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Impaired flux of bile acids from the liver to the gut reveals
microbiome-immune interactions associated with liver damage
Howell Leung1,6, Ling Xiong2,6, Yueqiong Ni1, Anne Busch 2,3, Michael Bauer2, Adrian T. Press2,4✉ and Gianni Panagiotou 1,5✉

Currently, there is evidence that alteration in the gut ecosystem contributes to the development of liver diseases, however, the
complex mechanisms involved are still unclear. We induced cholestasis in mice by bile duct ligation (BDL), mirroring the phenotype
of a bile duct obstruction, to understand how gut microbiota alterations caused by an impaired flow of bile acid to the gut
contribute to the pathogenesis and progression of liver disease. We performed longitudinal stool, heart, and liver sampling using
mice receiving BDL and controls receiving sham operation (ShamOP). Shotgun metagenomics profiling using fecal samples taken
before and on day 1, day 3, and day 7 after surgery was performed, and the cytokines and clinical chemistry profiles from heart
blood, as well as the liver bile acids profile, were measured. The BDL surgery reshaped the microbiome of mice, resulting in highly
distinct characteristics compared to the ShamOP. Our analysis of the microbiome pathways and ECs revealed that BDL reduces the
production of hepatoprotective compounds in the gut, such as biotin, spermidine, arginine, and ornithine, which were negatively
associated with inflammatory cytokines (IL-6, IL-23, MCP-1). The reduction of the functional potential of the gut microbiota in
producing those hepatoprotective compounds is associated with the decrease of beneficial bacteria species from Anaerotruncus,
Blautia, Eubacterium, and Lachnoclostridium genera, as well as the increase of disease-associated bacteria e.g., Escherichia coli and
Entercoccus faecalis. Our findings advances our knowledge of the gut microbiome-bile acids-liver triangle, which may serve as a
potential therapeutic strategy for liver diseases.
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INTRODUCTION
Globally, liver disease (LD) accounts for over two million fatalities
annually, or 3.5% of all fatalities, and it has become more
prevalent in aging populations1,2. The complicated etiology of LD
encompasses several interconnected risk factors, including
obesity, advanced age, and excessive alcohol consumption3.
Non-alcoholic fatty liver disease (NAFLD) is the most common
chronic liver disease that affects up to 25% of the population
worldwide4. It is a complex disease linked to metabolic dysfunc-
tion, altered gut microbiome, and immune dysregulation5–7.
Different therapeutic approaches for NAFLD targeting the host’s
metabolism, the gut microbiota, and the immune system have
been explored8. However, due to the complex interplay of these
factors in the diseases, an integrated approach is required to
investigate those elements.
Increasing evidence suggests that gut microbiota affect the

development of NAFLD in multiple ways. Gut barrier disruption,
bacterial translocation, and inflammatory response in the liver are
some potential mechanisms that have been suggested in how the
gut microbiome may influence NAFLD and non-alcoholic steato-
hepatitis (NASH)9. Furthermore, NAFLD and NASH patients
exhibited significantly higher serum primary and secondary bile
acids (BAs) than healthy individuals10. BAs are important
metabolites in liver diseases11. Regulating secondary BAs meta-
bolism is one of the known functions carried out by the gut
microbiota. The elevation of secondary BAs production was
associated with the increase of taurine- and glycine-
metabolizing bacteria12,13. Therefore, a rise in secondary BAs
may exacerbate NAFLD.

Nevertheless, it was reported that the microbiota regulates
farnesoid X receptor (FXR) via secondary BAs14. FXR has an anti-
inflammatory role and protects against cholestasis, NAFLD, and
liver inflammation associated with NASH. It could be activated by
the secondary BAs lithocholic acid and deoxycholic acid15–17,
suggesting the secondary BAs have also a protective role against
NAFLD progression.
Cytokines are involved in the pathogenesis of liver diseases in

both disease-promoting and beneficial ways. Hence, their role
remains controversial. For example, tumor necrosis factor-α (TNF-
α) has a dichotomous role in the liver. In addition to acting as a
mediator of cell death, it induces hepatocyte proliferation and
liver regeneration18, whereas IL-6 also acts as both liver
regeneration promoter and inflammation inducer19. In addition,
inflammation could negatively impact the development of NAFLD
depending on the disease stage, where inflammation contributes
to liver injury in the early stage, and becomes a critical driver of
host defense against pathogen infection and liver regeneration in
the late stage20. Finally, the microbiota could regulate cytokine
production in humans, mainly through the release of common
intermediate mediators such as tryptophan, palmitoleic acid, and
short-chain fatty acids, instead of exerting direct communication
between microbes and immune cells21,22.
Cholestasis is a condition where bile flow from the liver is

decreased or blocked, and depending on the mechanism, it could
be classified into intrahepatic or extrahepatic cholestasis. Inter-
estingly, some primary pathophysiological mechanisms are shared
between cholestatic liver disease and NAFLD23. Bile duct ligation
(BDL) is a standard method for inducing fibrosis and cirrhosis in
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mice by introducing obstructive cholestatic injury24. The morpho-
logical changes caused by BDL are similar to those observed in
human biliary cirrhosis, allowing researchers to study the under-
lying pathophysiological mechanism and develop possible treat-
ments25. Though BDL is a cholestatic liver disease model, it has
also been successfully used as a tool in preclinical NAFLD and
NASH research26–28. Recent studies have explored the microbiome
taxonomic differences between BDL and control mice using 16S
rRNA sequencing, and have proposed specific bacterial genera
associated with the host hepatic gene expression response that
may protect the liver during acute cholestasis29. Yet, the functional
mechanisms of the gut–liver interplay in this mouse model system
have remained largely unexplored.
To broaden our understanding of the gut–liver immune axis in

liver diseases, we performed feces and blood longitudinal sampling
in mice with BDL and sham operation (ShamOP). Our comprehensive
and integrative analysis of the shotgun metagenomics profile with
the host cytokines, liver bile acids, and biochemical markers provided
further insights into possible mechanisms of the gut microbiome in
modulating the severity of liver injury.

