant for 
systemic FA uptake, were similar in GF, OMM12 and SPF mice.

Astonishingly, we identified 393–1,823 proteins in gallbladder bile. 
We proved a PLA1 activity of CEL regulated by the gut microbiota. In 
CEL-deficient SPF mice, PLA1 activity in bile was reduced and the lipid 
uptakes in plasma and liver increased, but similar to those determined 
in GF CEL-KO mice. CEL, synthesized in the exocrine pancreas27, could 
reach the bile via the pancreatic duct draining into the common bile 
duct41. It requires BA containing 3α,7α-OH groups, in particular TCA 
(3α,7α,12α-OH)27,28, which binds to CEL’s active site inducing a hydro-
phobic pocket for substrates29. In SPF bile, TCA is the major BA and 
positively correlates with LPC levels. Human bile contains high amounts 
of glyco-conjugated 3α,7α-OH-containing CA (GCA)42, which stimulates 
PLA1 activity and comprises CEL, implying a potential translational 
relevance of our findings.

Lipid uptake was not tested in Cyp2c70-KO mice owing to their 
drastically altered BA profiles, per se affecting intestinal lipid absorp-
tion43. Deficiency in Cyp2c70 reduces 12α-OH BAs, which are important 
for micelle formation, and female KO mice have liver pathologies30,43. 
Such cofounders complicate also the comparison with lipid flux stud-
ies taken out in Cyp7b1-44, Cyp8b1-45, Cyp2c70-43 and Cyp2c-KO46 mice. 
Cyp7b1 KOs have threefold lower total circulating BA levels and an 
increased risk for liver disease44. Cyp8b1-KO causes a MCA-dominated 
BA profile and eliminates 12α-OH BAs45. Cyp2c-deficiency depletes 
MCAs, reduces 12α-OH BAs and induces liver damage46. Although sex 
hormones are well known to affect BA and lipid metabolism47, we did 
not find differences in lipid uptake between female and male mice, 
which were mixed for several experiments of this study.

Gut microbial colonization shifted BA metabolism towards the 
classic pathway by downregulating Cyp7b1. Further, we show that 
Cyp7b1 (also reported previously33), the ratio between TCA and 
TβMCA and PLA1 activity are modulated by MYD88. Other regula-
tors of microbiome-dependent BA metabolism might be farnesoid X 
receptor (FXR) and CAR. However, FXR is only activated in the intestine 
by the gut microbiota, but not in the liver48,49. In liver, FXR induces 
small heterodimer partner, which represses Cyp7a1 and Cyp8b1 and 
decreases classic BA synthesis7. CAR is activated by diindoles produced 
by the gut microbiota50, and CAR ligands can increase Cyp7a1 expres-
sion and TCA levels in liver51. Our results indicate the opposite, a gut 
microbiota-induced shift to BA synthesis via the classic pathway.

Kinetic multi-compartment modelling revealed that intestinal FA 
absorption is modulated by the gut microbiota. Micelle formation in 
the gut lumen depends on biliary PC, which enlarges the lipid–water 
interfacial area by decreasing the emulsified particles size leading 
to less interfacial tensions. The emulsification capacity of PC in the 
intestinal lumen is magnitudes higher than that of BA52, yet the con-
centrations of BA are ~10-fold higher than those of PC, suggesting 
that biliary PC contents and BA composition determine intestinal FA 
absorption. A function of TCA is to make dietary lipids available for 
PNLIP53. Our results show that TG hydrolysis is not involved in the gut 
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Fig. 6 | The gut microbiota modulates hepatic Cyp7b1 and biliary PLA1  
via MYD88. a, A scatter plot depicting odds ratio versus adjusted P value  
for Fisher’s exact test comparing gene sets from each of the comparisons  
from the publicly available studies to the set of differentially abundant  
proteins in the liver of colonized versus GF mice. Orange shows comparisons  
with adjusted P value <0.001, odds ratio >10 and number of overlapping  
genes >10. Labels indicate mouse genotypes reported in each comparison.  
b, The hepatic mRNA expression of Cyp genes in Myd88-KO and control mice. 
Means + s.d. Myd88 KO, n = 3 mice, control, n = 7 mice. ***P < 0.001, two-sided 
t-test with unequal variance. c, The BA in liver of Myd88-KO and control mice 
(with contributions >1%). Means + s.d. Myd88 KO, n = 6 mice, control, n = 11 
mice. *P < 0.05, **P < 0.01, two-sided t-test with unequal variance. d, The TCA/
TβMCA in liver of Myd88-KO mice and controls. Means + s.d. Myd88 KO, n = 6 
mice, control, n = 11 mice. *P < 0.05, **P < 0.01, two-sided t-test with unequal 
variance. e, LPC18:1[D7] and LPC15:0 levels after incubation for 2–120 min 
with Myd88−-KO or control bile. The control mouse bile at 95 °C for 15 min is a 

