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ABSTRACT
Objective  Conflicting microbiota data exist for 
primary sclerosing cholangitis (PSC) and experimental 
models. Goal: define the function of complex resident 
microbes and their association relevant to PSC patients 
by studying germ-free (GF) and antibiotic-treated 
specific pathogen-free (SPF) multidrug-resistant 2 
deficient (mdr2−/−) mice and microbial profiles in PSC 
patient cohorts.
Design  We measured weights, liver enzymes, RNA 
expression, histological, immunohistochemical and 
fibrotic biochemical parameters, faecal 16S rRNA gene 
profiling and metabolomic endpoints in gnotobiotic 
and antibiotic-treated SPF mdr2−/− mice and targeted 
metagenomic analysis in PSC patients.
Results  GF mdr2−/− mice had 100% mortality 
by 8 weeks with increasing hepatic bile acid (BA) 
accumulation and cholestasis. Early SPF autologous 
stool transplantation rescued liver-related mortality. 
Inhibition of ileal BA transport attenuated antibiotic-
accelerated liver disease and decreased total serum 
and hepatic BAs. Depletion of vancomycin-sensitive 
microbiota exaggerated hepatobiliary disease. 
Vancomycin selectively decreased Lachnospiraceae 
and short-chain fatty acids (SCFAs) but expanded 
Enterococcus and Enterobacteriaceae. Antibiotics 
increased Enterococcus faecalis and Escherichia coli 
liver translocation. Colonisation of GF mdr2−/− mice 
with translocated E. faecalis and E. coli strains 
accelerated hepatobiliary inflammation and mortality. 
Lachnospiraceae colonisation of antibiotic pretreated 
mdr2−/− mice reduced liver fibrosis, inflammation and 
translocation of pathobionts, and SCFA-producing 
Lachnospiraceae and purified SCFA decreased fibrosis. 
Faecal Lachnospiraceae negatively associated, and 
E. faecalis/ Enterobacteriaceae positively associated, 
with PSC patients’ clinical severity by Mayo risk 
scores.
Conclusions  We identified novel functionally 
protective and detrimental resident bacterial species in 
mdr2−/− mice and PSC patients with associated clinical 
risk score. These insights may guide personalised 
targeted therapeutic interventions in PSC patients.

INTRODUCTION
Chronic biliary inflammation, cirrhosis and variable 
progression to liver failure characterise primary scle-
rosing cholangitis (PSC).1 No current therapies exist 
to halt disease progression, because the mechanisms 
that underlie the onset and progression of PSC remain 
unclear. Several studies show dysbiotic microbiota in 

WHAT IS ALREADY KNOWN ON THIS SUBJECT?
	⇒ Microbiotal alterations are associated with 
idiopathic primary sclerosing cholangitis (PSC) 
but provide limited insights into functional 
activities and mechanisms of resident bacteria 
and their metabolites.

	⇒ Germ-free mice and antibiotics lead to 
increased reuptake of bile acids, suggestive of 
microbial control of bile acid homeostasis.

	⇒ Antibiotics have variable protective and 
detrimental outcomes in clinical and 
experimental studies but lack unified 
mechanistic explanations.

WHAT ARE THE NEW FINDINGS?
	⇒ Germ-free mdr2−/− mice, a PSC murine model, 
exhibited 100% fatality by 8 weeks driven by 
lack of microbial modulation of toxic progressive 
hepatic and plasma bile accumulation unless 
rescued with faecal microbiota transfer from 
syngeneic specific pathogenic stool by 4 weeks 
of age, confirming an overall protective role of 
resident microbiota in this model.

	⇒ Antibiotic-induced dysbiosis of specific 
pathogen-free (SPF) mdr2−/− potentiated 
hepatobiliary disease by non-bacteremic 
hepatic translocation of Enterococcus faecalis 
and Escherichia coli and resulted in accelerated 
detrimental hepatic bile acid accumulation 
without changing ileal FXR signalling. Inhibition 
of ileal bile salt transporter, Asbt, resulted in 
attenuated hepatic inflammation and fibrosis in 
antibiotic-treated SPF mdr2−/− mice, validating 
microbial modulation of bile acid homeostasis.
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PSC patients with decreased microbial diversity and over-represented 
intestinal pathobionts like Enterobacteriaceae (Escherichia coli 
and Klebsiella pneumonia), Enterococcus (Enterococcus faecalis), 
Veillonella and biliary tract E. faecalis, compared with controls 
suggesting potential translocation.2–5 Promotion of interleukin 
(IL)-17-mediated mucosal immunity play a role in PSC pathophys-
iology.2 5–7 In parallel, PSC patients exhibit decreased abundance of 
presumed protective faecal Lachnospiraceae,4 8 which have bile acid 
(BA) metabolic activities and anticolitogenic properties9 but unclear 
functional hepatobiliary impact. Short-term traditional probiotic 
therapy (Lactobacillus and Bifidobacterium)10 or single donor faecal 
microbial transfer (FMT)11 are ineffective for PSC patients, possibly 
related to no native colonisation of these bacteria.3 4 8 These studies 
indicate the complexity and strong association of microbiota with 
PSC and illustrate the need for further understanding of pathogenic 
and protective roles of resident gut microbiota.

Preclinical studies document the protective role of unfractionated 
gut microbiota in experimental PSC. In both chemically induced12 
and genetic (FVB/N mdr2−−)13 murine PSC models, germ-free (GF) 
mice exhibited accelerated liver disease compared with conven-
tionally raised controls. GF conditions lead to extensive reuptake 
of intestinal BAs,12 emphasising the importance of microbial medi-
ation of BA homeostasis. Microbial depletion expands hepatic 
non-micellar BA concentrations contributing to cholangiocyte 
inflammation, ductal disruption and parenchymal disease in mdr2−/− 
mice.13–15 Dysbiosis in PSC patients results in altered BA pools that 
potentially contribute to PSC pathophysiology.3 14 Furthermore, 
increased microbial bile salt hydrolase (BSH) activity was found 
in PSC patients’ bile,3 possibly related to the high BSH activity of 
E. faecalis, abundant in the faeces and bile of PSC patients.3 4 16 17 
These observations suggest a potential pathogenic role for bacterial 
BSH activity in PSC. Functional microbial or metabolic studies are 
needed to further delineate mechanistic differences among intestinal 
bacteria that differentially influence hepatobiliary damage, inflam-
mation and fibrosis in PSC.