RESULTS
Changes in biochemical markers, cytokines, and bile acids in
BDL mice confirm the liver injury
A total of 38 mice were randomly assigned to receive BDL (n= 20)
and ShamOP (n= 18) (Fig. 1a). The mice were sacrificed in batches
on day 1, day 3, and day 7 after the surgery, and their heart blood,
and liver samples were collected. We profiled 8 biochemical markers
and 12 cytokines from the heart blood samples and 15 bile acids
from the liver samples (Supplementary Table 1). Stool samples were
obtained at all time points, from baseline (prior to surgery) to day 1,
day 3, and day 7 before the mice were sacrificed. To confirm the liver
damage induced by BDL, we examined the hematoxylin and eosin
(H&E) images and compared the biochemical, inflammatory, and bile
acid profiles between the BDL and ShamOP mice. Our histopatho-
logical examination of liver tissue through H&E staining confirmed
the success of the BDL surgery in the BDL group (Supplementary Fig.
1). Also, the overall liver bile acid concentration was significantly
increased in BDL mice, suggesting the bile flow was blocked as
expected (Supplementary Fig. 2, generalized linear model, P-value <
0.05). We observed that the serum markers related to liver damage,
including aspartate aminotransferase (ASAT), alanine aminotransfer-
ase (ALAT), gamma-glutamyl transferase (GGT), and triglyceride (TG),
were significantly higher in BDL compared to ShamOP mice
(Supplementary Fig. 2, generalized linear model, P-value < 0.05).
The levels of ASAT and ALAT showed the largest difference between
the two study groups. Our analysis also showed that the
inflammatory cytokines IL-23, TNF-α, MCP-1, IL-1β, IL-6, IL-17A, GM-
CSF, and IFN-β were significantly increased in BDL mice. In contrast,
IFN-γ was significantly decreased (Fig. 1b & Supplementary Fig. 2,
generalized linear model, P-value < 0.05). TNF-α, MCP-1, and IL-6
were the top differential cytokines between the BDL and ShamOP
mice and were significantly positively correlated with ALAT and ASAT
(Fig. 1c, Spearman correlation, P-value < 0.05).

Blocking the flow of bile acids induced significant alterations
in the gut microbiome composition
The gut microbiome structure of the BDL mice and ShamOP mice
was assessed via shotgun metagenomics sequencing of all fecal
samples. In total, we processed 110 stool samples and sequenced
770.4 gigabase pairs with an average of 46,689,954 high-quality
reads per sample. Using mOTUs for taxonomic profiling30, we
identified 60 genera and 418 species. Chao1, Shannon, and
Simpson alpha diversity indices showed no significant differences
between BDL and ShamOP mice when using the samples from all
time points for comparison (Supplementary Table 2, linear mixed

model, P-value > 0.05). Bray–Curtis distances were calculated to
compare the beta diversity between and within groups. The beta
diversity at the genus and species level between BDL and ShamOP
at baseline had no significant difference (PERMANOVA, P-value >
0.05). However, it was significantly different when comparing the
two mice groups on day 1, day 3, and day 7 (except for genus
level, which did not reach statistical significance on day 3)
(Supplementary Table 2, PERMANOVA, P-value < 0.05). Notably,
significant differences were detected at both genus and species
levels when comparing BDL-day 0 vs. BDL-day 1 and ShamOP-day
0 vs. ShamOP-day 1, suggesting abdominal incision would
promote changes in the microbiota, regardless of the manipula-
tion of the biliary system. Both genus and species composition
continued to change significantly on day 3 and day 7 in BDL mice
(PERMANOVA, P < 0.05) but not in the ShamOP mice (PERMA-
NOVA, P-value > 0.05) (Fig. 2a, b).
By analyzing the taxonomic profile of the microbiome on each

sampling day (normalized to baseline; detailed in Methods), we
found 19 genera (12 having the exact genus annotation) significantly
different in abundance between BDL and ShamOP mice (Fig. 2c and
Supplementary Table 3, linear model, FDR < 0.05). From the 19
significant genera, nine were enriched in the BDL group, while ten
were enriched in the ShamOP mice. Escherichia and Eubacterium
were the top enriched genera in BDL and ShamOP mice (mean
normalized abundance of the three post-surgery days = 5.23 and
2.22, respectively) (Supplementary Table 3). Besides Escherichia, when
we looked specifically at genera with exact genus annotation, five
genera had significantly higher relative abundance in BDL compared
to ShamOP mice (linear model, FDR < 0.05), including Enterococcus
and Prevotella, previously reported in mice and human studies to
promote liver disease or inflammation31,32. In contrast, six genera
significantly enriched in ShamOP mice included known butyrate-
producing bacteria, such as Anaerotruncus, Blautia, Eubacterium, and
Lachnoclostridium (linear model, FDR < 0.05)33,34. Some genera
showed clear trends in the changes in relative abundance. For
example, the relative abundance of Anaerotruncus continued
decreasing in BDL mice until day 7 after surgery (Fig. 2c and
Supplementary Table 3).
At the species level, we found in total 128 species (16 having exact

species annotation) significantly different in abundance between the
BDL and ShamOP mice (Fig. 2c and Supplementary Table 4, linear
model, FDR < 0.05). Of those species, 22 and 106 were found to be
significantly enriched in the BDL and ShamOP mice, respectively.
Escherichia coli and Enterococcus faecalis were the top enriched ones
in BDL mice (mean normalized abundance of the three post-surgery
days = 5.24 and 4.26, respectively). Species belonging to Clostridiales
and Lachnospiraceae were the top enriched ones in ShamOP mice
(mean normalized abundance of the three post-surgery days = 3.35
and 3.33, respectively) (Supplementary Table 4). Several significantly
different species have been reported to be negatively or positively
associated with the development of liver diseases. An increased
abundance of E. coli was observed in NAFLD patients with advanced
fibrosis and might contribute to pro-inflammatory activity35.
Enterococcus faecalis has been reported to exacerbate alcoholic
hepatitis in mice36. A mice study revealed a higher abundance of
Bacteroidales bacteria in the alcoholic fatty liver disease (AFLD) group
compared to the control group37. Also in our study, Bacteroidales
species were higher in BDL compared to ShamOP mice (Fig. 2c and
Supplementary Table 4).
On the other hand, butyrate-producing bacteria such as