negative control. N = 3 technical replicates per timepoint and bile type (control, 
Myd88 KO, control heat inactivated). f,g, LPC levels (f) and PC/LPC (g) in bile of 
Myd88-KO and controls. Means + s.d. Myd88 KO, n = 5 mice, control, n = 5 mice. 
*P < 0.05, **P < 0.01, ***P < 0.001, two-sided t-test with unequal variance. h, The 
FA16:0[D5] and FA16:0[D31] levels in plasma of Myd88-KO mice and controls, 1 h 
after gavage. Means + s.d. Myd88 KO, n = 7 mice, control, n = 4 mice. *P < 0.05, 
**P < 0.01, two-sided t-test with unequal variance. i, The Myd88 and Cyp7b1 
mRNA expression of HepG2 cells treated with a non-targeting control siRNA 
(siControl) or two different siRNA against Myd88 (siMyd88I/II). Means + s.d. 
Independent incubations of siControl, n = 5, siMyd88I, n = 4, siMyd88II, n = 4. 
*P < 0.05, **P < 0.01, two-sided t-test with unequal variance. j, The MYD88 and 
HSP90 (housekeeper) protein expression of after immunoblot analyses of HepG2 
cells treated with a siControl or two different siRNA against Myd88 (siMyd88I/II). 
Independent incubations of siControl, n = 6, siMyd88I, n = 3, siMyd88II, n = 3.  
• indicates male.
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microbiota’s influence on lipid uptake, because the time profiles for 
FA16:0[D5] and TG-derived FA16:0[D31] were similar in all groups. We 
could detect labelled FA18:0 in gut contents, suggesting an elonga-
tion by the host and entry into enterohepatic circulation or by the gut 
microbiota. However, the observed levels of FA18:0[D5/31] are 100-fold 
lower than those of FA16:0[D5/31] and, thus, cannot explain the differ-
ences in lipid uptake between GF and colonized mice. We speculate 
that intestinal absorption of cholesterol might be stimulated by gut 
microbiota-dependent PC degradation in bile, because luminal PC 
interferes with cholesterol absorption54–56.

In the context of obesity or pathologies with excessive fat intake 
as a risk factor, including intestinal cancer57, manipulating the micro-
biome to limit intestinal lipid absorption might offer new therapeutic 
perspectives. Promoting gut microbial diversity seems to be of major 
relevance, because for most parameters analysed in this study (kabs, 
PLA1 activity, TCA and TβMCA levels and CYP7B1 protein abundance) 
the values of OMM12 mice ranged between those of GF and SPF mice. In 
humans, gut microbes could be enriched by intake of defined bacterial 
consortia, possibly containing A. muciniphila, via probiotic formula-
tions or prebiotics or diet-based approaches, respectively58.

Our work unveils a metabolic handshake between gut microbes 
and the host to control systemic lipid uptake mediated by biliary PLA1 
activity. We showed previously that the gut microbiota promotes 
hepatic de novo lipid synthesis by providing acetate derived from 
dietary fibre as precursor6. Consequently, we assume that a gut 
microbiota-induced restriction of intestinal lipid absorption sustains 
physiological lipid levels. It is not known why systemic uptake rates 
of dietary lipids vary among healthy individuals59. We speculate that 
interpersonal differences in gut microbiota composition might be a 
critical factor.

Methods
Ethics
All mouse experiments were approved by the General Administration of 
Bavaria (no. 55.2-1-54-2532-192-2016, no. ROB-55.2-2532.Vet_02-21-124) 
and by the Swiss Kantonal authorities (license ZH120/19 and ZH058/19; 
Kantonales Veterinäramt Zürich) and performed according to the legal 
and ethical requirements.

Mouse breeding and housing
GF, gnotobiotic (OMM12 and OMM11 colonized) and SPF C57BL/6JZtm 
mice (12–14 weeks old; male and female; ~1:1) were obtained from the 
Central Animal Facility of Hannover Medical School. GF and gnotobiotic 
mice were bred in plastic film isolators under controlled conditions 
(20–22 °C, 50–55% humidity, 12 h light–dark cycles). GF and gnotobiotic 
mice received pelleted 50-kGy gamma-irradiated feed (V1124-927, Ssniff 
Spezialdiäten GmbH) and autoclaved water ad libitum. SPF mice were 
housed in individually ventilated cages (XJ Edge) under identical envi-
ronmental conditions and received the same diet and chlorinated water 
ad libitum. Routine microbiological monitoring confirmed absence of 
common murine pathogens (SPF) and contaminants (gnotobiotic)60,61. 
The strains of the OMM12 consortium are: Turicimonas muris (YL45), 
Lactobacillus reuteri (I49), Bacteroides caecimuris (I48), Clostridium 
innocuum (I46), Blautia coccoides (YL58), Muribaculum intestinale 
(YL27), Enterocloster clostridioformis (YL32), Flavonifractor plautii 
(YL31), A. muciniphila (YL44), Acutalibacter muris (KB18), Bifidobac-
terium animalis (YL2), Enterococcus faecalis (KB1)10.

To obtain mice colonized with the EAM strains, wild-type C57BL/6 
GF mice (12 weeks old; male) maintained on chow diet and housed at 
the ETH Phenomics Center (20–22 °C, 50–55% humidity, 12 h light–
dark cycles) in sterile flexible film isolators (regularly screened for 
axenic status) were used. GF mice were exported aseptically to sterile 
positive-pressure Isocages with sterile food, water and bedding and 
colonized by oral gavage with pure cultures of E. coli O9 HS, Bacteroides 
thetaiotaomicron VPI-5482 and Eubacterium rectale ATCC33656 ± A. 

muciniphila22. Colonization was confirmed by quantitative PCR 
(qPCR). The lipid uptake experiments were performed after 1 week 
of colonization.

Cyp2c70−/− mice30 and littermate controls (12 weeks old; male) 
were housed at University Medical Center Hamburg-Eppendorf under 
standard conditions (22 °C, 12 h light–dark cycle) with ad libitum access 
to chow and water.

Cel−/− (Celtm1(KOMP)Vlcg/Mmucd) and littermate control mice (12 weeks 
old; male) were bred at the Central Animal Facility of the Hannover 
Medical School (Germany). The mouse strain, C57BL/6N-Celtm1(KOMP)Vlcg/
Mmucd, RRID MMRRC_047050-UCD, was obtained from the Mutant 
Mouse Resource and Research Center (MMRRC, UC Davis) and was 
donated to the MMRRC by The KOMP Repository (UC Davis; originating 
from David Valenzuela, Regeneron Pharmaceuticals)62. The breeding 
of GF Cel−/− mice was performed in plastic film isolators, and SPF mice 
were housed in individually ventilated cages (XJ Edge) under controlled 
conditions (20–22 °C, 50–55% humidity, 12 h light–dark cycles). Both 
GF Cel−/− and SPF Cel−/− mice received pelleted 50-kGy gamma-irradiated 
feed (V1124-927, Ssniff Spezialdiäten GmbH, Germany) and autoclaved 
water ad libitum. Routine microbiological monitoring confirmed 
the absence of common murine pathogens (SPF) and contaminants 
(gnotobiotic)60,61. GF Cel−/− and SPF Cel−/− mice showed no abnormalities 
compared with littermate controls.