In this study, we used gnotobiotic and antibiotic approaches in 
specific pathogen-free (SPF) mdr2−/− mice to study the functional 
roles of resident bacteria in cholestatic liver disease. We identi-
fied functionally protective (Lachnospiraceae) and pathogenic 

(E. faecalis and E. coli) resident bacteria and defined in vivo 
mechanisms through complementation studies. Conserved rela-
tive abundance of these bacteria was found in metagenomic 
analysis of PSC patient faeces with a moderate association with 
Mayo clinical risk score in PSC patients denoting parallel micro-
bial roles in experimental and clinical disease. These insights 
could target donor selection in future PSC-FMT trials and guide 
selective faecal enrichment/depletion approaches to increase 
efficacy of future personalised microbial therapies.

METHODS
Ethics statement/animal husbandry
The Popov lab generated C57Bl/6 SPF mdr2(abcb4)−/− 
mice.18Mdr2−/− and WT SPF control C57BL/6 mice were housed 
in vivaria microisolator cages with no more than five mice/cage 
or in GF Trexlar isolators. The UNC National Gnotobiotic 
Rodent Resource Center derived GF mdr2−/− mice by caesarian 
section. We bred GF mdr2+/−±mice due to early mortality of 
GF mdr2−/− mice. Age-matched and sex-matched mice had unre-
stricted access to autoclaved water and 5v0F Purina LabDiet 
chow with a 12-hour light/dark cycle. Human microbiome data 
were analysed from a previous study.4

Antibiotic treatments
Non-fasted 3–4 week old male and female mice received 
either combined or single antibiotics (0.5 mg/mL vancomycin 
(Hospira), 1 mg/mL neomycin (Medisca) and 50 mg/kg metro-
nidazole (G.D. Searle)) in drinking water ad libitum, consuming 
6–7 mL/mouse/day.19 20 The antibiotic mixture was diluted in 
deionised H2O, sterilised through a 0.2 µm filter and replaced 
twice weekly for 7–14 days.

Patient and public involvement
No involvement.

Statistical analysis
Murine data are shown as mean±SEM, with ‘n’ representing 
number of mice indicated in figure legends. One dot represents 
one mouse. Linear fitting and normalisation were performed in 
GraphPad Prism. Unless specified in the figure legends, statistical 
significance between two groups was determined by unpaired, 
two-tailed Student’s t-test; significance between  >2 groups 
determined using one-way analysis of variance with Fisher’s 
LSD test using GraphPad Prism default settings. We compared 
CFU numbers by the Poisson generalised linear model, estimated 
with a Markov Chain Monte Carlo method robust for small 
sample sizes. Error bar represents mean±SEM with *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001 and n.s. as no signifi-
cance. Further details of histological staining, IHC staining and 
analysis, bacterial or metabolite inoculation, cultivation and 
translocation, biochemical, liver enzyme, metabolomic and 16S 
rRNA sequencing/analysis are presented in the online supple-
mental material and methods.

RESULTS
Autologous stool transplant alleviate the non-micellular 
hepatic BA accumulation, hepatobiliary inflammation, fibrosis 
and mortality in germ-free mdr2−/− mice
To evaluate resident microbiota’s role in this experimental 
cholestatic murine model, we generated and characterised GF 
C57BL/6 mdr2−/− mice compared with littermate C57BL/6 WT 
mice. Relative to SPF conditions, 6–7 week old GF mdr2−/− mice 
had decreased weight gain, 2× increased alkaline phosphatase 

WHAT ARE THE NEW FINDINGS?
	⇒ Antibiotic-induced dysbiosis of SPF mdr2−/− potentiated 
hepatobiliary disease with hepatic translocation of E. faecalis 
and E. coli and increased bile salt hydrolase activity.

	⇒ Microbial manipulations and metabolomic analysis in mdr2-
−/−- mice identified hepatoprotective Lachnospiraceae that 
inhibited pathobiont (E. faecalis and E. coli) enterohepatic 
translocation and mediated their anti-fibrotic effects by 
producing short-chain fatty acids.

	⇒ In human cohorts, fecal E. faecalis/Enterobacteriaceae 
positively and Lachnospiraceae negatively associated with 
PSC clinical severity measured by Mayo risk score.

HOW MIGHT IT IMPACT ON CLINICAL PRACTICE IN THE 
FORESEEABLE FUTURE?

	⇒ These microbial insights have the potential to better predict 
clinical disease courses in individual patients by assessing 
abundance of detrimental versus protective resident 
microbial populations; improving PSC faecal transplant 
outcomes by matching donor and recipient selection; and 
guiding selective microbial manipulations for personalizsed 
therapeutic approaches.
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(ALP) and 15× increased total bilirubin (TB) (figure 1A–C). GF 
mdr2−/− mice from weaning 5 weeks had histologically normal 
livers (data not shown) and normal TB (figure 1C). Rapid onset 
of cholestasis in GF mdr2−/− occurred beyond age 6 weeks, not 
seen in age-matched SPF mdr2−/− mice, in GF WT C57BL/6 or 
older GF mdr2+/− ± (≤70 weeks) (figure  1C, online supple-
mental figure S1A,D). Loss of microbiota in mdr2−/− mice 
resulted in >3–5 fold progressively increased hepatic and serum 
BAs strongly correlating with body mass wasting and biomarkers 
of cholestatic injury (figure 1C–E). Most hepatic BA were 1oBA 
(cholic and muricholic acids, S1B-C). GF mdr2−/− and wild-type 
(WT) C57BL/6 mice exhibited elevated hepatic BA, attenuated 
liver cyp7a1 gene expression (figure  1E, online supplemental 
figure S1H) despite no difference in ileal ASBT, FXR or FGF15 
(figure 1G, online supplemental figure S1E–G) compared with 
SPF controls.

GF mdr2−/− had increased hepatic RNA expression of IL-17/
IL-22 master regulator, Rorγt and inflammatory cytokine 
TNF-α (figure  1H,I). Total hepatic hydroxyproline content, 
a collagen biochemical marker, was increased in GF mdr2−/− 
mice, along with RNA expression of fibrinogenic markers, 
co1α1 and timp-1 (figure  1J–L). GF and SPF mdr2−/− mice 
developed hepatomegaly versus WT controls (online supple-
mental figure S1F).