Lachnospiraceae bacterium A2, Lachnospiraceae bacterium A4, and
Anaerotruncus sp G3 (2012) were significantly higher in ShamOP mice
(Fig. 2c, linear model, FDR < 0.05)11. Lachnospiraceae bacterium A2
exhibited a significant drop in relative abundance in BDL mice on all
three post-surgery days, while its relative abundance did not change
in ShamOP mice. Bacteria belonging to the Oscillibacter genus have
been reported to be more abundant in healthy individuals than in
individuals with NAFLD38. On the contrary, Oscillibacter was also
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Fig. 1 Study design and comparison of cytokines and biochemical profiles. a A graphical illustration of the study design, data collecting,
and data generating procedures. b Box plots of significantly different cytokines between BDL and ShamOP mice (P-value < 0.05). The centre
line indicates the median of the data, the bounds of the box represent the interquartile range, and the whiskers indicate the range of the data,
excluding outliers. c Correlations between significantly different cytokines and significantly different biochemical markers, using data from all
time points (day 1, day 3, and day 7). The significance of correlations is indicated by asterisk symbols, where a single asterisk (*) indicates P-
value < 0.1 and a double asterisk (**) indicates P-value < 0.05.
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reported to be associated with liver steatosis in non-diabetic obese
women39. A member of this genus, Oscillibacter sp 1-3, was found in
higher abundance in ShamOP compared to BDL mice (linear model,
FDR < 0.05). However, its relative abundance continuously decreased
in BDL mice. Interestingly, another beneficial bacteria species,
Parabacteroides goldsteinii, has shown anti-inflammatory properties
in high-fat-diet-induced obesity40, and was found in higher relative
abundance in BDL compared to ShamOP mice (linear model,
FDR < 0.05).
In summary, BDL caused significant changes in the gut

community structure, as shown by beta diversity comparisons
with the ShamOP mice. In addition, many species were affected by
the block of bile acid flow in the gut, as evidenced by a reduction
of known butyrate producers and an increase of bacteria mainly
associated with liver disease.

BDL decreases intestinal production of hepatoprotective
compounds
The shotgun metagenomics analysis of the stool samples applied
here allowed us to subsequently annotate the pathways and enzyme
profiles of the microbial communities in the two mice groups. We
identified 392 pathways and 1790 ECs using HUMAnN341. The
analysis of the pathway profiles revealed the effect of BDL in
changing not only the microbiome composition but also the
functional profile of the community. In contrast to the taxonomy, a

significant difference was observed at the functional level when we
compared the community alpha diversities between BDL mice and
ShamOP mice, measured as Shannon, Simpson, and Chao1 indices
(linear mixed model, P-value < 0.05, Supplementary Table 5). In
addition, the beta diversity of the pathway profiles between BDL and
ShamOP groups pooling samples from all time points was
significantly different (PERMANOVA, P-value < 0.05). The pathway
composition changed significantly from baseline to day 1 after
surgery in both BDL and ShamOP mice (PERMANOVA, P-value <
0.05). Likewise, in the microbiome taxonomic profile our results
suggest that abdominal incision would also cause alterations in the
microbiota’s functional potential. These significant changes contin-
ued until day 3 in BDL mice (PERMANOVA, P-value < 0.05) but not in
the ShamOP mice (PERMANOVA, P-value > 0.05). Even though in the
BDL mice, the taxonomy composition continued to change
significantly from day 3 to day 7 (Fig. 2a, b), the community
functional profile did not follow (Supplementary Table 5, PERMA-
NOVA, P-value > 0.05).
We normalized the abundance of pathways and enzymes to

their baseline and compared the functional profiles between the
BDL and ShamOP mice. We observed that 195 functional
pathways and 762 ECs were significantly different in relative
abundance between the BDL and ShamOP mice after surgery
(Fig. 3, linear model, FDR < 0.05); 139 and 56 pathways and 483
and 279 genes were enriched in BDL and ShamOP mice,

Fig. 2 Comparison of the gut microbiome taxonomy profiles of BDL and ShamOP mice. Principal coordinate analysis (PCoA) of Bray–Curtis
dissimilarity between gut microbiome abundance profiles at day 0, day 1, day 3, and day 7, at a genus and b species level. c Heatmap of
significant differentially abundant genera and species (linear model, FDR < 0.1). Colors of cells indicate the direction and magnitude of the
normalized abundance. Box plots on the side show the abundance of some selected taxa. The centre line indicates the median of the data, the
bounds of the box represent the interquartile range, and the whiskers indicate the range of the data, excluding outliers. Colors and shapes of
dots within box plots indicate the types of treatment and days of sample collection.
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respectively (Supplementary Tables 6 and 7). The biotin biosynth-
esis pathway (PWY-5005) was significantly lower in relative
abundance in the BDL mice (linear model, FDR < 0.05), and a
gene encoding the enzyme 6-carboxyhexanoate–CoA ligase (EC
6.2.1.14), which is involved in the biotin biosynthesis pathway, was
significantly lower in BDL mice (linear model, FDR < 0.05). Biotin
reduces hepatotoxicity and oxidative stress in liver of diabetic
mice, and a biotin deficiency enhances the secretion of pro-
inflammatory cytokines in human study42. The biosynthetic
pathways of two branched-chain amino acids (BCAAs), isoleucine
and valine (ILEUSYN-PWY and VALSYN-PWY), were significantly
higher in ShamOP mice compared to BDL mice (Fig. 3a and
Supplementary Table 6, linear model, FDR < 0.05). NAFLD patients

were found to have increased levels of isoleucine and valine as the
disease progressed43. However, it was also reported that
isoleucine and valine could reduce hepatic fat accumulation at
the early stage of NAFLD and prevent acute liver injury in mice,
and restore immune function in advanced cirrhosis patients44,45.
Several ECs that contribute to isoleucine and valine biosynthesis
had significantly higher abundance in ShamOP mice (Fig. 3b and
Supplementary Table 7, linear model, FDR < 0.05), including ketol-
acid reductoisomerase (NADP+) (EC 1.1.1.86), acetolactate
synthase (EC 2.2.1.6), and dihydroxy-acid dehydratase (EC
4.2.1.9). The biosynthetic pathways of arginine (ARGSYN-PWY
and ARGSYNBSUB-PWY) were also significantly higher in ShamOP
mice (Fig. 3a, linear model, FDR < 0.05). A mice study suggested an

