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Abstract

:

Primary biliary cholangitis (PBC), and primary sclerosing cholangitis (PSC) are rare immune-related cholangiopathies with still poorly explained pathogenesis. Although triggers of chronic inflammation with subsequent fibrosis that affect cholangiocytes leading to obliteration of bile ducts and conversion to liver cirrhosis are unclear, both disorders are regarded to be multifactorial. Different factors can contribute to the development of hepatocellular injury in the course of progressive cholestasis, including (1) body accumulation of bile acids and their toxicity, (2) decreased food intake and nutrient absorption, (3) gut microbiota transformation, and (4) reorganized host metabolism. Growing evidence suggests that intestinal microbiome composition not only can be altered by liver dysfunction, but in turn, it actively impacts hepatic conditions. In this review, we highlight the role of key factors such as the gut–liver axis, intestinal barrier integrity, bile acid synthesis and circulation, and microbiome composition, which seem to be strongly related to PBC and PSC outcome. Emerging treatments and future therapeutic strategies are also presented.
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1. Introduction


Primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC) are progressive immune-related cholangiopathies. They are regarded as orphan disorders, but increasing PSC incidence and prevalence in Europe, and rising PBC prevalence across Europe, North America, and the Asia-Pacific region have been reported recently. Prevalence per 100,000 for PBC ranges from 1.91 to 40.2, and for PSC between 0.78 and 31.7 [1]. The etiologies of PBC and PSC are unclear and seem to involve a combination of genetic and environmental factors. Their clinical signs and symptoms are related to cholestasis and its direct health consequences. Progressive destruction of the bile tree due to extensive inflammation and fibrosis with altered bile flow through intra- or extrahepatic bile ducts and secondary hepatocellular damage that occur in the course of both immune-related cholangiopathies lead to retention of excessive bile acids, hydrophobic bile salts, and damaging metabolites that under normal conditions are excreted into the bile. Their body accumulation results in injury to cell membranes and liver cells are mostly affected. Although the main effects of cholestasis concern the liver and gut function, secondary ones may affect every host organ. Cholestasis seems to play a critical role in the modulation of gut homeostasis and patient nutritional status, which is considered a relevant and prognostic factor with a significant impact on the effects of management and treatment of patients with liver disorders of different etiology. Also, patient nutritional status, in turn, may influence liver metabolic functions. As a modifiable condition, it should be assessed early enough in the course of liver disease to introduce appropriate medical interventions and prevent further host complications that may include infections, hepatic encephalopathy, ascites, and lower survival [2], as well as improve patient quality of life. Recent lines of evidence indicate that gut microbiome composition can be altered by liver dysfunction, but also in turn affects host hepatic conditions. Therefore, the role of bile acids (BAs) and gut microbiota interactions have been extensively studied. The recognition of multiple-step defective mechanisms involved in the complex pathogenesis of the aforementioned cholangiopathies has led to an improved understanding of the underlying pathways of human cholestasis. Herein, we provide a comprehensive summary of the potential role of various factors, such as the gut–liver axis, intestinal barrier integrity, BA synthesis and circulation, and microbiome composition, which seem to be strongly associated with PBC and PSC outcomes. Since the etiopathogenesis of both disorders remains poorly understood, therapeutic options are limited and not satisfactory [3,4,5]. Our review looks into recent evidence elucidating the role of various factors involved in PBC and PSC development and discusses their potential therapeutic implications. We hope that increased awareness of the complicated mechanisms engaged in the course of immune-related cholangiopathies might improve patient medical management and subsequently decrease the need for liver transplantation. The intricate background of both immune-related cholangiopathies described further in our review is presented in Figure 1.




2. Clinical Characteristics of PBC and PSC


Immune-related cholestatic liver diseases including primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC) manifest as an impairment or disruption of bile production and accumulation of toxic bile acids and metabolites. The majority of PBC and PSC patients present with typical disease signs and symptoms and do not require a liver biopsy. PBC and PSC left untreated lead to advanced liver fibrosis and subsequent liver failure [6].



PBC is an uncommon, chronic cholestatic disorder related to the autoimmune granulomatous destruction of small intrahepatic bile ducts. The condition is progressive in most patients; however, some PBC patients may show no disease symptoms. The number of asymptomatic individuals is increasing due to the widespread use of both liver function tests and antimitochondrial antibody assays [7,8]. The remaining patients may present with fluctuating elevation of cholestatic enzymes such as ALP and GGT and signs of chronic liver disease. Quality of life in PBC patients can be severely altered by pruritus, fatigue, and Sjögren’s syndrome, i.e., sicca syndrome that may be persistent and intense even in the early disease stage. Noteworthily, symptoms do not correlate with the disease course severity, but are related to its duration, About 40% of PBC patients suffer from skin complaints that include not only dry skin but also jaundice, hyperpigmentation, xanthelasma, xanthomas, and dermatographism [9,10]. Metabolic bone disease in PBC patients can develop as a result of reduced absorption of fat-soluble vitamins, i.e., vitamin D deficiency, and therefore they should be monitored and treated if required. However, the development of liver cirrhosis with its complications finally determines the disease prognosis [11].



PBC develops as a result of decreased expression of the Cl−/HCO3− anion exchanger AE2 in the biliary epithelium in patients with a genetic predisposition to autoimmunity. Epigenetic factors such as miR-506 upregulation and methylation of AE2 promoter are considered the cause of AE2 downregulation [12]. Cholangiocyte damage occurs due to AE2-related decreased secretion of biliary bicarbonates and subsequent so-called alkaline umbrella disturbance with increased cellular penetration of apolar toxic bile acids [13]. Moreover, increased intracellular pH in the biliary epithelium induces the activation of adenylyl cyclase, resulting in further bile salt-associated cholangiocyte apoptosis. It was proposed recently that the AE2 defect may also disrupt cholangiocyte mitophagy, leading to mitochondrial dysfunction and oxidative stress, as well as host immune cell exposure to mitochondrial antigens with anti-mitochondrial antibody (AMA) production [3,14]. AE2 downregulation is also present in immune cells, particularly in CD8+ T cells, and may cause autoimmune T-cell reactions. The loss of tolerance towards self-antigens induces cellular and humoral immune responses towards cholangiocytes, although why in PBC only small intrahepatic biliary epithelial cells are targeted while mitochondria are present in all cells remains obscure [15]. Anti-mitochondrial antibodies (AMAs) directed against the E2 subunits of the 2-oxo acid dehydrogenase complexes (PDC-E2) represent the hallmark of PBC and can be confirmed in 90–95% of patients [16]. The discovery and cloning of the AMA target antigen in 1987 started the progress in the understanding of PBC [17]. Notably, the presence of AMAs in the blood is not sufficient to diagnose PBC, because they can be also detected in less than 1% of healthy subjects [16]. AMAs may be also present in patients with overlap syndromes and other liver diseases (i.e., nonalcoholic steatohepatitis, viral hepatitis), as well as with inflammatory myositis and heart disease [16]. Furthermore, AMA titers do not correlate with disease activity and severity, so they should not be serially followed [18]. The European Association for the Study of the Liver (EASL) recommends testing for PBC-specific antinuclear antibodies (ANAs) such as anti-sp100 and anti-glycoprotein 210 (anti-gp210) antibodies, especially in patients who are AMA-negative, but who present with cholestasis [19]. Most patients with PBC do not require a liver biopsy to establish the diagnosis. A biopsy is essential especially when an overlap syndrome is suspected, e.g., PBC/autoimmune hepatitis (AIH). Although the term “overlap syndrome” has been historically used, most of the American College of Gastroenterology (ACG) experts favor the term “PBC with autoimmune features” [18]. Ninety-five percent of patients with PBC are women. It can also occur in children [20]. According to data reported by EASL, the estimated PBC incidence is 1 per 1000 women over the age of 40. The female predominance remains unclear, as in many autoimmune diseases [19]. Retrospective analysis indicated that the female:male ratio was 9:1 in the early 2000s. [21]. However, currently, growth is observed in male incidence [19,22]. Nowadays, the female:male ratio is estimated to be 5:1 or even 2.1:1 in most recent studies [22,23]. Lleo et al. reported higher overall mortality for males than females among PBC patients (10-year survival rates of 67% for females and 47% for males) [22]. PBC is associated with a strong genetic predisposition among identical twins [24]. The disease should be suspected in all individuals presenting with elevated alkaline phosphatase (ALP) and gamma-glutamyl transpeptidase (GGT) and high levels of conjugated bilirubin, in coexistence with pruritus and/or fatigue, and/or dilated bile ducts.



The term “cholangitis” has replaced the term “cirrhosis” in the acronym “PBC” to adequately describe the histological hallmark of dense inflammatory infiltrates around damaged intralobular bile ducts [18]. As indicated by Beuers et al. [25], the changed terminology helped PBC patients to lose the stigma of cirrhosis, poor prognosis, and alcohol-related implications, as well as improve their professional and social lives.



If left untreated, PBC can lead to liver cirrhosis, which increases the risk of hepatocellular carcinoma (HCC) [23]. Predictors of poorer PBC outcome include male sex, younger age, i.e., <45 at disease onset and advanced disease at presentation [9]. Biochemistry tests are used for patient prognosis and treatment response monitoring.



Primary sclerosing cholangitis (PSC) also represents a rare cholestatic hepatobiliary disease characterized by immune-mediated chronic inflammation that slowly damages intra- and extrahepatic bile ducts leading to multifocal bile duct strictures and progressive liver fibrosis [26,27]. The condition may finish as biliary cirrhosis with portal hypertension and end-stage liver failure. PSC is more commonly diagnosed in men between the ages of 30 and 40. Many PSC patients do not present any clinical disease signs or symptoms at the time of diagnosis [28]. Diagnosis of cholestasis with increased bilirubin, serum alkaline phosphatase (ALP), and gamma-glutamyl transferase (GGT) values, can be established during routine health evaluation or high-risk patient screening, i.e., patients with inflammatory bowel disease (IBD). Nevertheless, 30% to 40% of patients present with normal ALP at diagnosis or during their disease course, and the majority of them have normal serum total bilirubin levels at the time of diagnosis [28]. In those who present with symptoms, abdominal pain is observed as the most frequent symptom (20%), followed by pruritus (10%), jaundice (6%), and fatigue (6%) [29]. Liver and spleen enlargement can be observed in 44% and 39% of patients, respectively [30]. PSC is strongly associated with inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD), with the prevalence ranging from 67% to 73% [31]. Ulcerative pancolitis is observed in 94% of PSC-UC and colitis in 96% of PSC-CD patients [32]. PSC increases the risk of multiple gastrointestinal (GI) tract neoplasia such as hepatocellular carcinoma (HCC), cholangiocarcinoma (CCA), colorectal (CRC), and pancreatic (PC) cancers [33]. Although no serological hallmarks have been identified for PSC, IgG and ANA are frequently elevated, and high IgG4 levels may signal the presence of a unique IgG4-related PSC variant. Since numerous patients with PSC present with no signs or symptoms, the disease is frequently detected through altered results on routine liver blood tests. The final PSC diagnosis is usually established based on cholangiography. Characteristic imaging findings of thickened, inflamed bile ducts, dilatation of intra- and extrahepatic ducts, and focal strictures can be seen on magnetic resonance (MR) cholangiography, a first-choice noninvasive diagnostic alternative to endoscopic retrograde cholangiopancreatography (ERCP) [34]. PSC targets mainly medium to large intra- and extrahepatic bile ducts [35,36]. The course of PSC can be complicated by bacterial cholangitis, gallbladder polyps, and, as mentioned previously, cancer development. CCA remains the most common malignancy in patients with PSC with a cumulative lifetime risk of about 10–20%. It accounts for a large proportion of PBC mortality. There is no proven medical or interventional therapy in PSC so far [27]. Liver transplantation (LT) remains the only life-extending therapeutic approach for eligible patients with end-stage disease and is ultimately required in approximately 40% of patients, typically about 10 years after being diagnosed with PSC [28]. Nevertheless, as reported in a recent international multicenter study, LT for PSC may be complicated by illness recurrence (rPSC) in up to 25% of recipients, and inflammatory conditions both before and after LT play a critical role in rPSC incidence [37].




3. Genetic and Epigenetic Determinants in Susceptibility to PBC and PSC


As already mentioned, the etiology of PBC is unknown, but an individual’s disease susceptibility is thought to be influenced by a combination of genetic predisposition and environmental factors [15,17]. Several genome-wide association studies (GWAS) and Immunochip studies reported a nearly consistent genetic susceptibility among populations from different European areas, with a significant association of more than 20 loci with PBC [24,38,39]. The autoimmune background of PBC is indicated by the location of PBC-related single nucleotide polymorphisms (SNPs) in genes encoding molecules of the immune system (i.e., Human Leukocyte Antigens (HLA) class II, Il-12A, and Signal Transducer And Activator Of Transcription 4 (STAT4)) [39,40]. A recent Chinese study confirmed previously described PBC risk loci, as well as identified novel alleles such as IL21, IL21R, CD28/CTLA4/ICOS, CD58, ARID3A, and IL16, supporting the critical role of the IL-21 signaling pathway in disease development [24]. However, most risk variants have no significant effect on disease susceptibility. Among PBC patients, concordance rates in monozygotic twins are estimated to be 63%, while in other autoimmune diseases (AIDs) it is less than 50% [39,40]. Unfortunately, there are still many loci that were not identified with GWAS because they are not statistically significant. Furthermore, among many identified loci, most of them do not have a meaningful effect that would explain the possible etiology of PBC [39].



Growing evidence indicates the involvement of epigenetics in PBC and PSC pathogenesis [38,39]. Epigenetics relies on transcriptional modifications with no change in the nucleotide sequence. It may form a bridge between genetic predisposition and environmental factors and be relevant to disease development and evolution. Epigenetic modifications that have already been demonstrated in PBC include methylation of DNA, posttranslational modifications of histone proteins, and noncoding RNAs that may lead to altered gene expression [38]. As mentioned before, miR-506 upregulation and methylation of the AE2 promoter have a critical role in PBC etiopathogenesis [12]. Moreover, changes in the DNA methylation pattern could account for the differences found in the concordance rate between monozygotic twins with PBC [3].



The genetic involvement in PSC pathogenesis has been also established. Twenty-two susceptibility loci for PSC have been established by GWAS, with the human leukocyte antigen (HLA) complex presenting the strongest finding [41,42]. Available PSC genetic data explain less than 10% of disease facts, and environmental risk factors probably account for more than 50% of the indeterminate part [41,42]. The association of fucosyltransferase 2 (FUT2) gene polymorphisms with PSC, Crohn’s disease, and biochemical features of cholestasis has been found. FUT2 and HLA genes may represent a valid link between epigenetic and environmental factors [40,41]. Notably, Maroni et al. investigated the role of FUT2 in an animal model and reported that FUT2-/- mice presented with hepatic periductal fibrosis, microcirculatory disturbances of the liver, and sensitivity toward hydrophobic bile salt feeding [43].



As indicated elsewhere, genetic susceptibility to autoimmune liver diseases is based mainly on polymorphisms of genes encoding for the human leukocyte antigens (HLA). However, since 80–90% of PBC patients do not carry the most common HLA susceptibility alleles, non-HLA loci are suggested to contribute to disease development [44,45]. Recent worldwide GWAS analyses revealed more than 40 non-HLA alleles likely related to PBC [23]. With regard to PSC, several HLA and non-HLA risk loci have been identified, although their role appears to be negligible in contrast to environmental determinants [46]. Since significant variation in PSC distribution between geographically separated populations has been reported, the above data may also indicate the importance of diverse environmental exposure [40]. Nevertheless, the PSC risk among first-degree relatives is estimated as more than 80 times higher, which shows the relevance of inherited disease characteristics [47]. Elucidation of the genetic background opens chances for a better understanding of the etiopathogenesis of both cholangiopathies, and as a result, developing more effective therapy.




4. Bile Acids and Their Importance in the Liver and Gut Metabolism


Despite the immune-related pathomechanisms confirmed in PBC and PSC, their response to immunosuppressive treatment is poor. Therefore, choleretic treatment with ursodeoxycholic acid (UDCA), which improves PBC, but not PSC prognosis, is used as a first-line therapy [11,28]. The aforementioned data indicate the critical importance of bile composition in disease etiopathogenesis. As mentioned earlier, AE2-related decreased biliary bicarbonate secretion and alkaline umbrella disturbance promote cellular penetration of apolar toxic bile acids (BAs) and further cholangiocyte injury [13].



There is growing evidence that the liver can communicate and regulate gut function by releasing BAs and immune-related mediators. BAs exert numerous physiological effects on the host metabolism by interaction with intestinal microflora. Recent reports suggest that profiles of BAs may change considerably with distinct etiology of liver disease [48,49,50,51,52]. Bile acids represent heterogeneous amphipathic molecules that have both polar (water-soluble or hydrophilic) and apolar (water-insoluble or hydrophobic) parts, and therefore they can dissolve in water as well as in fat [53]. The regulation of cholesterol homeostasis remains their main role in the host. The better water solubility in comparison with their precursor promotes cholesterol removal from the human body [48,53]. The proper bile ratio of BAs and cholesterol prevents cholesterol precipitation and further formation of gallstones; therefore, the loss of BAs increases the risk of cholesterol stone development [53,54].



4.1. Bile Acid Synthesis and Circulation


Bile acids are synthesized in the human liver through the cholesterol oxidation process mediated by cytochrome P450. Seventeen enzymes are involved in their biosynthesis and about 500 mg of cholesterol is biotransformed to BAs within 24 h in adults [55,56]. There are four main BAs in human bile:




	
primary BAs, which are synthesized in the liver and secreted with bile into the small intestine: cholic acid (CA) and chenodeoxycholic acid (CDCA);



	
secondary BAs, which are formed from primary BAs in the large intestine under the influence of bacterial enzymes: deoxycholic acid (DCA) originating from cholic acid, and lithocholic acid (LCA) originating from chenodeoxycholic acid;



	
tertiary BAs, which are metabolites of major BAs including ursodeoxycholic acid (UDCA), which is currently used to treat liver diseases and bile duct disorders [53].








The BA synthesis and circulation are presented in Figure 2.