Myd88−/− (Myd88tm1Aki)63 and littermate control mice (14–16 weeks 
old; male) were bred and maintained at the Institute of Laboratory 
Animal Science at the RWTH University Hospital Aachen under SPF 
conditions (20–22 °C, 50–55% humidity, 12 h light–dark cycles) in indi-
vidually ventilated cages and ad libitum access to chow diet and water.

Human bile
Bile was obtained from a female patient (38 years) undergoing chol-
ecystectomy (no malignant disease) at the Department of Surgery 
(Technical University of Munich). Ethics are approved by the Ethics 
Committee of the School of Medicine and Health (no. 1926/07; no. 
5428/12). Written consent was obtained from the patient.

Stable isotope labelling of lipid flux
For the lipid flux experiments, mice were starved for 2 h before oral gav-
age of 100 µl of olive oil containing 10 µmol FA16:0[D5] (hexadecanoic-
15,15,16,16,16-d5 acid) and 3.33 µmol TG (FA16:0[D31])3 (glyceryl 
tri(hexadecanoate-d31)) (CDN isotopes). After 20 min, 1 h, 2 h and 6 h, 
mice were euthanized by CO2 asphyxiation, tissues were collected, 
snap-frozen in liquid nitrogen and stored at −80 °C. For the experiment 
investigating the impact of PC supplementation on lipid uptake, SPF 
mice were starved for 2 h before oral gavage of labelled lipids in olive oil, 
± 0.1 µmol of 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine 
(PC 34:2, Larodan). After 1 h, mice were euthanized by CO2 asphyxiation.

Plasma, bile, tissue and gut content collection
EDTA plasma was collected from the heart by centrifugation (10 min, 
1,500g, 4 °C). The liver was perfused with saline (0.9% NaCl) to remove 
blood, and the left lobe was sampled. Bile was collected directly from 
the gallbladder using an insulin syringe, snap-frozen in liquid nitrogen 
and stored at −80 °C. Beginning at the base of the stomach, the small 
intestine was divided into duodenum (first 8 cm), ileum (last 8 cm) and 
jejunum (middle). The large intestine was collected in one piece. Gut 
content was collected, and tissues were rinsed with saline to remove 
residual gavage lipids. Inguinal white adipose tissue (iWAT) and eWAT as 
well as inguinal brown adipose tissue (iBAT) were collected. All samples 
were snap-frozen in liquid nitrogen and stored at −80 °C.

Whenever male and female animals were mixed, we balanced 
groups as well as possible. However, although this was achievable for 
plasma and tissue samples, it was not possible for bile collection, as 
mice have limited gallbladder bile volumes, and the amount of bile 
varied between individuals. No sex-specific differences in BA or lipid 
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levels were observed in plasma, bile and tissues. Males are indicated 
with ‘•’ and females with ‘+’ in the main figures.

Gastric flow quantification
Male and female GF, OMM12 and SPF C57BL/6JZtm mice (12–14 weeks) 
were starved for 2 h before receiving an oral gavage of 100 µl of olive 
oil containing 50 mg ml−1 Evans Blue (Sigma-Aldrich). After 20 min, 
mice were euthanized by CO2 asphyxiation, the intestinal system was 
removed and the distance from the base of the stomach to the blue dye 
front in the small intestine was measured.

Physiology-based kinetic modelling
The multi-compartment kinetic model of FA metabolism in the mouse 
contained 11 compartments (duodenum, jejunum, ileum and colon 
lumen, corresponding tissues, plasma, liver and fat tissue). One addi-
tional compartment (small_intestine_gi) served as reservoir for initial 
FA abundance. The plasma compartment incorporated processes 
outside the GIT, liver and fat tissue. Labelled FA administration was 
modelled as an input to the small_intestine_gi compartment of the 
initial amount of D. Label propagation through the body was driven 
by the flow of gastrointestinal material in different GIT sections and 
lumen:tissue and tissue:serum diffusion and absorption coefficients. 
Model parameters and equations are provided in Supplementary Data 1. 
Equations were defined for FA amounts. Parameters for FA16:0[D5] and 
FA16:0[D31] were assumed identical and fitted simultaneously to both 
datasets. For parameter fitting, FA concentrations were converted into 
amounts using estimated compartment volumes (Supplementary 
Data 1). The model was created using the MatLab 2023a SimBiology 
Toolbox (MathWorks).