Fig. 3 Comparison of the gut microbiome functional profiles of BDL and ShamOP mice. Volcano plots showing the differential a pathways
and b EC fold-change profiles in the two groups, BDL and ShamOP. The horizontal dashed lines represent the −log10 adjusted P-value at FDR
at 0.05 (linear model). Several pathways and ECs we discuss in the main text are shown as box plots, the centre line within indicates the
median of the data, the bounds of the box represent the interquartile range, and the whiskers indicate the range of the data, excluding
outliers.
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arginine and bile acid conjugate could be a possible treatment for
NAFLD46. The microbial functional potential in producing
ornithine (GLUTORN-PWY), a compound that has a hepatoprotec-
tive effect in NAFLD47, was also significantly lower in BDL mice
(Fig. 3a, linear model, FDR < 0.05). Moreover, spermidine alleviates
acute liver injury48, and the spermidine biosynthesis pathway
(PWY-6834) was significantly lower in BDL mice compared to
ShamOP mice (Fig. 3a, linear model, FDR < 0.05). This pathway had
a clear decreasing trend in BDL mice, while its relative abundance
only slightly fluctuated during the post-surgery period in ShamOP
mice. Within the spermidine biosynthesis pathway, two ECs N1-
aminpropylagmatine ureohydrolase (EC 3.5.3.24) and adenosyl-
methionine decarboxylase (EC 4.1.1.50) were significantly higher
in ShamOP mice compared to BDL mice (Fig. 3b and Supplemen-
tary Table 7 linear model, FDR < 0.05). A gene encoding
taurine–pyruvate aminotransferase (EC 2.6.1.77), which produces
alanine that promotes restoration of a damaged liver49, was also
significantly higher in ShamOP mice (Fig. 3b, linear model,
FDR < 0.05). Furthermore, the relative abundance of the peptido-
glycan biosynthesis pathway (PWY-5265) in BDL mice was
significantly higher than in ShamOP mice (Supplementary Table
6, linear model, FDR < 0.05), while peptidoglycan was a pro-
inflammatory factor found to induce the progression of steatohe-
patitis50. EC 2.3.2.17, a gene encoding an enzyme involved in
peptidoglycan biosynthesis, was significantly higher in BDL mice
(Supplementary Table 7, linear model, FDR < 0.05).
On the contrary, the biosynthesis pathways of menaquinone

(PWY-5838, PWY-5840, PWY-5861, PWY-5897, and PWY-5899) had
a significantly higher relative abundance in BDL mice compared to
ShamOP mice (Fig. 3a and Supplementary Table 6 linear model,
FDR < 0.05). Furthermore, it has been reported that NAFLD
patients with fibrosis have a higher potential for bacterial
menaquinone production than NAFLD patients without fibrosis51.
Last but not least, we investigated whether limiting bile acid flow
would impact the gut microbiome’s ability to produce butyrate.
Even though at the taxonomy level, we found significant
differences in the abundance of butyrate producers, none of the
butyrate-producing pathways in our dataset (PWY-5022, PWY-
5676, P162-PWY, and CENTFERM-PWY) were significantly different
in relative abundance between the two study groups (Supple-
mentary Table 6, linear model, P-value= 0.16-1). Yet, the relative
abundance of two ECs involved in these butyrate-producing
pathways, butyrate kinase (EC 2.7.2.7) and 3-hydroxybutyryl-CoA
dehydratase (EC 4.2.1.55), were significantly lower in BDL mice
compared to ShamOP mice (Fig. 3b, linear model, FDR < 0.05).
Overall, the functional potential of the microbiome in BDL mice

was greatly affected, including a reduction in the production of
anti-inflammatory and hepatoprotective compounds (biotin,
isoleucine, valine, ornithine, arginine, and spermidine) and
increased production of menaquinone. Furthermore, specific ECs
participating in butyrate biosynthesis were also found to be
decreased in BDL mice.

Gut bacterial compound production promotes pro-
inflammatory cytokines production
We next sought to study how the reshaping of the gut microbiome
induced by BDL is associated with the cytokine profile. We performed
a three-way correlation analysis between the cytokines profile,
functional profile, and taxonomy profile to determine which taxa and
functions were associated with the difference in the levels of the
measured cytokines. To determine which taxa/functions may
contribute to liver injury upon limiting bile acid flow, we focused
on the cytokines, genera, species, pathways, and ECs that were
significantly different in abundance between the BDL and Sham OP
groups after normalizing to baseline values (generalized linear model
or linear model, FDR < 0.05).

As shown in Fig. 4, butyrate-producing genera Anaerotruncus,
Blautia, Eubacterium, and Lachnolostridium that were found
lower in BDL mice were significantly positively correlated
(Spearman correlation, P-value < 0.05) with the biosynthesis
pathway of biotin (PWY-5005), which was also significantly
lower in BDL mice. Two species from these butyrate-producing
genera, Eubacterium sp. 14-2 and Anaerotruncus sp. G3 (2012)
were also significantly positively correlated with this biosynth-
esis pathway. In contrast, two genera that were higher in BDL
mice, Enterococcus and Prevotella, and two species that were
also higher in BDL mice, Enterococcus faecalis and Bacteroidales
bacterium M14, had significant negative correlations with the
biotin production pathway (Fig. 4, Spearman correlation, P-
value < 0.05). In addition, the functional potential of the
microbiota synthesizing biotin was significantly negatively
correlated with pro-inflammatory cytokines IL-6 and IL-23
(Fig. 4, Spearman correlation, P-value < 0.05). A high IL-6 level
was found to increase the risk of NAFLD52, and IL-23 was
elevated in NASH patients and was suggested to be indirectly
linked with hepatic steatosis and pro-inflammatory response in
NAFLD53.
Anaerotruncus, Blautia, Eubacterium, and Lachnolostridium also

