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Akkermansia muciniphila in the small
intestine improves liver fibrosis in a
murine liver cirrhosis model
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Recent evidence indicates that liver cirrhosis (LC) is a reversible condition, but there is no established
intervention against liver fibrosis. Although the gut microbiota is considered involved in the
pathogenesis of LC, the underlying mechanisms remain unclear. Although the antibiotic, rifaximin
(RFX), is effective for hepatic encephalopathy (HE) with LC, the impact of RFX on intestinal bacteria is
unknown. We investigated the bacterial compositions along the GI tract under RFX treatment using a
murine LC model. RFX improved liver fibrosis and hyperammonemia and altered the bacterial
composition in the small intestine. The efficacy of RFX was associated with increases in specific
bacterial genera, including Akkermansia. Administration of a commensal strain of Akkermansia
muciniphila improved liver fibrosis and hyperammonemia with changing bacterial composition in the
small intestine. This study proposed a new concept “small intestine-liver axis” in the pathophysiology
of LC and oral A. muciniphila administration is a promising microbial intervention.

Chronic liver diseases result in liver fibrosis, which leads to liver cirrhosis
(LC). LC is a crucial health issue throughout the world, although the pre-
valence of its etiologies (e.g., viral hepatitis, alcohol-associated liver disease,
and nonalcoholic fatty liver disease) varies across times and geographic
areas1. An epidemiological report showed that 2.4% of global deaths were
associated with LC in 20192. Recent evidence indicates that liver fibrosis is
slowly reversible in patients with LC when the cause of chronic hepatitis is
treated3–6. This finding suggests that an intervention that promotes an
improvement in liver fibrosis should ensure a better prognosis in patients
with LC. In the management of LC, it is also crucial to control various
clinical complications, including hepatic encephalopathy (HE). HE is
caused by liver insufficiency or portosystemic shunt, andmanifests as awide
spectrum of neuropsychiatric symptoms, ranging from subclinical changes
to coma7–9. HE reduces the patient’s quality of life (QOL) and adversely
affects the course of LC10–12. Even asymptomatic, minimal, or covert HE
increases various risks indaily life, suchas falls, traumatic injuries, and traffic
accidents13–15. The gut microbiota is thought to be involved in the patho-
genesis of LC and HE. Several studies have reported that the microbial
components of the gut and their products (e.g., endotoxins, peptidoglycan,
and bacterial DNA) play a role in the development of LC16,17. It has been
reported that the composition of the gut microbiota in patients with LC

differs from that in healthy people18–20. Although the pathophysiology ofHE
remains to be established, gut-derived neurotoxins, including ammonia,
gamma-amino butyric acid (GABA), aromatic amino acids, and inflam-
matory cytokines, produced by the gut microbiota are considered to con-
tribute to the development and deterioration ofHE21,22. In clinical practice, a
combination of nonabsorbable synthetic disaccharides and antibiotics has
been used for many years as an effective therapy for HE23. Today, rifaximin
(RFX), a nonabsorbable broad-spectrumantibiotic, is orally administered as
an HE therapy24. RFX inhibits bacterial RNA synthesis by binding to the
β-subunit of the bacterial DNA-dependent RNA polymerase25. Although
the efficacyofRFX forHE is established, theunderlyingmechanismremains
unclear. Several studies have reported that RFX reduces the expression of
bacterial virulence factors and renders intestinal cells resistant to bacterial
colonization and internalization26,27. Although it seems reasonable to expect
that RFX exerts its effect by reducing the bacterial load and changing the
microbial composition in the gut, various human and animal studies have
reported that the fecalmicrobiome does not change after the administration
of RFX20,23,28. However, we should note that those studies analyzed fecal
samples as representative of the gutmicrobiome.Because the gutmicrobiota
varies among the anatomical sites in the gastrointestinal (GI) tract29, such
fecal analyses are limited in their assessment of the impact of RFX on the
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overall gutmicrobiota.Wehypothesized that the effects of RFXdiffer across
different sites in theGI tract and that analyzing the effects of RFX on the gut
microbiota along theGI tract should not only clarify themechanismof RFX
but also extend our understanding of the role of the gut microbiota in the
pathophysiology of LC andHE. In this study, we used amurinemodel of LC
to investigate the clinical efficacyofRFXand to investigate the effects ofRFX
on the gut microbiota at various anatomical sites along the GI tract of the
model. Amurinemodel could provide scientificmerits while there are some
limitations including differences in microbiome between host species and
behaviors such as coprophagy. We identified a bacterial strain associated
with the efficacyofRFXandexamined the therapeutic potential of this strain
for LC and HE.