GF mdr2−/− mice had markedly decreased survival (median 
mortality 7.5 weeks and 100% mortality by 8 weeks) compared 
with SPF mdr2−/− mice (figure  1N). Faecal transplantation 
(FMT) of SPF mdr2−/− faeces to 3–4 week old GF mdr2−/− mice 
improved survival (75% at 400 days; figure 1N) and decreased 
TB (figure 1P) 2 weeks post-transplant. FMT later in life (5.5–7 
weeks) provided no protection (figure 1N). Although both SPF 
and GF female mdr2−/− mice developed more prominent peri-
portal inflammation relative to males, mortality was not sex 
related in GF mdr2−/− mice. FMT did not affect mortality in GF 
mdr2+/−, SPF mdr2−/− or WT mice (online supplemental figure 
S1J).

GF mdr2−/− mice displayed heightened periportal inflamma-
tion, periductular macrophages, centrilobular necrosis and duct-
ular proliferation (figure 2A,B and E,F) and more pronounced 
macrophage (figure 2C–D) than neutrophilic (S1K-L) infiltra-
tion versus SPF mdr2−/− mice. SPF mdr2−/− mice displayed 
more prominent sinusoidal macrophage distribution compared 
with periductular localisation in GF mice, whereas SPF donor 
FMT-treated GF mdr2−/− had a mixed phenotype. Notable 
hepatic lesions (figure 2A, E and G, arrows) range from hepato-
cytes with vacuolar and cystic degeneration to coagulation 
necrosis rimmed by inflammation. The cause of these lesions is 
not apparent, but a similar lesion has been reported in biliary 
ligation21 and antibiotic-induced cholestatic14 studies to be the 
result of bile salt leakage and described as bile infarcts. in GF 
mdr2−/− mice. SPF mdr2−/− mice developed periductal fibrosis 
with focal parenchymal extensions, but GF mdr2−/− mice had 
doubled histological fibrosis scores with extensive periductal 
fibrosis extending well into the parenchyma with frequent 
bridging to portal veins, resembling stage 3–4 Ishak fibrosis 
patterns (figure 2G). Early FMT attenuated periportal inflam-
mation and fibrosis in GF mdr2−/− mice (figure 2B and H). No 
histological hepatic or ileocolonic inflammation occurred in GF 
or SPF WT or mdr2+/− ± (data not shown). Thus, early life 
exposure to resident microbiota in GF mdr2−/− mice promotes 
survival and decreased hepatic inflammation, ductular reaction 
and fibrosis.

mdr2−/− mice have dysbiotic microbial landscapes with 
altered metabolic pathways exacerbated by antibiotics
Resident faecal microbial community structure diverged in SPF 
mdr2−/− and WT mice by β-diversity analysis (figure 3A) with 
decreased putative protective Clostridial family abundance 
(figure 3B). To validate the protective role of host–microbiota 
and identified potential beneficial bacterial groups and metab-
olites, we developed an antibiotic depletion model in SPF 
mdr2−/− mice via administration of a broad-spectrum antibiotic 
cocktail (Abx) targeting resident Gram-positive, Gram-negative 
and anaerobic bacteria19 20 for 14 days (figure 3C). As predicted, 
Abx similarly depleted microbial abundance in mdr2−/− and WT 
control mice by α-diversity and faecal qPCR (figure  3D–G). 
β-diversity analysis demonstrated markedly different microbial 
communities in the two hosts following Abx (figure 3H,I).

To identify potential metabolic profiles reflecting protective 
microbial effects in mdr2−/− mice, we analysed the metabolome 
of serum and cecal contents from Abx-treated versus untreated 
mdr2−/− mice by liquid chromatography-mass spectrometry 
(LC/MS) (figure  3J–L). Abx decreased multiple compounds, 
spanning BA, alcohols, indoles, oxosteroids, bilirubin and 
methyl-branched fatty acid pathways (figure 3L). We used these 
metabolomic profiles to identify putative functional properties 
of protective bacterial candidates, Clostridiaceae and Lachno-
spiraceae that might rescue inflammation/fibrosis driven by Abx 
depletion of protective microbial subsets.

Antibiotic depletion of resident microbiota augments 
intestinal permeability, liver inflammation, biliary epithelial 
reactivity and fibrosis and restricts weight gain in mdr2−/− 
mice
Abx markedly depleted putative protective Clostridiaceae and 
Lachnospiraceae families (figure  4B) and increased intestinal 
permeability versus WT mice (figure 4C). Weight loss in mdr2−/− 
mice limited Abx treatment to 14 days (figure 4D) with increased 
serum ALP and clinical illness (lethargy, hunching, unkempt fur 
and peritoneal jaundice), and minimal serum bilirubin eleva-
tion (figure  4E,F), not seen in Abx-WT mice (online supple-
mental figure S1M–O). Like GF mdr2−/− mice, Abx-induced 
inflammation increased hepatic Tnf-α expression (figure  4G). 
Histological evaluation of Abx-treated mdr2−/− displayed accel-
erated cholangiopathic injury similar to GF mdr2−/− mice with 
expanded portal/peribiliary inflammation and ductular reaction 
(figure 4K–N).

Abx-treated mdr2−/− mice developed increased bridging 
fibrosis compared with untreated SPF mdr2−/− mice 
(figure 4O–P). Unchanged hydroxyproline content (figure 4H) 
was likely due to the short study duration, but increased liver 
RNA expression of co1α1 and timp-1 occurred in Abx-treated 
mdr2−/− mice versus untreated controls (figure 4I,J). This Abx 
depletion validated our GF mdr2−/− findings, confirming that 
decreased protective resident bacteria potentiates disease in this 
cholestatic model.