had positive correlations with the gut microbiota biosynthesis of
two amino acids, ornithine and arginine (GLUTORN-PWY and
ARGSYNBSUB-PWY) (Fig. 4, Spearman correlation, P-value < 0.05).
These two biosynthesis pathways were lower in BDL mice and
were also strongly positively linked with Eubacterium sp. 14-2 and
Anaerotruncus sp. G3 (2012). Oppositely, significant negative
correlations were shown between the ornithine production
pathway and Prevotella and the biosynthesis pathway of arginine
and Enterococcus (Fig. 4, Spearman correlation, P-value < 0.05).
Bacteroidales bacteria that were found higher in BDL mice
(Bacteroidales bacterium M10, Bacteroidales bacterium M11, Bacter-
oidales bacterium M12, and Bacteroidales bacterium M14) were
correlated negatively with the two amino acids biosynthesis
pathways (Fig. 4, Spearman correlation, P-value < 0.05). In addition,
the ornithine and arginine biosynthesis pathways were negatively
correlated with MCP-1, a cytokine that contributes to hepatic
steatosis and fibrosis54,55.
Moreover, we found that the functional capability for micro-

biota synthesizing spermidine (PWY-6834) significantly positively
correlated with Anaerotruncus, Blautia, Eubacterium, and Lachno-
lostridium (Fig. 4, Spearman correlation, P-value < 0.05). On the
other hand, the spermidine biosynthesis pathway was lower in
BDL mice. Two species that were lower in BDL mice, Anaerotruncus
sp. G3 (2012) and Lachnospiraceae bacterium A2, were also
positively correlated with the spermidine production pathway.
On the other hand, Enterococcus, Prevotella, Bacteroidales bacter-
ium M11, and Bacteroidales bacterium M14 were negatively
correlated with this pathway (Fig. 4, Spearman correlation,
P-value < 0.05). In addition, the spermidine biosynthesis pathway
negatively correlated with IFN-beta and MCP-1 (Fig. 4, Spearman
correlation, P-value < 0.05).
We also observed lower levels of isoleucine and valine

production pathways (ILEUSYN-PWY and VALSYN-PWY) in BDL
mice. These pathways were positively correlated with Lachnolos-
tridium and Eubacterium sp. 14-2, and negatively correlated with
Bacteroidales bacterium M10, Bacteroidales bacterium M11 and
Bacteroidales bacterium M12 (Fig. 4, Spearman correlation,
P-value < 0.05). Moreover, pro-inflammatory cytokines IL-6 and
MCP-1 showed significant negative correlations with the func-
tional potential of microbiota synthesizing isoleucine and valine
(Fig. 4, Spearman correlation, P-value < 0.05).
In addition, the menaquinone biosynthesis of the microbiota

(including PWY-5840, PWY 5899, PWY-5897, PWY-5861, and PWY-
5838) was found to be higher in BDL and had significant positive
correlations with the two most enriched species in BDL, E. coli and
E. faecalis. These biosynthesis pathways were negatively correlated
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with Eubacterium sp. 14-2 and Oscillibacter sp. 1-3 (Fig. 4, Spearman
correlation, P-value < 0.05). GM-CSF, IFN-β, IL-23, IL-6, MCP-1, and
TNF-α have a strong positive link with the functional ability of the
microbiota to produce menaquinone (Fig. 4, Spearman correla-
tion, P-value < 0.05).
Our analysis investigated the link between the host inflamma-

tory state and the gut microbiome, and it highlights several
possible mechanisms of gut microbiota contributions in liver
injury when bile acid flow stoppage into the gut. The taxonomic
changes induced by BDL were associated with a reduction in the
biosynthesis of beneficial compounds (biotin, ornithine, arginine,
spermidine, isoleucine, and valine) and increased menaquinone
production in the gut, which led to the promotion of pro-
inflammatory cytokines (such as IL-6 and MCP-1) and exacerbated
liver damage, as shown by their correlation with liver damage
markers (such as ALAT and ASAT).

DISCUSSION
The gut–liver axis comprises the intestine, which supplies roughly
70–75% of the blood flow to the liver56. The liver is a crucial
component of the immune system and acts as the focal point of

communication between the gut microenvironment and the host
metabolism. As a result, the liver is exposed to numerous bacterial
components, metabolites, and signals originating from the
microbiome. According to recent research, bile acids function as
pleiotropic signaling molecules that mediate the crosstalk
between the gut and liver57,58. The intricate interaction between
bile acids and the gut flora (which involves mutual dependency
and inhibition) is crucial for maintaining mammalian homeostasis.
Bile acids that have not been conjugated can balance the pH
difference across the cell membrane. Cell membrane damage can
result directly from the proton pump’s subsequent absence of
bioenergy. Bile acids eventually prevent some bacteria from
growing and participate in the gut microbiome’s development59.
In parallel, bile acids are essential molecules for bi-directional
regulation between the liver and the gut, and two signaling
pathways activate them. A signaling molecule binds to the G-
protein-coupled bile acid receptor 1 (GPBAR1 or TGR5), which
regulates hepatic steatosis and the inflammatory response, and
activates the expression of the FXR; this then controls the balance
of energy metabolism, controls hepatic steatosis and the
inflammatory response, and influences the composition of the
intestinal tract. As a result, the pathophysiology of liver illnesses

