
Primary sclerosing cholangitis and the microbiota: current 
knowledge and perspectives on etiopathogenesis and emerging 
therapies

James H. Tabibian1,2, Steven P. O’hara1, and Keith D. Lindor3

1Division of Gastroenterology and Hepatology, Mayo Clinic, Rochester, MN, USA

2Center for Clinical and Translational Sciences, Mayo Graduate School, Rochester, MN, USA

3Executive Vice Provost & Dean, College of Health Solutions, Arizona State University, Phoenix, 
AZ, USA

Abstract

Primary sclerosing cholangitis (PSC) is a chronic, fibroinflammatory, cholestatic liver disease of 

unknown etiopathogenesis. PSC generally progresses to liver cirrhosis, is a major risk factor for 

hepatobiliary and colonic neoplasia, and confers a median survival to death or liver transplantation 

of only 12 years. Although it is well recognized that approximately 75% of patients with PSC also 

have inflammatory bowel disease (IBD), the significance of this association remains elusive. 

Accumulating evidence now suggests a potentially important role for the intestinal microbiota, and 

enterohepatic circulation of molecules derived there from, as a putative mechanistic link between 

PSC and IBD and a central pathobiological driver of PSC. In this concise review, we provide a 

summary of and perspectives regarding the relevant basic, translational, and clinical data, which, 

taken together, encourage further investigation of the role of the microbiota and microbial 

metabolites in the etiopathogenesis of PSC and as a potential target for novel pharmacotherapies.
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Introduction

Primary sclerosing cholangitis (PSC) is a chronic, fibroinflammatory, cholestatic liver 

disease of unknown etiopathogenesis [1,2]. PSC leads to end-stage cirrhosis, is a major risk 

factor for hepatobiliary and colonic neoplasia, and carries a median liver transplant (LT)-

free survival of approximately 12 years [3–6]. Despite ongoing research over several 

decades, medical therapy for PSC has yet to be established [1,7]. Consequently, PSC 
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remains a common indication for LT in many parts of the world [5]. Although operative 

treatment with LT is effective for PSC, it is only performed in select patients and centers, 

and even suitable candidates can have recurrent PSC or malignancy post-LT [8,9]. 

Therefore, given the morbidity and mortality of PSC, the lack of established 

pharmacotherapy [1,7,10], and the challenges associated with LT [1,11,12], a better 

understanding of its etiopathogenesis and novel therapies are critically needed.

PSC is now generally appreciated to be a heterogeneous, complex disorder with genetic, 

immunologic, and environmental components [1,4,7]. Accumulating data suggest that one 

such component, and potentially a modifiable one, is the enteric microbiota – which 

encompasses 100 trillion bacteria from over 2000 species – and its metabolites. In this 

concise review, we provide (1) a primer on the gut–liver axis; (2) a synopsis of biliary 

epithelial pathobiology; and (3) an overview of basic, translational, and clinical research 

regarding the potential role of the microbiota in the etiopathogenesis and treatment of PSC.

Primer on the relationship between the gut and PSC

An association between the gut, specifically inflammatory bowel disease (IBD), and PSC 

was first described approximately five decades ago. Since then, it has been recognized that 

not only do nearly 75% of patients with PSC have IBD, but PSC in the context of IBD 

confers a fourfold increased risk of colon cancer compared to IBD alone. Furthermore, the 

presence of IBD and an intact colon before LT are predictors of recurrent PSC post-LT [13].

One hypothesis regarding the PSC–IBD association is that it may be related to enterohepatic 

circulation of gut-derived molecules and possibly facilitated by increased intestinal 

permeability [14,15]. Although the identity of these gut-derived molecules (or how they 

trigger hepatobiliary pathobiology) has yet to be determined, microbes and microbial 

metabolites or derivatives such as lipopolysaccharide (LPS), lipoteichoic acid, and 

peptidoglycan have been suggested as potential candidates [16,17]. This concept forms the 

basis of the “leaky gut” hypothesis. More recently, the “PSC microbiota” hypothesis, which 

incorporates the observations that some patients with PSC have no detectable bowel disease 

and/or normal intestinal permeability [18] but may have an abnormal repertoire of microbial 

metabolites or aberrant response to them, has also been proposed [19,20].