Ileal BA transport inhibition attenuates hepatic BA pool size 
and hepatobiliary inflammation/cholestasis in antibiotic 
treated mdr2−/− mice
To test mechanistic interventions, we identified the shortest 
duration of Abx therapy that accelerated hepatobiliary inflam-
mation/fibrosis but maintained a 2-week experimental window 
for microbial transfer experiments. Interestingly, the shorter 
7-day treatment enhanced hepatic inflammation and ALP 
elevation (online supplemental figure S2B, C) versus 14-day 
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Figure 1  Clinical, biochemical and liver histological indicators of germ-free (GF) mdr2−/− mice with or without faecal microbiotal transplant 
compared with control mice. Mouse body weight (A) and serum alkaline phosphatase (AP), (B) of 6–8 week old GF (n=6–10) and SPF (n=20) 
mdr2−/− mice. Longitudinal total bilirubin (TB) (C) or total serum bile acids (TBA) (D) assessment in GF mdr2−/− mice from 4–5 week old (n=7) to 
6–8 week old (n=8), compared 6–8 week old SPF mdr2−/− and C57/BL6 WT GF mice and older (26–70 week old) mdr2+/− ±. Total liver bile acids (Bas) 
in mdr2−/− or WT mice in GF or SPF environments (E, n=5–9/mice per group). Liver cyp7a1 expression (F) and liver FGF-15 expression (G). Relative 
expression (fold change) of liver cyp7a1, terminal Ileal FGF-15, Rorγt and tnf-α (F–I) of 6–8 week old GF (n=5–7) and SPF (n=5–7) mdr2−/− mice. 
Hepatic collagen deposition expressed as total hepatic hydroxyproline (HYP) expressed in ug HYP/whole liver, calculated by multiplying individual 
liver weight with relative HYP content (J). Relative expression (fold change) of collagen I alpha-1 (col1α1) and tissue inhibitor of metalloproteinases 
(TIMP) 1 (K–L) in livers of 6–8 week old GF (n=5–12) and SPF (n=5–8) mdr2−/− mice. Experimental design of autologous faecal microbiota transplant 
(FMT) study (M) Kaplan-Meyer survival curves of pooled SP mdr2−/ donor stool orally gavaged into GF mdr2−/− C57Bl/6 mice twice in the first 2 days 
at age 3–4 weeks (n=8) or 5.5–7 weeks (n=6) compared with untreated GF (n=23) or SPF (n=14) mdr2−/− mice monitored for survival for 42 weeks 
(N). Experimental design of GF mdr2−/− given autologous GF (n=7) or SPF donor (n=6) stool for 14 days (O) monitoring serum TB (P). Results are 
expressed as means±SEM. Survival data are analysed by log-rank (Mantel-Cox) test, group or pairwise comparisons performed by analysis of variance 
or Student’s t-test, respectively. Welch correction was applied to histological scoring analysis. *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001. SPF, 
specific pathogen free.
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treatment, without significantly altering fibrosis scores (online 
supplemental figure S2D,E).

To further investigate the role of microbial-mediated altered 
BA pool size and hepatobiliary disease in this model, we iden-
tified effects of an apical sodium-dependent bile acid inhibitor 
(ASBTi) in our accelerated antibiotic model (figure 5A). ASBTi 
restored age-appropriate weight gain and attenuated cholestasis, 
inflammation and fibrosis (figure 5B,C and G,H, online supple-
mental figure S2F). Abx increased serum TBA hepatic shunting, 
like GF mice, that was attenuated by ASBTi (figure  5D). The 
predicted ASBTi-induced increased faecal BA was sustained 
for the 2-week treatment (figure 5I). Compensatory induction 
of the cyp7a1 metabolite, hepatic C4 (figure 5E,F), supported 
the trending decreased hepatic BA pool. Additionally, we found 
increased faecal primary unconjugated BAs (cholic acid (CA) and 
muricholic acid (MCA) (figure 5I–K). These studies indicate that 
resident bacterial depletion elevates non-micellular BA hepato-
biliary toxicity in susceptible mice, mediated by enterohepatic 
BA transport.

Selective antibiotics have differential effects on mdr2−/− 
hepatobiliary disease
To identify microbial populations responsible for protecting 
mdr2−/− mice, we tested individual Abx components: vanco-
mycin, neomycin and metronidazole that target Gram-positive, 

Gram-negative and anaerobic bacteria, respectively (figure  6A). 
Vancomycin most significantly decreased faecal bacterial α-diver-
sity (figure  6B) and maintained most divergent bacterial popu-
lations with maximum β-diversity separation from untreated 
controls (figure  6C). Vancomycin and metronidazole decreased 
putative protective Clostridiaceae, but only vancomycin attenu-
ated Lachnospiraceae. Neomycin did not significantly affect either 
family (figure  6D). Vancomycin treatment did not affect total 
serum BA levels (figure 6G), similar to Abx, but restricted weight 
gain and elevated serum ALP, hepatic TNF-αexpression, histolog-
ical inflammation and ductal reaction (figure 6E,F and H–J).

Concurrent with hepatobiliary injury and inflammation, 
vancomycin exacerbated hepatic fibrogenesis. Relative to 
control mice, only vancomycin significantly increased histolog-
ical liver fibrosis scores (figure 6N), hepatic profibrotic co1α1 
and timp-1 expression (figure 6L,M) but not hepatic hydroxy-
proline (figure 6K).

Exploration of selective Abx on BA metabolism demonstrated 
isolated metronidazole attenuated hepatic cyp7a1 expression in 
SPF mdr2−/− mice (figure 6O). Vancomycin profoundly increased 
BSH activity, measured by the unconjugated/conjugated BA ratio 
(figure 6P), despite not changing total faecal BAs versus control 
(figure 6R). These results suggest that depletion of vancomycin-
sensitive bacterial populations, including Clostridiaceae and 
Lachnospiraceae, results in aggressive hepatobiliary responses.