Fig. 4 Heatmap showing correlations between important cytokines and significant microbial features. The genera and species shown
significantly differ between BDL and ShamOP mice (linear model, FDR < 0.05). The pathways shown are significantly different in BDL mice
compared with ShamOP mice (linear model, FDR < 0.05). The ECs shown are part of the significant pathways and significantly changed in BDL
compared with ShamOP mice. Pathways that do not have at least one significant correlation (Spearman correlation, P-value < 0.05) with the
significant taxa (linear model, FDR < 0.05) and cytokines (generalized linear model, FDR < 0.05) were removed. The significance of correlations
is indicated by asterisk symbols, where a single asterisk (*) indicates P-value < 0.1 and a double asterisk (**) indicates P-value < 0.05.
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may be affected by the gut microbiome’s usage of bile acids as
signaling molecules12,60–62. New treatments may be based on a
better understanding of the precise areas of action of the gut
microbiome and bile acids in various signaling pathways in liver
disorders.
The need to look into the molecular mechanisms involved in the

interplay of the gut microbiota, bile acids, and liver diseases was
further highlighted by a recent mice study29, where they performed
BDL on germ-free (GF) mice and altered-Schaedler-flora-colonized
mice. Acute cholestasis induced more severe liver injury in GF
compared to mice with limited gut microbial load, which, as the
authors have shown, was associated with changes in the hepatic
gene expression involved in tissue repair and several metabolic and
immune functions with hepatoprotective effects. Nevertheless, the
role of individual microbial species and the functional mechanisms
for the microbial-induced differences that modulate liver injury
remained unclear. To fill this gap and suggest targeted gut
microbiota modifications that may be beneficial in attenuating liver
injury, we performed here shotgun metagenomics sequencing in the
BDL mice model and ShamOP mice with longitudinal sampling. In
addition, we investigated how the changes in microbial species
composition and biosynthetic potential in response to the stoppage
of bile acids from the liver to the gut were associated with
biochemical and inflammatory profiles.
The BDL surgery reshaped the microbiome of mice, resulting in

highly distinct characteristics compared to the ShamOP control.
Like the taxonomy, abdominal incision changed the microbiome
functional ability of both BDL and ShamOP mice, while the
alterations were only maintained in BDL mice. Our analysis of the
pathways and ECs revealed the microbiota’s functional role in
pathogenesis during acute liver damage. BDL reduces the
production of hepatoprotective compounds in the gut, such as
biotin, spermidine, arginine, ornithine, isoleucine, and
valine42,44–46,48,63. BDL induces bacterial menaquinone production.
It may increase damage to the liver by promoting vitamin
K-dependent proteins, which play an essential role in chronic liver
fibrosis64. Abundances of ECs for butyrate production were
significantly dropped in BDL mice, suggesting a possible role of
bile acid in keeping the level of butyrate in the gut stable again65.
The reduction of the functional potential of the gut microbiota in
producing several hepatoprotective compounds (biotin, ornithine,
arginine, spermidine, isoleucine, and valine) is associated with the
decrease of beneficial bacteria Anaerotruncus, Blautia, Eubacterium,
and Lachnoclostridium and the increase of harmful bacteria in liver
disease (E. coli, E. faecalis, and Bacteroidales species). The
biosynthesis of these compounds was negatively associated with
inflammatory cytokines (IL-6, IL-23, and MCP-1) linked with hepatic
steatosis and fibrosis in NAFLD52–55. In contrast, the higher
menaquinone production in the gut microbiome of BDL mice is
linked to elevated E. coli and E. faecalis and reduced butyrate-
producing bacteria. Menaquinone production was positively
associated with inflammatory cytokines (GM-CSF, IFN-β, IL-23, IL-
6, MCP-1, and TNF-α). These results highlight the association
between cytokine profiles and the gut microbiota and reveal the
potential mechanism by which the gut microbiome contributes to
inflammation and liver injury.
According to Gergiev et al., most injury induced by BDL occurs

within the first 5 to 7 days, where acute inflammatory processes
are observed till day 3, and significant bile-duct proliferation is
found after day 566. Repair mechanism and bile-duct proliferation
determine the molecular adaptation in the second week, and
restore partial bile-flow which impacts the microbiome. Hence, we
focused on the early days (days 1, 3, and 7) after surgery in our
study to avoid the potential bias induced by bile-flow restoration
at late time points. Moreover, our study also has limitations. The
longitudinal sampling lasted for 7 days, while more severe liver
injury (liver fibrosis) induced by BDL takes 20 days to fully
develop24. We could only examine the role of the gut microbiome

in liver injury development in the initial phase. The composition of
individual bacterial species and their respective functions might
continue to change and show a different pattern as the disease
progresses. The observed alterations in this study may contribute
to the initial effects of BDL and liver injury development, but may
be not directly related to severe liver disease. These cholestasis-
related and BA-dependent modifications in the gut microbiota
and biochemistry during the first 7 days of the study may serve as
precursors and promote the changes related to more severe liver
conditions. Future studies may prolong the experiment to at least
20 days to provide a complete overview of the gut microbiota
contribution during ongoing fibrogenesis. There are also some
differences between bile acid pools of humans and mice which
may limit the transferability of our findings to humans. The bile
acid composition is different between mice and humans where
hydrophilic 6-hydroxylated muricholic acids comprise half of the
BA pool in mice. Moreover, cholestasis has different effect on BA
production in mice and humans, where BDL increases BA
synthesis in mice, while in humans, cholestasis reduces BA
synthesis67,68. Future studies may use humanized mice models
to address these limitations and improve our understanding of the
link between bile acids, gut microbiomes, and human health.
Nevertheless, overall our results reveal the contribution of gut

microbiota and its potential molecular mechanism during
impaired bile acid flow from the liver to the intestine in hepatic
inflammation, or even ongoing fibrogenesis, by targeting the
relationship between the metabolism, the gut microbiome, and
the immune system. Our findings also advance our knowledge of
the role of bile acids as a cornerstone of the immune axis between
the liver and the gut microbiome, and their optimal utilization as
potential therapeutic targets.