The immunobiologically dynamic biliary epithelium

The hepatic portal areas, which are affected in the earliest and through all stages of PSC, are 

comprised by a variety of resident hepatic cells including fibroblasts and smooth muscle, 

endothelial, and epithelial cells, including biliary epithelial cells (i.e. cholangiocytes). In 

addition to these, multiple other cells, particularly leukocytes, are recruited to portal areas 

following biliary injury. Signaling between these cell types is intricate and critical to biliary 

injury response processes. We focus here on cholangiocytes and their properties given they 

are (1) central to periductal fibrosis, ductopenia, and other processes germane to PSC and 

(2) increasingly believed to play an essential role in the initiation and/or progression of PSC 

rather than being only a passive target [16].
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Cholangiocytes are specialized cells that line the three-dimensional network of conduits, i.e. 

intra- and extrahepatic bile ducts, which carry bile from hepatic canaliculi to the duodenum. 

Beyond their role in bile modification and transport [21], cholangiocytes actively sense and 

respond to endogenous and exogenous molecules, including pathogen-associated molecular 

patterns (PAMPs). PAMPs are found in bile through either ascending infection or 

canalicular secretion, among other potential routes, and can modify cholangiocyte function 

and/or phenotype [16,22–25]. Indeed, cholangiocytes express numerous pathogen 

recognition receptors, including nucleotide-binding oligomerization domain (NODs) and all 

known toll-like receptors (TLRs) [16,23]. Binding of microbial molecules and other 

activators of inflammation (reviewed recently elsewhere [16]) to these receptors results in 

signaling cascades transduced via MyD88-dependent or -independent pathways, activation 

of transcription factors (e.g. NFκB, IRF3), increased expression of a variety of innate 

immune response genes including profibroinflammatory mediators, and ultimately 

development of hepatobiliary inflammation and fibrosis [16,26].

The intricate communication between cholangiocytes, resident hepatic cells, and recruited 

cells remains an active and important area of research. Such investigation will undoubtedly 

yield advances in elucidating the uncertainties that exist in biliary pathobiology and the 

etiopathogenesis of PSC, as summarized in a conceptual working model (Figure 1).

Evidence from animal models supporting the gut–liver axis of biliary 

disease

Several elegant animal model studies have demonstrated that enteric microbial molecules/

dysbiosis can lead to hepatobiliary inflammation with features of PSC. For example, rats 

with small bowel bacterial overgrowth secondary to surgically created jejunal blind loops 

exhibit extrahepatic and intrahepatic ductal dilatation, irregularity, and beading resembling 

PSC [27]. Intriguingly, treatment of these rats with mutanolysin (but not ursodeoxycholic 

acid, prednisone, methotrexate, or cyclosporin) results in significant serologic and histologic 

improvement [28]. A subsequent study found that administration of peptidoglycan results in 

irregularities of intrahepatic bile ducts, focal areas of narrowing and fusiform sacculations, 

and histologic evidence of cholangitis [29]. Similarly, rectal administration of N-formyl L-

methionine L-leucine L-tyrosine, an Escherichia coli chemotactic peptide secreted into bile, 

results in a mixed inflammatory, small-duct cholangitis [30].

More recently, it was shown that inoculation of Balb/c mice with Staphylococcus 
intermedius results in nonsuppurative cholangitis and anti-biliary epithelial cell and anti-

nuclear antibody synthesis [31], as seen in patients with PSC [32]. In addition, several other 

infectious models, not the least of which is biliary cryptosporidiosis (which also causes 

sclerosing cholangitis in humans), demonstrate biochemical, histologic, and/or 

cholangiographic features of PSC; these and other models are reviewed in detail elsewhere 

[33]. Although these animal model systems do not recapitulate all the findings of PSC, they 

provide a premise supporting the notion that hepatobiliary disease in PSC may be triggered 

or modified by microbial molecules.
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Human tissue-based translational studies supporting the PSC-microbiota 

hypothesis

Several intriguing observations have been made regarding the interplay of enterohepatically 

circulated microbial molecules, the downstream cholangiocyte response, and host 

immunogenetic susceptibility to aberrant signaling subsequent to microbial recognition. 