Figure 2  Histological impact of absent and reconstitution of resident microbes in GF mdr2−/− mice. Representative photomicrographs of 6–8 week 
old GF mdr2−/− mice±faecal microbiota transplant at 3–4 week old compared with age-matched SPF mdr2−/− mice with blinded scoring for liver 
inflammation (A and B), macrophages (4-4/80 immunohistochemical staining) (C and D), ductular reaction (CK-19 immunohistochemical staining) 
(E and F) and fibrosis (G and H) stained by H&E (200×), antibodies to F4/80 (200×) and CK-19 (200×), and Sirius Red (100×), respectively. Arrows 
indicate foci of hepatocyte degeneration and necrosis bordered by inflammation (bile infarct). CK-19 staining in panels D and F count positive cells 
in five high powered fields/ slide. Results are expressed as means±SEM. Group or pairwise comparisons were performed by analysis of variance or 
Student’s t-test, respectively. Welch correction was applied to histological scoring analysis. *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001. CV, 
central vein; PV, portal vein.
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Figure 3  Faecal microbiome and metabolite profiles of preantibiotic/postantibiotic treated mdr2−/− and wild-type (WT) mice on C57BL/6 
background. Pooled baseline untreated SPF mdr2−/− and WT C57BL/6 16S sequencing faecal beta diversity (Permanova test) (A) and linear 
discriminant analysis plot showing differential enrichment of taxa (B). Experimental design of broad-spectrum antibiotic (Abx) study, 3–5 week old 
SPF mdr2−/− or WT mice exposed ad libitum to broad-spectrum antibiotics (metronidazole: 30 mg/mL; vancomycin: 0.5 mg/mL; and neomycin: 1 mg/
mL) in drinking H2O or H2O alone (n=10 mice/group) for 14 days (pooled from three experiments) (C). Effect of 14 days of Abx assessing pooled 
baseline alpha diversity (Faith’s PD) and faecal universal 16S qCR (expressed in ΔΔCT differences) in mdr2−/− (D and E) and WT BL/6 (F and G) mice, 
respectively. Principal coordinates analysis (PcoA) plots assessing beta diversity (Permanova test) antibiotic exposure between genotypes (WT and 
mdr2−/− mice) (H) and antibiotic exposure in mdr2−/− mice (I). 3D-PCA plot shows the separation of cecal (J) and serum (K) metabolites from mdr2−/− 
with and without antibiotics. Mummichog pathway cloud plot of potential pathway differences with exposure of broad antibiotics in SPF mdr2−/− mice 
(L). The radius of each circle represents the number of metabolites relative to the number of metabolites represented by other circles. Darker circles 
mean more pathways are represented (mdr2−/− no Abx: n=13, mdr2−/− with Abx: n=25). Group or pairwise comparisons performed by analysis of 
variance or Student’s t-test, respectively. *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001. SPF, specific pathogen free.
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Figure 4  Clinical, biochemical and liver histological indicators of broad-spectrum antibiotic treated mdr2−/− mice. Experimental design of broad-
spectrum antibiotic (Abx) study, 3–5 week old SPF mdr2−/− mice exposed ad libitum to broad-spectrum antibiotics in drinking H2O (n=15) or H2O 
alone (n=13) for 14 days (pooled from three experiments) (A). Effect of Abx exposure on various outcomes including relative abundance of selected 
bacterial phyla expressed as unadjusted raw average operational taxonomic unit (OTU) relative abundance (B), colonic/TI permeability (WT & 
mdr2−/− mice) (C), 14 days body weight change (D), serum ALP, TB (E and F), RNA expression of liver tnf-α (G), col1α1 (I) and timp-1 (J) and hepatic 
collagen deposition expressed as ug HYP/whole liver (H). Representative photomicrographs and blinded composite histological scoring murine liver 
stained with H&E (K–L), CK-19 (M–N) and Sirius Red (O–P) of untreated (n=15) versus Abx-treated SPF mdr2−/− mice (n=15). Results are expressed 
as means±SEM. Pairwise comparisons were performed by Student’s t-test for biochemical and molecular studies; Welch correction was applied 
to histological scoring analysis. Unadjusted raw average OTU relative abundance and SEs of bacterial groups against the variables detected with 
significant effects by analysis of composition of microbes). *P<0.05, **p<0.01, ***p<0.001. ALP, alkaline phosphatase; SPF, specific pathogen free; 
TB, total bilirubin.
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Lachnospiraceae administration attenuates phenotypic 
effects of antibiotic-treated SPF mdr2−/− mice and inhibits 
hepatic bacterial translocation
We reconstituted the putative protective bacteria, Clostridiaceae 
and Lachnospiraceae, in the accelerated 7d Abx model (online 

supplemental figure S2A–E). Because Abx depleted protective 
faecal Clostridium clusters IV and XIVa22 23 in both SPF WT and 
mdr2−/− mice (online supplemental figure S2K,L), we initially 
tested a 17-strain consortium of protective human Clostridia.22 
Despite efficacy of these Clostridium strains in multiple colitis 

Figure 5  Bile acid homeostasis and hepatobiliary injury assessed in Abx treated mdr2−/− mice following ASBT blockage. Experimental design of 
ad libitum exposure in drinking H2O of ASBT inhibitor (GSK23306, 10 mg/kg) for 14-day concomitant with 7-day broad antibiotic pretreatment in 
4–5 week old SPF mdr2−/− mice versus no ASBTi (water only) group (n=5–7 mice/group) (A). Effect of ASBT inhibition on: weight change (B), TB 
(C), serum and liver total BA (D–E), liver C4 (F, metabolite of Cyp7a1 activation), histological liver inflammation and fibrosis (G and H). Assessment 
of longitudinal faecal bile acid homeostasis at times 0, 7 and 14 days following initiation of ASBT inhibition evaluating TBA, cholic acid (CA) and 
α+β MCA (I–K). Group or pairwise comparisons performed by analysis of variance or Student’s t-test, respectively. *P<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. ASBTi, apical sodium-dependent bile acid inhibitor; SPF, specific pathogen free; TB, total bilirubin.
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models,22 their repletion in antibiotic-pretreated mdr2−/− mice 
did not alter body weight or liver enzymes (online supplemental 
figure S2M–P). Therefore, we assessed the biological activity 
of potentially protective Lachnospiraceae also depleted by Abx 
and vancomycin (figure  6D). Serial treatment with a protec-
tive colonic 23 strain Lachnospiraceae consortium (Lachno)24 
(figure 7A) restored weight gain and reduced histological liver 
inflammation, ductular reaction and fibrosis (figure  7B and 
E–G) but did not decrease serum biochemistries (figure  7C, 

online supplemental figure S2Q). Lachno exposure minimally 
affected total faecal and serum BA, liver cyp7a1 and ileal FGF15 
gene expression (online supplemental figure S2R–U). Reconsi-
tuting Lachnospiraceae in GF mdr2−/− mice resulted in reduced 
liver fibrosis, without affecting mortality or liver inflammation 
compared with non-colonised GF mdr2−/− mice (online supple-
mental figure S3F–H).