Two pathways are engaged in this process: the classic and alternative [48,50]. The classic pathway of BA synthesis accounts for about 75% of BA output and is catalyzed by cholesterol 7α-hydroxylase (CYP7A1), which via a rate-limiting manner produces the primary cholic acid (CA) and chenodeoxycholic acid (CDCA) [49,53]. On the other hand, the alternative pathway is associated with the activity of mitochondrial sterol 27-hydroxylase (CYP27A1) and results in CDCA output. Primary BAs are then conjugated predominantly with glycine and to a lesser extent with taurine (at a ratio of 3:1) before their active transport from hepatocytes into the bile via the bile salt export pump (BSEP) [53,57]. Conjugation increases the water solubility of BAs before their hepatic secretion [53]. Moreover, conjugated BAs are nonabsorbable and indigestible in the proximal small intestine where lipid absorption takes place [49,58]. BSEP mutations may induce the development of cholestatic liver diseases such as progressive familial intrahepatic cholestasis type 2 (PFIC-2) and benign recurrent intrahepatic cholestasis type 2 (BRIC-2). Moreover, BSEP genetic polymorphisms are associated with intrahepatic cholestasis of pregnancy (ICP) as well as drug-induced liver injury (DILI) [59]. In the intestinal lumen, BAs facilitate fat and fat-soluble vitamin uptake and undergo further modification by microbiota into secondary BAs—deoxycholic acid (DCA), lithocholic acid (LCA)—and tertiary BAs such as ursodeoxycholic acid (UDCA) [49,53]. High-fat diets stimulate BA release to the gut and result in their increased concentrations in the lumen of the large bowel with their negative impact on intestinal mucosa homeostasis and increased risk of colorectal cancer development [56,60]. BAs, present in the gut lumen, regulate hepatic BA synthesis through the farnesoid X receptor (FXR), which gives rise to the transcription of intestinal hormone fibroblast growth factor 19 (FGF19). Since FGF19 inhibits cholesterol 7α-monooxygenase in liver cells, it decreases hepatic BA synthesis (a negative-feedback loop) [61]. Moreover, the interaction of BAs with FXR causes a discharge of antimicrobial peptides (AMPs), which diminish intestinal bacterial overgrowth and accordingly prevent dysbiosis and further gut barrier dysfunction [62]. In turn, microbiota may change BA composition by favoring secondary BA production. Secondary BAs exert poorer antimicrobial effects due to their weaker FXR affinity. Therefore, intestinal BA imbalance present in the course of cholestatic liver disease may promote bacterial overgrowth [53,56,61].



Since the vast majority of conjugated BAs are reabsorbed in both the terminal ileum by the apical sodium-dependent bile acid transporter (ASBT), as well as in the colon by passive absorption and return to the liver with portal blood, more than 95% of the BA pool is preserved this way [48]. In the portal blood, conjugated bile salts binding to albumin flow back to the liver and are taken up by active transporters (sodium taurocholate co-transporting polypeptide (NTCP) and organic anion transporting polypeptide (OATP) transporter) located on the sinusoidal membrane of liver cells and then resecreted into the bile [53]. In humans, so-called enterohepatic circulation occurs about six times a day [56]. Pharmacological inhibition of the ileal apical sodium-dependent bile acid transporter (ASBT/SLC10A2) followed by a decline in intestinal BA uptake was reported to ameliorate cholestatic liver and bile duct injury in a mouse model of sclerosing cholangitis [63]. Approximately 5% of the BA pool is eliminated in feces and the small quantity of conjugated secondary BAs is absorbed in the lumen of the large bowel via passive diffusion.




4.2. Effects of BAs in the Human Body


Accumulating evidence reveals that BAs exert pleiotropic effects in the human body and secure various metabolic and inflammatory routes in a large number of cells, tissue types, and organs through an active interplay with host receptors and intestinal microbiota [64,65]. They not only participate in the digestion and absorption of lipids and fat-soluble vitamins but also are engaged in the feedback regulatory loop of their own hepatic synthesis [55]. BAs were reported to modify gallbladder motor function [66]. They are also involved in the gut–liver axis and related inflammatory response activation [48,52]. BAs act as signaling mediators regulating metabolic homeostasis, mainly through the nuclear farnesoid X receptor (FXR) and membrane-associated receptors such as G protein-coupled bile acid receptor 1 (GPBAR-1) and sphingosine 1 phosphate receptor 2 (S1PR2) [65,67]. Several reports indicate that BAs have an impact on epithelial cell proliferation and carcinogenesis [68,69]. They also may directly interact with gut microbiota and modify gene expression through epigenetic mechanisms [69,70,71].



As previously mentioned, BAs are produced in the liver, but they are further metabolized by intestinal microbiota. Currently, BA interactions with intestinal microbiota are increasingly recognized. Some studies indicate that the gut microbiome may influence BA uptake by modulation of ASBT action [70]. The same group of researchers reported that microbiota regulated the expression of several enzymes engaged in BA syntheses, including CYP7A1, CYP7B1, and CYP27A1. Only the 12a-hydroxylase (CYP8B1) necessary for effective cholic acid synthesis remains outside microbiota modulation [56]. It becomes clear that the gut microbiota may change the host BA pool through the complex regulations of BA synthesis and absorption. In turn, BAs may impact microbiota composition, so their interaction is bidirectional. Studies have shown that the human microbiome is shaped by BAs that support the growth of bacteria that can metabolize them and hamper the development of the other ones. Bile acids are considered powerful antimicrobials and guard the host against pathogens [71]. No wonder biliary obstruction usually results in bacterial overgrowth, intestinal barrier disruption, and bacterial translocation. The above negative effects of the disorder can be inhibited by the administration of BAs and their signaling via the farnesoid-X-receptor (FXR) [72]. Therefore, the antimicrobial impact of BAs is based not only on their direct detergent action on pathogen membranes but also on an indirect receptor-mediated release of antimicrobial factors and immune system activation [56,62]. Bile acids are agonists of so-called bile acid-activated receptors (BARs) and act as signaling molecules. Two main BARs include the farnesoid-X-receptor (FXR) and G protein-coupled bile acid receptor 1 (GPBAR1 or G-protein receptor 5), which are solely activated by BAs. The other receptors, such as pregnane X receptor (PXR), vitamin D receptor (VDR), constitutive androstane receptor (CAR), liver X receptors (LXRs), sphingosine-1-phosphate receptor 2 (S1PR2), and retinoic acid-related orphan receptor (ROR)-γt (ROR-γt), are activated by BAs together with other endogenous molecules [73]. BAs are also involved in cell signaling pathways such as c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinase (ERK) [53,74]. They can interact with cell receptors located in the gut and liver, contributing to both organs’ mutual communication and a bidirectional transfer of signals. These receptors are key players in the host’s innate immune responses. Nevertheless, nuclear FXR expression is found not only in the liver and intestine but also in other cells including those of adrenal glands, and the immune system (e.g., macrophages, the Kupffer cells, natural killer cells, and dendritic cells) [75].



However, the interplay of BAs, microbiota, and the adaptive immune response remains undefined. Recently, Song et al. reported that BA composition in the gut might be modified by both nutritional and microbial factors and have an impact on colonic FOXP3+ regulatory T (Treg) cells, which express the transcription factor RORγ [76]. The aforementioned lymphocyte subsets adjust immune response, prevent autoimmunity, and control inflammation. The researchers confirmed that restoration of the intestinal BA pool, increased colonic RORγ+ Treg counts and modulated host predisposition to colitis via BA nuclear receptors. Other reports also indicate that BAs can regulate host immune responses by modulating the Th17–Treg lymphocyte inflammatory balance [64,77]. BA gut content modifications may change BA-mediated signaling as well as the microbiome composition and induce further metabolic consequences, such as impairment of host lipid, glucose, and energy balance. Accordingly, it is strongly suggested that alterations in BA enterohepatic circulation and/or their metabolism are relevant contributors to the pathogenesis of cholestatic liver diseases, metabolic syndrome, inflammatory bowel diseases, and colorectal cancer. Therefore, BAs and their cellular receptors create interesting therapeutic targets and an important scientific field for future drug discovery.





5. Role of the Gut–Liver Axis in the Development of Liver Injury and Progression to End-Stage Liver Disease


Growing evidence indicates a relevant role of the gut–liver axis in the development of hepatic injury and further progression to end-stage liver disease. Seventy percent of the hepatic blood supply comes from the portal vein, which creates a direct route from the gut through the liver to the systemic circulation. Therefore, the liver remains the crucial organ of the host–gut microbiota interaction [61]. Systemic immune response corresponding to gut microbiota exposure was confirmed in humans with chronic liver diseases (i.e., alcoholic and nonalcoholic fatty liver diseases, PBC, PSC, hepatocellular carcinoma, and liver cirrhosis) [78,79,80]. Since the liver and gut are closely connected through portal circulation, they experience mutual exposure to pathogen-derived components, metabolites, and alimentary nutrients. The liver acts as a filter removing impurities and protecting the host against intestinal bacteria crossing through the gut barrier [81]. On the other hand, the liver is also capable of modifying the composition of microbiota via bile acid and immunoglobulin A (IgA) secretion [82]. Since Marshall created the theory of the gut–liver axis in 1998, growing evidence has been collected indicating the presence of interactions between the two organs [83].



5.1. Constituents of the Gut Barrier


The mucosal barrier of the gut relies on the mutual and accurate interaction of its multiple elements, including enterocytes connected through desmosomes, adherens junctions, and tight junctions, the secretion of antimicrobial peptides (AMPs) and IgA, and the protective capabilities of immune cells, including phagocytes and macrophages. Moreover, goblet cells produce mucin, which builds an additional protective cover on the top of the mucosal epithelium [84]. Interestingly, growing evidence indicates that besides IgA’s defensive role, it also regulates the colonization of commensal bacteria [85]. Recently, Donaldson et al. demonstrated that Bacteroides fragilis and other commensal species can modulate their surface structures to bind IgA, which is required for their colonization of the gut mucosal niche [86]. Taken together, IgA might modulate human susceptibility to various diseases through the regulation of commensal microbiota. The mucosal defect was suggested in PBC patients due to decreased IgA secretion from duodenal enterocytes [87].




5.2. Leaky Gut and its Hepatic Consequences


Accumulating evidence indicates that intestinal dysbiosis observed in the course of liver dysfunction, in particular in end-stage liver disease, enhances intestinal permeability and microbial blood penetration [87]. In turn, the leaky gut induces hepatic injury through so-called pathogen-associated molecular patterns (PAMPs) which represent components of microorganisms such as bacteria, viruses, fungi, or parasites. PAMPs cross over the intestinal wall and reach the liver with portal blood triggering alterations in immune cell activation, hepatocyte apoptosis and regeneration, and BA composition [88,89]. PAMPs present distinctive molecular attributes that differ from host cells and can be recognized via pattern recognition receptors (PRRs) that play a crucial role in the innate immune system [90]. PPRs have the potential to recognize not only PAMPs but also particles released from damaged cells called damage-associated molecular patterns (DAMPs). PRRs are classified according to their location into membrane-bound or cytoplasmic PRRs [90,91]. There are four PPR subclasses: Toll-like receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-leucin rich repeat (LRR)-containing receptors (NLRs), the retinoic acid-inducible gene 1 (RIG-1)-like receptors (RLR; aka RIG-1-like helicases-RLH), and the C-type lectin receptors (CLRs) [92,93,94]. Several parenchymal and nonparenchymal hepatic cells may express PPRs. They include hepatocytes, liver sinusoid endothelial cells (LSECs), hepatic stellate cells (HSCs), Kupffer cells (KCs), and lymphocytes [95,96]. The TLRs belong to the earliest-discovered PRR subclass, and in humans consist of 10 members. Among all PPRs, TLRs have been the most extensively studied and play a critical role in the development of inflammation [93,95]. In the liver, Kupffer cells are considered the primary responders to PAMPs, although more recent studies reported TLR signaling also in hepatic nonimmune cells including hepatocytes, biliary epithelial cells, endothelial cells, and hepatic stellate cells [97,98,99]. TLRs transmit proinflammatory stimuli and induce cytokine secretion leading to liver damage, oxidative stress, and profibrogenic responses. The best-recognized cell surface TLR4 is activated by lipopolysaccharide (LPS, endotoxin), and its signaling cascade was reported as a relevant trigger of hepatic inflammatory response and fibrosis development in several types of chronic liver diseases [97,100]. Noteworthily, recently Jin et al. reported that aging-related liver degradation is associated with elevated blood LPS levels and TLR4-dependent signaling in hepatic tissue [101]. Changes in intestinal microorganism composition and related barrier dysfunction were proposed as factors involved in low-grade hepatic inflammation observed during aging and in an elderly population [102]. Endotoxins belong to well-characterized PAMPs that originate from the outer membrane of Gram-negative bacteria that cross over the impaired gut barrier. The majority of LPS comes from Bacteroidetes (79%). Proteobacteria remain only minor contributors, and Escherichia coli accounts for 14% of the total gut-derived LPS [103]. Of note, LPS originating from miscellaneous bacteria has been recently demonstrated to exert different and sometimes inverse effects on gut-barrier integrity, as well as the host metabolic functions, i.e., adipose tissue inflammation, glucose absorption, blood glucose concentrations, insulin, and incretin levels. LPSs’ distinctive attributes have an influence on metabolically beneficial or deleterious endotoxemia [104]. Therefore, it is strongly suggested that host metabolism is related to gut microbiota composition as well as endotoxemia levels. Under normal conditions, LPS leakage is limited by the integrity of the intestinal barrier, and only a small quantity of bacterial endotoxins can penetrate the portal bloodstream.




5.3. Liver Sinusoid Endothelial Cells and Kupffer Cells as the Liver Scavenging System


LPS clearance is mediated by liver sinusoid endothelial cells (LSECs), which are highly specialized regulators responsible for the first line of defense against harmful molecules derived from the digestive tract [104,105,106]. They have relevant physiological and immunological activity based on filtration, endocytosis, antigen presentation, and white blood cell recruitment [105]. The unique phenotype of hepatic sinusoidal endothelium with fenestration (open pores) and no basement membrane creates its unusual permeability, which facilitates bidirectional blood–hepatocyte communication as well as differentiates it from the capillary endothelium of other organs [105]. LSECs are exposed to preliminary contact with harmful blood molecules driving liver damage and account for the tissue response to acute or chronic injury. The response consists of the activation of hepatic cells (mainly hepatic stellate cells, the key players in liver fibrosis) and the capillarization process when the hepatic sinusoidal endothelium loses fenestrae and a basal membrane occurs [106,107,108]. The aforementioned changes are considered an initial step in hepatic fibrosis. In clinical settings, deterioration of intestinal mucosa, for example, in patients with inflammatory bowel diseases, rarely causes severe liver injury. LSECs create an important defense component in the gut–liver axis and protect the liver against colon-derived toxic constituents [109]. However, LSEC alterations together with increased LPS concentrations in the portal blood can contribute to hepatic neutrophil recruitment via the adhesion molecules intercellular adhesion molecule-1 (ICAM-1) and VCAM-1 expressed by LSECs and lead to colitis-associated hepatitis [109,110]. Most common LSEC detrimental factors include ethanol, lipid derivatives (e.g., triglycerides, free fatty acids), and virus proteins (e.g., HCV core and nonstructural protein 5A) [111,112,113,114]. All these negative stimuli may lead to endothelial cell dysfunction through the generation of oxidative stress and inflammatory response. Both LSECs and Kupffer cells create the most powerful scavenging system in the liver [105,110]. LSECs are responsible for the blood removal of soluble macromolecules and colloidal substances (i.e., particles smaller than 100 nm) by endocytosis, while Kupffer cells (KCs)—macrophages residing in the liver—are responsible for the elimination of insoluble molecules by phagocytosis [94,96,114]. Under physiological conditions, both KCs and LSECs participate in the regulation of LPS concentration in the liver and keep inflammatory responses under control. Increased gut-derived endotoxemia activates hepatic KCs and initiates their profibrogenic and proinflammatory effects [97,115]. In the bloodstream, LPS binds to the lipopolysaccharide-binding protein (LBP) and the complex reaches the liver. Kupffer cells are reported to intercept 90 percent of free LPS (aggregates, bacterial membrane fragments, or loosely bound to albumin, CD14, or other proteins) that penetrate the portal circulation [116]. KC activation occurs through the interaction of the LPS–LBP complex with cell membrane receptors: surface CD14 and transmembrane TLR4. The CD14 protein has a high affinity for endotoxin and mediates TLR4 recognition of LPS. CD14 connects to LPS and transfers it to the TLR4–myeloid differentiation factor 2 (MD2) complex [61,100,117]. TLR4–MD-2 complex aggregation triggers the activation of multiple signaling mediators, such as nuclear factor-kappa B (NF-κB) and interferon regulatory factor 3 (IRF3). As a result, the intensive synthesis of oxygen free radicals, chemokines, and proinflammatory cytokines including Tumor Necrosis Factor-alpha (TNF alpha), IL-1, IL-6, IL-12, and IL-18 occur [118,119]. The inflammatory cascade generates subsequent recruitment, activation, and accumulation of peripheral immune cells in the liver [88]. As mentioned previously, TLR4 can also be activated by endogenous and host-derived particles called DAMPs (e.g., mitochondrial DNA) released by uninfected injured tissue or dying cells causing sterile inflammation [95,120]. The process may be important for tissue repair/regeneration, but may also induce the development of different inflammatory or autoimmune diseases and cancer [120,121]. The aforementioned inflammatory cascade triggered through gut–liver axis impairment and related to intestinal dysbiosis may contribute to persistent liver inflammation, subsequent fibrosis, disease progression, conversion to cirrhosis, and end-stage liver failure.





6. Dysbiosis in Immune-Related Cholangiopathies


There are 1013–1014 total microbial cells in the human intestinal tract, with more than 1000 bacterial species [122,123,124]. Human gut flora consists of bacteria, fungi, protozoa, viruses, and archaea [84]. Two major phyla include Bacteroidetes and Firmicutes. Bacteroides, Eubacterium, Bifidobacterium, Ruminococcus, Peptostreptococcus, Propionibacterium, Clostridium, Lactobacillus, Escherichia, Streptococcus, and archaeal genus Methanobrevibacter are prevalent genera. Phyla such as Proteobacteria, Verrucomicrobia, Actinobacteria, Fusobacteria, and Cyanobacteria are present in relatively smaller proportions [125,126]. The human microbiome composition plays a critical role in intestinal homeostasis and depends on early and later life circumstances, such as individual genetics, mode of birth, breastfeeding, dietary habits, lifestyle, stress, aging, and medical treatment [127,128]. Altered microorganism composition, reduction of their diversity and stability, as well as an increased number of proinflammatory bacteria, are typical features of gut dysbiosis. The involvement of microbiota dysbiosis in human diseases remains under deep investigation [84,129]. Growing evidence indicates that transformations in the gut microbiota may also induce liver injury. The possible association of BAs, microbiome deviations, and cholestasis have been actively investigated recently and seem to be implicated in the etiopathogenesis of PBC and PSC [123,130,131,132,133,134,135,136]. Since up to 75% of PSC patients present with accompanying IBD, PSC may be regarded as a typical example of the gut–liver interconnection [137]. Enhanced gut immune reactions, as well as abnormal intestinal permeability with increased blood concentrations of microbial products, have been reported in patients with PSC and PBC in comparison with healthy individuals [138,139,140]. Moreover, examination of liver specimens from PSC and PBC patients revealed abnormal accumulation of LPS in biliary epithelial cells [141]. The aforementioned results strongly suggest the possible contribution of intestinal microbiota to PSC and PBC etiopathogenesis. The vicious circle of gut–liver crosstalk in the course of immune-related cholangiopathies is summarized in Figure 1.