First, TLR and NOD expression and MyD88/IRAK activation are increased in PSC 

cholangiocytes [20], the former being potentially driven by anti-biliary epithelial cell 

antibodies [32]. Second, cultured cholangiocytes from patients with PSC exhibit persistent 

hypersensitivity to LPS and other PAMPs [20]. Third, PSC is not only associated with portal 

bacteremia, bacterobilia [34], and 16s ribosomal ribonucleic acid in bile [35,36], but 

cholangiocytes in PSC liver accumulate LPS [37]. Fourth, genome-wide association studies 

have found immunoregulation-related PSC risk loci [38,39]; one recent example is 

fucosyltransferase-2, which influences microbial composition, modulates susceptibility to 

infection, and is associated with IBD[38,40]. Finally, and although not known to be directly 

supporting the PSC-microbiota hypothesis, it is worth mentioning here the gut lymphocyte 

homing hypothesis. This hypothesis posits that intestinal T lymphocytes are (1) activated in 

gut-associated lymph tissue, (2) primed by dendritic cells to express cell-surface receptors 

integrin α4β7 and CCR9, and recruited to the liver as a result of aberrant hepatic expression 

of their cognate ligands, namely the addressin MAdCAM-1 and the chemotactic protein 

CCL25, which are usually restricted to the intestine [2,41]. Although the hepatic (periportal 

endothelial cell) expression of these ligands and subsequent homing of α4β7+, CCR9+ 

lymphocytes appears to be specific to PSC [42,43], the pathobiological relevance of this 

process and how it may relate to enteric microbially derived molecules have not been well 

defined and merits further study [2]; in this regard, the recent development and clinical 

application of vedolizumab, a humanized monoclonal antibody that antagonizes integrin 

α4β7, may offer an avenue for future research regarding mechanisms of disease and 

therapeutic targets in PSC.

In addition to these observations, we recently described what may be a potentially 

fundamental cellular phenotype at the intersection of the intestinal microbiota and 

cholangiocyte injury responses as they pertain to the etiopathogenesis of PSC–cholangiocyte 

senescence [44]. Cellular senescence, a subject that has seen exponential research growth in 

the last few years (PubMed.gov), is a state of replicative (G1 phase) arrest, which is 

generally believed to inhibit propagation or neoplastic transformation of injured cells [45–

47]; albeit in replicative arrest, senescent cells remain metabolically active, and, in some 

cases, can transition to a potentially pathologic state known as a senescence-associated 

secretory phenotype (SASP) [44,48,49]. SASP cells have been shown to alter their 

microenvironment (e.g. the extracellular matrix), reinforce and exacerbate the senescent 

phenotype, initiate pro-fibroinflammatory cellular responses, and accelerate neoplastic 

transformation [46,48,50–53]. In our studies, we assessed whether cellular senescence and 

the SASP (1) can be induced in cultured human cholangiocytes by microbialmolecules and 

(2) are present in cholangiocytes in human PSC liver specimens. Using multiple cellular and 

molecular techniques, we found that persistent exposure to various microbial molecules (e.g. 

LPS, flagellin) induced human cholangiocyte senescence and ultimately SASP in vitro; 
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moreover, markers of cholangiocyte senescence and SASP were increased in PSC compared 

to both normal and diseased controls [44]. In addition, we found evidence of cholangiocyte 

senescence in an established murine model of PSC [44,54]. These collective findings are 

currently being investigated further by us and others given their implications regarding 

novel therapeutic avenues for PSC and other cellular senescence-associated conditions.

Taken together, the aforementioned observations suggest that hepatobiliary injury in PSC 

may occur as a result of increased enterohepatic circulation of microbial molecules, 

abnormal microbial (metabolite) composition, aberrant host response to microbial 

molecules, or (perhaps most likely) a combination of these factors. Furthermore, and given 

the questions that remain regarding the etiopathogenesis of PSC, these observations (1) 

provide a framework for more translational studies investigating the relative contributions of 

microbial molecules and immunogenetic susceptibility to cholangiocyte injury and 

downstream signaling (Figure 1) [4,55] and (2) serve as a basis for several clinical 

applications of antibiotics in the treatment of PSC, as reviewed below.

Clinical experience with oral antibiotics in PSC

Since the initial case series of antibiotics in PSC [56], several small studies have been 

published, the majority within the past 10 years [1,57]. Three of these were prospective 

clinical trials (Table I), all three of which showed reduction in the biomarker serum alkaline 

phosphatase (ALK) with antibiotic treatment (weighted average reduction of 41%) 

[19,58,59]. The most recent of these was a phase II, double-blind study of 35 PSC patients 

randomized to low-dose vancomycin, high-dose vancomycin, low-dose metronidazole, and 

high-dose metronidazole. We observed significant improvements in ALK at 12 weeks as 

well as other endpoints in the low- and high- dose vancomycin groups. Given these findings, 

and because adverse effects were more frequent with metronidazole, the authors 

recommended vancomycin for further investigation; a phase III trial is indeed now 

underway (Clinical-Trials.gov NCT01802073).