Results
Administration of RFX improved liver fibrosis and hyper-
ammonemia in a murine model of LC
A carbon tetrachloride (CCl4)-inducedmousemodel of LCwas used in this
study.We injectedCCl4 into theperitoneumof specific-pathogen-free (SPF)
mice three times a week for 6 weeks. The LC group showed severe fibrosis
with nodule formation in the liver. The area of fibrosis was significantly
larger in the LC group than in the control group (10.38 ± 0.75% vs
0.70 ± 0.25%, respectively; p < 0.0001; Fig. 1A). The blood ammonia (NH3)
concentration was significantly higher in the LC group (640.3 ± 16.9 µg/dL)
than in the control group (501.5 ± 26.2 µg/dL; p = 0.0014; Fig. 1B).We next
prepared three groups to assess the impact of RFXon the gutmicrobiota: (1)
the LC-no treatment (NTx) group was administered oral phosphate-
buffered saline (PBS; vehicle) for 4 weeks after the induction of LC; (2) the
LC-RFXgroupswas orally administeredRFX for 4weeks after the induction
of LC; and (3) the control-NTxgroup includedhealthy controlmicewithout
LC (intraperitoneally administered olive oil [vehicle] followed by the oral
administration of PBS [vehicle]) (Fig. 1C). The area of fibrosis was sig-
nificantly smaller in the LC-RFX group (4.709 ± 0.2048%) than in the LC-
NTx group (6.74 ± 0.24%; p = 0.0351; Fig. 1D). The fibrotic area was larger
in the LC group than in the other groups. These findings are consistent with
the spontaneous improvement in liver fibrosis over time in the CCl4-
induced murine model of LC30. The blood NH3 concentration was sig-
nificantly lower in the LC-RFX group (567.2 ± 20.6 µg/dL) than in the LC-
NTx group (680.3 ± 18.2 µg/dL; p = 0.0053; Fig. 1E). There was a positive
correlation between the area of fibrosis and the blood NH3 concentration
(Fig. 1F). In the liver, the expression of the mouse transforming growth
factorβ gene (Tgfb) and acetyl-CoAcarboxylase alpha gene (Acca), afibrotic
marker, was significantly lower in the LC-RFX group than in the LC-NTx
group (p = 0.0066). The expression of mouse genes involved in bacterial
recognition and inflammation, including Toll-like receptor 2 (Tlr2), Tlr4,
and tumor necrosis factor (Tnf), was significantly lower in the LC-RFX
group than in the LC-NTx group (p = 0.0071, p = 0.0429, and p = 0.0370,
respectively; (Fig. 1G)). The portal endotoxin concentration was sig-
nificantly lower in the LC-RFX group (0.1895 ± 0.0224 EU/mL) than in the
LC-NTx group (0.2998 ± 0.0303 EU/mL; p = 0.0440; Fig. 1H). Taken
together, these results suggest that RFX improves fibrosis and hyper-
ammonemia in LC by reducing both bacteria-derived components that
enter the host via the portal vein and inflammation in the liver.

Changes in bacterial composition induced by RFX in the small
intestine are associated with clinical improvement
We examined the gut microbiota at multiple sites in the GI tract (jejunum,
ileum, cecum, and colon) and in the stools of our murine model. The
bacterial loadswere assessedwith a quantitative PCR (qPCR) analysis of the
bacterial tuf gene. Therewere no significant differences in the bacterial loads
in the LC-RFX group and the LC-NTx groups in either sex (Fig. 2A and
Supplementary Fig. 1A). 16S rRNA gene amplicon sequencing demon-
strated that Shannondiversity index increased in the ileal and cecal contents
in male animals (Fig. 2B) and in the jejunal and ileal contents in female
animals (Supplementary Fig. 1B) in the LC-RFX group compared with the
findings in the LC-NTx group (male ileum p = 0.0292 and cecum