Abx altered faecal microbial communities 7 days after treat-
ment with expanded Ruminococcaceae, Enterobacteriaceae 

Figure 6  Differential effects of selective antibiotics on mdr2−/− microbial, clinical, biochemical and histological outcomes. Experimental design 
of selective antibiotic treatment (A): SPF mdr2−/− mice were given individual antibiotics (vancomycin (V; 0.5 mg/mL, n=16), neomycin (N; 1 mg/mL, 
n=12) or metronidazole (M; 30 mg/mL, n=16) in autoclaved drinking water ad libitum and control mdr2−/− mice received autoclaved water alone 
(n=16) for 14 days. Alpha diversity, beta diversity (Permanova test) and differential abundance (centred log-ratio (CLR) transformation from CoDA 
methods) of Clostridiaceae and Lachnospiraceae from 14d faecal samples (B–D). Measured parameters include: 14-day weight change (E), serum ALP 
(F) and serumtotal bile acids (TBA) (G), and liver RNA expression of tnf-α (H); along with blinded composite histologic scoring murine liver stained 
with H&E (I) and CK-19 (J). Fibrosis readouts include hepatic collagen deposition (K), RNA expression of col1α1 (L) and timp-1 (M) along with Sirius 
Red composite staining (N) cyp7a1 liver expression (O) as well as pooled cecal content bile acids (BAs) differences in surrogate bile salt hydrolase 
activity indicator based on ratios of total unconjugated/conjugated BA (P) and total BA (R) of selective antibiotic treated mdr2−/− compared with H2O 
control. (V=9, N=8, M=8, H2O=8). CK-19+ represented of 5HPF/liver/mouse. Group or pairwise comparisons performed by analysis of variance or 
Student’s t-test, respectively. Welch correction was applied to histological scoring analysis. Unadjusted raw average OTU relative abundance and SEs 
of bacterial groups against the variables detected with significant effects by analysis of composition of microbes. *P<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. ALP, alkaline phosphatase; SPF, specific pathogen free.
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and Enterococcus (figure 7H). Lachno supplementation resem-
bled the pre-Abx state and particularly repressed Enterococcus 
expansion versus controls (figure 7H), confirmed by qPCR of 

faecal samples (figure 7I,J). Lachno treatment did not decrease 
faecal Klebsiella pneumoniae2 (figure  7K). Importantly, Lach-
nospiraceae treatment reduced post-ABX culturable hepatic 

Figure 7  Lachnospiraceae phenotypic and metabolic effects on dysbiosis in mdr2−/− mice. Using the 7-day broad-spectrum antibiotic pretreatment 
model, followed by a 1-day washout, 21 Lachnospiraceae strains (Lachno) versus H2O were administered to SPF mdr2−/− mice on days 8, 10 
and 12 (A). Changes following Lachno treatment included Δweight over 7 days (B), serum ALP (C), liver RNA col1α1 expression (D), blinded 
histological inflammation, ductal reaction and hepatic fibrosis scoring (E–G). Differential abundance expression of 16S rRNA analysis (H) (N, 
mdr2−/− untreated=24, Abx=36, H2O=11, Lachnospiraceae=13, pooled from two experiments. Presence of universal 16S, Enterococcus and Klebsiella 
pneumoniae (K. pneum) faecal DNA by qPCR (I–K) (one of two representative experiment, n=6 mice/group). Hepatic bacterial translocation 
(L), % of mice with Enterococcus faecalis liver translocation (M). Experimental design of treatment of 3–4 week old SPF mdr2−/− mice treated 
with broad-spectrum antibiotic cocktail (vancomycin, neomycin and metronidazole) for 7 days followed by a 1-day washout, then inoculated with 
mdr2−/− resident Ec/Ef isolates, versus Ec/Ef+23-Lachno combination or water only controls (N) assessing translocated bacteria cultured from 
homogenised liver (O) (n=4 mice/group). Experiment design (P) and Kaplan-Meyer survival curves (Q) of orally inoculated 108 pooled Ec/Ef hepatic 
isolates±Lachnospiraceae (Lachno) or H2O controls in GF mdr2−/−mice (H2O: n=12; Ec/Ef: n=7; Lachno: n=6). GF mdr2−/− mice were administered 
108 pooled Ec/Ef hepatic isolates and euthanized at 5 weeks in order to measure translocated bacteria to liver, spleen or blood (S–U). Longitudinal 
measurements of serum TBA and bilirubin conducted in GF mdr2−/−±Ec/Ef hepatic isolates (V and W). Group or pairwise comparisons performed by 
analysis of variance or Student’s t-test, respectively. *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001. GF, germ free; SPF, specific pathogen free.
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translocated bacteria (figure  7L). Sanger sequencing identified 
the translocating strains as E. faecalis (Ef) and E. coli (Ec), with 
Ef composing 60% of translocants in Abx-treated SPF mdr2−/− 
mice (figure 7M); all hepatic Ef isolates expressed the exotoxin 
cytolysin (online supplemental figure S3A–D).25

Antibiotics increase hepatic translocation of E. faecalis and E. 
coli, which accelerate mortality without sepsis
To more directly assess hepatic changes caused by Ef and Ec, 
3–4 week old SPF-antibiotic pretreated or GF mdr2−/− mice were 
colonised with selected Ec/Ef hepatic isolate strains or H2O and 
euthanised at 5 weeks of age (figure 7N). Hepatic translocated 
Ec/Ef were isolated in both antibiotic pretreated and gnotobiotic 
conditions (figure 7O and S) versus untreated controls. Lachno 
treatment prevented Ec/Ef liver translocation (figure  5O) and 
Ef faecal concentrations (figure 7J and H). We assessed lethality 
of these bacteria in gnotobiotic mdr2−/− mice by orally inocu-
lating Ec/Ef isolates with/without Lachno (figure 7P,Q). The Ec/
Ef dual-associated mice exhibited earlier mortality relative to 
controls (figure  7Q), but survival improved with cocolonisa-
tion with Lachno relative to control GF mdr2−/− mice. Ec/Ef 
isolates colonised GF mdr2−/− mice had no evidence of bacte-
remia or splenic translocation (figure 7T,U). Additionally, Ec/Ef 
dual-association accelerated serum BA shunting and associated 
cholestasis in mdr2−/− mice (figure 7V,W). These results demon-
strate that Ec/Ef translocation induces hepatobiliary injury and 
mortality driven by mechanisms independent of sepsis and 
systemic bacterial dissemination, and Lachnospiraceae protects 
from Ec/Ef hepatic translocation and mortality.