To assess model improvement when parameters were made 
mouse group-specific, a general model with six parameters was built, 
which included equations for FA16:0[D5] and FA16:0[D31] from each 
mouse group, with parameters fitted simultaneously across groups. 
Next, each of the six parameters was defined as mouse group-specific, 
and equations were adjusted accordingly. The modified models 
thus contained eight parameters (one parameter replaced by three 
group-specific parameters). For each modified model, MSE, AIC and 
Bayesian information criterion were recorded. The model with the 
largest AIC decrease was considered the best improvement.

qPCR of 16S rRNA genes
Genomic DNA (gDNA) was extracted using a phenol-chloroform based 
protocol64. Faecal pellet or intestinal content was weighed and resus-
pended in 500 µl extraction buffer (200 mM Tris–HCl, 200 mM NaCl, 
20 mM EDTA in ddH2O, pH 8, autoclaved), 210 µl 20% SDS and 500 µl 
phenol:chloroform:isoamylalcohol (25:24:1, pH 7.9). In total, 0.1 mm 
zirconia–silica beads (Roth) were added, and bacteria were lysed with 
a bead beater (TissueLyser LT, Qiagen) for 4 min at 50 Hz. After cen-
trifugation (14,000g, 5 min, room temperature), the aqueous phase 
was transferred into a new tube, and 500 µl phenol:chloroform:iso
amylalcohol (25:24:1, pH 7.9) were added and again spun down. The 
aqueous phase was mixed with 1 ml 96% ethanol and 50 µl of 3 M sodium 
acetate. After centrifugation (30 min, 14,000g, 4 °C), the supernatant 
was discarded, and the gDNA pellet was washed with 500 µl ice-cold 
70% ethanol and centrifuged (14,000g, 4 °C, 15 min). The pellet was 
resuspended in 150 µl Tris–HCl, pH 8. The resulting gDNA was puri-
fied using the NucleoSpin gDNA clean-up kit (Macherey-Nagel) and 
stored at −20 °C.

For the qPCR, as a template, 2.5 µl of gDNA (2 ng µl−1) were used10. 
Strain-specific 16S rRNA primers and hydrolysis probes were used for 
amplification (LightCycler 96, Roche). The FastStart Essential DNA 
Probes Master (Roche) was used for the reactions. Standard curves 
using linearized plasmids containing the 16S rRNA gene sequence 
of the individual strains were used for the absolute quantification of 
16S rRNA gene copy numbers of individual strains. The readout of 16S 

rRNA copies per 5 ng gDNA was normalized to the individual sample 
weight to determine 16S rRNA copies per gram of intestinal content 
(absolute abundance).

qPCR of mammalian genes
Frozen tissue samples were ground under liquid nitrogen using a mor-
tar and pestle, and total RNA was extracted using QIAshredder columns 
and the RNEasy Mini Kit (both Qiagen). The purity and integrity of the 
RNA were assessed using the Agilent 2100 Bioanalyzer (Agilent Tech-
nologies). In total, 1 µg RNA was reverse transcribed using the Reverse 
Transcription System from Promega. RT-qPCR analysis was performed 
using the LightCycler 480 (Roche). Quantification relative to GF mouse 
tissue was carried out using the 2−ΔΔCt method65, β-actin and GAPDH 
served as reference genes. The primers used were

Mouse:
�Cd36: fw-3′-GGACATTGAGATTCTTTTCCTCTG-5′/rev-3′-GCAAA 
GGCATTGGCTGGAAGAAC-5′
�Dhhc4: fw-3′-ACACACCTCAGCCTGGCTACTA-5′/rev-3′-ATGG 
CGGCTGATGTGCTACTGC-5′
�Dhhc5: fw-3′-CTCCTTGGATGTGGCAAAGG-5′/rev-3′-TCCA 
TGCTGGAGGAAGGTAAC-5′
�Fatp4: fw-3′-GCACAGCAGGTATTATCGTATGG-5′/rev-3′-TGCT 
GAGTGGTAGAGGGGGA-5′; Cyp7a1: fw-3′-ACCTGCAAACTG 
ATGGGGAAATAT-5′/rev-3′-TTGGGTCTATGCTTCTGTGTCCAAA-5′
�C y p 7 b 1 :  f w - 3 ′ -T TC AG G A A AG G C A AG ATC TG C TG A - 5 /
rev-3′-CCCAGAGAAAGCCAAGATGATG-5′
�Cyp8b1: fw-3′-CTGGGTCCTCTTATTCCTGCTG-5′/rev-3′-TCAGGGC 
ACTGGGAGTGAAA-5′
�Cyp2c70: fw-3′-CGGATTCATCGTTACTCAGTAG-5′/rev-3′-TTCT 
TTCCCATCCCCATAGACCT-5′
�Cyp27a1: fw-3′-TGTGCTGCACTTGCCCGACC-5′/rev-3′-GGAG 
GTTGTCCACATTGG-5′
�β-actin: fw-3′-GTGCGTGACATCAAAGAG-5′/rev-3′-GCCA 
CAGGATTCCATACC-5′.
Human (HepG2):
�Myd88: fw-3′-GAGGCTGAGAAGCCTTTACAGG-5/rev-3′-GCAGA 
TGAAGGCATCGAAACGC-5′
�Cyp7b1: fw-3′-CACCAGAGAACAATTGGACAGCC-5/rev-3′-GCTA 
CCAAGTCTCCCTTTCGCA-5′
�Gapdh: fw-3′-GGCCTCCAAGGAGTAAGACC-5/rev-3′-AGGG 
GAGATTCAGTGTGGTG-5′

Bile and liver proteomics
C57BL/6 mice (male, 12–14 weeks) were fasted for 2 h and euthanized, 
and bile samples were collected by puncture of the gallbladder using 
an insulin syringe. Samples were frozen in liquid nitrogen and stored 
at −80 °C. Bile from six mice was pooled. Human bile was obtained 
from the Department of Surgery, Technical University of Munich as 
described under the ‘Human bile’ section and stored at −80 °C.

Bile proteins were purified and digested on-column using the 
S-Trap Micro MS Sample Prep Kit (Protifi) according to the manufac-
turer’s protocol, whereas mouse livers were lysed via beads-beating 
in lysis buffer containing 8 M urea, 40 mM Tris–HCl (pH 8.5) and  
1× EDTA-free complete protease inhibitor tablet and further pro-
cessed66. See the Supplementary Note for more details.