p = 0.0173; female jejunum p = 0.0053 and ileum p = 0.0305). A principal
coordinate analysis (PCoA) plot of all samples based on weighted UniFrac
distances is shown in Fig. 2C and Supplementary Fig. 1C. The sizes of the
compositional changes at each GI site and in the stools were quantitatively
compared between the LC-RFX and LC-NTx groups based on weighted
UniFrac distances. The jejunal and ileal contents showed greater changes
than the cecal or colonic contents in male animals (Fig. 2D) and the jejunal
contents showed the greatest compositional change in female animals
(Supplementary Fig. 1D). Overall, RFX affected the small-intestinal bac-
teriome more strongly than the cecal, colonic, or fecal bacteriome in both
sexes of the murine model of LC. The relative abundances of bacteria at the
phylum and genus levels in all samples are presented in Supplementary Fig.
2A–C.Multivariable associationanalysesof the clinical features of themodel
(liverfibrosis and bloodNH3 concentration) and the bacterial compositions
at the genus level in the jejunum and ileum (adjusted for sex) were under-
taken. The relative abundances of Faecalibaculum, Akkermansia, and
Muribaculaceae correlated negatively with liver fibrosis in both the jejunum
and ileum, whereas Streptococcus and Clostridia_UCG.014 correlated
positively with liver fibrosis in the both jejunum and ileum (Fig. 2E). These
findings suggest that the increases in the genera Faecalibaculum, Akker-
mansia, andMuribaculaceae in the small intestine were associated with the
improvement of liver fibrosis and that this may be one of mechanisms by
which hyperammonemia is improved. On the host side, in the small-
intestinal mucosa, the expression of claudin 3 (Cldn3), Cldn4, and Cldn15
was significantly higher in the LC-RFX group than in the LC-NTx group.
The expression of antimicrobial peptides, Tlr2, and Tlr4 was lower in the
LC-RFX group compared with the LC-NTx group (Supplementary Fig. 3).
These changes were not apparent in the colonic mucosa (Supplementary
Fig. 4). Therefore, gene expression in the host mucosa may be affected by
changes in the intestinal microbiome.

Administration of A. muciniphila improved liver fibrosis and
hyperammonemia
Akkermansia was the only bacterial genus detected in the phylum Verruco-
microbiota in our 16S rRNA gene amplicon sequencing analysis and this
genus showed decreased abundance in the animals with CCl4-induced LC
compared with the controls (Supplementary Fig. 2B). Shotgun metagenomic
sequencing of the jejunal and ileal contents showed that within the genus
Akkermansia, only A. muciniphila SGB9226 was detected in our samples.
A. muciniphila SGB9226 is the same species-level genome bin (SGB)
as A. muciniphila ATCC BAA-835 (AKK), a genomically defined strain31,32.
Therefore, we investigated the clinical efficacy of supplementation of the
murine CCl4-induced model of LC with AKK: (1) the LC-AKK group was
orally administered AKK (1 × 109 CFU/day in a mouse) for 4 weeks after the
induction of LC; and (2) the LC-NTx2 group was orally administered PBS
with 10%glycerol (vehicle) for 4weeks after the inductionof LC (Fig. 3A).The
area of fibrosis in the liver was significantly smaller in the LC-AKK group
(5.18 ± 0.13%) than in theLC-NTx2group (5.86 ± 0.15%;p= 0.0012; Fig. 3B).
The blood NH3 concentration was significantly lower in the LC-AKK group
(719.5 ± 19.2 µg/dL) than in the LC-NTx2 group (839.3 ± 33.0 µg/dL;
p= 0.0006; Fig. 3C). The expression ofTgfb,Acca, and collagen type I-alpha 1
(Col1a1) was significantly lower in the LC-AKK group than in the LC-NTx2
group (p= 0.0004). The expression ofTlr2 andTnfawas significantly lower in
the LC-AKK group than in the LC-NTx2 group (p= 0.0263 and p= 0.0211,
respectively; Fig. 3D). The portal endotoxin concentration was significantly
lower in the LC-AKK group (0.0992 ± 0.0171 EU/mL) than in the LC-NTx2
group (0.1911 ± 0.0356 EU/mL; p= 0.0343; Fig. 3E). These findings are
consistentwith those observed after theRFX treatment (Fig. 1). Therewere no
apparent adverse events due to AKK supplementation, although the animals
in the LC-AKK group tended to show less bodyweight gain than those in the
control group, as previously reported33,34 (Supplementary Fig. 5). Our results
demonstrate thepotential utilityofAKKasaprobiotic to improve liverfibrosis
andhyperammonemia, and suggest that theunderlyingmechanisms involved
in the clinical efficacyofAKKsupplementationare similar to those involved in
treatment with RFX.
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Fig. 1 | Rifaximin improved liver fibrosis and hyperammonemia in a murine
model of liver cirrhosis. A Quantification of the area of liver fibrosis in the liver
cirrhosis (LC) group (n = 10) and control group (n = 10). Representative microscopic
images of liver tissues stained with hematoxylin and eosin and Azan from each group
are shown. Scale bars: 100 µm.BBlood ammonia concentrations in the LC and control
groups. C Study design to assess the impact of rifaximin (RFX) on the gut microbiota.
D Quantification of the area of liver fibrosis in the LC-no treatment (NTx) group
(n = 19), the LC-RFX group (n = 18), and the control-NTx group (n = 19). Repre-
sentative microscopic images of liver tissues from the LC-NTx and LC-RFX groups are