Short-chain fatty acids (SCFAs) produced by Lachnospiraceae 
have hepatic antifibrogenic effects
We postulate these anti-inflammatory and antifibrotic effects 
are mediated by Lachnospiraceae metabolic products, including 
SCFAs that are depleted by selective antibiotics (figure 8b). Vanco-
mycin most effectively decreased SCFA (figure 8b), suggesting 
vancomycin-sensitive, resident bacteria (like lachnospiraceae) 
are predominant SCFA producers. Oral supplementation of 
SCFAs (acetate, propionate and butyrate) in vancomycin-treated 
mdr2−/− mice attenuated hepatic fibrosis (figure 8d–g). The 23 
Lachno strains with variable SCFA production were divided into 
three strains with relatively low (8, 9 and 21-lo) or high (52, 60 
and 70-hi) SCFA production as determined by mass spectrom-
etry of supernatants (figure 8h,i). We serially gavaged Hi or Lo 
SCFA-producing Lachno to SPF mdr2−/− mice following antibi-
otic pretreatment and washout (figure 8i). Hi SCFA-producing 
Lachno attenuated histological hepatic fibrosis (figure  8j) but 
not hepatic inflammation (figure 8k) compared with Lo SCFA-
producing Lachno. These results provide a mechanism for 
protection by our Lachnospiraceae consortium.

E. faecalis and Lachnospiraceae are associated with divergent 
PSC clinical disease activity
Analysis of metagenomic data from multinational reposito-
ries (Norway and Germany)4 of PSC faecal samples identified 
enrichment of E. faecalis and Enterobacteriaceae (figure 9A,B) 
and depletion of Lachnospiraceae (figure  9C) in PSC patients 
compared with healthy controls. Both E. faecalis (species) and 
Enterobacteriaceae (family) positively correlated with Mayo risk 
score (n=51, rho 0.28 for both, p<0.05) in patients with PSC, 
and Lachnospiraceae Blautia (genus), Lachnospiraceae bacte-
rium 1_4_56FAA negatively correlated with Mayo risk score 
(rho=−0.34 for both, p<0.05) with only a trend at the family 

level (rho −0.2). E. faecalis was more commonly detected in 
patients with PSC than controls (17% vs 5%) (figure 9D), which 
was amplified in patients who received antibiotics the last 6 
months (figure 9D). Trends existed towards increased Entero-
bacteriaceae and reduced Lachnospiraceae in patients with 
antibiotics compared with those without. These clinical results 
mirror observations in our mdr2−/− mice, providing clinical rele-
vance to our murine results.

DISCUSSION
We identified functional subsets of resident luminal bacteria that 
either potentiate liver inflammation and fibrosis (E. faecalis and 
E. coli) or protect (Lachnospiraceae) through distinct mecha-
nisms (figure 7E). We confirmed the overall protection of resi-
dent microbiota in GF mdr2−/− mice14 26 27 in a more aggressive 
genetic background (C57BL/6).28 We observed early lethality 
and severe cholestasis in GF mdr2−/− mice (median survival: 7.5 
weeks) driven by loss of microbial-mediated hepatic accumula-
tion of toxic non-micellular bile salts,12 29 30 stimulating robust 
hepatobiliary macrophage recruitment, inflammation, duct-
ular reaction and fibrosis. Supporting progressive hepatic BA 
accumulation-induced toxic cholangiopathy, ASBTi treatment 
resulted in faecal BA loss, attenuated serum TBA, improved 
cholestatic liver and clinical endpoints independent of ileal 
FGF-15 expression in mdr2−/− antibiotic pretreatment model. 
Early (<5 weeks) but not later (>6 weeks old) autologous SPF 
FMT rescued this lethal phenotype and cholestasis, validating a 
strong protective role for SPF mdr2−/− microbiota within a short 
therapeutic window. This brief therapeutic window for effec-
tive microbial-mediated protection precludes the likely longer 
microbial engraftment required to mediate downstream events 
and mandates intervention at an early inflammatory stage. These 
preclinical studies imply the need for early-stage clinical micro-
bial therapeutic interventions.

We used broad-spectrum and selective antibiotic treatment to 
validate protection by host microbiota and, more importantly, 
to delineate functional therapeutic and detrimental microbial 
subsets in this model system with shotgun faecal metagenomic 
and metabolomic analyses. We narrowed the protective microbial 
community to vancomycin-sensitive populations and metabo-
lites: Lachnospiraceae,9 Clostridaeceae,22 BA and SCFA. Selective 
colonisation of GF and depleted mice with a human Clostridia-
ceae consortium with protective benefits in colitis models22 did 
not confer protection in our model. However, a Lachnospiraceae 
consortium24 attenuated hepatic inflammation and fibrosis in anti-
biotic pretreated mice without changing total faecal BA or FXR/
Cyp7a1 signalling, suggesting alternate non-BA mechanisms. 
Direct supplementation with SCFAsdecreased hepatic fibrogen-
esis in our vancomycin-Lachnospiraceae depleted SPF model. 
Antifibrogenic effects of high-SCFA-producing Lachnospiraceae 
strains suggest that SCFAs partly mediate the protective effects of 
Lachnospiraceae. Our observations that Lachnospiraceae mono-
association of GF mdr2−/− mice decreased hepatic fibrosis but not 
inflammation or extended lifespan compared with GF mice, yet 
decreased inflammation, decreased E. coli and E. faecalis luminal 
concentrations and hepatic bacterial translocation in antibiotic 
treateed SPF mice suggest a direct antifibrotic effect of Lachno-
spiraceae but that their anti-inflammatory benefits are mediated 
by suppressing resident aggressive species. Metagenomic analysis 
of feces4 from a PSC patient cohort demonstrated clinical rele-
vance of our findings and showed decreased Lachnospiraceae 
species in PSC patients and Lachnospiraceae presence associated 
with lower Mayo risk scores.
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Other studies show divergent hepatobiliary outcomes of FXR 
agonism in mdr2−/− mice.14 31 These differences are likely driven 
by the presence or absence of microbial depletion-mediated 
expansion of hepatic BA accumulation in each murine model. 
We found 20× attenuated liver cyp7a1 gene expression and 

increased hepatic BA accumulation in GF compared with SPF 
mdr2−/− mice, despite no difference in ileal FGF15 expression 
(a key downstream FXR target). Despite increased total serum 
BA, no difference in ileal FGF-15 expression was similarly 
reported recently by Schneider et al14 between antibiotic treated 