Generally, intestinal dysbiosis can result in two different outcomes: an imbalance between protective and detrimental metabolites, and/or an altered immune response with the recruitment of activated T cells, as well as chemokine and integrin receptor overexpression, that break immune homeostasis and facilitate harmful effects in the liver. Progression of cholestatic liver disease ruins the normal gut microbiota, which in turn aggravates bile duct dysfunction, creating a vicious circle [123]. Several prior studies have confirmed considerable differences in the gut microbiome of PSC and PBC patients in comparison with healthy individuals [130,131,132,142]. Growing evidence indicates that altered microbiome composition can affect the course of cholestatic liver disease via different mechanisms. Recently, Kummen et al. proposed the categorization of complex host–microbiome interplay into three biomes i.e., the endobiome, immunobiome and xenobiome [143]. The endobiome is associated with the bacterial synthesis of endogenous molecules relevant to immune and metabolic host status, such as secondary BAs (lithocholic acid, ursodeoxycholic acid), branched-chain fatty acids, indoles, phenols, ammonia, amines, and vitamins K and B. The immunobiome includes the generation of specific microbial components that trigger host immune responses. They consist of PAMPs (e.g., LPS), but also peptide and lipid antigens that are presented to various immune cells. The xenobiome relates to the bacterial genome encoding products (e.g., carbohydrate-degrading enzymes) allowing the processing of chemical substances (e.g., medications) or nutritional ingredients. For example, it facilitates the fermentation of carbohydrates via colonic microbiota with subsequent generation of nutrients important for the integrity of intestinal epithelium, e.g., short-chain fatty acids (SCFAs) [143]. Recent data obtained from human and animal models indicate that intestinal microorganisms may operate as PSC and PBC course modifiers. The underlying pathogenetic mechanisms by which they act in both cholangiopathies are not fully understood, but ongoing evidence indicates that bile acid imbalance, leaky gut with microbial translocation, and some obscure (so far) immune alterations should be taken into account.



6.1. Gut Microbiome Alterations in Patients with PSC


A recent study of two independent case–control cohorts from Norway and Germany performed with state-of-the-art sequencing methods identified huge functional differences in the gut microbiome of patients with PSC [144]. PSC patients presented with numerous alterations of gut microbiome, including fewer microbial genes, an increased prevalence of Clostridium species, but decreased Eubacterium spp. and Ruminococcus obeum, marked impairment of genes related to vitamin B6 and branched-chain amino acid synthesis, with further alterations in blood concentrations of related gene products and corresponding decreased liver transplantation-free survival. Previous studies revealed that Veillonella stool content was higher in PSC patients than in healthy individuals [131]. Enterococcus, Streptococcus, Lactobacillus, and Proteobacteria such as Escherichia coli were also frequently enriched [132,145]. However, a relative reduction in the number of Firmicutes, such as Faecalibacterium prausnitzii and Ruminococcus gnavus, bacteria that produce butyrate, was reported [131,132,134,144]. A recent study by Vieira-Silva et al. revealed that in 106 patients with PSC and/or IBD, Fusobacterium was related to intestinal inflammation, while Enterococcus was related to cholangitis/biliary obstruction [145]. Moreover, Rühlemann et al. reported that fecal bacterial composition could identify PSC with AUC 0.88 [146]. Several studies indicate that there are no significant microbiome differences between patients with PSC with or without concomitant IBD [132,134,146]. However, the microbial profile in PSC is different in comparison with healthy individuals as well as IBD patients without PSC [131].




6.2. Gut Microbiome Alterations in Patients with PBC


Growing evidence indicates a relevant role of gut microbiota in PBC pathogenesis [147,148,149]. As reported, PBC may influence the gut microbiome composition through alterations of intestinal motility, immune response, bile acid secretion, as well as portal hypertension development. Antimitochondrial antibodies present in 90–95% of PBC patients, which can occur years before the disease’s onset, react to the pyruvate dehydrogenase complex E2 (PDC-E2) expressed by the biliary epithelium [150,151]. Several reports showed that the synthesis of antibodies against bacterial proteins as well as the molecular mimicry of microbial proteins and PDC-E2 are critical for PBC development [152,153,154,155]. Observations of the association of PBC with recurrent urinary infections caused by Escherichia coli support this suggestion, especially in females [156,157]. Moreover, long-term microbial exposure in an animal model also induced autoantibody secretion and PBC resembling histology of the liver [158]. There is growing evidence that gut microbiota alterations might be directly related to PBC development by their interplay with host metabolism and immunity. Lv et al. demonstrated that in PBC patients, some potentially beneficial bacteria, such as Acidobacteria, Lachnobacterium spp., Bacteroides eggerthii and Ruminococcus bromii, were depleted and other bacterial taxa containing opportunistic pathogens, such as γ-Proteobacteria, Enterobacteriaceae, Neisseriaceae, Spirochaetaceae, Veillonella, Streptococcus, Klebsiella, Actinobacillus pleuropneumoniae, Anaeroglobus geminatus, Enterobacter asburiae, Haemophilus parainfluenzae, Megasphaera micronuciformis, and Paraprevotella clara, were enriched [130]. Results of recent studies strongly suggest that the composition of gut microorganisms could create a specific disease bioindicator and serve as a biomarker for future diagnostic approaches or as a new therapeutic target. Tang et al. described gut microbial profiles in patients with PBC [135]. They reported significantly reduced bacterial abundance in PBC compared with healthy controls and showed that the microbiota profile presented good accuracy (AUC 0.84) for PBC patient identification. Their study revealed a significant reduction of Bacteroidetes spp., Suterella, Oscillospira, and Faecalibacterium, as well as a significant increase in Haemophilus, Veillonella, Clostridium, Lactobacillus, Streptococcus, Pseudomonas, Klebsiella. Moreover, dysbiosis in the PBC cohort was partially reversed by UDCA therapy. These observations may suggest that conversion of microbiome composition is possible based on the bacteria’s bile acid sensitivity and/or their involvement in the bile acid metabolism and are consistent with previous reports regarding microbiota–bile acid interplay [70,159]. Taken together, altered intestinal microbiota may impact gut motility, immune defense, bile secretion, and patient response to UDCA treatment and lead to poor PBC outcomes. Considering the aforementioned results, bile acid profiling could contribute to PBC patients’ diagnosis and disease status assessment.





7. Current Treatments in PBC and PSC


As mentioned previously, despite large-scale research and due to still poorly explained pathogenesis of both immune-related cholangiopathies, therapeutic options in PBC and PSC are limited and not satisfactory [3,4,5,160]. Notably, in contrast to PBC, PSC’s natural course is difficult to define and in order to assess its treatment efficacy, clinical trial design, as well as primary endpoints, should be determined and clarified. No pharmacological treatment has been proven successful to improve long-term prognosis in PSC patients so far [161]. Currently, several new pharmacological treatments are under investigation, representing potential to improve PBC and PSC clinical outcomes [162]. Medications for the therapy of patients with PBC and PSC, which are available now and promising new agents for the near future, are presented below.



7.1. Ursodeoxycholic Acid (UDCA) and Norursodeoxycholic Acid (norUDCA)


Since the early 1970s, chenodeoxycholic acid (CDCA), a primary bile acid, and ursodeoxycholic acid (UDCA), a secondary bile acid, have been shown to be effective in promoting the dissolution of cholesterol gallstones [73]. Currently, UDCA is recommended by the European Association for the Study of the Liver (EASL) [19] and the American Association for the Study of Liver Diseases (AASLD) [8] as the first-line therapy in PBC, as it slows the progression of liver disease [163,164]. It delays histological progression and extends the transplant-free survival rates among PBC patients [165,166]. About 90% of a therapeutic dose of UDCA is absorbed in the small bowel after oral administration. After intestinal absorption, UDCA enters the portal vein and undergoes efficient extraction from portal blood by the liver, where it is conjugated with either glycine or taurine [167]. Several UDCA modes of action have been confirmed in the course of cholestatic liver diseases. UDCA can diminish intrahepatic biliary epithelial cell injury through several mechanisms that include modification of the bile acid pool, but also by its choleretic, cytoprotective, antiapoptotic, antioxidant, and probable immunomodulatory action [168,169,170]. UDCA administration leads to reduced cholesterol absorption and higher bile acid synthesis. Since it supports cholesterol transformation to bile acids, UDCA decreases cholesterol content in the bile. In contrast to other bile acids, UDCA is noncytotoxic since it has less affinity to cell membranes and does not solubilize them [171]. Moreover, UDCA stimulates biliary HCO3− secretion in animal models and PBC patients, so it may restore the protective bicarbonate (HCO3-) umbrella in the biliary epithelium [172]. Notably, as reported by Adamowicz et al., UDCA may prevent the suppression of peroxisome proliferator-activated receptor alpha (PPARα), which has an important role in both the inhibition of excessive inflammatory responses and cell apoptosis [173]. Furthermore, a recent meta-analysis suggests that UDCA treatment might be associated with a significant decrease in total cholesterol in PBC patients [174], but also exerts a beneficial effect on glucose homeostasis, as it significantly reduces fasting blood glucose and HbA1c levels, as well as serum insulin concentrations [175]. Moreover, UDCA enhances NF erythroid 2-related factor 2 (NFE2L2) expression and UDCA-induced suppression of IFN-γ and C-X3-C Motif Chemokine Ligand 1 (CX3CL1) production attenuates the chemotactic and adhesive abilities of liver-infiltrating T cells in PBC [176]. With the above mechanisms, UDCA can reduce cholangiopathy progression. However, for PSC, UDCA treatment is still controversial because it does not improve survival rates [6]. According to Zhu et al., in patients with PSC, metronidazole plus UDCA treatment was the most effective therapy in patient survival rates and impact on histological disease progression [177]. In patients with PBC, oral UDCA is used at dosages of 13–15 mg/kg/day. If tolerated, treatment should usually be lifelong [9]. Experts from the British Society of Gastroenterology suggest that in UDCA-treated PBC patients with an ALP above 1.67 × the upper limit of normal (ULN) range and/or bilirubin above 2 × ULN, the addition of second-line therapy should be considered [9]. Ten-year survival among UDCA-treated PBC patients is slightly lower than in the general population [178]. This requires searching for novel therapies that would increase the survival rates among PBC patients. As mentioned before, UDCA efficacy is limited in patients with PSC. Since it improves biochemical hepatic parameters, it is commonly administered in PSC cases [179,180]. However, no favorable UDCA impact has been confirmed in long-term PSC outcomes.



An artificial homologue of UDCA i.e., norursodeoxycholic acid (norUDCA), has been introduced recently as a novel therapeutic approach in cholestatic and metabolic liver diseases with a specific focus on PSC treatment [181]. Compared to UDCA, norUDCA presents relative resistance to taurine and glycine conjugation, which enables its cholehepatic shunting. As a result, bicarbonate ion and bile acid secretion increases, which protects the bile tree and the liver. Results obtained from a recent clinical trial revealed that norUDCA significantly reduced serum ALP levels in a dose-dependent manner and showed a favorable safety profile comparable to placebo [182]. Noteworthily, a direct effect of norUDCA on CD8+ T cells with a decrease in excessive CD8+ T cell-driven hepatic inflammation was observed in a murine model of cholestasis, which is relevant for the treatment of immune-mediated cholangiopathies such as PSC [183]. Treatment with norUDCA in PSC patients seems promising and should be further evaluated in multicenter clinical studies.




7.2. Obeticholic Acid (OCA)


Obeticholic acid (OCA, 6-ECDCA, INT-747), a semisynthetic hydrophobic bile acid analogue, is the first-in-class highly selective agonist of farnesoid X receptor (FXR) [184]. As the FXR agonist, OCA presents 100 times higher potency in comparison with endogenous BAs [185]. OCA, by activating FXR, stimulates intrinsic pathways leading to decreasing hepatic BA synthesis and uptake and increasing BA outflow from the liver. In detail, upon activation, FXR binds to the retinoid X receptor (RXR) and finally causes the transcriptional inhibition of rate-limiting enzymes in BA synthesis, i.e., cytochrome P450 (CYP)7A1 and liver receptor homologue 1 (LRH-1) [186]. Moreover, FXR inhibits the sodium taurocholate cotransporting polypeptide (NTCP) and decreases hepatic BA uptake [187]. Increased BA outflow from the liver to the bile duct lumen results from FXR agonist induction of the transporter bile salt export pump (BSEP) and multidrug-resistant protein-3 (MDR3) [188], but also from increased expression of the organic solute transporters OSTα and β [189]. A recent study by Kjærgaard et al., who used a special scanning technique (PET scan), showed that OCA increased the transport of bile acids from the blood into the bile. Consequently, OCA reduced the time of hepatocyte exposure to cytotoxic BAs [190]. Noteworthy, in vitro, OCA inhibited both LSEC and Kupffer cell activation and reduced their proinflammatory cytokine secretion, resulting in diminished hepatic stellate cell activation. As a result of OCA administration, anti-inflammatory and antifibrotic effects can be seen in the liver [191].



OCA is the only registered agent for second-line treatment in PBC patients UDCA-intolerant and/or UDCA nonresponders for whom a 12 month-treatment has not produced any benefit [192]. It has been examined in PBC patients with inadequate response to UDCA and has shown promising results [165]. OCA is the only therapy licensed by the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) and endorsed by the National Institute for Health and Care Excellence (NICE) as second-line therapy used in combination with UDCA for PBC patients who have an inadequate response to at least 1 year of UDCA treatment, or as monotherapy for those who are intolerant to UDCA [184]. Kjærgaard et al. showed that OCA increased the transport of bile acids from blood to bile and reduced the time that potentially toxic bile acids reside in the liver by approximately a third [190]. FXR modulates the expression of pathway-specific as well as polyspecific transporters and enzymes, thereby acting at the interface of BA, lipid, and drug metabolism. OCA was also tested in patients with type 2 diabetes and nonalcoholic fatty liver disease (NAFLD) as it increased insulin sensitivity, and reduced markers of liver inflammation and fibrosis in patients with type 2 diabetes mellitus and NAFLD [193]. The recommended starting dose is 5 mg by mouth daily; however, patients may uptitrate to 10 mg daily after six months to improve response [194]. Pruritus is the most frequent adverse event in OCA-treated patients and can lead to discontinuation in almost 10% of cases [184,195]. Additionally, alterations in serum lipid levels may show up. Among them, the most common is a small decrease in high-density lipoprotein cholesterol [184]. Furthermore, the high cost of OCA may limit its use in some health systems in the world. Soret et al. used triple therapy that contained UDCA, OCA, and bezafibrate or fenofibrate in PBC patients after failure to second-line therapy. After a mean duration of 11 months of triple treatment, they observed normalization of ALP, GGT, ALT, AST, and bilirubin levels and improved pruritus in the study group [196].



The efficacy and safety of OCA have also been assessed in PSC patients. Results of a randomized, placebo-controlled, phase II study confirmed that it reduced serum ALP during an initial 24-week treatment period and further on during the 2-year, long-term extension of the study [197].




7.3. Regulators of Bile Acid Homeostasis


Unfortunately, about 40% of all PBC patients fail to respond to UDCA therapy and remain at high risk of further complications. Under such circumstances, it is essential to start second-line treatment in this PBC subgroup, such as fibrates or obeticholic acid as UDCA added therapy [198]. Patients with advanced PBC stages (i.e., III or IV) do not respond adequately to UDCA and are candidates for supplementary treatment [199]. Recognition of the moment to stop UDCA monotherapy is crucial in the course of PBC. There are special criteria that should be checked in symptomatic PBC patients every six months including Paris-2, Toronto, GLOBE, and so forth. PBC patients presenting with high levels of total and conjugated bilirubin and/or AP more than 1.5-fold the upper limit of normal (ULN) should be considered candidates for second-line therapy [200].



7.3.1. Peroxisome Proliferator-Activated Receptor (PPAR) Agonists


Fibrates are antilipemic agents that lower cholesterol and triglyceride levels. They act as agonists of peroxisome proliferator-activated receptors, and in combination with UDCA have shown potential benefit in patients with PBC [201,202]. Bezafibrate was first reported as biologically effective in patients with PBC who were refractory to UDCA in 1999 [23]. Chung et al. showed that in PBC patients refractory to UDCA, administration of complex treatment with fibrates added to UDCA leads to a higher probability of ALP normalization and decreases the risk of liver cirrhosis development in comparison with UDCA monotherapy [203]. Pareset et al. also used fibrate as an added therapy to UDCA in PBC patients and observed normalization of ALP in half of the study subjects. Furthermore, their research showed major improvement in pruritus [204]. The study by Wang et al. analyzed UDCA-refractory PBC patients with a subgroup receiving combined therapy with UDCA and fenofibrate. Although no significant differences in the final histological evaluation were found after 3 years of the aforementioned treatment, patients who received both drugs presented with stabilization of fibrosis (85.7%), and bile duct loss (78.6%) compared to the group treated with UDCA alone (70.6% and 76.5%, respectively) [205]. Tanaka et al. reported that bezafibrate administered to UDCA-refractory patients caused normalization of ALT levels and decreased the rate of symptom occurrence in asymptomatic PBC patients [206]. Honda et al. confirmed the above data and showed that the long-term prognosis was better in UDCA-refractory patients when bezafibrate was added, particularly in early-stage PBC patients [207]. Seladelpar is a potent, selective agonist PPAR-δ, which is implicated in bile acid homeostasis. In a randomized phase II study, seladelpar in doses of 50 mg/day and 200 mg/day normalized ALP activity in PBC patients who completed 12 weeks of treatment. However, treatment was complicated by a significant increase in ALT and AST levels and stopped early [208]. Kremer et al. continued the research with seladelpar for 1 year and concluded that the PPAR agonist led to consistent improvement in both symptom burden and biochemical response [209]. Bowlus et al. observed that seladelpar caused ALP normalization as well as an improvement in the pruritus visual analogue scale score [210]. Elafibranor, a dual PPARα/δ agonist, was investigated in patients with PBC and had significantly reduced levels of ALP and GGT. Pruritus was not induced or exacerbated by elafibranor. All observed and possibly drug-related adverse events were mild to moderate [211].