Search for common regulators of Cyp7b1
Differentially abundant liver proteins (abs(log2(FC)) ≥ abs(log2(1.5)),  
FDR < 0.05) in OMM12 and SPF groups versus GF (n = 191) were com-
pared with differentially abundant genes across publicly available 
studies from Expression Atlas (https://www.ebi.ac.uk/gxa/home). 
Filtering for ‘Mus musculus’ and ‘genotype or phenotype’ yielded 216 
RNA sequencing and 528 Affymetrix Microarray datasets. FCs between 
different study groups were downloaded and combined in one table. 
The comparison between the set of 191 differentially abundant proteins 
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and differentially abundant genes in each study (abs(log2(FC)) ≥ abs 
(log2(1.5))) used Fisher’s exact test (fishertest, MatLab) to calculate P val-
ues and odds ratios. P values were adjusted for multiple hypothesis test-
ing (Benjamini–Hochberg; mafdr function in MatLab 2019b (‘bhfdr’, 1)).

Phospholipase activity assays
Mice were fasted for 2 h and euthanized, and bile samples were col-
lected by direct puncture of the gallbladder using an insulin syringe. 
Samples were immediately frozen in liquid nitrogen and stored at 
−80 °C. As a negative control, proteins were denatured by heat (95 °C, 
15 min, 700 rpm, 1% of SDS), then centrifuged (16,100g, 4 °C, 5 min). 
For determining the effect of BA concentration on PLA activity, 1 mM 
and 5 mM BAs where dissolved in the bile samples beforehand. The 
phospholipase substrate PC15:0/18:1[D7] (1 mg ml−1 in chloroform, 
Avanti Polar Lipids) was evaporated in reaction tubes, and tubes were 
prewarmed at 37 °C. Baseline samples before the addition of bile to 
the substrate were drawn, diluted 1:100 in ddH2O and frozen in liquid 
nitrogen. To start the reactions, bile was added and vortexed for 30 s. 
The final substrate concentration in the bile was set to 10 nmol µl−1. 
Samples were incubated at 37 °C and 700 rpm. At the respective time 
points, samples were drawn, diluted 1:100 in ddH2O and frozen in liquid 
nitrogen to quench the reactions.

To determine microbial PLA activity, the OMM12 strains (in 1:1 
ratios) cultivated in anaerobic Akkermansia medium at 37 °C were 
added to evaporated PC15:0/18:1[D7] (10 nmol µl−1) and incubated for 
24 h. As positive control, PLA1 from Aspergillus oryzae (2.75 LU ml−1; 
Sigma-Aldrich) was added.

BSH activity assays
Fresh caecal contents of GF (n = 1), OMM12 (n = 6) and SPF (n = 5) mice were 
diluted 1:10 (w/v) in anoxic, sterile PBS containing 20% (v/v) glycerol and 
0.05% (w/v) L-cystein. Samples were snap-frozen and stored at −75 °C. 
Anaerobic sterile brain hear infusion broth (Oxoid, CM1135) containing 
0.05% (w/v) L-cystein, 0.02% dithiothreitol (w/v), 10 μM sodium tauro-
cholate (BRP, European Pharmacopoeia Reference Standard, S0900000) 
and 10 μM TβMCA sodium salt (Avanti, 700244 P) was prepared. In a 
2-ml deep-well plate, 1.710 ml of brain hear infusion broth containing a 
total of 20 μM bile salts was mixed with 90-μl caecal samples or PBS and 
incubated at 37 °C. Incubation and preparation were conducted in an 
anaerobic chamber (89.3% N2, 6% CO2, 4.7% H2). Samples (100 μl) were 
taken before the start of incubation and 30 and 90 min after incubation. 
The samples were centrifuged (12,000g, 10 min, 4 °C), the supernatant 
transferred into new tubes, snap-frozen and used for further analysis.

Total FA analysis
For liver, lung and intestinal tissues, 1 mg of tissue was used for the FA 
derivatization. For fat tissues, 0.2 mg of tissue was used. For plasma 
analysis, 10 µl was used. Bile was diluted 1:100 in ddH2O, and 20 µl of 
the dilutions was used. For gut content measurements, 125 µl of the 
gut contents in 70% isopropanol ( = 0.2 mg dry weight equivalent) was 
used. Total FA were quantified as methyl esters by gas chromatogra-
phy–mass spectrometry67. Unlabelled FA species were quantified by 
single-ion monitoring (saturated, m/z 74; mono-unsaturated, m/z 55; 
di-unsaturated, m/z 67; polyunsaturated, m/z 79). Isotopically labelled 
FA species were quantified by single-ion monitoring of their respective 
molecular ions using the calibration curves of the unlabelled species. 
The internal standard was non-naturally occurring FA 21:0 iso.

Lipidomics
Samples were subjected to lipid extraction in presence of internal 
standards68. The following sample amounts were used: 10 µl plasma, tis-
sue homogenates representing a wet weight of 2 mg and bile 100 nl (or 
500 nl for phospholipase activity assays). Dried chloroform residues 
were dissolved in either in 10 mM ammonium acetate in methanol/chlo-
roform (3:1, v/v) (for low mass resolution tandem mass spectrometry) 

or chloroform/methanol/2-propanol (1:2:4 v/v/v) with 7.5 mM ammo-
nium formate (for high-resolution mass spectrometry).