METHODS
Ethical statement
All experimental animal procedures in this study were evaluated
through the Independent Ethical Advisory Committee and approved
by the Local Government Authority of Thuringia, Thüringer Land-
esverwaltungsamt, per European and German laws and regulations
under the license UKJ-19-010. For all experiments, male and female
FVB/NRj mice (Janvier Laboratory, France) were housed under
specific pathogen-free conditions and bred in the Jena University
Hospital (Germany) animal facility. All animals were given LASQ diet
(Rod 16, Auto) from Altromin company, which was composed of
cereals, vegetable by-products, minerals, oils, fats, and yeast, and
provided mice crude nutrients with 16.9% crude protein, 4.3% crude
fat, 4.3% crude fiber, and 7.0% crude ash.

Bile duct ligation
All animals were weighed, scored, and received 1mg kg−1 body
weight (BW)−1 Meloxicam orally (Meloxicam, CP-Pharma Handels-
gesellschaft mbH, Burgdorf, Germany, 0.5 mgmL−1 oral suspen-
sion) 1 day and 1 h before surgery. The pre-surgical preparation,
surgical procedures under anesthesia (Isoflurane, CP-Pharma
Handelsgesellschaft mbH, Burgdorf, Germany, 1.5–3% in
100mLmin−1 O2 stream inhalation), and post-surgical treatment
were described previously24,69. The bile duct was ligated with two
pre-cut 6-0 braided silk sutures (Teleflex Medical GmbH, Fellbach,
Germany, sterilized and soaked in 70% ethanol in advance) (BDL
group). In contrast, the sham operation group (ShamOP) received
the same surgical procedures except for the bile duct ligation.
Afterward, the abdominal layers were closed and sewn up with 4-0
antibacterial sutures (Johnson & Johnson Medical GmbH Ethicon,
Norderstedt, Germany, Vicryl Plus with pre-attached 17mm 1/2c
RB-1 plus needle). A 2 to 4 μg g−1 BW−1 Bupivacaine solution
(PUREN Pharma GmbH, München, Germany, 2.5 mgmL−1) admi-
nistered as an intra-incisional injection during suturing
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strengthened post-surgical analgesia. After surgery, the animals
were weighed again and received 20 µL g−1 BW−1 Ringer acetate
(Berlin Chemie AG, Berlin, Germany) subcutaneously. The animals
recovered separately in single cages with free access to water and
soft food under a warming lamp. Cholestasis manifested in all
animals of the BDL group (but not in the ShamOP group) as urine
discoloration and yellowing of paws or cornea circa 12 h after the
surgery. Animals were followed up for 1, 3, or 7 days. Body weight
was measured mornings and evenings. All animals received fluid
resuscitation twice daily until the body weight was approximately
at the pre-surgical level. Furthermore, oral analgesia and scoring
were processed three times per day.

Stool samples collection
Fresh stools were collected 1 h before surgery and 1, 3, and 7 days
after. The stools were picked up with sterilized tweezers and
transferred into a 2mL micro-tube, where it was frozen
immediately in liquid nitrogen for microbial DNA extraction.

Plasma and liver sampling
At the end of the experiment (1, 3, or 7 days after surgery), animals
were sacrificed with an anesthetic overdose of Xylazine (Rompun,
Bayer Vital GmbH, Leverkusen, Germany, 80mg kg−1 BW−1) and
Ketamin (bela-pharm GmbH, Vechta, Germany, 500mg kg−1 BW−1).
After animals reached surgical tolerance, the abdomen was opened
and heart blood was taken into a sterile 1mL EDTA syringe
connected to a 24 G needle via a final cardiac puncture. Afterward,
the liver and spleen were removed, frozen in liquid nitrogen, and
stored in micro-tubes at −80 °C for further analysis.

Cytokine
The heart blood was centrifuged at 15,000 × g for 15min at room
temperature (RT) to obtain plasma. Then, 25 μL plasma from each
animal was processed with LEGENDplex Mouse Inflammation
Panel (13-plex) (BioLegend, Koblenz, Germany, #740150) to
quantify the concentrations of 13 inflammatory cytokines. The
LEGENDplex Mouse Inflammation Panel is a cytokine bead array
quantifying specific cytokines that are identified based on their
different forward scatter and fluorescence. The assay was carried
out, measured on a BD Accuri C6 Plus flow cytometer (BD
Bioscience, Heidelberg, Germany), that was validated by the
manufacturer for this assay. As a result, IL-23, IL-1α, IFN-γ, TNF-α,
MCP-1, IL-1β, IL-6, IL-27, IL-17A, IFN-β, GM-CSF, and anti-
inflammatory cytokines IL-12p70 and IL-10 were identified by
flow cytometry and quantified against a standard curve. The data
analysis was performed according to the manufacturer’s protocol
using the Lot- and assay-specific calibrated online analysis tool
provided by BioLegend. The gating strategy for the different
beads is manufacturer specific and provided with the cytokine
bead array kit.

Bile acid analysis
Concentrations of 15 bile acids were determined in isolated
hepatocytes using an LC-MS/MS quantification method: tauro-
cholic acid (TCA), glycocholic acid (GCA), glycochenodeoxycholic
acid (GCDCA), taurochenodeoxycholic acid (TCDCA), taurolitho-
cholic acids (TLCA), glycolithocholic acid (GLCA), taurodeoxycholic
acid (TDCA), glycodeoxycholic acid (GDCA), cholic acid (CA),
chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA),
deoxycholic acid (DCA), tauroursodeoxycholic acid (TUDCA),
glycoursodeoxycholic acid (GUDCA), and lithocholic acid (LCA).
Pre-weighed samples were mixed with 3-fold (w/v) ethanol-
phosphate buffer (15% 0.01 mol/L phosphate buffer solution pH
7.5, 85% ethanol), followed by a homogenizing step in a pebble
mill (QiaShredder) and a centrifugation step (5 min, 16,000 × g).
270 µL of 85% aqueous methanol was added to 30 µL of the

sample supernatant in a Thomson Single Step® Filter Vial (PES
membrane 0.2 µM, Thomson Instrument Company, California).
This solution was mixed for 20 s, centrifuged at 200 × g for 1 min,
filtered, and placed in the autosampler. An Agilent 1200 high-
performance liquid chromatography (HPLC) system (Agilent
Technologies GmbH, Böblingen, Germany) with a CTC-PAL
autosampler coupled to an API 4000 Triple Quadrupole mass
spectrometer with electrospray ionization source (AB Sciex,
Darmstadt, Germany) was used throughout. All chromatographic
separations were performed with a reverse-phase Agilent Zorbax
Eclipse XDB-C18 (3.5 µm, 100 × 3mm) analytical column equipped
with a guard column (C18, 4 × 3mm; Phenomenex, Aschaffen-
burg, Germany). The mobile phase consisted of water (A) and
methanol (B), containing 0.012% formic acid and 5mM ammo-
nium acetate, at a total flow rate of 300 µL min−1.