7.3.2. Apical Sodium-Dependent Transporter (ASBT) Inhibitors


As mentioned before, the apical sodium-dependent transporter (ASBT) protein, which is located in the terminal ileum, plays an essential role in bile acid homeostasis. Alterations in bile acid circulation occur in the course of PBC and PSC and contribute to the development of pruritus, which can be modified by ASBT inhibitors [212]. ABST inhibitors are also called ileal bile acid transporter (IBAT) inhibitors [213]. An experimental study showed that inhibition of intestinal bile acid absorption by ASBT inhibitor A4250 attenuates bile acid-mediated cholestatic liver injury by reducing bile acid output [214]. Furthermore, after treatment with the ASBT inhibitor linerixibat, which reduces pruritus scores in PBC patients, fecal bacterial composition significantly changed from baseline. Notably, these changes might be due to the increased bile salt load in the colon and resulting from ASBT inhibition [215,216]. In a study by Hegade et al. GSK2330672, a selective inhibitor of human ileal bile acid transporter (IBAT) was investigated in patients with PBC. In PBC patients who presented with pruritus, 14 days of treatment with GSK2330672 was generally well tolerated with no serious adverse events and demonstrated efficacy in reducing pruritus severity. Diarrhea was the most frequent adverse event during this treatment [212]. In patients with PSC, drugs targeting the gut–liver axis such as vedolizumab appear to be promising based on the close link between PSC and IBD [217]. Nowadays, ASBT inhibitors and rituximab are still under close evaluation for the treatment of pruritus and fatigue [218]. Unfortunately, the study by Khanna et al. reported that rituximab, although safe over the 12-month study period, showed no evidence of effectiveness for the treatment of fatigue in PBC [219].




7.3.3. Farnesoid X Receptor (FXR) Agonists


The next group of medications that have been reported to exert promising effects and reduce liver damage in patients with nonalcoholic steatohepatitis (NASH) and PBC includes FXR agonists. Several new FXR agonists are currently under assessment, for example, cilofexor, and tropifexor [220]. Tropifexor was investigated in an animal model of liver injury in rats with obstructive jaundice. The tropifexor animal group revealed statistically significant decreases in the values of GGT, total bilirubin, and direct bilirubin. In humans, a phase II, double-blind, placebo-controlled study with tropifexor showed decreases in liver enzymes, i.e., GGT, ALP, and ALT at or before the 28th day of treatment. Pruritus was the most frequent adverse event (AE) in study groups [221]. Cilofexor, an oral, potent, and selective nonsteroidal FXR agonist has demonstrated anti-inflammatory and antifibrotic effects and good results in decreasing portal pressure in preclinical models of liver fibrosis. In the next study, cilofexor 30 mg or 100 mg per day administered for 12 weeks induced significant declines in serum ALP, ALT, AST, and GGT. Furthermore, cilofexor did not exacerbate pruritus in PSC patients [222].




7.3.4. Other Therapeutic Options


Budesonide, a corticosteroid with an extensive first-pass hepatic metabolism, appeared promising for the treatment of PBC [223]. In a study by Hirschfield et al., patients with PBC who received budesonide presented with a decrease in serum ALP, and the percentage of patients with normal bilirubin levels was significantly higher in the budesonide than in the placebo group. In contrast to placebo, budesonide reduced mean ALP values and up to 35% of budesonide-treated patients achieved ALP normalization [224]. Angulo et al. reported that there was an improvement in serum levels of total bilirubin, but only a marginal change in serum ALP in PBC patients treated with UDCA and 9 mg of oral budesonide daily for 1 year [223].



Baricitinib, an orally administered inhibitor of Janus kinase 1 and 2, was assessed in PBC patients by Gordon et al. In the randomized, double-blinded, placebo-controlled 12-week trial, the baricitinib-treated patient demonstrated a 30% decrease in serum ALP. A single nonserious treatment-emergent adverse event of moderate sinusitis was reported by the baricitinib-treated patient on day 47 [225].



Other reports indicated that PSC patients PSC treated with vancomycin presented with significant reductions in their serum ALP and bilirubin levels, and improvements in fatigue and pruritus were also observed [226,227,228]. Ali et al. showed that oral vancomycin administered at a dose of 500 mg three times daily in PSC patients caused a reduction in GGT, ALP, and ALT within 6 months. Vancomycin therapy in PSC was well tolerated [229]. Emerging treatments in PBC and PSC patients are presented in Table 1.





7.4. Probiotics, Prebiotics, Postbiotics, and Synbiotics in PBC and PSC


Gut microbiota can be modified by the supplementation of probiotics, prebiotics, postbiotics, and synbiotics. According to the 2002 World Health Organization (WHO) definition, probiotics are live microorganisms administered in appropriate amounts, which have a positive effect on host health [230]. Prebiotics are traditionally indigestible food ingredients that selectively stimulate the growth and activity of a limited number of bacteria in the digestive tract [231]. Nowadays, we are observing a growing interest in postbiotics. Although postbiotics do not contain live microorganisms, they show a beneficial health effect similar to probiotics with no risks associated with their intake. Synbiotics are a combination of prebiotics and probiotics that are claimed to have a beneficial impact on the gut microbiome. Postbiotics play a vital role in the maturation of the immune system. As such, they may be useful in treating various diseases, e.g., inflammatory bowel diseases [230]. Furthermore, dysbiosis as previously mentioned may play a critical role in the pathogenesis of immune-related liver diseases [232]. Disease-specific microbiome alterations were observed in patients with AIH, PBC, PSC, and IBD. Changes in microbiome composition in patients with PBC and PSC are summarized in Table 2.



There is scarce evidence of the potential beneficial effects of probiotic administration in PBC and PSC so far. Results of a randomized controlled trial conducted by Vleggaar et al. [233] showed that 3 months of treatment with four Lactobacillus and two Bifidobacillus strains had no beneficial effects on symptoms, liver biochemistry, or liver function among patients with PSC. The next report by Shimizu et al. [234] presented a single case of a 13-year-old boy with PSC and undetermined colitis who was successfully treated with a combination of a steroid (prednisolone, 30 mg/day), salazosulfapyridine (3000 mg/day), and a probiotic (Lactobacillus casei Shirota, 3 g/day). Notably, recent research confirmed hepatoprotective properties of Lactobacillus plantarum Lp2, which ameliorated liver injury by inhibiting LPS-induced hepatic inflammation, decreasing hepatocyte oxidative damage and apoptosis and mitigated cyclophosphamide-induced liver damage by inhibiting mitochondrial-mediated hepatocyte apoptosis [235,236]. However, further multicenter studies are required to confirm existing knowledge and objectively determine probiotics’ efficacy as an adjunctive treatment in PBC and PSC patients. Currently, there are only two clinical studies registered on https://clinicaltrials.gov/ for probiotic investigation in immune-related cholangiopathies. They are presented in Table 3.




7.5. Fecal Microbiota Transplantation (FMT) in Immune-Related Cholangiopathies


Over the past decade, fecal microbiota transplantation (FMT) has gained growing attention due to its efficacy in gut microflora reconstruction, especially in patients with recurrent Clostridium difficile infection (CDI) [237,238]. Moreover, FMT has been reported as a relatively safe, well-tolerated, and successful treatment for various disorders other than CDI, with evidence in active UC being the most compelling [239]. FMT can be performed via the upper or lower gastrointestinal (GI) tract to restore normal intestinal homeostasis [240]. So far, only one clinical trial and one case report have described FMT performance in immune-related cholangiopathies, specifically in patients with PSC. In 2018, the first case report by Philips et al. [241] presented a 38-year-old male diagnosed with PSC and no IBD who developed recurrent episodes of bacterial cholangitis (BC) within 6 months. The patient was listed for liver transplantation (LT) and then the next BC episode occurred. Four sessions of FMT were performed. As a result, BC was ameliorated and the patient remained afebrile and unicentric for 1 year [241]. In a recent pilot study by Allegretti et al. [242], 10 PSC patients with concurrent IBD underwent a single FMT by colonoscopy. Nine patients had UC, and one had Crohn’s colitis. Patient baseline ALP values were greater than 1.5-fold the upper limit of normal (ULN). After the FMT treatment, 30% of PSC patients experienced ≥50% decrease in ALP levels. Moreover, post-FMT, within the first week, a stable increase in microbial diversity and donor microbiota engraftment were observed [242]. Targeting the intestinal microbiome gives rise to great scientific enthusiasm and constitutes a promising approach to the medical management of the liver as well as other dysbiosis-related diseases. However, it needs additional exploration in preclinical and clinical controlled trials.





8. Conclusions


PSC and PBC are progressive immune-related cholangiopathies with no precisely defined pathogenesis in which cholangiocytes form the main target of hepatic damage. The mechanisms triggering an inflammatory response, bile duct destruction, alterations in bile flow, and subsequent hepatic fibrosis, remain poorly understood and await further complex investigations. Even though the prevalence of the aforementioned cholangiopathies is not high, both disorders, particularly in their advanced stages, remain a frequent indication for liver transplantation. However, such a therapy may not be a definite one, as about 30–40% of patients undergoing liver transplantation present a recurrence of their original illness [2]. Data obtained from clinical research conducted on patients with PBC and/or PSC as well as on animal models of cholestasis highlight the key role of immune cells in the pathogenesis of both cholestatic disorders. Nevertheless, currently available treatments directed towards bile acid toxicity (i.e., UDCA and norUDCA) or bile acid receptors and their signaling routes (i.e., FXR agonists, agonists of TGR5 and PPAR, fibrates) are not sufficiently effective and do not fulfill all medical expectations or patient needs. Recent growing evidence indicates that gut dysbiosis may exert a crucial role in intestinal wall permeability and mucosal barrier devastation. Therefore, it may be a relevant contributor to microbial as well as other molecule penetration through the portal blood into liver parenchyma and further negative hepatic consequences. Accordingly, shaping the gut microbiome could be an important therapeutic direction, as demonstrated in preclinical and clinical models. Considering the aforementioned study results, treatments focusing on specific microbiota tailoring might constitute promising future therapeutic strategies in PBC and PSC medical management.







Author Contributions


B.K.-S., A.R.-B., A.S. and H.C.-L. performed the literature search and review; B.K.-S., A.R.-B. and A.S. cowrote the first draft of the manuscript; B.K.-S. and A.S. created figures; A.R.-B. created tables; B.K.-S. and H.C.-L. provided a scientific analysis of data and critically revised the final version of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data are included in the main text.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Trivedi, P.J.; Hirschfield, G.M. Recent Advances in Clinical Practice: Epidemiology of Autoimmune Liver Diseases. Gut 2021, 70, 1989–2003. [Google Scholar] [CrossRef] [PubMed]

	



Huisman, E.J.; Trip, E.J.; Siersema, P.D.; van Hoek, B.; van Erpecum, K.J. Protein Energy Malnutrition Predicts Complications in Liver Cirrhosis. Eur. J. Gastroenterol. Hepatol. 2011, 23, 982–989. [Google Scholar] [CrossRef] [PubMed]

	



Prieto, J.; Banales, J.M.; Medina, J.F. Primary Biliary Cholangitis: Pathogenic Mechanisms. Curr. Opin. Gastroenterol. 2021, 37, 91–98. [Google Scholar] [CrossRef] [PubMed]

	



Gallo, C.; Howardson, B.O.; Cristoferi, L.; Carbone, M.; Gershwin, M.E.; Invernizzi, P. An Update on Novel Pharmacological Agents for Primary Sclerosing Cholangitis. Expert. Opin. Ther. Targets 2022, 26, 69–77. [Google Scholar] [CrossRef] [PubMed]

	



Tabibian, J.H.; Ali, A.H.; Lindor, K.D. Primary Sclerosing Cholangitis, Part 1: Epidemiology, Etiopathogenesis, Clinical Features, and Treatment. Gastroenterol. Hepatol. 2018, 14, 293–304. [Google Scholar] [PubMed]

	



Ghonem, N.S.; Assis, D.N.; Boyer, J.L. On Fibrates and Cholestasis: A Review. Hepatology 2015, 62, 635–643. [Google Scholar] [CrossRef]

	



Ali, A.H.; Carey, E.J.; Lindor, K.D. Diagnosis and Management of Primary Biliary Cirrhosis. Expert Rev. Clin. Immunol. 2014, 10, 1667–1678. [Google Scholar] [CrossRef]

	



Lindor, K.D.; Bowlus, C.L.; Boyer, J.; Levy, C.; Mayo, M. Primary Biliary Cholangitis: 2018 Practice Guidance from the American Association for the Study of Liver Diseases. Hepatology 2019, 69, 394–419. [Google Scholar] [CrossRef]

	



Hirschfield, G.M.; Dyson, J.K.; Alexander, G.J.M.; Chapman, M.H.; Collier, J.; Hübscher, S.; Patanwala, I.; Pereira, S.P.; Thain, C.; Thorburn, D.; et al. The British Society of Gastroenterology/UK-PBC Primary Biliary Cholangitis Treatment and Management Guidelines. Gut 2018, 67, 1568–1594. [Google Scholar] [CrossRef] [PubMed]

	



Deng, X.; Li, J.; Hou, S.; Ci, B.; Liu, B.; Xu, K. Prevalence and Impact of Sjögren’s Syndrome in Primary Biliary Cholangitis: A Systematic Review and Meta-Analysis. Ann. Hepatol. 2022, 27, 100746. [Google Scholar] [CrossRef]

	



Laschtowitz, A.; de Veer, R.C.; Van der Meer, A.J.; Schramm, C. Diagnosis and Treatment of Primary Biliary Cholangitis. United Eur. Gastroenterol. J. 2020, 8, 667–674. [Google Scholar] [CrossRef]

	



Banales, J.M.; Sáez, E.; Uriz, M.; Sarvide, S.; Urribarri, A.D.; Splinter, P.; Tietz Bogert, P.S.; Bujanda, L.; Prieto, J.; Medina, J.F.; et al. Up-Regulation of MicroRNA 506 Leads to Decreased Cl-/HCO3- Anion Exchanger 2 Expression in Biliary Epithelium of Patients with Primary Biliary Cirrhosis. Hepatology 2012, 56, 687–697. [Google Scholar] [CrossRef] [PubMed]

	



Hohenester, S.; de Buy Wenniger, L.M.; Paulusma, C.C.; van Vliet, S.J.; Jefferson, D.M.; Elferink, R.P.O.; Beuers, U. A Biliary HCO3-Umbrella Constitutes a Protective Mechanism against Bile Acid-Induced Injury in Human Cholangiocytes. Hepatology 2012, 55, 173–183. [Google Scholar] [CrossRef] [PubMed]

	



Sasaki, M.; Sato, Y.; Nakanuma, Y. An Impaired Biliary Bicarbonate Umbrella May Be Involved in Dysregulated Autophagy in Primary Biliary Cholangitis. Lab. Investig. 2018, 98, 745–754. [Google Scholar] [CrossRef]

	



Lleo, A.; Leung, P.S.C.; Hirschfield, G.M.; Gershwin, E.M. The Pathogenesis of Primary Biliary Cholangitis: A Comprehensive Review. Semin. Liver Dis. 2020, 40, 34–48. [Google Scholar] [CrossRef]

	



Colapietro, F.; Lleo, A.; Generali, E. Antimitochondrial Antibodies: From Bench to Bedside. Clin. Rev. Allergy Immunol. 2022, 63, 166–177. [Google Scholar] [CrossRef]

	



Tanaka, A.; Leung, P.S.C.; Gershwin, M.E. Evolution of Our Understanding of PBC. Best Pract. Res. Clin. Gastroenterol. 2018, 34–35, 3–9. [Google Scholar] [CrossRef] [PubMed]

	



Younossi, Z.M.; Bernstein, D.; Shiffman, M.L.; Kwo, P.; Kim, W.R.; Kowdley, K.V.; Jacobson, I.M. Diagnosis and Management of Primary Biliary Cholangitis. Off. J. Am. Coll. Gastroenterol. ACG 2019, 114, 48. [Google Scholar] [CrossRef] [PubMed]

	



Hirschfield, G.M.; Beuers, U.; Corpechot, C.; Invernizzi, P.; Jones, D.; Marzioni, M.; Schramm, C. EASL Clinical Practice Guidelines: The Diagnosis and Management of Patients with Primary Biliary Cholangitis. J. Hepatol. 2017, 67, 145–172. [Google Scholar] [CrossRef]

	



Wu, H.; Chen, C.; Ziani, S.; Nelson, L.J.; Ávila, M.A.; Nevzorova, Y.A.; Cubero, F.J. Fibrotic Events in the Progression of Cholestatic Liver Disease. Cells 2021, 10, 1107. [Google Scholar] [CrossRef]

	



Primary Biliary Cirrhosis—PMC. Available online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1405232/ (accessed on 16 December 2022).