shown. Scale bars: 100 µm. E Blood ammonia concentrations in the LC-NTx, LC-RFX,
and control-NTx groups. F Correlation analysis of the area of liver fibrosis and blood
ammonia concentration in the LC-NTx, LC-RFX, and control-NTx groups.GmRNA
expression in the liver tissues of the LC-NTx, LC-RFX, and control-NTx groups.
H Endotoxin concentrations in the portal veins in the LC-NTx, LC-RFX, and control-
NTx groups. Data are means ± standard errors of the means (circle: male; triangle:
female). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,Mann–WhitneyU test for
two groups, Kruskal–Wallis test and Dunn’s test for three groups. Correlation analysis
was performed with Spearman’s rank correlation coefficient.
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Fig. 2 | Analysis of gut microbiota at multiple sites in the gastrointestinal tract
and stools. A Bacterial load evaluated with qPCR of tuf gene in male animals of the
liver cirrhosis (LC)-no treatment (NTx) group (n = 9), the LC-rifaximin (RFX)
group (n = 8), and the control-NTx group (n = 10). B Shannon diversity indices for
the gastrointestinal (GI) sites and stools of male animals in the LC-NTx group, the
LC-RFX group, and the control-NTx group. C Principal coordinates analysis
(PCoA) plot based on weighted UniFrac distances of bacterial compositions in male
animals in the LC-NTx group and LC-RFX group. D Differences in weighted
UniFrac distances at eachGI site and in stools of the LC-NTx group and the LC-RFX

group.EMultivariate association analysis of the clinical features (area of liverfibrosis
and blood ammonia concentration) and bacterial compositions at the genus level in
the jejunum and ileum using samples from both sexes with adjustment for sex
(n = 19 in the LC-NTx group and n = 18 in the LC-RFX group). Data on bacterial
load, Shannon index, PCoA plot, and weighted UniFrac distances in female animals
are shown in Supplementary Fig. 2. Data are means ± standard errors of the means.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Kruskal–Wallis test and
Dunn’s test.
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Fig. 3 | Akkermansia muciniphila improved liver fibrosis and hyperammonemia
in a murine model of liver cirrhosis. A Study design to assess the effects of
Akkermansia muciniphila. B Quantification of area of liver fibrosis in the liver
cirrhosis (LC)-no treatment (NTx)2 group (n = 20) and the LC-Akkermansia (AKK)
group (n = 20). Representative microscopic images of liver tissues stained with
hematoxylin and eosin andAzan are shown.CBlood ammonia concentrations in the

LC-NTx2 and LC-AKK groups. DmRNA expression in the liver tissues of the LC-
NTx2 and LC-AKK groups. E Endotoxin concentrations in the portal veins of the
LC-NTx2 and LC-AKK groups. Data are means ± standard errors of the means
(circle: male; triangle: female). *p < 0.05, **p < 0.01, ***p < 0.001,
Mann–Whitney U test.
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Administration of A. muciniphila affects the bacterial composi-
tion in the small intestine
The relative abundance of the genus Akkermansia in the cecum was sig-
nificantly higher in the LC-AKK group than in the LC-NTx2 group,
demonstrating that orally administered AKK reached the lower GI tract
(Supplementary Fig. 6).We examined the gutmicrobiota atmultiple sites in

the GI tract and in the stools. The bacterial load did not change overall,
except for an increase in the ileum in themale animals in the LC-AKKgroup
(Fig. 4A and Supplementary Fig. 7A). 16S rRNA gene amplicon sequencing
demonstrated that Shannon diversity index did not differ between the LC-
AKK and LC-NTx2 groups in the male animals (Fig. 4B), and the female
animals showed the same tendency (Supplementary Fig. 7B). In the PCoA