Clinical chemistry
The Jena University Hospital routine clinical laboratory quantified
eight biochemical markers: albumin, aspartate transaminase
(ASAT), alanine transaminase (ALAT), glutamate dehydrogenase
(GLDH, GDH), gamma-glutamyltransferase (Gamma-GT), triglycer-
ide, lactate dehydrogenase (LDH), and alkaline phosphatase (ALP)
when plasma remained.

DNA extraction and sequencing for stool samples
All stool samples (about ~200mg per sample) were processed by
Novogene (UK). DNA was extracted using the following protocol:
Stool samples were thoroughly mixed with 900 μL of CTAB lysis
buffer. All samples were incubated at 65 °C for 60 min before
being centrifuged at 12,000 × g for 5 min at 4 °C. Supernatants
were transferred to fresh 2mL microcentrifuge tubes and 900 μL
of phenol:chloroform:isoamyl alcohol (25:24:1, pH = 6.7; Sigma-
Aldrich) was added for each extraction. Samples were mixed
thoroughly before incubating at room temperature for 10 min.
Phase separation occurred by centrifugation at 12,000 × g for
15min at 4 °C, and the upper aqueous phase was re-extracted
with a further 900 μL of phenol:chloroform:isoamyl alcohol. Next,
samples were centrifuged at 12,000 × g for 10 min at 4 °C, and the
upper aqueous phases were transferred to fresh 2mL microcen-
trifuge tubes. The final extraction was performed with 900 μL of
chloroform:isoamyl alcohol (24:1), and layer separation occurred
by centrifugation at 12,000 × g for 15min at 4 °C. Precipitation of
DNA was achieved by adding the upper phase from the last
extraction step to 450 μL of isopropanol (Sigma-Aldrich) contain-
ing 50 μL of 7.5 M ammonium acetate (Fisher). Samples were
incubated at –20 °C overnight, although shorter incubations (1 h)
produced lower DNA yields. Samples were centrifuged at 7500 × g
for 10min at 4 °C, and supernatants were discarded. Finally, DNA
pellets were washed in 1 mL of 70% (v/v) ethanol (Fisher). The final
pellet was air-dried and re-suspended in 200 μL of 75 mM TE
buffer (pH = 8.0; Sigma-Aldrich). Sequencing library was
generated based on Illumina technologies and following manu-
factures’ recommendations. The DNA fragments were end-
polished, A-tailed, and ligated with the full-length adapters of
Illumina sequencing, followed by further PCR amplification with P5
and indexed P7 oligos. The PCR products as the final construction
of the libraries were purified with the AMPure XP system. Then
libraries were checked for size distribution by Agilent 2100
Bioanalyzer (Agilent Technologies, CA, USA), and quantified by
real-time PCR (to meet the criteria of 3 nM). The qualified libraries
are fed into Illumina sequencers (NovaSeq system).

Metagenomics
Quality control and removal of host-derived reads. For quality
control of raw reads, we removed all Illumina primer/adaptor/
linker sequences in the first step. Subsequently, we used BWA
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version 0.7.4 to align all reads to the mouse genome (version:
GRCm39), followed by the removal of reads with >90% coverage
and 95% identity. We then performed pairwise comparisons of
paired-end reads to eliminate potential PCR duplicates, using the
criterion of 25 bp that consecutively matched from both ends of
the forward and reverse reads. Finally, we trimmed any low-quality
terminal regions in each read, defined as consecutive bases with a
Phred quality score of <2070.

Taxonomy profiling and functional annotation. Taxonomic anno-
tation of the high-quality reads was performed by mOTUs2 with
default settings, generating taxonomic relative abundances30. For
further analysis, bacterial community profiles were constructed at
the family, genus, and species level for further analysis. Functional
annotation after quality control was done by HUMAnN341. The
quantified pathway and gene family abundances in the units of
RPKs (read per kilobase) were then normalized to copies per
million (CPM) units. Gene families were then regrouped to EC
domain for further analysis.

Statistical analysis
Software. All analyses were performed using R Statistical Soft-
ware (v4.1.1; R Core Team 2021).

Data pre-processing. Prevalence filtering was done to remove
low-prevalence features, prevalence <10%, before differentially
abundant analysis and diversity analysis.

Differentially abundant analysis and correlation analysis. Clinical
data were analyzed by generalized linear model, adjusted by the
harvest day and the body weight of the mice (clinical data ~ group+
harvest day + body weight). Taxonomic and functional data were
normalized to baseline (log2 fold change [log2FC] of follow-up with
respect to baseline) before analysis and were analyzed by linear
model, adjusted by the harvest day of feces from the mice (log2FC
abundance ~ group + harvest day). Metagenomics data were
centered log ratio (CLR) transformed using R package microbiome
prior to correlation analysis71. Spearman’s correlations between data
were analyzed with function rcorr from R package Hmisc72. P-
value < 0.05 was considered statistically significant. The false-
discovery rate (FDR) was calculated to adjust P-values for multiple
hypotheses testing by applying the Benjamini–Hochberg procedure.

Diversity analysis for metagenomics data. The alpha diversity
(Shannon, Simpson, and Chao1 indexes) was calculated using the
R package vegan73. The linear mixed model was applied to
compare the alpha diversity between groups. Bray–Curtis
distances were calculated using the R package vegan for
estimating community dissimilarities. Finally, permutational multi-
variate analysis of variance using function adonis from R package
vegan was carried out to analyze the beta diversity between
groups. P-value < 0.05 was considered statistically significant.

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