	



Lleo, A.; Jepsen, P.; Morenghi, E.; Carbone, M.; Moroni, L.; Battezzati, P.M.; Podda, M.; Mackay, I.R.; Gershwin, M.E.; Invernizzi, P. Evolving Trends in Female to Male Incidence and Male Mortality of Primary Biliary Cholangitis. Sci. Rep. 2016, 6, 25906. [Google Scholar] [CrossRef]

	



Tanaka, A. Current Understanding of Primary Biliary Cholangitis. Clin. Mol. Hepatol. 2021, 27, 1–21. [Google Scholar] [CrossRef]

	



Qiu, F.; Tang, R.; Zuo, X.; Shi, X.; Wei, Y.; Zheng, X.; Dai, Y.; Gong, Y.; Wang, L.; Xu, P.; et al. A Genome-Wide Association Study Identifies Six Novel Risk Loci for Primary Biliary Cholangitis. Nat. Commun. 2017, 8, 14828. [Google Scholar] [CrossRef]

	



Beuers, U.; Gershwin, M.E.; Gish, R.G.; Invernizzi, P.; Jones, D.E.J.; Lindor, K.; Ma, X.; Mackay, I.R.; Parés, A.; Tanaka, A.; et al. Changing Nomenclature for PBC: From “cirrhosis” to “Cholangitis”. Clin. Res. Hepatol. Gastroenterol. 2015, 39, e57–e59. [Google Scholar] [CrossRef]

	



Karlsen, T.H.; Folseraas, T.; Thorburn, D.; Vesterhus, M. Primary Sclerosing Cholangitis—A Comprehensive Review. J. Hepatol. 2017, 67, 1298–1323. [Google Scholar] [CrossRef] [PubMed]

	



Chapman, R.W. Primary Sclerosing Cholangitis-A Long Night’s Journey into Day. Clin. Liver Dis. 2022, 20, 21–32. [Google Scholar] [CrossRef] [PubMed]

	



Rabiee, A.; Silveira, M.G. Primary Sclerosing Cholangitis. Transl. Gastroenterol. Hepatol. 2021, 6, 29. [Google Scholar] [CrossRef]

	



Kaplan, G.G.; Laupland, K.B.; Butzner, D.; Urbanski, S.J.; Lee, S.S. The Burden of Large and Small Duct Primary Sclerosing Cholangitis in Adults and Children: A Population-Based Analysis. Am. J. Gastroenterol. 2007, 102, 1042–1049. [Google Scholar] [CrossRef]

	



Lazaridis, K.N.; LaRusso, N.F. Primary Sclerosing Cholangitis. N. Engl. J. Med. 2016, 375, 1161–1170. [Google Scholar] [CrossRef] [PubMed]

	



Boonstra, K.; Beuers, U.; Ponsioen, C.Y. Epidemiology of Primary Sclerosing Cholangitis and Primary Biliary Cirrhosis: A Systematic Review. J. Hepatol. 2012, 56, 1181–1188. [Google Scholar] [CrossRef] [PubMed]

	



Boonstra, K.; van Erpecum, K.J.; van Nieuwkerk, K.M.J.; Drenth, J.P.H.; Poen, A.C.; Witteman, B.J.M.; Tuynman, H.A.R.E.; Beuers, U.; Ponsioen, C.Y. Primary Sclerosing Cholangitis Is Associated with a Distinct Phenotype of Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2012, 18, 2270–2276. [Google Scholar] [CrossRef] [PubMed]

	



Engel, B.; Taubert, R.; Jaeckel, E.; Manns, M.P. The Future of Autoimmune Liver Diseases—Understanding Pathogenesis and Improving Morbidity and Mortality. Liver Int. 2020, 40, 149–153. [Google Scholar] [CrossRef] [PubMed]

	



Kwo, P.Y.; Cohen, S.M.; Lim, J.K. ACG Clinical Guideline: Evaluation of Abnormal Liver Chemistries. Off. J. Am. Coll. Gastroenterol. ACG 2017, 112, 18–35. [Google Scholar] [CrossRef] [PubMed]

	



Marchioni Beery, R.M.; Vaziri, H.; Forouhar, F. Primary Biliary Cirrhosis and Primary Sclerosing Cholangitis: A Review Featuring a Women’s Health Perspective. J. Clin. Transl. Hepatol. 2014, 2, 266–284. [Google Scholar] [CrossRef] [PubMed]

	



Giordano, D.M.; Pinto, C.; Maroni, L.; Benedetti, A.; Marzioni, M. Inflammation and the Gut-Liver Axis in the Pathophysiology of Cholangiopathies. Int. J. Mol. Sci. 2018, 19, 3003. [Google Scholar] [CrossRef]

	



Visseren, T.; Erler, N.S.; Heimbach, J.K.; Eaton, J.E.; Selzner, N.; Gulamhusein, A.; van der Heide, F.; Porte, R.J.; van Hoek, B.; Alwayn, I.P.J.; et al. Inflammatory Conditions Play a Role in Recurrence of PSC after Liver Transplantation: An International Multicentre Study. JHEP Rep. 2022, 4, 100599. [Google Scholar] [CrossRef] [PubMed]

	



Gerussi, A.; Paraboschi, E.M.; Cappadona, C.; Caime, C.; Binatti, E.; Cristoferi, L.; Asselta, R.; Invernizzi, P. The Role of Epigenetics in Primary Biliary Cholangitis. Int. J. Mol. Sci. 2022, 23, 4873. [Google Scholar] [CrossRef]

	



Marzorati, S.; Lleo, A.; Carbone, M.; Gershwin, M.E.; Invernizzi, P. The epigenetics of PBC: The link between genetic susceptibility and environment. Clin. Res. Hepatol. Gastroenterol. 2016, 40, 650–659. [Google Scholar] [CrossRef] [PubMed]

	



Webb, G.J.; Hirschfield, G.M. Using GWAS to Identify Genetic Predisposition in Hepatic Autoimmunity. J. Autoimmun. 2016, 66, 25–39. [Google Scholar] [CrossRef]

	



Folseraas, T.; Liaskou, E.; Anderson, C.A.; Karlsen, T.H. Genetics in PSC: What Do the “Risk Genes” Teach Us? Clin. Rev. Allergy Immunol. 2015, 48, 154–164. [Google Scholar] [CrossRef]

	



Jiang, X.; Karlsen, T.H. Genetics of primary sclerosing cholangitis and pathophysiological implications. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 279–295. [Google Scholar] [CrossRef] [PubMed]

	



Maroni, L.; Hohenester, S.D.; van de Graaf, S.F.J.; Tolenaars, D.; van Lienden, K.; Verheij, J.; Marzioni, M.; Karlsen, T.H.; Oude Elferink, R.P.J.; Beuers, U. Knockout of the Primary Sclerosing Cholangitis-Risk Gene Fut2 Causes Liver Disease in Mice. Hepatology 2017, 66, 542–554. [Google Scholar] [CrossRef] [PubMed]

	



Cordell, H.J.; Fryett, J.J.; Ueno, K.; Darlay, R.; Aiba, Y.; Hitomi, Y.; Kawashima, M.; Nishida, N.; Khor, S.-S.; Gervais, O.; et al. An International Genome-Wide Meta-Analysis of Primary Biliary Cholangitis: Novel Risk Loci and Candidate Drugs. J. Hepatol. 2021, 75, 572–581. [Google Scholar] [CrossRef] [PubMed]

	



Joshita, S.; Umemura, T.; Tanaka, E.; Ota, M. Genetic Contribution to the Pathogenesis of Primary Biliary Cholangitis. J. Immunol. Res. 2017, 2017, 3073504. [Google Scholar] [CrossRef] [PubMed]

	



Krawczyk, M.; Lammert, F. Search for Genetic Modifiers of PSC: Time to Increase the Number of Needles in the Haystack. Ann. Hepatol. 2017, 16, 830–831. [Google Scholar] [CrossRef] [PubMed]

	



Karlsen, T.-H.; Schrumpf, E.; Boberg, K.-M. Genetic Epidemiology of Primary Sclerosing Cholangitis. World J. Gastroenterol. 2007, 13, 5421–5431. [Google Scholar] [CrossRef] [PubMed]

	



de Aguiar Vallim, T.Q.; Tarling, E.J.; Edwards, P.A. Pleiotropic Roles of Bile Acids in Metabolism. Cell Metab. 2013, 17, 657–669. [Google Scholar] [CrossRef]

	



Chiang, J.Y.L.; Ferrell, J.M. Bile Acid Biology, Pathophysiology, and Therapeutics. Clin. Liver Dis. 2020, 15, 91–94. [Google Scholar] [CrossRef]

	



Kriaa, A.; Mariaule, V.; Jablaoui, A.; Rhimi, S.; Mkaouar, H.; Hernandez, J.; Korkmaz, B.; Lesner, A.; Maguin, E.; Aghdassi, A.; et al. Bile Acids: Key Players in Inflammatory Bowel Diseases? Cells 2022, 11, 901. [Google Scholar] [CrossRef]

	



Min, Y.W.; Rezaie, A.; Pimentel, M. Bile Acid and Gut Microbiota in Irritable Bowel Syndrome. J. Neurogastroenterol. Motil. 2022, 28, 549–561. [Google Scholar] [CrossRef]

	



Molecules | Free Full-Text | The Role of Bile Acids in the Human Body and in the Development of Diseases. Available online: https://www.mdpi.com/1420-3049/27/11/3401 (accessed on 29 December 2022).

	



Di Ciaula, A.; Garruti, G.; Lunardi Baccetto, R.; Molina-Molina, E.; Bonfrate, L.; Wang, D.Q.-H.; Portincasa, P. Bile Acid Physiology. Ann. Hepatol. 2017, 16, s4–s14. [Google Scholar] [CrossRef] [PubMed]

	



Kosters, A.; Jirsa, M.; Groen, A.K. Genetic Background of Cholesterol Gallstone Disease. Biochim. Biophys. Acta. 2003, 1637, 1–19. [Google Scholar] [CrossRef] [PubMed]

	



Chiang, J.Y.L. Bile Acids: Regulation of Synthesis. J. Lipid. Res. 2009, 50, 1955–1966. [Google Scholar] [CrossRef]

	



Intestinal Crosstalk between Bile Acids and Microbiota and Its Impact on Host Metabolism—PubMed. Available online: https://pubmed.ncbi.nlm.nih.gov/27320064/ (accessed on 29 December 2022).

	



Albillos, A.; de Gottardi, A.; Rescigno, M. The Gut-Liver Axis in Liver Disease: Pathophysiological Basis for Therapy. J. Hepatol. 2020, 72, 558–577. [Google Scholar] [CrossRef]

	



Caliceti, C.; Punzo, A.; Silla, A.; Simoni, P.; Roda, G.; Hrelia, S. New Insights into Bile Acids Related Signaling Pathways in the Onset of Colorectal Cancer. Nutrients 2022, 14, 2964. [Google Scholar] [CrossRef]

	



Kubitz, R.; Dröge, C.; Stindt, J.; Weissenberger, K.; Häussinger, D. The Bile Salt Export Pump (BSEP) in Health and Disease. Clin. Res. Hepatol. Gastroenterol. 2012, 36, 536–553. [Google Scholar] [CrossRef]

	



Murakami, Y.; Tanabe, S.; Suzuki, T. High-Fat Diet-Induced Intestinal Hyperpermeability Is Associated with Increased Bile Acids in the Large Intestine of Mice. J. Food Sci. 2016, 81, H216–H222. [Google Scholar] [CrossRef]

	



Giuffrè, M.; Campigotto, M.; Campisciano, G.; Comar, M.; Crocè, L.S. A Story of Liver and Gut Microbes: How Does the Intestinal Flora Affect Liver Disease? A Review of the Literature. Am. J. Physiol. Gastrointest. Liver Physiol. 2020, 318, G889–G906. [Google Scholar] [CrossRef]

	



Fiorucci, S.; Biagioli, M.; Zampella, A.; Distrutti, E. Bile Acids Activated Receptors Regulate Innate Immunity. Front. Immunol. 2018, 9, 1853. [Google Scholar] [CrossRef] [PubMed]

	



Baghdasaryan, A.; Fuchs, C.D.; Österreicher, C.H.; Lemberger, U.J.; Halilbasic, E.; Påhlman, I.; Graffner, H.; Krones, E.; Fickert, P.; Wahlström, A.; et al. Inhibition of Intestinal Bile Acid Absorption Improves Cholestatic Liver and Bile Duct Injury in a Mouse Model of Sclerosing Cholangitis. J. Hepatol. 2016, 64, 674–681. [Google Scholar] [CrossRef]

	



Chen, M.L.; Takeda, K.; Sundrud, M.S. Emerging Roles of Bile Acids in Mucosal Immunity and Inflammation. Mucosal. Immunol. 2019, 12, 851–861. [Google Scholar] [CrossRef] [PubMed]

	



Bertolini, A.; Fiorotto, R.; Strazzabosco, M. Bile Acids and Their Receptors: Modulators and Therapeutic Targets in Liver Inflammation; SpringerLink: Berlin/Heidelberg, Germany, 2022; Available online: https://link.springer.com/article/10.1007/s00281-022-00935-7 (accessed on 29 December 2022).

	



Portincasa, P.; Di Ciaula, A.; Wang, H.H.; Palasciano, G.; van Erpecum, K.J.; Moschetta, A.; Wang, D.Q.-H. Coordinate Regulation of Gallbladder Motor Function in the Gut-Liver Axis. Hepatology 2008, 47, 2112–2126. [Google Scholar] [CrossRef]

	



Zhou, H.; Hylemon, P.B. Bile Acids Are Nutrient Signaling Hormones. Steroids 2014, 86, 62–68. [Google Scholar] [CrossRef]

	



Jia, W.; Xie, G.; Jia, W. Bile Acid-Microbiota Crosstalk in Gastrointestinal Inflammation and Carcinogenesis. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 111–128. [Google Scholar] [CrossRef] [PubMed]

	



Režen, T.; Rozman, D.; Kovács, T.; Kovács, P.; Sipos, A.; Bai, P.; Mikó, E. The Role of Bile Acids in Carcinogenesis. Cell Mol. Life Sci. 2022, 79, 243. [Google Scholar] [CrossRef]

	



Sayin, S.I.; Wahlström, A.; Felin, J.; Jäntti, S.; Marschall, H.-U.; Bamberg, K.; Angelin, B.; Hyötyläinen, T.; Orešič, M.; Bäckhed, F. Gut Microbiota Regulates Bile Acid Metabolism by Reducing the Levels of Tauro-Beta-Muricholic Acid, a Naturally Occurring FXR Antagonist. Cell Metab. 2013, 17, 225–235. [Google Scholar] [CrossRef]

	



Guzior, D.V.; Quinn, R.A. Review: Microbial Transformations of Human Bile Acids. Microbiome 2021, 9, 140. [Google Scholar] [CrossRef]

	



Inagaki, T.; Moschetta, A.; Lee, Y.-K.; Peng, L.; Zhao, G.; Downes, M.; Yu, R.T.; Shelton, J.M.; Richardson, J.A.; Repa, J.J.; et al. Regulation of Antibacterial Defense in the Small Intestine by the Nuclear Bile Acid Receptor. Proc. Natl. Acad. Sci. USA 2006, 103, 3920–3925. [Google Scholar] [CrossRef] [PubMed]

	



Fiorucci, S.; Distrutti, E. The Pharmacology of Bile Acids and Their Receptors. Handb. Exp. Pharmacol. 2019, 256, 3–18. [Google Scholar] [CrossRef]

	



Biagioli, M.; Carino, A. Signaling from Intestine to the Host: How Bile Acids Regulate Intestinal and Liver Immunity. Handb. Exp. Pharmacol. 2019, 256, 95–108. [Google Scholar] [CrossRef]

	



Fiorucci, S.; Zampella, A.; Ricci, P.; Distrutti, E.; Biagioli, M. Immunomodulatory Functions of FXR. Mol. Cell. Endocrinol. 2022, 551, 111650. [Google Scholar] [CrossRef]

	



Song, X.; Sun, X.; Oh, S.F.; Wu, M.; Zhang, Y.; Zheng, W.; Geva-Zatorsky, N.; Jupp, R.; Mathis, D.; Benoist, C.; et al. Microbial Bile Acid Metabolites Modulate Gut RORγ+ Regulatory T Cell Homeostasis. Nature 2020, 577, 410–415. [Google Scholar] [CrossRef] [PubMed]

	



Hang, S.; Paik, D.; Yao, L.; Kim, E.; Trinath, J.; Lu, J.; Ha, S.; Nelson, B.N.; Kelly, S.P.; Wu, L.; et al. Bile Acid Metabolites Control TH17 and Treg Cell Differentiation. Nature 2019, 576, 143–148. [Google Scholar] [CrossRef] [PubMed]

	



Erridge, C.; Attina, T.; Spickett, C.M.; Webb, D.J. A High-Fat Meal Induces Low-Grade Endotoxemia: Evidence of a Novel Mechanism of Postprandial Inflammation. Am. J. Clin. Nutr. 2007, 86, 1286–1292. [Google Scholar] [CrossRef] [PubMed]

	



Mohammad, S.; Thiemermann, C. Role of Metabolic Endotoxemia in Systemic Inflammation and Potential Interventions. Front. Immunol. 2020, 11, 594150. [Google Scholar] [CrossRef] [PubMed]

	



Albhaisi, S.A.M.; Bajaj, J.S.; Sanyal, A.J. Role of Gut Microbiota in Liver Disease. Am. J. Physiol. Gastrointest. Liver Physiol. 2020, 318, G84–G98. [Google Scholar] [CrossRef] [PubMed]

	



Broadley, S.P.; Plaumann, A.; Coletti, R.; Lehmann, C.; Wanisch, A.; Seidlmeier, A.; Esser, K.; Luo, S.; Rämer, P.C.; Massberg, S.; et al. Dual-Track Clearance of Circulating Bacteria Balances Rapid Restoration of Blood Sterility with Induction of Adaptive Immunity. Cell Host Microbe 2016, 20, 36–48. [Google Scholar] [CrossRef] [PubMed]

	



Brandl, K.; Kumar, V.; Eckmann, L. Gut-Liver Axis at the Frontier of Host-Microbial Interactions. Am. J. Physiol. Gastrointest. Liver Physiol. 2017, 312, G413–G419. [Google Scholar] [CrossRef]

	



Marshall, J.C. The Gut as a Potential Trigger of Exercise-Induced Inflammatory Responses. Can. J. Physiol. Pharmacol. 1998, 76, 479–484. [Google Scholar] [CrossRef]

	



Hiippala, K.; Jouhten, H.; Ronkainen, A.; Hartikainen, A.; Kainulainen, V.; Jalanka, J.; Satokari, R. The Potential of Gut Commensals in Reinforcing Intestinal Barrier Function and Alleviating Inflammation. Nutrients 2018, 10, 988. [Google Scholar] [CrossRef]

	



Takeuchi, T.; Ohno, H. IgA in Human Health and Diseases: Potential Regulator of Commensal Microbiota. Front. Immunol. 2022, 13, 1024330. [Google Scholar] [CrossRef] [PubMed]

	



Donaldson, J.W.; McKeever, T.M.; Hall, I.P.; Hubbard, R.B.; Fogarty, A.W. Complications and Mortality in Hereditary Hemorrhagic Telangiectasia. Neurology 2015, 84, 1886–1893. [Google Scholar] [CrossRef]

	



Floreani, A.; Baragiotta, A.; Pizzuti, D.; Martines, D.; Cecchetto, A.; Chiarelli, S. Mucosal IgA Defect in Primary Biliary Cirrhosis. Am. J. Gastroenterol. 2002, 97, 508–510. [Google Scholar] [CrossRef]

	



Mandato, C.; Delli Bovi, A.P.; Vajro, P. The Gut-Liver Axis as a Target of Liver Disease Management. Hepatobiliary Surg. Nutr. 2021, 10, 100–102. [Google Scholar] [CrossRef]

	



Ohtani, N.; Kawada, N. Role of the Gut–Liver Axis in Liver Inflammation, Fibrosis, and Cancer: A Special Focus on the Gut Microbiota Relationship. Hepatol. Commun. 2019, 3, 456–470. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Wu, M. Pattern Recognition Receptors in Health and Diseases. Signal Transduct. Target. Ther. 2021, 6, 291. [Google Scholar] [CrossRef] [PubMed]

	



De Nardo, D. Toll-like Receptors: Activation, Signalling and Transcriptional Modulation. Cytokine 2015, 74, 181–189. [Google Scholar] [CrossRef]

	



Walsh, D.; McCarthy, J.; O’Driscoll, C.; Melgar, S. Pattern Recognition Receptors--Molecular Orchestrators of Inflammation in Inflammatory Bowel Disease. Cytokine Growth Factor Rev. 2013, 24, 91–104. [Google Scholar] [CrossRef]

	



Amarante-Mendes, G.P.; Adjemian, S.; Branco, L.M.; Zanetti, L.C.; Weinlich, R.; Bortoluci, K.R. Pattern Recognition Receptors and the Host Cell Death Molecular Machinery. Front. Immunol. 2018, 9, 2379. [Google Scholar] [CrossRef]

	



Gut Microbiome and Health: Mechanistic Insights—PubMed. Available online: https://pubmed.ncbi.nlm.nih.gov/35105664/ (accessed on 29 December 2022).