Fig. 4 | Akkermansia muciniphila induced compositional changes in the small-
intestinal microbiota. A Bacterial load evaluated with qPCR of tuf gene in male
animals in the liver cirrhosis (LC)-no treatment (NTx)2 group (n = 10) and the LC-
Akkermansia (AKK) group (n = 10). B Shannon diversity index in male animals of
the LC-NTx2 and LC-AKK groups. C Principal coordinates analysis (PCoA) plots
based on weighted UniFrac distances of bacterial composition in the jejunum and
ileum in male animals in the LC-NTx2 and LC-AKK groups. D Multivariate

association analysis between two groups (the LC-NTx2 and LC-AKK groups) and
bacterial composition at the genus level in the jejunum and ileum using samples
from both sexes, with adjustment for sex (n = 20 in both the LC-NTx2 and LC-AKK
groups). Data on bacterial load, Shannon index, and PCoA plots in female animals
are shown in Supplementary Fig. 7. Data are means ± standard errors of the means.
*p < 0.05, Mann–Whitney U test. Bacterial composition was compared with per-
mutational analysis of variance.
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plots based onweightedUniFrac distances, the bacterial compositions in the
small intestines of the LC-AKK and LC-NTx2 groups clustered separately
(male jejunum p = 0.001 and ileum p = 0.003; female jejunum p = 0.002 and
ileum p = 0.001; Fig. 4C and Supplementary Fig. 7C). The relative abun-
dances of bacteria at the phylum and genus levels in all the samples are
presented in Supplementary Fig. 8A–C.An association analysis at the genus
level, adjusted for sex, demonstrated that the relative abundance of Akker-
mansia and Muribaculaceae in the jejunum was higher in the LC-AKK
group than in the control group and that the relative abundance of Mur-
ibaculaceae in the ileum was higher in the LC-AKK group than in the
control group, whereas the relative abundances of Streptococcus in the
jejunum and ileum were lower in the LC-AKK group than in the LC-NTx2
group (Fig. 4D). These findings are consistent with our finding that the
increase inMuribaculaceae and the reduction in Streptococcus in the small
intestine was associated with an improvement in liver fibrosis (Fig. 2E). In
the host, the changes in gene expression in the ileal mucosa after the
administration of AKKwere similar to those observed after RFX treatment.
The expression of Cldn2, Cldn3, and occluding (Ocln) was significantly
higher in the small intestinal mucosa of the LC-AKK group than in that of
the control group. The expression of regenerating islet-derived 3 gamma
(Reg3g) and Tlr4 was significantly lower in the ileal mucosa and jejunal
mucosa, respectively, of the LC-AKK group than in those of the LC-NTx2
group (Supplementary Fig. 9). The AKK-induced changes in gene expres-
sion in the colonicmucosa showed similar tendencies but were weaker than
those in the ileal mucosa, as we observed in the animals treated with RFX
(Supplementary Fig. 10). These findings imply that the administration of
AKK affects the interactions between the small intestinal microbiome and
the host intestinal mucosa.

Discussion
In the present study, we have demonstrated that changes in the small-
intestinal bacterial composition, including an increase in Akkermansia, are
associatedwith an improvement in liverfibrosis and hyperammonemia and
that the administration of a strain of A. muciniphila improved liver fibrosis
and hyperammonemia in a murine model of LC. This murine model
showed improvement in fibrosis over time after the cessation of CCl4
treatment, and the administration ofA. muciniphila advanced this process.
Although the progression of liver fibrosis to LC has been considered irre-
versible, recent reports have demonstrated that the successful treatment of
chronic liver disease can improve fibrosis, regardless of the pathoetiology of
the liver disease3–6,35. Ourmurinemodel also shows an improvement in liver
fibrosis over time. Although we need to consider the limitations of the
animal model and differences in pathophysiology between murine and
human LC, our findings could provide insights relevant to human clinical
practice. In this respect, using a murine model of LC provides scientific
merit, although the differences in the microbiota between host species need
to be considered. This improvement in liver fibrosis should contribute to
better clinical outcomes and longer survival by reducing critical morbidity,
including the risk of liver failure andhepatocellular carcinoma36.However, a
therapeutic intervention for liverfibrosis remains a crucial unmet need.Our
study has clinical significance in proposing a new strategy for improving
liver fibrosis after the treatment of the associated chronic liver disease (i.e.,
removing the cause of liver damage). Furthermore, because the oral
administration ofA.muciniphila improvedhyperammonemia, ourfindings
suggest amicrobial intervention forHE, includingminimal or covertHE, to
improve the patient’s QOL and prognosis, and the associated socio-
economic burden. Meanwhile, it should be noted that ammonia is not the
single causative agent of HE, and thoughtful extrapolation of the results is
needed for human HE.