The quantification of lipids was performed by direct flow injection 
analysis (FIA) using a triple quadrupole mass spectrometer (FIA–MS/
MS; QQQ triple quadrupole) and a hybrid quadrupole-Orbitrap mass 
spectrometer (high mass resolution). FIA–MS/MS was carried out in 
positive ion mode using the analytical set-up and strategy described 
previously69. The fragment ions of m/z 184 and m/z 264 were used 
for LPC69 and sphingosine-based ceramides (Cer)/hexosylceramides 
(HexCer)70, respectively. The following neutral losses (in Daltons) 
were applied: phosphatidylethanolamine (PE) 141; phosphatidylserine 
(PS) 185; phosphatidylglycerol (PG) 189; phosphatidylinositol (PI) 277  
(ref. 71). PE-based plasmalogens (PE P) were analysed according to the 
principles described by Zemski-Berry72. TG, diglycerides and choles-
teryl ester were recorded in positive ion mode68. PC and sphingomyelin 
were measured in negative ion mode. Multiplexed acquisition was used 
for the [M + NH4]+ of free cholesterol73. The quantification was per-
formed by multiplication of the spiked internal standard amount with 
analyte-to-internal standard ratio68. Labelled complex lipids were ana-
lysed at the respective accurate m/z and quantified using the respective 
internal standard. Lipid species were annotated according to the latest 
proposal for shorthand notation of lipid structures that are derived 
from mass spectrometry74. For QQQ analysis, glycerophospholipid 
species annotation was based on the assumption of even numbered 
carbon chains only. Cer and HexCer species annotation is based on the 
assumption that a sphingoid base with two hydroxyl groups is present.

BA and oxysterol analyses
BA were quantified by liquid chromatography–tandem mass spec-
trometry75. Bile samples corresponding to 100 nl and liver samples cor-
responding to 2 mg wet weight were subjected to analysis; 27-HC was 
quantified using gas chromatography–tandem mass spectrometry76.

Cell culture experiments
RNA interference in HepG2 cells. The siRNA-mediated gene knock-
down was performed by forward transfection using Dicer-substrate 
siRNA (DsiRNA) or a non-targeting negative control DsiRNA (Inte-
grated DNA Technologies) according to the manufacturer’s instruc-
tions with minor modifications (Lipofectamine RNAiMAX; Invitrogen, 
protocol pub. no. MAN0007825 Rev.1). HepG2 cells (HB-8065 ATCC), 
authenticated by STR profiling (ExPasy Cellosaurus), were seeded in 
DMEM (D5796, Sigma-Aldrich) supplemented with 10% FBS Superior 
(Biochrom), penicillin–streptomycin (1:250) and gentamicin (1:250). 
Cells were transfected at ~70% confluency using a mixture of Opti-MEM 
Reduced Serum Medium (Gibco), Lipofectamine RNAiMAX (3 μl ml−1) 
and DsiRNA (15 nM). Antibiotics were omitted during the first 24 h of 
transfection. Cells were incubated for 72 h before downstream analyses.

DsiRNA sequences: siMyd88I (5′-CAUCACUGUCUGCGA 
CUACACCAAC-3′;3′-AAGUAGUGACAGACGCUGAUGUGGUUG-5′); 
siMyd88II (5′-GUUGUCUCUGAUGAUUACCUGCAGA-3′;3′-ACC 
AACAGAGACUACUAAUGGACGUCU-5′); non-targeting siControl  
(5′-CGUUA AUCGCGUAUACGCGUAT-3′;  3′-AUACGCGUAUU 
AUACGCGAUUAACGAC-5′).

Immunoblotting of Myd88. For immunoblotting, a Minigel-Tank and 
Blot-Module system was used (Thermo Fisher Scientific, NW2000). Pro-
teins were separated in pre-cast gradient Bis-Tris gels (NuPAGE 4–12%; 
Thermo Fisher Scientific, NP0336) according to the manufacturer’s 
recommendations. In total, 30 µg protein per lane and 3 µg ladder were 
used (PageRuler Plus prestained; Thermo Fisher Scientific, 26616); elec-
trophoresis was run at 120 V for 80 min. The gel containing separated 
proteins was assembled between presoaked filter papers (Thermo 
Fisher Scientific, 84784) and sponges according to the manufacturer’s 
instructions and transferred onto a nitrocellulose membrane (Thermo 
Fisher Scientific, 88018) at 10 V for 60 min. Membranes were stained 
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with Ponceau S to verify equal protein loading and efficient transfer. 
They were blocked with 5% BSA diluted in Tris-buffered saline with 
Tween 20 (0.1% Tween 20) for 1 hour at room temperature. Primary 
antibodies were incubated overnight at 4 °C, secondary antibodies for 
1 hour at room temperature. Between incubations, membranes were 
washed for 30 minutes conducting Tris-buffered saline with Tween 
20 changes every 5 min. Before signal detection (Bio-Rad ChemiDoc 
Imaging System), membranes were incubated with chemiluminescent 
horseradish peroxidase (HRP) substrate (Immobilon Classico/Cre-
scendo Western HRP Substrate; Millipore or SuperSignal West Femto/
Atto substrate; Thermo Scientific) according to the manufacturer’s 
instructions. Used antibodies included: HSP90 (4877S Cell Signaling, 
1:1,000), MYD88 (4283S Cell Signaling, 1:500) and anti-rabbit HRP 
secondary antibody (7074P2 Cell Signaling, 1:4,000).

Statistics
FA and lipidomic data were analysed according to established prin-
ciples6. For lipid time profile comparison, the AUC was calculated as 
the sum of mean values across timepoints. Significance of differences 
between mouse group time profiles was assessed with repeated meas-
ured analysis of variance (ANOVA) analysis (fitrm function in MatLab 
2019b). P values were adjusted for multiple hypothesis testing (Benja-
mini–Hochberg; mafdr function in MatLab 2019b (‘bhfdr’, 1)).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Mass spectrometry bile and liver proteomics data have been deposited 
in the ProteomeXchange Consortium via the PRIDE partner repository 
with the dataset identifier PXD033894 and PXD060110. The publicly 
available RNAseq and Affymetrix Microarray data downloaded via 
Expression Atlas at https://www.ebi.ac.uk/gxa/home are available via 
Zenodo at https://doi.org/10.5281/zenodo.15092709 (ref. 77). Lipidom-
ics data, model parameters and equations used for physiology-based 
kinetic multi-compartment modelling are reported in Supplementary 
Data 1. Source data are provided with this paper.