	



Chaudhry, S.; Emond, J.; Griesemer, A. Immune Cell Trafficking to the Liver. Transplantation 2019, 103, 1323–1337. [Google Scholar] [CrossRef]

	



Fitzgerald, K.A.; Kagan, J.C. Toll-like Receptors and the Control of Immunity. Cell 2020, 180, 1044–1066. [Google Scholar] [CrossRef]

	



Jaeschke, H. Reactive Oxygen and Mechanisms of Inflammatory Liver Injury: Present Concepts. J. Gastroenterol. Hepatol. 2011, 26, 173–179. [Google Scholar] [CrossRef] [PubMed]

	



Seki, E.; Brenner, D.A. Toll-like Receptors and Adaptor Molecules in Liver Disease: Update. Hepatology 2008, 48, 322–335. [Google Scholar] [CrossRef]

	



Kawasaki, T.; Kawai, T. Toll-like Receptor Signaling Pathways. Front. Immunol. 2014, 5, 461. [Google Scholar] [CrossRef] [PubMed]

	



Ciesielska, A.; Matyjek, M.; Kwiatkowska, K. TLR4 and CD14 Trafficking and Its Influence on LPS-Induced pro-Inflammatory Signaling. Cell Mol. Life Sci. 2021, 78, 1233–1261. [Google Scholar] [CrossRef]

	



Jin, C.J.; Baumann, A.; Brandt, A.; Engstler, A.J.; Nier, A.; Hege, M.; Schmeer, C.; Kehm, R.; Höhn, A.; Grune, T.; et al. Aging-Related Liver Degeneration Is Associated with Increased Bacterial Endotoxin and Lipopolysaccharide Binding Protein Levels. Am. J. Physiol. Gastrointest. Liver Physiol. 2020, 318, G736–G747. [Google Scholar] [CrossRef]

	



Cevenini, E.; Monti, D.; Franceschi, C. Inflamm-Ageing. Curr. Opin. Clin. Nutr. Metab. Care 2013, 16, 14–20. [Google Scholar] [CrossRef] [PubMed]

	



d’Hennezel, E.; Abubucker, S.; Murphy, L.O.; Cullen, T.W. Total Lipopolysaccharide from the Human Gut Microbiome Silences Toll-Like Receptor Signaling. mSystems 2017, 2, e00046-17. [Google Scholar] [CrossRef]

	



Anhê, F.F.; Barra, N.G.; Cavallari, J.F.; Henriksbo, B.D.; Schertzer, J.D. Metabolic Endotoxemia Is Dictated by the Type of Lipopolysaccharide. Cell Rep. 2021, 36, 109691. [Google Scholar] [CrossRef]

	



Shetty, S.; Lalor, P.F.; Adams, D.H. Liver Sinusoidal Endothelial Cells - Gatekeepers of Hepatic Immunity. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 555–567. [Google Scholar] [CrossRef]

	



Lafoz, E.; Ruart, M.; Anton, A.; Oncins, A.; Hernández-Gea, V. The Endothelium as a Driver of Liver Fibrosis and Regeneration. Cells 2020, 9, 929. [Google Scholar] [CrossRef] [PubMed]

	



Poisson, J.; Lemoinne, S.; Boulanger, C.; Durand, F.; Moreau, R.; Valla, D.; Rautou, P.-E. Liver Sinusoidal Endothelial Cells: Physiology and Role in Liver Diseases. J. Hepatol. 2017, 66, 212–227. [Google Scholar] [CrossRef] [PubMed]

	



Tanoi, T.; Tamura, T.; Sano, N.; Nakayama, K.; Fukunaga, K.; Zheng, Y.-W.; Akhter, A.; Sakurai, Y.; Hayashi, Y.; Harashima, H.; et al. Protecting Liver Sinusoidal Endothelial Cells Suppresses Apoptosis in Acute Liver Damage. Hepatol. Res. 2016, 46, 697–706. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Zhang, Y.; Liu, Y.; Xu, J.; Liu, Y. Gut–Liver Axis: Liver Sinusoidal Endothelial Cells Function as the Hepatic Barrier in Colitis-Induced Liver Injury. Front. Cell Dev. Biol. 2021, 9, 702890. [Google Scholar] [CrossRef]

	



Guan, H.; Zhang, X.; Kuang, M.; Yu, J. The Gut-Liver Axis in Immune Remodeling of Hepatic Cirrhosis. Front. Immunol. 2022, 13, 2357–2366. [Google Scholar]

	



Szabo, G.; Bala, S.; Petrasek, J.; Gattu, A. Gut-Liver Axis and Sensing Microbes. Dig. Dis. 2010, 28, 737–744. [Google Scholar] [CrossRef]

	



Browning, J.D.; Horton, J.D. Molecular Mediators of Hepatic Steatosis and Liver Injury. J. Clin. Investig. 2004, 114, 147–152. [Google Scholar] [CrossRef]

	



Okuda, M.; Li, K.; Beard, M.R.; Showalter, L.A.; Scholle, F.; Lemon, S.M.; Weinman, S.A. Mitochondrial Injury, Oxidative Stress, and Antioxidant Gene Expression Are Induced by Hepatitis C Virus Core Protein. Gastroenterology 2002, 122, 366–375. [Google Scholar] [CrossRef]

	



Gong, G.; Waris, G.; Tanveer, R.; Siddiqui, A. Human Hepatitis C Virus NS5A Protein Alters Intracellular Calcium Levels, Induces Oxidative Stress, and Activates STAT-3 and NF-ΚB. Proc. Natl. Acad. Sci. USA 2001, 98, 9599–9604. [Google Scholar] [CrossRef]

	



Bilzer, M.; Roggel, F.; Gerbes, A.L. Role of Kupffer Cells in Host Defense and Liver Disease. Liver Int. 2006, 26, 1175–1186. [Google Scholar] [CrossRef]

	



Hepatic Uptake and Deacylation of the LPS in Bloodborne LPS-Lipoprotein Complexes—Baomei Shao, Robert S Munford, Richard Kitchens, Alan W Varley. 2012. Available online: https://journals.sagepub.com/doi/10.1177/1753425912442431 (accessed on 29 December 2022).

	



Maeshima, N.; Fernandez, R.C. Recognition of Lipid A Variants by the TLR4-MD-2 Receptor Complex. Front. Cell Infect. Microbiol. 2013, 3, 3. [Google Scholar] [CrossRef] [PubMed]

	



Płóciennikowska, A.; Hromada-Judycka, A.; Borzęcka, K.; Kwiatkowska, K. Co-Operation of TLR4 and Raft Proteins in LPS-Induced pro-Inflammatory Signaling. Cell Mol. Life Sci. 2015, 72, 557–581. [Google Scholar] [CrossRef] [PubMed]

	



Park, B.S.; Lee, J.-O. Recognition of Lipopolysaccharide Pattern by TLR4 Complexes. Exp. Mol. Med. 2013, 45, e66. [Google Scholar] [CrossRef] [PubMed]

	



Pandolfi, F.; Altamura, S.; Frosali, S.; Conti, P. Key Role of DAMP in Inflammation, Cancer, and Tissue Repair. Clin. Ther. 2016, 38, 1017–1028. [Google Scholar] [CrossRef]

	



Gong, T.; Liu, L.; Jiang, W.; Zhou, R. DAMP-Sensing Receptors in Sterile Inflammation and Inflammatory Diseases. Nat. Rev. Immunol. 2020, 20, 95–112. [Google Scholar] [CrossRef]

	



Sender, R.; Fuchs, S.; Milo, R. Revised Estimates for the Number of Human and Bacteria Cells in the Body. PLoS Biol. 2016, 14, e1002533. [Google Scholar] [CrossRef]

	



Li, Y.; Tang, R.; Leung, P.S.C.; Gershwin, M.E.; Ma, X. Bile Acids and Intestinal Microbiota in Autoimmune Cholestatic Liver Diseases. Autoimmun Rev. 2017, 16, 885–896. [Google Scholar] [CrossRef]

	



Qin, J.; Li, R.; Raes, J.; Arumugam, M.; Burgdorf, K.S.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, F.; Yamada, T.; et al. A Human Gut Microbial Gene Catalogue Established by Metagenomic Sequencing. Nature 2010, 464, 59–65. [Google Scholar] [CrossRef]

	



Zeng, H.; Umar, S.; Rust, B.; Lazarova, D.; Bordonaro, M. Secondary Bile Acids and Short Chain Fatty Acids in the Colon: A Focus on Colonic Microbiome, Cell Proliferation, Inflammation, and Cancer. Int. J. Mol. Sci. 2019, 20, 1214. [Google Scholar] [CrossRef] [PubMed]

	



Staley, C.; Weingarden, A.R.; Khoruts, A.; Sadowsky, M.J. Interaction of Gut Microbiota with Bile Acid Metabolism and Its Influence on Disease States. Appl. Microbiol. Biotechnol. 2017, 101, 47–64. [Google Scholar] [CrossRef]

	



Azad, M.B.; Konya, T.; Persaud, R.R.; Guttman, D.S.; Chari, R.S.; Field, C.J.; Sears, M.R.; Mandhane, P.J.; Turvey, S.E.; Subbarao, P.; et al. CHILD Study Investigators. Impact of Maternal Intrapartum Antibiotics, Method of Birth and Breastfeeding on Gut Microbiota during the First Year of Life: A Prospective Cohort Study. BJOG 2016, 123, 983–993. [Google Scholar] [CrossRef]

	



Rinninella, E.; Cintoni, M.; Raoul, P.; Lopetuso, L.R.; Scaldaferri, F.; Pulcini, G.; Miggiano, G.A.D.; Gasbarrini, A.; Mele, M.C. Food Components and Dietary Habits: Keys for a Healthy Gut Microbiota Composition. Nutrients 2019, 11, 2393. [Google Scholar] [CrossRef]

	



Schroeder, B.O.; Bäckhed, F. Signals from the Gut Microbiota to Distant Organs in Physiology and Disease. Nat. Med. 2016, 22, 1079–1089. [Google Scholar] [CrossRef] [PubMed]

	



Lv, L.-X.; Fang, D.-Q.; Shi, D.; Chen, D.-Y.; Yan, R.; Zhu, Y.-X.; Chen, Y.-F.; Shao, L.; Guo, F.-F.; Wu, W.-R.; et al. Alterations and Correlations of the Gut Microbiome, Metabolism and Immunity in Patients with Primary Biliary Cirrhosis. Environ. Microbiol. 2016, 18, 2272–2286. [Google Scholar] [CrossRef] [PubMed]

	



Kummen, M.; Holm, K.; Anmarkrud, J.A.; Nygård, S.; Vesterhus, M.; Høivik, M.L.; Trøseid, M.; Marschall, H.-U.; Schrumpf, E.; Moum, B.; et al. The Gut Microbial Profile in Patients with Primary Sclerosing Cholangitis Is Distinct from Patients with Ulcerative Colitis without Biliary Disease and Healthy Controls. Gut 2017, 66, 611–619. [Google Scholar] [CrossRef] [PubMed]

	



Sabino, J.; Vieira-Silva, S.; Machiels, K.; Joossens, M.; Falony, G.; Ballet, V.; Ferrante, M.; Van Assche, G.; Van der Merwe, S.; Vermeire, S.; et al. Primary Sclerosing Cholangitis Is Characterised by Intestinal Dysbiosis Independent from IBD. Gut 2016, 65, 1681–1689. [Google Scholar] [CrossRef]

	



Torres, J.; Palmela, C.; Brito, H.; Bao, X.; Ruiqi, H.; Moura-Santos, P.; Pereira da Silva, J.; Oliveira, A.; Vieira, C.; Perez, K.; et al. The Gut Microbiota, Bile Acids and Their Correlation in Primary Sclerosing Cholangitis Associated with Inflammatory Bowel Disease. United Eur. Gastroenterol. J. 2018, 6, 112–122. [Google Scholar] [CrossRef]

	



Bajer, L.; Kverka, M.; Kostovcik, M.; Macinga, P.; Dvorak, J.; Stehlikova, Z.; Brezina, J.; Wohl, P.; Spicak, J.; Drastich, P. Distinct Gut Microbiota Profiles in Patients with Primary Sclerosing Cholangitis and Ulcerative Colitis. World J. Gastroenterol. 2017, 23, 4548–4558. [Google Scholar] [CrossRef]

	



Tang, R.; Wei, Y.; Li, Y.; Chen, W.; Chen, H.; Wang, Q.; Yang, F.; Miao, Q.; Xiao, X.; Zhang, H.; et al. Gut Microbial Profile Is Altered in Primary Biliary Cholangitis and Partially Restored after UDCA Therapy. Gut 2018, 67, 534–541. [Google Scholar] [CrossRef]

	



Blesl, A.; Stadlbauer, V. The Gut-Liver Axis in Cholestatic Liver Diseases. Nutrients 2021, 13, 1018. [Google Scholar] [CrossRef]

	



Palmela, C.; Peerani, F.; Castaneda, D.; Torres, J.; Itzkowitz, S.H. Inflammatory Bowel Disease and Primary Sclerosing Cholangitis: A Review of the Phenotype and Associated Specific Features. Gut Liver 2018, 12, 17–29. [Google Scholar] [CrossRef] [PubMed]

	



Tornai, T.; Palyu, E.; Vitalis, Z.; Tornai, I.; Tornai, D.; Antal-Szalmas, P.; Norman, G.L.; Shums, Z.; Veres, G.; Dezsofi, A.; et al. Gut Barrier Failure Biomarkers Are Associated with Poor Disease Outcome in Patients with Primary Sclerosing Cholangitis. World J. Gastroenterol. 2017, 23, 5412–5421. [Google Scholar] [CrossRef] [PubMed]

	



Dhillon, A.K.; Kummen, M.; Trøseid, M.; Åkra, S.; Liaskou, E.; Moum, B.; Vesterhus, M.; Karlsen, T.H.; Seljeflot, I.; Hov, J.R. Circulating Markers of Gut Barrier Function Associated with Disease Severity in Primary Sclerosing Cholangitis. Liver Int. 2019, 39, 371–381. [Google Scholar] [CrossRef] [PubMed]

	



Feld, J.J.; Meddings, J.; Heathcote, E.J. Abnormal Intestinal Permeability in Primary Biliary Cirrhosis. Dig. Dis. Sci. 2006, 51, 1607–1613. [Google Scholar] [CrossRef] [PubMed]

	



Sasatomi, K.; Noguchi, K.; Sakisaka, S.; Sata, M.; Tanikawa, K. Abnormal Accumulation of Endotoxin in Biliary Epithelial Cells in Primary Biliary Cirrhosis and Primary Sclerosing Cholangitis. J. Hepatol. 1998, 29, 409–416. [Google Scholar] [CrossRef] [PubMed]

	



Lemoinne, S.; Kemgang, A.; Ben Belkacem, K.; Straube, M.; Jegou, S.; Corpechot, C.; Saint-Antoine IBD Network; Chazouillères, O.; Housset, C.; Sokol, H. Fungi Participate in the Dysbiosis of Gut Microbiota in Patients with Primary Sclerosing Cholangitis. Gut 2020, 69, 92–102. [Google Scholar] [CrossRef]

	



Kummen, M.; Hov, J.R. The Gut Microbial Influence on Cholestatic Liver Disease. Liver Int. 2019, 39, 1186–1196. [Google Scholar] [CrossRef]

	



Kummen, M.; Thingholm, L.B.; Rühlemann, M.C.; Holm, K.; Hansen, S.H.; Moitinho-Silva, L.; Liwinski, T.; Zenouzi, R.; Storm-Larsen, C.; Midttun, Ø.; et al. Altered Gut Microbial Metabolism of Essential Nutrients in Primary Sclerosing Cholangitis. Gastroenterology 2021, 160, 1784–1798.E0. [Google Scholar] [CrossRef]

	



Vieira-Silva, S.; Sabino, J.; Valles-Colomer, M.; Falony, G.; Kathagen, G.; Caenepeel, C.; Cleynen, I.; van der Merwe, S.; Vermeire, S.; Raes, J. Quantitative Microbiome Profiling Disentangles Inflammation- and Bile Duct Obstruction-Associated Microbiota Alterations across PSC/IBD Diagnoses. Nat. Microbiol. 2019, 4, 1826–1831. [Google Scholar] [CrossRef]

	



Rühlemann, M.; Liwinski, T.; Heinsen, F.-A.; Bang, C.; Zenouzi, R.; Kummen, M.; Thingholm, L.; Tempel, M.; Lieb, W.; Karlsen, T.; et al. Consistent Alterations in Faecal Microbiomes of Patients with Primary Sclerosing Cholangitis Independent of Associated Colitis. Aliment. Pharmacol. Ther. 2019, 50, 580–589. [Google Scholar] [CrossRef]

	



Liu Chen Kiow, J.; Vincent, C.; Sidani, S.; Bouin, M. High Occurrence of Small Intestinal Bacterial Overgrowth in Primary Biliary Cholangitis. Neurogastroenterol. Motil. 2019, 31, e13691. [Google Scholar] [CrossRef] [PubMed]

	



Trebicka, J.; Macnaughtan, J.; Schnabl, B.; Shawcross, D.L.; Bajaj, J.S. The Microbiota in Cirrhosis and Its Role in Hepatic Decompensation. J. Hepatol. 2021, 75, S67–S81. [Google Scholar] [CrossRef] [PubMed]

	



Han, W.; Huang, C.; Zhang, Q.; Tao, S.; Hu, X.; Xu, J.; Jiang, R.; Xu, B.; Liu, Y.; Hou, J. Alterations in Gut Microbiota and Elevated Serum Bilirubin in Primary Biliary Cholangitis Patients Treated with Ursodeoxycholic Acid. Eur. J. Clin. Investig. 2022, 52, e13714. [Google Scholar] [CrossRef] [PubMed]

	