In this study, correlation analysis identified three genera that are
potentially beneficial against liver fibrosis: Faecalibaculum, Akkermansia,
andMuribaculaceae. Basedon thisfinding,we speculated thepossibility that
each of these genera could have beneficial impacts and also that multiple
bacteria collectively may be more effective than a single strain. However,
there were various practical hurdles to conducting experiments using these

genera. First, given that it is difficult to culture Muribaculaceae37, we con-
sidered that using this genus for clinical interventionmaynot bepractical. In
addition, our metagenome shotgun sequencing demonstrated that the
genusMuribaculaceae includedmultiple species andwe could not identify a
single strain for isolation and culture to investigate clinical efficacy. Several
recent studies reported that Faecalibaculum rodentium, a representative
microbe of the genus Faecalibaculum, has beneficial effects on the host.
Metagenome shotgun sequencing only identified F. rodentium within the
genus Faecalibaculum38,39 in our samples. Therefore, we tried to culture the
representative strain of this microbe. However, we could not obtain suffi-
cient bacteria for the oral administration experiment. Also, this microbe is
not a commensal in humans. We considered that this microbe is also not
practical as a potential probiotic for clinical application. We, therefore,
decided onA.muciniphila as themost suitable genus for clinical application
because it can be identified at the strain level and is easy to culture under
anaerobic conditions. It is also an advantage for the clinical application of
A.muciniphila that it is a commensalmicrobe in humans40,41. Therefore, we
focused on A. muciniphila in this study.

A. muciniphila is a mucin-degrading, Gram-negative, nonmotile,
anaerobic bacterium that lives in themucus layer and epithelial crypts of the
small intestine in humans and other animals42. A low abundance of
A. muciniphila is reportedly associated with several diseases, including type
2 diabetes mellitus, obesity, inflammatory bowel disease, and colon
cancer40,43–45. Several studies have shown that supplementation with the
microbe exerts beneficial effects against host metabolic and immune dys-
function in animal models33,34,46. Our finding that animals administered
A. muciniphila showed less weight gain is consistent with these reports.
Some reports suggested that oral administration of AKK suppresses the
progression of liver fibrosis or liver injury in themurinemodels using high-
fat diet/CCl4 or alcohol

47–49. In contrast, the present study is the first to
demonstrate the beneficial effects ofA. muciniphila on the improvement of
liver fibrosis and hyperammonemia.

Bacterial compounds (e.g., endotoxins), which enter the host via the
portal vein, are considered to play roles in the progression of liver fibrosis.
These compounds act as pathogen-associated molecular patterns, binding
to pattern-recognition receptors, such as toll-like receptors, which activate
the signaling pathways of various inflammatory cytokines, which ultimately
induce liver fibrosis50. Gut dysbiosis arising from liver fibrosis also increases
intestinal permeability, increasing the levels of endotoxin in the plasma17.
These vicious cycles contribute to the progression of liver fibrosis and
hyperammonemia. Although the colon has been considered a major site of
these interactions51, this study has shown that the small-intestinal micro-
biota plays a crucial role in the pathogenesis of liver fibrosis and hyper-
ammonemia. Our findings suggest the novel concept of a “small
intestine–liver axis” involved in the pathophysiology of LC and HE.

The changes in the bacterial composition in the small intestine induced
by the administration of A. muciniphila could exert its clinical effect by
changing the microbial metabolites and compounds in the gut. Beneficial
changes in the intestinal barrier function could be another mechanism
underlying the clinical effect of A. muciniphila on liver fibrosis and hyper-
ammonemia. Plovier et al. reported that A. muciniphila enhances the
integrity of the intestinal barrier and reduces the flow of endotoxin from the
gut microbiota to the bloodstream34. The small-intestinal bacterial tran-
scriptomes determined in this study are consistent with their findings.
While the impact of A. muciniphila on the expression of Reg3g remains
controversial34,44,52, the present study demonstrated a decrease in the
expression level of Reg3g in the ileum of animals following AKK adminis-
tration. Given thatReg3g expression increased in ourmurine LCmodel, LC
causes dysbiosis, and various bacteria could impact Reg3g expression53,54,
there is a possibility that administration of AKK corrected the aberrant
expression of Reg3g under LC-related dysbiosis. Because the composition
and physiological significance of the gut microbiota vary between anato-
mical sites29, it is challenging to investigate the small-intestinalmicrobiota in
humans. In this respect, using amurinemodel of LCprovidesour studywith
scientific merit. However, even with an animal model, there are limitations
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to tracking changes in the small-intestinal microbiota over time in living
individual animals during a microbial intervention. Another limitation of
this study is that we cannot exclude the possibility that the A. muciniphila
administered interacted with the host in the colon in addition to the small
intestine because at least some of the administered bacterium may have
traversed the intestinal tract and reached the colon. However, our findings
regarding the RFX treatment support the notion that A. muciniphila in the
small intestine, but not in the colon, is a key to improving fibrosis and
hyperammonemia. Furthermore, given that mice are coprophagous,
another limitation of this animal study is that it excludes the potential
impact of coprophagy on the intestinal microbiome, including the small
intestine55, andon thebeneficial clinical effects. Further studies areneeded to
address this challenge.