Figure 8  Effect of short-chain fatty acids (SCFAs) on mdr2−/− antibiotic model. Experimental design of 14-day selective antibiotic treatment 
(A) with measurement of cecal content SCFA in SPF mdr2−/− mice (B). Design of SPF mdr2−/− mice treated with vancomycin (0.5 mg/mL in drinking 
water, n=10) with or and without SCFA (67.5 mM acetate, 25.9 mM propionate, 40 mM butyrate and 3% sucrose, n=13) ad libitum (C), pooled from 
two experiments with representative Sirius Red photomicrographs of vancomycin versus vancomycin+SCFA SPF mdr2−/− mice, arrows highlight 
bridging fibrosis (D), blinded histologic fibrosis scoring (E) along with liver RNA col1α1 and timp1 expression (F–G). Three relatively low and high 
SCFA-producing (Lo strain #s: 8, 9 and 21; Hi #s: 52, 60 and 70) Lachnospiraceae strains selected from 21 consortium strains were identified by 
mass spectrometry (H). Experimental design of accelerated antibiotic pretreatment of SPF mdr2−/− mice for 7 days and following a 1 day washout, 
administering Hi or Lo SCFA-producing Lachnospiraceae strains by gavage on days 8, 9 and 10, then followed for 6 days (I) with measurement of 
histologic hepatic fibrosis (J) and inflammation (K) in Hi compared with Lo SCFA-producing strains. Group or pairwise comparisons performed by 
analysis of variance or Student’s t-test, respectively. *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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vs untreated mdr2−/− mice, suggesting a microbial based, FXR-
independent driver of hepatic BA accumulation in this model.12

We demonstrated clinical evidence of positive and nega-
tive correlations with Mayo risk score between both resident 
pathobionts (E. faecalis and Enterobacteriaceae) and protective 
Lachnospiraceae, respectively. In addition, E. faecalis expand 
in PSC patients exposed to antibiotics. Unfortunately, the anti-
biotic type and spectrum were unavailable in our clinical data 
set. Vancomycin clinical studies show heterogenous biochemical 
responses in PSC patients,32 suggesting individual vancomycin 
therapeutic effects on protective and pathogenic bacteria. These 
studies lack baseline and postintervention microbial profile 
assessments necessary to assess antibiotic microbial targets. Our 
mdr2−/− results suggest that broad-spectrum antibiotics should 
be administered with caution in PSC patients due to potential for 
exacerbating disease and contributing to recurrent cholangitis by 
promoting enterohepatic bacterial translocation.

This study has several limitations. Early lethality of our GF 
and broad-spectrum antibiotic-depletion mdr2−/− mice precluded 
longitudinal studies to assess delayed effects of Lachnospiraceae or 
SCFA on chronic disease progression. Second, we acknowledge the 
ongoing controversy regarding suitability of murine AP to monitor 
cholestasis.33 34 Therefore, we confirmed our findings with TB 
and bile duct reactivity as additional markers of cholestatic injury. 
Finally, because GF mdr2−/− mice expire before becoming fertile, 
our heterozygous mdr+/− breeding strategy with small litter sizes 
delayed experiments and limited more ± depth mechanistic studies 
but permitted littermate control comparisons.

Our mechanistic studies have direct translational implications 
for future personalised bacterial manipulation in PSC patients. For 
example, carefully screened cohorts of PSC patients may optimally 
respond to selective depletion of disease-inducing subsets and/or 
augmentation of protective bacteria or secreted metabolites. Addi-
tionally, our gnotobiotic model can explore hepatobiliary, microbial 

Figure 9  Selective faecal bacterial profile in PSC patients and effect of antibiotic exposure. Relative abundance of faecal Enterococcus faecalis 
(E. faecalis) (A), Enterobacteriaceae (B) and Lachnospiraceae (C) in heathy controls (HCs; n=158) versus PSC patients (n=136). (D) Prevalence of 
faecal E. faecalis in HC (irrespective of antibiotics use) versus PSC patients exposed to antibiotics (n=24) and no antibiotics exposure (n=112) the 
last 6 months. Data in figure parts A–C compared with Mann–Whitney U test, (D) with Fisher’s exact test. Graphical summary depicting the effect 
of antibiotic-induced dysbiosis of SPF mdr2−/− mice to potentiate hepatobiliary disease with hepatic translocation of E. faecalis and Escherichia 
coli, increased bile salt hydrolase activity (conjugated/unconjugated BA), hepatic bile acid pool size, and decreased SCFA production (E). *P<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. BA, bile acid; PSC, primary sclerosing cholangitis; SCFA, short-chain fatty acid.
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and metabolomic impacts of humanised faecal transfer and selective 
colonisation with WT and genetically engineered bacterial strains to 
dissect microbial protective and pathogenic mechanisms. This study 
also highlights specific in vivo roles for bacteria, such as Lachnospir-
aceae, play require additional protective resident bacteria to reca-
pitulate various protective effects transferred by faecal microbiota 
transplantation. Future directions will determine the influence of 
macrophage phenotypes,35 downstream SCFA targets and activities 
of other putative protective bacteria on experimental hepatobiliary 
inflammation and fibrosis. In conclusion, our gnotobiotic and anti-
biotic mdr2−/− PSC murine models identified complex interactions 
between novel hepatoprotective resident bacteria balanced against 
pathobionts, replicated in PSC patient cohorts. Resident bacterial 
subsets exert both positive and negative influences partly through 
antimicrobial activities and altering bacterial metabolites.
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