Bogdanos, D.P.; Vergani, D. Bacteria and Primary Biliary Cirrhosis. Clinic. Rev. Allerg. Immunol. 2009, 36, 30–39. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.-W.; Kim, J.-H.; Kim, S.-E.; Jung, J.H.; Jang, M.-K.; Park, S.-H.; Lee, M.-S.; Kim, H.-S.; Suk, K.T.; Kim, D.J. Primary Biliary Cholangitis and Primary Sclerosing Cholangitis: Current Knowledge of Pathogenesis and Therapeutics. Biomedicines 2022, 10, 1288. [Google Scholar] [CrossRef]

	



Selmi, C.; Balkwill, D.L.; Invernizzi, P.; Ansari, A.A.; Coppel, R.L.; Podda, M.; Leung, P.S.; Kenny, T.P.; Water, J.V.D.; Nantz, M.H.; et al. Patients with Primary Biliary Cirrhosis React against a Ubiquitous Xenobiotic-Metabolizing Bacterium. Hepatology 2003, 38, 1250–1257. [Google Scholar] [CrossRef]

	



Padgett, K.A.; Selmi, C.; Kenny, T.P.; Leung, P.S.C.; Balkwill, D.L.; Ansari, A.A.; Coppel, R.L.; Gershwin, M.E. Phylogenetic and Immunological Definition of Four Lipoylated Proteins from Novosphingobium Aromaticivorans, Implications for Primary Biliary Cirrhosis. J. Autoimmun 2005, 24, 209–219. [Google Scholar] [CrossRef]

	



Selmi, C.; Bowlus, C.L.; Gershwin, M.E.; Coppel, R.L. Primary Biliary Cirrhosis. Lancet 2011, 377, 1600–1609. [Google Scholar] [CrossRef]

	



Liwinski, T.; Heinemann, M.; Schramm, C. The Intestinal and Biliary Microbiome in Autoimmune Liver Disease—Current Evidence and Concepts. Semin. Immunopathol. 2022, 44, 485–507. [Google Scholar] [CrossRef]

	



Butler, P.; Hamilton-Miller, J.; Baum, H.; Burroughs, A.K. Detection of M2 Antibodies in Patients with Recurrent Urinary Tract Infection Using an ELISA and Purified PBC Specific Antigens. Evidence for a Molecular Mimicry Mechanism in the Pathogenesis of Primary Biliary Cirrhosis? Biochem. Mol. Biol. Int. 1995, 35, 473–485. [Google Scholar]

	



Tanaka, A.; Leung, P.S.C.; Gershwin, M.E. Pathogen Infections and Primary Biliary Cholangitis. Clin. Exp. Immunol. 2019, 195, 25–34. [Google Scholar] [CrossRef] [PubMed]

	



Haruta, I.; Kikuchi, K.; Hashimoto, E.; Nakamura, M.; Miyakawa, H.; Hirota, K.; Shibata, N.; Kato, H.; Arimura, Y.; Kato, Y.; et al. Long-Term Bacterial Exposure Can Trigger Nonsuppurative Destructive Cholangitis Associated with Multifocal Epithelial Inflammation. Lab. Investig. 2010, 90, 577–588. [Google Scholar] [CrossRef]

	



Ridlon, J.M.; Kang, D.J.; Hylemon, P.B.; Bajaj, J.S. Bile Acids and the Gut Microbiome. Curr. Opin. Gastroenterol. 2014, 30, 332–338. [Google Scholar] [CrossRef] [PubMed]

	



Prokopič, M.; Beuers, U. Management of Primary Sclerosing Cholangitis and Its Complications: An Algorithmic Approach. Hepatol. Int. 2021, 15, 6–20. [Google Scholar] [CrossRef]

	



Hasegawa, S.; Yoneda, M.; Kurita, Y.; Nogami, A.; Honda, Y.; Hosono, K.; Nakajima, A. Cholestatic Liver Disease: Current Treatment Strategies and New Therapeutic Agents. Drugs 2021, 81, 1181–1192. [Google Scholar] [CrossRef]

	



Gerussi, A.; D’Amato, D.; Cristoferi, L.; O’Donnell, S.E.; Carbone, M.; Invernizzi, P. Multiple Therapeutic Targets in Rare Cholestatic Liver Diseases: Time to Redefine Treatment Strategies. Ann. Hepatol. 2020, 19, 5–16. [Google Scholar] [CrossRef] [PubMed]

	



Barron-Millar, B.; Ogle, L.; Mells, G.; Flack, S.; Badrock, J.; Sandford, R.; Kirby, J.; Palmer, J.; Jopson, L.; Brain, J.; et al. The Serum Proteome and Ursodeoxycholic Acid Response in Primary Biliary Cholangitis. Hepatology 2021, 74, 3269–3283. [Google Scholar] [CrossRef]

	



de Vries, E.; Beuers, U. Management of Cholestatic Disease in 2017. Liver Int. 2017, 37, 123–129. [Google Scholar] [CrossRef]

	



Ali, A.H.; Lindor, K.D. Obeticholic Acid for the Treatment of Primary Biliary Cholangitis. Expert Opin. Pharmacother. 2016, 17, 1809–1815. [Google Scholar] [CrossRef]

	



Harms, M.H.; van Buuren, H.R.; Corpechot, C.; Thorburn, D.; Janssen, H.L.A.; Lindor, K.D.; Hirschfield, G.M.; Parés, A.; Floreani, A.; Mayo, M.J.; et al. Ursodeoxycholic Acid Therapy and Liver Transplant-Free Survival in Patients with Primary Biliary Cholangitis. J. Hepatol. 2019, 71, 357–365. [Google Scholar] [CrossRef]

	



Kotb, M.A. Molecular Mechanisms of Ursodeoxycholic Acid Toxicity & Side Effects: Ursodeoxycholic Acid Freezes Regeneration & Induces Hibernation Mode. Int. J. Mol. Sci. 2012, 13, 8882–8914. [Google Scholar] [CrossRef] [PubMed]

	



Paumgartner, G.; Beuers, U. Mechanisms of Action and Therapeutic Efficacy of Ursodeoxycholic Acid in Cholestatic Liver Disease. Clin. Liver Dis. 2004, 8, 67–81. [Google Scholar] [CrossRef] [PubMed]

	



Amaral, J.D.; Castro, R.E.; Solá, S.; Steer, C.J.; Rodrigues, C.M.P. P53 Is a Key Molecular Target of Ursodeoxycholic Acid in Regulating Apoptosis. J. Biol. Chem. 2007, 282, 34250–34259. [Google Scholar] [CrossRef]

	



Tanaka, A. Emerging Novel Treatments for Autoimmune Liver Diseases. Hepatol. Res. 2019, 49, 489–499. [Google Scholar] [CrossRef]

	



Hofmann, A.F. Pharmacology of Ursodeoxycholic Acid, an Enterohepatic Drug. Scand. J. Gastroenterol. Suppl. 1994, 204, 1–15. [Google Scholar] [CrossRef]

	



Beuers, U.; Trauner, M.; Jansen, P.; Poupon, R. New Paradigms in the Treatment of Hepatic Cholestasis: From UDCA to FXR, PXR and Beyond. J. Hepatol. 2015, 62, S25–S37. [Google Scholar] [CrossRef]

	



Adamowicz, M.; Kempinska-Podhorodecka, A.; Abramczyk, J.; Banales, J.M.; Milkiewicz, P.; Milkiewicz, M. Suppression of Hepatic PPARα in Primary Biliary Cholangitis Is Modulated by MiR-155. Cells 2022, 11, 2880. [Google Scholar] [CrossRef] [PubMed]

	



Simental-Mendía, L.E.; Simental-Mendía, M.; Sánchez-García, A.; Banach, M.; Serban, M.-C.; Cicero, A.F.G.; Sahebkar, A. Impact of Ursodeoxycholic Acid on Circulating Lipid Concentrations: A Systematic Review and Meta-Analysis of Randomized Placebo-Controlled Trials. Lipids. Health Dis. 2019, 18, 88. [Google Scholar] [CrossRef]

	



Sánchez-García, A.; Sahebkar, A.; Simental-Mendía, M.; Simental-Mendía, L.E. Effect of Ursodeoxycholic Acid on Glycemic Markers: A Systematic Review and Meta-Analysis of Clinical Trials. Pharmacol. Res. 2018, 135, 144–149. [Google Scholar] [CrossRef]

	



Shimoyama, S.; Kawata, K.; Ohta, K.; Chida, T.; Suzuki, T.; Tsuneyama, K.; Shimoda, S.; Kurono, N.; Leung, P.S.C.; Gershwin, M.E.; et al. Ursodeoxycholic Acid Impairs Liver-Infiltrating T-Cell Chemotaxis through IFN-γ and CX3CL1 Production in Primary Biliary Cholangitis. Eur. J. Immunol. 2021, 51, 1519–1530. [Google Scholar] [CrossRef]

	



Zhu, G.-Q.; Shi, K.-Q.; Huang, G.-Q.; Wang, L.-R.; Lin, Y.-Q.; Braddock, M.; Chen, Y.-P.; Zhou, M.-T.; Zheng, M.-H. A Network Meta-Analysis of the Efficacy and Side Effects of UDCA-Based Therapies for Primary Sclerosing Cholangitis. Oncotarget 2015, 6, 26757–26769. [Google Scholar] [CrossRef] [PubMed]

	



Poupon, R.E.; Bonnand, A.M.; Chrétien, Y.; Poupon, R. Ten-Year Survival in Ursodeoxycholic Acid-Treated Patients with Primary Biliary Cirrhosis. The UDCA-PBC Study Group. Hepatology 1999, 29, 1668–1671. [Google Scholar] [CrossRef]

	



de Vries, E.M.G.; Wang, J.; Leeflang, M.M.G.; Boonstra, K.; Weersma, R.K.; Beuers, U.H.; Geskus, R.B.; Ponsioen, C.Y. Alkaline Phosphatase at Diagnosis of Primary Sclerosing Cholangitis and 1 Year Later: Evaluation of Prognostic Value. Liver Int. 2016, 36, 1867–1875. [Google Scholar] [CrossRef] [PubMed]

	



Triantos, C.K.; Koukias, N.M.; Nikolopoulou, V.N.; Burroughs, A.K. Meta-Analysis: Ursodeoxycholic Acid for Primary Sclerosing Cholangitis. Aliment. Pharmacol. Ther. 2011, 34, 901–910. [Google Scholar] [CrossRef] [PubMed]

	



Halilbasic, E.; Steinacher, D.; Trauner, M. Nor-Ursodeoxycholic Acid as a Novel Therapeutic Approach for Cholestatic and Metabolic Liver Diseases. Dig. Dis. 2017, 35, 288–292. [Google Scholar] [CrossRef] [PubMed]

	



Fickert, P.; Hirschfield, G.M.; Denk, G.; Marschall, H.-U.; Altorjay, I.; Färkkilä, M.; Schramm, C.; Spengler, U.; Chapman, R.; Bergquist, A.; et al. European PSC norUDCA Study Group. NorUrsodeoxycholic Acid Improves Cholestasis in Primary Sclerosing Cholangitis. J. Hepatol. 2017, 67, 549–558. [Google Scholar] [CrossRef]

	



Zhu, C.; Boucheron, N.; Müller, A.C.; Májek, P.; Claudel, T.; Halilbasic, E.; Baazim, H.; Lercher, A.; Viczenczova, C.; Hainberger, D.; et al. 24-Norursodeoxycholic Acid Reshapes Immunometabolism in CD8+ T Cells and Alleviates Hepatic Inflammation. J. Hepatol. 2021, 75, 1164–1176. [Google Scholar] [CrossRef]

	



Chapman, R.W.; Lynch, K.D. Obeticholic Acid-a New Therapy in PBC and NASH. Br. Med. Bull. 2020, 133, 95–104. [Google Scholar] [CrossRef]

	



Pellicciari, R.; Costantino, G.; Camaioni, E.; Sadeghpour, B.M.; Entrena, A.; Willson, T.M.; Fiorucci, S.; Clerici, C.; Gioiello, A. Bile Acid Derivatives as Ligands of the Farnesoid X Receptor. Synthesis, Evaluation, and Structure-Activity Relationship of a Series of Body and Side Chain Modified Analogues of Chenodeoxycholic Acid. J. Med. Chem. 2004, 47, 4559–4569. [Google Scholar] [CrossRef]

	



Goodwin, B.; Jones, S.A.; Price, R.R.; Watson, M.A.; McKee, D.D.; Moore, L.B.; Galardi, C.; Wilson, J.G.; Lewis, M.C.; Roth, M.E.; et al. A Regulatory Cascade of the Nuclear Receptors FXR, SHP-1, and LRH-1 Represses Bile Acid Biosynthesis. Mol. Cell 2000, 6, 517–526. [Google Scholar] [CrossRef] [PubMed]

	



Salhab, A.; Amer, J.; Lu, Y.; Safadi, R. Sodium+/Taurocholate Cotransporting Polypeptide as Target Therapy for Liver Fibrosis. Gut 2022, 71, 1373–1385. [Google Scholar] [CrossRef] [PubMed]

	



Halilbasic, E.; Claudel, T.; Trauner, M. Bile Acid Transporters and Regulatory Nuclear Receptors in the Liver and Beyond. J. Hepatol. 2013, 58, 155–168. [Google Scholar] [CrossRef] [PubMed]

	



Cariello, M.; Piccinin, E.; Garcia-Irigoyen, O.; Sabbà, C.; Moschetta, A. Nuclear Receptor FXR, Bile Acids and Liver Damage: Introducing the Progressive Familial Intrahepatic Cholestasis with FXR Mutations. Biochim. Biophys. Acta. Mol. Basis. Dis. 2018, 1864, 1308–1318. [Google Scholar] [CrossRef] [PubMed]

	



Kjærgaard, K.; Frisch, K.; Sørensen, M.; Munk, O.L.; Hofmann, A.F.; Horsager, J.; Schacht, A.C.; Erickson, M.; Shapiro, D.; Keiding, S. Obeticholic Acid Improves Hepatic Bile Acid Excretion in Patients with Primary Biliary Cholangitis. J. Hepatol. 2021, 74, 58–65. [Google Scholar] [CrossRef] [PubMed]

	



Verbeke, L.; Mannaerts, I.; Schierwagen, R.; Govaere, O.; Klein, S.; Vander Elst, I.; Windmolders, P.; Farre, R.; Wenes, M.; Mazzone, M.; et al. FXR Agonist Obeticholic Acid Reduces Hepatic Inflammation and Fibrosis in a Rat Model of Toxic Cirrhosis. Sci. Rep. 2016, 6, 33453. [Google Scholar] [CrossRef]

	



Floreani, A.; Gabbia, D.; De Martin, S. Obeticholic Acid for Primary Biliary Cholangitis. Biomedicines 2022, 10, 2464. [Google Scholar] [CrossRef] [PubMed]

	



Mudaliar, S.; Henry, R.R.; Sanyal, A.J.; Morrow, L.; Marschall, H.-U.; Kipnes, M.; Adorini, L.; Sciacca, C.I.; Clopton, P.; Castelloe, E.; et al. Efficacy and Safety of the Farnesoid X Receptor Agonist Obeticholic Acid in Patients with Type 2 Diabetes and Nonalcoholic Fatty Liver Disease. Gastroenterology 2013, 145, 574–582.e1. [Google Scholar] [CrossRef]

	



Clinical Review Report: Obeticholic Acid (Ocaliva): (Intercept Pharmaceuticals Canada, Inc.): Indication: For the Treatment of Primary Biliary Cholangitis (PBC) in Combination with Ursodeoxycholic Acid (UDCA) in Adults with an Inadequate Response to UDCA or as Monotherapy in Adults Unable to Tolerate UDCA. In CADTH Common Drug Reviews; Canadian Agency for Drugs and Technologies in Health: Ottawa, ON, Canada, 2017.

	



Cazzagon, N.; Floreani, A. Primary Biliary Cholangitis: Treatment. Curr. Opin. Gastroenterol. 2021, 37, 99–104. [Google Scholar] [CrossRef]

	



Soret, P.-A.; Lam, L.; Carrat, F.; Smets, L.; Berg, T.; Carbone, M.; Invernizzi, P.; Leroy, V.; Trivedi, P.; Cazzagon, N.; et al. Combination of Fibrates with Obeticholic Acid Is Able to Normalise Biochemical Liver Tests in Patients with Difficult-to-Treat Primary Biliary Cholangitis. Aliment. Pharmacol. Ther. 2021, 53, 1138–1146. [Google Scholar] [CrossRef]

	



Kowdley, K.V.; Vuppalanchi, R.; Levy, C.; Floreani, A.; Andreone, P.; LaRusso, N.F.; Shrestha, R.; Trotter, J.; Goldberg, D.; Rushbrook, S.; et al. AESOP Study Investigators. A Randomized, Placebo-Controlled, Phase II Study of Obeticholic Acid for Primary Sclerosing Cholangitis. J. Hepatol. 2020, 73, 94–101. [Google Scholar] [CrossRef]

	



Soret, P.A.; Chazouillères, O.; Corpechot, C. Primary Biliary Cholangitis. Rev. Prat. 2021, 71, 885–891. [Google Scholar] [PubMed]

	



Lee, Y.-M.; Kaplan, M.M. The Natural History of PBC: Has It Changed? Semin. Liver Dis. 2005, 25, 321–326. [Google Scholar] [CrossRef] [PubMed]

	



Montano-Loza, A.J.; Corpechot, C. Definition and Management of Patients With Primary Biliary Cholangitis and an Incomplete Response to Therapy. Clin. Gastroenterol. Hepatol. 2021, 19, 2241–2251.e1. [Google Scholar] [CrossRef] [PubMed]

	



Corpechot, C.; Chazouillères, O.; Rousseau, A.; Le Gruyer, A.; Habersetzer, F.; Mathurin, P.; Goria, O.; Potier, P.; Minello, A.; Silvain, C.; et al. A Placebo-Controlled Trial of Bezafibrate in Primary Biliary Cholangitis. N. Engl. J. Med. 2018, 378, 2171–2181. [Google Scholar] [CrossRef]

	



Wang, C.; Shi, Y.; Wang, X.; Ma, H.; Liu, Q.; Gao, Y.; Niu, J. Peroxisome Proliferator-Activated Receptors Regulate Hepatic Immunity and Assist in the Treatment of Primary Biliary Cholangitis. Front. Immunol. 2022, 13, 940688. [Google Scholar] [CrossRef] [PubMed]

	



Chung, S.W.; Lee, J.-H.; Kim, M.A.; Leem, G.; Kim, S.W.; Chang, Y.; Lee, H.Y.; Yoon, J.S.; Park, J.Y.; Lee, Y.B.; et al. Additional Fibrate Treatment in UDCA-Refractory PBC Patients. Liver Int. 2019, 39, 1776–1785. [Google Scholar] [CrossRef]

	



Levy, C.; Lindor, K.D. Itching to Know: Role of Fibrates in PBC. Off. J. Am. Coll. Gastroenterol. ACG 2018, 113, 56. [Google Scholar] [CrossRef]

	



Fenofibrate Improves GLOBE and UK-PBC Scores and Histological Features in Primary Biliary Cholangitis—Minerva Medica, 5 May 2021. Available online: https://www.minervamedica.it/en/journals/minerva-medica/article.php?cod=R10Y9999N00A21050501 (accessed on 16 December 2022).