In conclusion, the oral administration of A. muciniphila exerted a
clinical effect against liverfibrosis andhyperammonemia in amurinemodel
of LC. While there are limitations in the murine LC model to recapitulate
humanpathophysiology, our studyprovides new insights into the role of the
“small intestine–liver axis” in LC and HE. Because A. muciniphila is com-
mensal in humans, this microbe could have the potential to be a novel
therapeutic strategy for human liver fibrosis and HE.

Methods
Animals
Specific-pathogen-free (SPF)wild-typeC57Bl/6Jmice (4weeks of age) were
purchased from CLEA Japan (Tokyo, Japan). The mice were maintained
and treated under SPF conditions on a 12:12-h light:dark cycle. The mice
were fed gamma-sterilized CLEA Rodent Diet CE-2 (CLEA Japan) and
supplied with drinking water ad libitum. The bedding transfer protocol56

was performed twice a week for 4 weeks before the experiments were
commenced to normalize the gut microbiota. All mice were euthanized at
the end of the studywith carbon dioxide inhalation and cervical dislocation.
The experiments were reviewed and approved by the Experimental Animal
Ethics Committee at Kyorin University (Tokyo, Japan; approval numbers
242 and 262). All animal experiments were conducted according to the
Japanese guidelines for experimental animal welfare and study protocols.
The authors complied with the ARRIVE guidelines for reporting.

Carbon tetrachloride intraperitoneal injection
Carbon tetrachloride (CCl4) was obtained from FUJIFILM Wako Pure
Chemical Corporation (Tokyo, Japan). CCl4 (0.5 mL/kg of mouse body-
weight)was dissolved inolive oil (WakoPureChemicalCo.) andmadeup to
a total volume of 100 μL with the oil. CCl4/olive oil solution (100 µL) was
administered to each mouse by intraperitoneal injection with a 26G needle
three times a week for 6 weeks (from 8 to 14 weeks of age).

Rifaximin administration
RFX was purchased from Sigma-Aldrich (St. Louis, MO, USA) and sus-
pended in PBS with 0.5% Tween 80 (CLEA Japan). The dose of RFX was
calculated based on the normalization method, using the body surface
area57,58. An RFX dose of 1200mg/day is the insurance-approved dose for a
60 kg person sufferingHE in Japan, and the equivalent dose for amousewas
calculated to be 246mg/kg/day. The mice were orally administered 200 µL
of RFX solution every day for 4 weeks (from 14 to 18 weeks of age).

Akkermansia muciniphila culture and administration
A. muciniphila ATCC BAA-835 (AKK) was purchased from RIKEN
BioResource Center (Ibaraki, Japan). The microbe was cultured anaerobi-
cally (CO2: 10%,H2: 10%,N2: base) in brain–heart infusion brothwith 0.5%
type II mucin from the porcine stomach (Sigma-Aldrich) at 37 °C. The
colony-forming units (CFU) per milliliter were determined on Anaero
Columbia agar with rabbit blood (Nippon Becton Dickinson Co., Ltd,
Tokyo, Japan) under anaerobic conditions. The cultured AKK was cen-
trifuged and washed using PBS. The AKK stock (1 × 1010 CFU/mL) was
prepared in anaerobic PBS and 20% glycerol (Nacalai Tesque, Inc., Kyoto,
Japan) and stored at−80 °C.TheAKKstockwasdilutedwith anaerobicPBS

to 5 × 109 CFU/mL under anaerobic conditions just before its oral admin-
istration to mice. The mice were orally administered 200 µL (1 × 109 CFU)
of AKK solution every day for 4 weeks (from 14 to 18 weeks of age).

Measurement of blood ammonia concentrations
Blood samples were collected by cardiac puncture with a 21G needle. The
blood ammonia concentration was immediately measured with the Pock-
etChem BA PA-4140 (Arkray, Inc., Kyoto, Japan), according to the man-
ufacturer’s protocol.

Measurement of endotoxin concentrations in portal vein
Blood samples from the portal vein were collected with a 27G needle. The
serum samples were obtained by centrifuging the whole blood at 10,000 × g
for 10min and were stored at −80 °C. The Hycult Biotech Limulus Ame-
bocyte Lysate Chromogenic Endpoint Assay (Hycult Biotech, Uden, The
Netherlands) was used tomeasure the endotoxin concentrations, according
to the manufacturer’s protocol.