There have also been several case series and reports (Table II) [56,60–67]. The most notable 

of these consisted of 14 pediatric patients with PSC-IBD treated with vancomycin for 54 ± 

43 months [66]; significant improvements in serum liver tests and clinical symptoms were 

noted in nearly all patients. Moreover, when vancomycin was discontinued, there was 

recurrence of symptoms and laboratory abnormalities in some patients, both of which 

resolved with vancomycin retreatment [68].

In addition to antibiotics, probiotics have been explored in PSC in a few studies over the last 

several years, including one small, randomized study [69]; because results of studies thus far 

have been divergent, ostensibly due to different probiotic use and endpoints measured, there 

are insufficient data at the present to comment on the role of probiotics in treating PSC. 

Most recently, there has been a case report of successful treatment of recurrent PSC post- 

LT with vancomycin, representing the first and a promising observation for post-LT disease 

[68].

Thus, while clinical antibiotic studies in PSC have, to date, been limited in size and number, 

their collective results are favorable and encourage future research on antibiotics or possibly 
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other means of microbial manipulation as a potentially effective, safe, and minimally 

disruptive therapy for PSC.

Conclusions and future directions

The accumulating evidence from ongoing basic, translational, and clinical research efforts 

continues to strengthen the hypothesis regarding a potentially central role for the microbiota 

in the etiopathogenesis of and as a pharmacotherapeutic target for PSC. With the 

developments in molecular, high-throughput sequencing, and bioinformatic techniques over 

the last decade as well as an increasing number of experimental systems facilitating 

systematic study of the gut–liver axis, there is increasing promise for novel mechanistic and 

therapeutic advances in PSC (as well as other disorders). In this exciting and evolving 

research climate, we believe that some of the currently outstanding priorities and areas of 

future investigation include the following:

• examining differences in intestinal microbial structure and function (e.g. 

metagenomic and metabolomic analyses) between healthy controls and patients 

with PSC, with and without IBD.

• elucidating whether the therapeutic effects of antibacterial agents in PSC are related 

to (1) effects on microbial (metabolite) diversity, (2) alterations (e.g. decrease) in 

enterohepatic circulation of profibroinflammatory microbial metabolites, or (3) 

non-antimicrobial effects (e.g. anti-inflammatory properties [70]).

• determining which antibiotic (or combination thereof) is most clinically effective 

and (1) how it should be dosed in order to provide durable benefits while 

minimizing risks such as antibiotic resistance and other adverse effects and (2) 

what the predictors (e.g. IBD status, stage, immunogenetic features) of a 

therapeutic response to antibiotics may be.

• exploring the therapeutic potential and safety of alternative methods of 

manipulating the intestinal microbiota, including prebiotics (i.e. dietary 

manipulation or supplementation), probiotics, or fecal microbiota transplant.
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Figure 1. 
Conceptual model of the etiopathogenesis and natural history of primary sclerosing 

cholangitis. Biliary epithelial cells, i.e. cholangiocytes, exist in an environment with 

multiple potential etiologic mediators of hepatobiliary injury. A growing body of basic, 

translational, and clinical evidence suggests that among these, microbially derived 

molecules may be central to hepatobiliary injury in and thus the etiopathogenesis of PSC. 

However, whether there is (1) increased exposure to microbial molecules (e.g. through the 

enterohepatic circulation, facilitated by compromised intestinal barrier function), (2) 

alterations in microbial diversity and/or the repertoire of microbial molecules (e.g. due to 

intestinal microbial dysbiosis), and/or (3) an aberrant or exaggerated cholangiocyte or other 

hepatic cell response to microbial molecules (e.g. induction of cholangiocyte senescence and 

the senescence-associated secretory phenotype) remains uncertain. In addition, host 

immunogenetics may modulate the impact of any of these variables (4) and thus likely play 

a role in determining whether hepatobiliary injury resolves or if it persists and results in 

chronic disease (i.e. PSC). These variables may also determine whether PSC progresses to 

its associated major adverse endpoints, including development of cholangiocarcinoma 

(CCA), liver failure, and death. Further investigation of the cellular, molecular, and 

microbial interactions and phenomena represented in this figure, including through 

previously unavailable (meta)genomic and bioinformatics techniques, will undoubtedly be 
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pursued in future research and is expected to advance current understanding of the 

etiopathogenesis of PSC.
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