	



Tanaka, A.; Hirohara, J.; Nakanuma, Y.; Tsubouchi, H.; Takikawa, H. Biochemical Responses to Bezafibrate Improve Long-Term Outcome in Asymptomatic Patients with Primary Biliary Cirrhosis Refractory to UDCA. J. Gastroenterol. 2015, 50, 675–682. [Google Scholar] [CrossRef]

	



Honda, A.; Tanaka, A.; Kaneko, T.; Komori, A.; Abe, M.; Inao, M.; Namisaki, T.; Hashimoto, N.; Kawata, K.; Takahashi, A.; et al. Japan PBC Study Group. Bezafibrate Improves GLOBE and UK-PBC Scores and Long-Term Outcomes in Patients With Primary Biliary Cholangitis. Hepatology 2019, 70, 2035–2046. [Google Scholar] [CrossRef]

	



Jones, D.; Boudes, P.F.; Swain, M.G.; Bowlus, C.L.; Galambos, M.R.; Bacon, B.R.; Doerffel, Y.; Gitlin, N.; Gordon, S.C.; Odin, J.A.; et al. Seladelpar (MBX-8025), a Selective PPAR-δ Agonist, in Patients with Primary Biliary Cholangitis with an Inadequate Response to Ursodeoxycholic Acid: A Double-Blind, Randomised, Placebo-Controlled, Phase 2, Proof-of-Concept Study. Lancet. Gastroenterol. Hepatol. 2017, 2, 716–726. [Google Scholar] [CrossRef]

	



Kremer, A.E.; Mayo, M.J.; Hirschfield, G.; Levy, C.; Bowlus, C.L.; Jones, D.E.; Steinberg, A.; McWherter, C.A.; Choi, Y.-J. Seladelpar Improved Measures of Pruritus, Sleep, and Fatigue and Decreased Serum Bile Acids in Patients with Primary Biliary Cholangitis. Liver Int. 2022, 42, 112–123. [Google Scholar] [CrossRef] [PubMed]

	



Bowlus, C.L.; Galambos, M.R.; Aspinall, R.J.; Hirschfield, G.M.; Jones, D.E.J.; Dörffel, Y.; Gordon, S.C.; Harrison, S.A.; Kremer, A.E.; Mayo, M.J.; et al. A Phase II, Randomized, Open-Label, 52-Week Study of Seladelpar in Patients with Primary Biliary Cholangitis. J. Hepatol. 2022, 77, 353–364. [Google Scholar] [CrossRef] [PubMed]

	



Schattenberg, J.M.; Pares, A.; Kowdley, K.V.; Heneghan, M.A.; Caldwell, S.; Pratt, D.; Bonder, A.; Hirschfield, G.M.; Levy, C.; Vierling, J.; et al. A Randomized Placebo-Controlled Trial of Elafibranor in Patients with Primary Biliary Cholangitis and Incomplete Response to UDCA. J. Hepatol. 2021, 74, 1344–1354. [Google Scholar] [CrossRef] [PubMed]

	



Hegade, V.S.; Jones, D.E.J.; Hirschfield, G.M. Apical Sodium-Dependent Transporter Inhibitors in Primary Biliary Cholangitis and Primary Sclerosing Cholangitis. Dig. Dis. 2017, 35, 267–274. [Google Scholar] [CrossRef]

	



Hegade, V.S.; Bolier, R.; Oude Elferink, R.P.; Beuers, U.; Kendrick, S.; Jones, D.E. A Systematic Approach to the Management of Cholestatic Pruritus in Primary Biliary Cirrhosis. Frontline Gastroenterol 2016, 7, 158–166. [Google Scholar] [CrossRef]

	



Baghdasaryan, A.; Jha, P.; Müller, M.; Auer, N.; Deutschmann, A.; Zöhrer, C.; Påhlman, I.; Graffner, H.; Fickert, P.; Trauner, M. O135 inhibition of intestinal bile acid absorption by asbt inhibitor A4250 protects against bile acid-mediated cholestatic liver injury in mice. J. Hepatol. 2014, 60, S57. [Google Scholar] [CrossRef]

	



Langedijk, J.A.G.M.; Beuers, U.H.; Oude Elferink, R.P.J. Cholestasis-Associated Pruritus and Its Pruritogens. Front. Med. 2021, 8, 639674. [Google Scholar] [CrossRef]

	



GLIMMER Trial—A Randomized, Double-Blind, Placebo-Controlled Study of Linerixibat, an Inhibitor of the Ileal Bile Acid Transporter, in the Treatment of Cholestatic Pruritus in Primary Biliary Cholangitis. Gastroenterol. Hepatol. 2021, 17, 11–12.

	



Halilbasic, E.; Fuchs, C.; Hofer, H.; Paumgartner, G.; Trauner, M. Therapy of Primary Sclerosing Cholangitis—Today and Tomorrow. Dig. Dis. 2015, 33, 149–163. [Google Scholar] [CrossRef]

	



Wong, L.L.; Hegade, V.S.; Jones, D.E.J. What Comes after Ursodeoxycholic Acid in Primary Biliary Cholangitis? Dig. Dis. 2017, 35, 359–366. [Google Scholar] [CrossRef]

	



Khanna, A.; Jopson, L.; Howel, D.; Bryant, A.; Blamire, A.; Newton, J.L.; Wilkinson, J.; Steel, A.J.; Bainbridge, J.; Stefanetti, R.; et al. Rituximab for the Treatment of Fatigue in Primary Biliary Cholangitis (Formerly Primary Biliary Cirrhosis): A Randomised Controlled Trial; Efficacy and Mechanism Evaluation; NIHR Journals Library: Southampton, UK, 2018. [Google Scholar]

	



Kilavuz, H.; Turan, U.; Yoldas, A.; Tolun, F.I.; Tanriverdi, B.; Yaylali, A.; Yaman, A.; Yener, M.K.; Irkorucu, O. The Effect of Farnesoid X Receptor Agonist Tropifexor on Liver Damage in Rats with Experimental Obstructive Jaundice. Acta. Cir. Bras. 2021, 36, e360902. [Google Scholar] [CrossRef]

	



Schramm, C.; Wedemeyer, H.; Mason, A.; Hirschfield, G.M.; Levy, C.; Kowdley, K.V.; Milkiewicz, P.; Janczewska, E.; Malova, E.S.; Sanni, J.; et al. Farnesoid X Receptor Agonist Tropifexor Attenuates Cholestasis in a Randomised Trial in Patients with Primary Biliary Cholangitis. JHEP Rep. 2022, 4, 100544. [Google Scholar] [CrossRef]

	



Trauner, M.; Gulamhusein, A.; Hameed, B.; Caldwell, S.; Shiffman, M.L.; Landis, C.; Eksteen, B.; Agarwal, K.; Muir, A.; Rushbrook, S.; et al. The Nonsteroidal Farnesoid X Receptor Agonist Cilofexor (GS-9674) Improves Markers of Cholestasis and Liver Injury in Patients With Primary Sclerosing Cholangitis. Hepatology 2019, 70, 788–801. [Google Scholar] [CrossRef]

	



Angulo, P.; Jorgensen, R.A.; Keach, J.C.; Dickson, E.R.; Smith, C.; Lindor, K.D. Oral Budesonide in the Treatment of Patients with Primary Biliary Cirrhosis with a Suboptimal Response to Ursodeoxycholic Acid. Hepatology 2000, 31, 318–323. [Google Scholar] [CrossRef] [PubMed]

	



Hirschfield, G.M.; Beuers, U.; Kupcinskas, L.; Ott, P.; Bergquist, A.; Färkkilä, M.; Manns, M.P.; Parés, A.; Spengler, U.; Stiess, M.; et al. A Placebo-Controlled Randomised Trial of Budesonide for PBC Following an Insufficient Response to UDCA. J. Hepatol. 2021, 74, 321–329. [Google Scholar] [CrossRef] [PubMed]

	



Gordon, S.C.; Trudeau, S.; Regev, A.; Uhas, J.M.; Chakladar, S.; Pinto-Correia, A.; Gottlieb, K.; Schlichting, D. Baricitinib and Primary Biliary Cholangitis. J. Transl. Autoimmun. 2021, 4, 100107. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.-J.; Gou, H.-Z.; Zhang, Y.-L.; Song, X.-J.; Zhang, L. Role of Intestinal Flora in Primary Sclerosing Cholangitis and Its Potential Therapeutic Value. World J. Gastroenterol. 2022, 28, 6213–6229. [Google Scholar] [CrossRef]

	



Tabibian, J.H.; Weeding, E.; Jorgensen, R.A.; Petz, J.L.; Keach, J.C.; Talwalkar, J.A.; Lindor, K.D. Randomised Clinical Trial: Vancomycin or Metronidazole in Patients with Primary Sclerosing Cholangitis—A Pilot Study. Aliment. Pharmacol. Ther. 2013, 37, 604–612. [Google Scholar] [CrossRef]

	



Damman, J.L.; Rodriguez, E.A.; Ali, A.H.; Buness, C.W.; Cox, K.L.; Carey, E.J.; Lindor, K.D. Review Article: The Evidence That Vancomycin Is a Therapeutic Option for Primary Sclerosing Cholangitis. Aliment. Pharmacol. Ther. 2018, 47, 886–895. [Google Scholar] [CrossRef]

	



Ali, A.H.; Damman, J.; Shah, S.B.; Davies, Y.; Hurwitz, M.; Stephen, M.; Lemos, L.M.; Carey, E.J.; Lindor, K.D.; Buness, C.W.; et al. Open-Label Prospective Therapeutic Clinical Trials: Oral Vancomycin in Children and Adults with Primary Sclerosing Cholangitis. Scand. J. Gastroenterol. 2020, 55, 941–950. [Google Scholar] [CrossRef]

	



Żółkiewicz, J.; Marzec, A.; Ruszczyński, M.; Feleszko, W. Postbiotics—A Step Beyond Pre- and Probiotics. Nutrients 2020, 12, 2189. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.-Y.; Zhou, D.-D.; Gan, R.-Y.; Huang, S.-Y.; Zhao, C.-N.; Shang, A.; Xu, X.-Y.; Li, H.-B. Effects and Mechanisms of Probiotics, Prebiotics, Synbiotics, and Postbiotics on Metabolic Diseases Targeting Gut Microbiota: A Narrative Review. Nutrients 2021, 13, 3211. [Google Scholar] [CrossRef]

	



Abe, K.; Takahashi, A.; Fujita, M.; Imaizumi, H.; Hayashi, M.; Okai, K.; Ohira, H. Dysbiosis of Oral Microbiota and Its Association with Salivary Immunological Biomarkers in Autoimmune Liver Disease. PLoS ONE 2018, 13, e0198757. [Google Scholar] [CrossRef] [PubMed]

	



Vleggaar, F.P.; Monkelbaan, J.F.; van Erpecum, K.J. Probiotics in Primary Sclerosing Cholangitis: A Randomized Placebo-Controlled Crossover Pilot Study. Eur. J. Gastroenterol. Hepatol. 2008, 20, 688–692. [Google Scholar] [CrossRef] [PubMed]

	



Shimizu, M.; Iwasaki, H.; Mase, S.; Yachie, A. Successful Treatment of Primary Sclerosing Cholangitis with a Steroid and a Probiotic. Case Rep. Gastroenterol. 2012, 6, 249–253. [Google Scholar] [CrossRef]

	



Chen, Y.; Guan, W.; Zhang, N.; Wang, Y.; Tian, Y.; Sun, H.; Li, X.; Wang, Y.; Liu, J. Lactobacillus Plantarum Lp2 Improved LPS-Induced Liver Injury through the TLR-4/MAPK/NFκB and Nrf2-HO-1/CYP2E1 Pathways in Mice. Food Nutr. Res. 2022, 66. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, N.; Tian, Y.; Wang, Y.; Fan, Y.; Zhang, Y.; Xing, X.; Nan, B.; Ai, Z.; Li, X.; Wang, Y. Ameliorative Effect of Lactobacillus Plantarum Lp2 against Cyclophosphamide-Induced Liver Injury in Mice. Food Chem. Toxicol. 2022, 169, 113433. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, S.; Borody, T.J.; Zhang, F. Encyclopedia of Fecal Microbiota Transplantation: A Review of Effectiveness in the Treatment of 85 Diseases. Chin. Med. J. Engl. 2022, 135, 1927–1939. [Google Scholar] [CrossRef]

	



Konturek, P.C.; Haziri, D.; Brzozowski, T.; Hess, T.; Heyman, S.; Kwiecien, S.; Konturek, S.J.; Koziel, J. Emerging Role of Fecal Microbiota Therapy in the Treatment of Gastrointestinal and Extra-Gastrointestinal Diseases. J. Physiol. Pharmacol. 2015, 66, 483–491. [Google Scholar]

	



Green, J.E.; Davis, J.A.; Berk, M.; Hair, C.; Loughman, A.; Castle, D.; Athan, E.; Nierenberg, A.A.; Cryan, J.F.; Jacka, F.; et al. Efficacy and Safety of Fecal Microbiota Transplantation for the Treatment of Diseases Other than Clostridium Difficile Infection: A Systematic Review and Meta-Analysis. Gut Microbes 2020, 12, 1–25. [Google Scholar] [CrossRef]

	



Gu, X.; Lu, Q.; Zhang, C.; Tang, Z.; Chu, L. Clinical Application and Progress of Fecal Microbiota Transplantation in Liver Diseases: A Review. Semin. Liver Dis. 2021, 41, 495–506. [Google Scholar] [CrossRef] [PubMed]

	



Philips, C.A.; Augustine, P.; Phadke, N. Healthy Donor Fecal Microbiota Transplantation for Recurrent Bacterial Cholangitis in Primary Sclerosing Cholangitis—A Single Case Report. J. Clin. Transl. Hepatol. 2018, 6, 438–441. [Google Scholar] [CrossRef] [PubMed]

	



Allegretti, J.R.; Kassam, Z.; Carrellas, M.; Mullish, B.H.; Marchesi, J.R.; Pechlivanis, A.; Smith, M.; Gerardin, Y.; Timberlake, S.; Pratt, D.S.; et al. Fecal Microbiota Transplantation in Patients With Primary Sclerosing Cholangitis: A Pilot Clinical Trial. Am. J. Gastroenterol. 2019, 114, 1071–1079. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 15 00760 g001 550] 





Figure 1. The vicious circle of gut–liver crosstalk in the course of immune-related cholangiopathies. 
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Figure 2. Bile acid (BA) synthesis and circulation. 
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Table 1. Emerging therapies in PBC and PSC *.






Table 1. Emerging therapies in PBC and PSC *.





	
Mechanism

of Action

	
Agent

	
Main Results

	
Most Common Side Effects






	
Agonists of

peroxisome

proliferator-activated receptors (PPAR)

	
Bezafibrate [203,204,206,207]

	

	
normalization of ALP and ALT



	
improvement in pruritus



	
improvement in long-term prognosis






	

	
muscle pain



	
renal dysfunction









	
Fenofibrate [203,205]

	

	
stabilization in fibrosis



	
stabilization in bile duct loss









	
Seladelpar [209,210]

	

	
improvement in pruritus



	
normalization of ALP






	

	
diarrhea



	
nausea









	
Elafibranor [211,212]

	

	
decrease of ALT, ALP, and GGT






	

	
increase of creatinine









	
ASBT inhibitors

	
Linerixibat [215,216]

	

	
improvement in pruritus






	

	
diarrhea



	
abdominal pain









	
Agonists of farnesoid X receptor (FXR)

	
Cilofexor [222]

	

	
decrease of ALT, AST, ALP, and GGT






	

	
pruritus









	
Tropifexor [221]

	

	
decrease of ALT, ALP, and GGT









	
Corticosteroids

	
Budesonide [223,224]

	

	
normalization/decrease of ALP



	
decrease of bilirubin






	

	
headache



	
nasopharyngitis



	
pruritus









	
Janus kinase 1 and 2 inhibitors

	
Barticinib [225]

	

	
decrease of ALP






	

	
moderate sinusitis









	
Antibiotics

	
Vancomycin [228,229]

	

	
decrease of ALT, ALP, and GGT



	
normalization of bilirubin



	
improvement in pruritus






	

	
rare













* ALP (alkaline phosphatase), ALT (alanine transaminase), ASBT (apical sodium-dependent bile acid transporter), AST (aspartate transaminase), GGT (gamma-glutamyltransferase).
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Table 2. Changes in gut and oral microbiome profiles in PBC and PSC.
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Microbiota

Profile

	
Bacterial Genera in PBC Patients

	
Bacterial Genera in PSC Patients






	
enriched ↑

	
Proteobacteria [130,132,145]

Veillonella [130,131,135]

Lactobacillus [132,135,145]

	
Proteobacteria [130,132,145]

Veillonella [130,131,135]

Lactobacillus [132,135,145]




	
Haemophilus [130,135]

Clostridiales [131,132,135]

Streptococcus [130,132,135,145]

Pseudomonas [135]

Klebsiella [130,135]

Enterobacteriaceae [130]

Neisseria [130]

	
Enterococcus [132,145]

Bacteroidetes [130,135]




	
depleted ↓

	
Firmicutes [132,145]

Bacteroidetes [130,135]

	
Firmicutes [132,145]

Bacteroidetes [130,135]




	
Sutterella [135]

Oscillospira [135]

Faecalibacteria [135]
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Table 3. Registered clinical trials of probiotic investigation in immune-related cholangiopathies (accessed through the website https://clinicaltrials.gov/ on 7 January 2023).
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	ClinicalTrials.gov Identifier/Location
	Disease
	Intervention
	Study Design
	Status
	Primary Outcome Measures
	Secondary Outcome Measures





	NCT03521297

China
	PBC patients with poor UDCA response
	Probiotics (Micro V Probiotics)
	Randomized, placebo-controlled, interventional;

Phase 2
	Not yet recruiting
	percentage of patients with the biochemical response (serum ALP or GGT decreased by 20% from baseline)
	



	NCT00161148

Netherlands
	PSC patients with IBD
	Probiotics (not defined)
	Double-blind randomized cross-over pilot study; phase 3
	Unknown
	probiotics’ effect on serum liver tests
	probiotics’ effect on fatigue and pruritus
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