Histological analysis
Liver tissues were fixed in 10% formalin solution and embedded in paraffin.
AZANstainingwasused to assess the area offibrosis undermicroscopy.The
percentage area of the liver tissue affected by fibrosis was quantifiedwith the
Hybrid Cell Count method with the BZ-X Analyzer software (Keyence,
Osaka, Japan).

DNA extraction and 16S rRNA gene amplicon sequencing
Gastrointestinal tract contents from the jejunum, ileum, cecum, and colon,
and from feces were collected and frozen at −80 °C. DNA was extracted
fromeach intestinal content sample, as describedpreviously59. Following the
amplification of the 16S rRNA gene V4 region, the amplicons were
sequenced on the MiSeq platform (Illumina, San Diego, CA, USA). The
sequences were processed with Quantitative Insights in the Microbiome
Ecology (QIIME2) pipeline60. The sequences were denoised and filtered
withDADA261. The sampling depthwas set at 2000 based on the rarefaction
curves for Shannon diversity index (Supplementary Fig. 11). The taxonomy
of amplicon sequence variants was assigned with the Silva 138 database
(https://docs.qiime2.org/2023.9/data-resources/). The diversity of the bac-
terial communities was investigated with QIIME2. Alpha diversity was
evaluatedwith the Shannondiversity index. Beta-diversitywas assessedwith
UniFrac distances and visualized with a principal coordinate analy-
sis (PCoA).

Shotgun metagenomic sequencing analysis
Libraries were prepared with an Illumina DNA Prep (M) Tagmentation
Library Preparation Kit (Illumina), according to the manufacturer’s pro-
tocol, and 150-base pair-end reads were sequenced with the NextSeq 2000
Sequencing System (Illumina). The pair-end reads were merged with
BBmerge62. Low-quality bases, low-quality reads, and adapters in the
merged metagenomic reads were removed with Trimmomatic63 and Tan-
demRepeats Finder64. Decontamination of the host genomewas performed
with KneadData using the mouse_C57BL_6NJ_Bowtie2_v0.1 database
(http://huttenhower.sph.harvard.edu/kneadData_databases/). Taxonomic
profiles at the species and species-level genome bins were obtained with
MetaPhlAn465.

Bacterial counts in each intestinal and stool sample
The bacterial load in each intestinal content and stool samplewas quantified
with the Bacteria (tuf gene) Quantitative PCR Kit (Takara Bio Inc., Shiga,
Japan), according to the manufacturer’s protocol. The DNA samples used
for 16S rRNA gene amplicon sequencing were also used for the quantitative
PCR (qPCR) analysis of the tuf gene.

Reverse transcription–qPCR
RNAwas extracted from liver tissues and each sample of intestinal mucosa
with TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA),
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according to the manufacturer’s protocol. First-strand cDNA was synthe-
sized with the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific), and qPCR was performed with PowerUp™ SYBR™Green
MasterMix for qPCR (ThermoFisher Scientific)withQuantStudio™ 5Real-
Time PCR System (Thermo Fisher Scientific), according to the manu-
facturers’ protocols. For each reverse transcription reaction, 100 ng of RNA
was used. Primers were designed based on PrimerBank (https://pga.mgh.
harvard.edu/primerbank/). The primers used for qPCR are listed in Sup-
plementary Table 1.

Statistical analyses
All statistical analyses were performed with GraphPad Prism version 8.4.3
and R (version 4.1.3) (https://www.R-project.org/). The Mann–Whitney U
testwas used to compare valuesbetween twogroups and theKruskal–Wallis
test and Dunn’s test were used to compare values among three or more
groups. Spearman’s rank correlation coefficient was used to examine the
correlation between the blood ammonia concentration and the area of liver
fibrosis. Bacterial β-diversity was compared with permutational analysis of
variance. The correlations between the relative abundances of genera and
the ammonia concentration or area of liver fibrosis were assessed with the
MaAsLin2 package66 (https://github.com/biobakery/Maaslin2/). The cri-
terion for statistical significancewas set at a p-value < 0.05 or q-value < 0.05.

Data availability
The accession number for the microbial dataset and the mouse sample
information reported in this paper is DRA: DRA017678 (https://www.ddbj.
nig.ac.jp/dra/). The datasets generated and/or analyzed during the present
study are available from the corresponding author on reasonable request.
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