Code availability
The code for the physiology-based kinetic modelling and liver 
proteomics analysis is available via GitHub at https://github.com/
mszimmermann/Microbiome_effect_on_lipid_metabolism.
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Extended Data Fig. 1 | Metabolism of labelled FA 16:0 to FA 18:0 and complex 
lipids (GF, OMM12, SPF). (a) Levels of FA 18:0[D5] and FA 18:0[D31] in plasma, 
liver, duodenum content and jejunum content at 1, 2 and 6 h. Means +SD. GF: n = 5 
mice at 1 h and 2 h, n = 4 mice at 6 h; OMM12: n = 4 mice at 1 h, n = 5 at 2 h and 6 h; 
SPF: n = 5 mice per time-point. */#/$p < 0.05, **/##/$$p < 0.01, one-way ANOVA with 

Tukey post-hoc test. (*) OMM12 vs. GF, (#) SPF vs. GF, ($) SPF vs. OMM12. (b) Levels of 
TG[D31] in plasma, liver and eWAT, and PC[D31] in plasma and liver at 1, 2, and 6 h. 
Means +SD. GF: n = 5 mice at 1 h and 2 h, n = 4 mice at 6 h; OMM12: n = 4 mice at 1 h, 
n = 5 at 2 h and 6 h; SPF: n = 5 mice per time-point. */#/$p < 0.05, one-way ANOVA 
with Tukey post-hoc test. (*) OMM12 vs. GF, (#) SPF vs. GF, ($) SPF vs. OMM12.
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Extended Data Fig. 2 | Model selection based on the group-specific intestinal 
absorption parameter. Comparison of the general model with no group-specific 
parameters to the model with a group-specific intestinal absorption coefficient 

parameter, which best explains the differences in FA 16:0[D5] and FA16:0[D31] 
kinetics in most tissues. Lines with shaded areas represent model fit and 50% 
confidence interval for the model simulation results.
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Extended Data Fig. 3 | FA absorption, gastrointestinal flow and FA  
transporter expression in the small intestine, and lipid class composition  
of bile (GF, OMM12, SPF). (a) FA16:0[D5] and FA16:0[D31] in duodenum tissue 
of GF, OMM12 and SPF mice 20 min after gavage with tracers. Means +SD. GF: 
n = 10, OMM12: n = 8, SPF: n = 11. *p < 0.05, **p < 0.01, two-sided t-test with unequal 
variance. (b) Gastric flow in small intestine of GF, OMM12 and SPF mice. Shown 
is the distance that the Evans blue dye reached as percentage of the total small 
intestinal (SI) length at 20 min post-gavage. Means +SD. GF: n = 11, OMM12: n = 8,  

SPF: n = 15. (c) Cd36, Dhhc5, Dhhc5 and Fatp4 mRNA expression in duodenum 
(Duo), jejunum ( Jej), and ileum (Ile) tissues of GF, OMM12 and SPF mice. Means 
+SD. GF: n = 26 (Duo), n = 23 ( Jej), n = 28 (Ile); OMM12: n = 19 (Duo), n = 20 ( Jej), 
n = 19 (Ile); SPF: n = 21 (Duo), n = 19 ( Jej), n = 24 (Ile). *p < 0.05, two-sided t-test 
with unequal variance. (d-e) LPC, PC and FC concentrations (d) and LPE and PE 
concentrations (e) of GF, OMM12 and SPF bile. Means +SD. GF: n = 26 mice, OMM12: 
n = 11 mice, SPF: n = 11 mice. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, 
two-sided t-test with unequal variance. + indicates female, • indicates male.

http://www.nature.com/naturemicrobiology


Nature Microbiology

Article https://doi.org/10.1038/s41564-026-02434-z

Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | LPC and PC in bile (GF, OMM11, OMM12, SPF). (a) Volcano 
plots showing log2 fold changes of biliary lipid species for GF vs. OMM12 or SPF, 
6 h post gavage. GF: n = 4, OMM12: n = 5, SPF: n = 4. Two-sided t-test with unequal 
variance and FDR correction at 5 %. (b) LPC levels in bile of GF, OMM12 and SPF 
mice. Means + SD. GF: n = 4 mice, OMM12: n = 5 mice, SPF: n = 4 mice. a/A p < 0.05, 
b/B p < 0.01, one-way ANOVA with Tukey post-hoc test. a, b significant vs. GF; A, B 

significant vs. OMM12. (c) LPC levels in bile of GF, OMM11 and OMM12 mice. Means 
+ SD. GF: n = 4 mice, OMM11: n = 4 mice, OMM12: n = 2 mice. a p < 0.05 (vs. GF), one-
way ANOVA with Tukey post-hoc test. (d) PC contents of bile of GF, OMM11, OMM12 
and SPF mice. Means + SD. GF: n = 20 mice, OMM11: n = 5 mice, OMM12: n = 16 mice, 
SPF: n = 11 mice. *p < 0.05 (vs. GF), two-sided t-test with unequal variance.
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Extended Data Fig. 5 | Total PC, PC/LPC (GF, OMM12, SPF) and proteome (GF, 
SPF) of liver. (a-b) LPC concentrations (a) and PC/LPC (b) in liver of GF, OMM12 
and SPF. Means +SD. GF: n = 15 mice, OMM12: n = 15 mice, SPF: n = 16 mice. *p < 0.05 
(vs. GF), two-sided t-test with unequal variance. (c) Volcano plot showing 

significantly different proteins in livers of GF vs. SPF. The dataset was described 
previously6. GF: n = 5, SPF: n = 5. Two-sided t-test with unequal variance and FDR 
correction at 5 %. + indicates female, • indicates male.
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Extended Data Fig. 6 | PLA1 and PLA2 activities in bile of GF, OMM12 and SPF 
mice, and of OMM12 bacteria. (a) Percentage of PC15:0-18:1[D7] substrate 
converted to LPC18:1[D7] (PLA1) and LPC15:0 (PLA2) after incubation for 
2–360 min with GF, OMM12 or SPF bile. GF bile incubated for 15 min at 95 °C 
was used as a negative control (Inactivated Bile). Means ± SD. N = 3 technical 
replicates per time-point and bile (GF, OMM12, SPF, GF heat inactivated).  

(b) LPC18:1[D7] (PLA1) and LPC15:0 (PLA2) levels; and LPC 18:1[D7]/PC15: 
0-18:1[D7] (PLA1) and LPC15:0/PC15:0-18:1[D7] (PLA2) ratios after 24 h incubation 
of PC15:0-18:1[D7] with active OMM12 bacteria, autoclaved OMM12 bacteria 
(negative control) or OMM12 bacteria plus added PLA1 from Aspergillus oryzae 
(positive control). Means +SD. N = 3 independent incubations per condition 
(active OMM12 bacteria, negative control, positive control).
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Extended Data Fig. 7 | Total bile acid levels in bile (GF, OMM12, SPF) and the 
effect of bile acids on PLA1 activity. (a) Total BA concentrations in the bile of  
GF, OMM12 and SPF mice. Means + SD. GF: n = 19 mice, OMM12: n = 20 mice, SPF: 
n = 11 mice. *p < 0.05, **p < 0.01, one-way ANOVA with Tukey post-hoc test.  
(b) LPC18:1[D7] levels (PLA1) after incubation of GF bile ±1 of 5 mM TCA. Means ± SD. 

N = 3 technical replicates per time-point and condition. (c-d) LPC18:1[D7] levels 
(PLA1) after incubation with GF bile ±1–5 mM TβMCA (c) or ±1–5 mM GCA and 
GCDCA (d). Means +SD. N = 3 independent incubations per condition (control, 
1–5 mM TβMCA, 1–5 mM GCA, –5 mM GCDCA). *p < 0.05, **p < 0.01, ***p < 0.001, 
relative to the control groups, two-sided t-test with unequal variance.
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Extended Data Fig. 8 | Bile acid metabolism in Cyp2c70 KO mice. Scheme  
illustrating bile acid synthesis and conversion in mice as well as the consequences  
of Cyp2c70 KO. CA and CDCA are synthesized by the liver from cholesterol. 
They are mainly conjugated to taurine and to a minor degree to glycine by bile 
acid-CoA:amino acid N-acyltransferase (BAAT). In the gut, conjugated BAs 
are deconjugated by bacterial bile salt hydrolases (BSH) and can be further 
metabolized by bacterial enzymes before entering the enterohepatic circulation. 
The muricholic acid α-MCA is generated from CDCA via 6β-hydroxylation and 
converted into β-MCA by 7β-epimerization. As a minor pathway, UDCA can 

also be converted into β-MCA. The enzyme CYP2C70 catalyzes these reactions. 
In the bile of Cyp2c70 KO mice, muricholic acids (MCA) are absent while the 
concentration of the main MCA precursor CDCA is increased. CA concentration 
in Cyp2c70 KO mice is reduced due to the lower expression of CYP8B1, a key 
enzyme for CA synthesis in the liver. CA: Cholic acid, CDCA: Chenodeoxycholic 
acid, α-MCA: α-Muricholic acid, β -MCA: β -Muricholic acid, DCA: Deoxycholic 
acid, LCA: Lithocholic acid, UDCA: Ursodeoxycholic acid. Figure created in 
BioRender; Ecker, J. https://biorender.com/2is2fow (2026).

http://www.nature.com/naturemicrobiology
http://biorender.com/2is2fow


Nature Microbiology

Article https://doi.org/10.1038/s41564-026-02434-z

Extended Data Fig. 9 | Bile acids and PLA1 activity in bile, lipid composition 
in liver and bile of Cyp2c70 KO mice. (a) BA in bile of Cyp2c70 −/− and controls 
(with contributions>1%). Means + SD. Control: n = 9 mice, Cyp2c70 −/−: n = 8 mice. 
**p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-sided t-test with unequal 
variance. (b-c) Lipid class composition (b) and PC/LPC (C) Cyp2c70 −/− and 
controls. Means + SD. Control: n = 8 mice, Cyp2c70 −/−: n = 11 mice. **p < 0.05, 
**p < 0.01, ***p < 0.001, two-sided t-test with unequal variance. (d-e) Lipid class 
composition and PC/LPC ratio in bile from Cyp2c70 −/− and control livers. 

Means + SD. Control: n = 8 mice, Cyp2c70 −/−: n = 7 mice. **p < 0.05, **p < 0.01, 
***p < 0.001, two-sided t-test with unequal variance. (f) LPC species levels in bile 
of Cyp2c70−/− mice and controls. Means + SD. Control: n = 8 mice, Cyp2c70 −/−: 
n = 7 mice. **p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-sided t-test with 
unequal variance. (g) LPC18:1[D7] levels (PLA1) after incubation for 2–60 min 
with Cyp2c70 −/− or control bile. Control mouse bile incubated for 15 min at 95 °C 
is the negative control. Means ± SD. N = 3 technical replicates per time-point and 
bile (control, Cyp2c70 −/−, inactivated).
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Extended Data Fig. 10 | Liver proteome of GF, OMM12 and SPF mice. Volcano plots showing significantly different proteins (Log2FC > 0.5 or <−0.5) in livers of (a) GF 
vs. OMM12 and (b) GF vs. SPF mice. The datasets are included as Supplementary Data 2. GF: n = 3 mice, OMM12: n = 3 mice, SPF: n = 3 mice, two-sided t-test with unequal 
variance and FDR correction at 5%.
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