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Abstract

Primary sclerosing cholangitis (PSC) is a rare chronic cholangiopathy that is strongly associated with
inflammatory bowel disease, particularly ulcerative colitis. It is characterized by multifocal biliary
strictures, typically producing the classic “beads-on-a-string” appearance on magnetic resonance
cholangiopancreatography, and by the histological finding of periductal concentric fibrosis (“onion-skin”
fibrosis). Its pathogenesis is multifactorial and involves genetic susceptibility, immune dysregulation,
environmental influences, and perturbations of the gut-liver axis. In this context, toxic bile acids and other
luminal mediators originating from inflamed bowel mucosa may contribute to cholangiocyte injury.
Phosphatidylcholine (PC) plays a central role in membrane integrity, cellular signaling, and inflammatory
regulation, and its deficiency may predispose to hepatobiliary damage. Kindlin proteins are key modulators
of integrin-mediated functions; notably, kindlin-2 contributes to the stabilization of intercellular junctions,
and its loss impairs smooth muscle and intestinal development. Mice with biliary-specific deletion of
kindlin-2 develop onion-skin fibrosis in the absence of overt cholestatic abnormalities, thereby supporting
the concept of a gut-liver pathogenic axis. Nevertheless, further investigation is required to determine the
extent to which this model reproduces human PSC, particularly regarding PC availability and cholangiocyte
junctional integrity. Disruption of tight junctions may reduce PC delivery to the biliary mucosa, thereby
promoting hepatic injury. Although these findings support the rationale for exploring PC supplementation
as a potential therapeutic strategy in PSC, additional studies are required before translation to clinical trials
can be justified.
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Primary sclerosing cholangitis

Primary sclerosing cholangitis (PSC) is a rare disease, with an estimated prevalence of approximately 1 to
10 cases per 100,000 individuals, although it occurs more frequently among patients with inflammatory
bowel disease (IBD) [1]. PSC is a chronic nonsuppurative cholangiopathy characterized by multifocal
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Graphical abstract. Biliary barrier disruption and phosphatidylcholine deficiency in primary sclerosing cholangitis.

strictures affecting the intrahepatic and extrahepatic biliary tree. It occurs more commonly in men, is
typically diagnosed in early adulthood, is more prevalent among non-smokers, and is closely associated
with IBD, particularly ulcerative colitis (UC): approximately 70% of individuals with PSC have coexisting
IBD, whereas up to 10% of patients with UC subsequently develop PSC [1]. A geographical gradient in PSC
prevalence has been reported, with the highest rates observed in northern Europe and the lowest in
southern Europe and Asia. By contrast, PSC appears to occur at similar frequencies among African
American and white American populations, without a clear ethnic predominance [2].

PSC may be asymptomatic early but later cause fatigue, pruritus, and jaundice [1]. Its course is variable
but usually slowly progressive toward cirrhosis, portal hypertension, and end-stage liver failure [1].
Complications include biliary strictures and infections, hepatobiliary and colorectal malignancies, fat and
fat-soluble vitamin malabsorption, and eventual liver transplantation, the only life-extending option for
advanced disease, despite 20%-30% recurrence within 5-10 years [1]. No approved disease-modifying
therapy halts progression; management is supportive, including off-label treatment for pruritus and
endoscopic therapy for dominant strictures [3]. Despite late-stage trials of norursodeoxycholic acid,
nebokitug, and elafibranor, the lack of an established pharmacological standard of care remains a major
unmet need [1].

The condition is frequently first suspected based on biochemical evidence of cholestasis and
subsequently confirmed by imaging. Magnetic resonance cholangiopancreatography (MRCP) remains the
diagnostic modality of choice, as most cases involve the large intrahepatic and/or extrahepatic bile ducts
and produce the characteristic “beads-on-a-string” appearance [4]. In a smaller subset of cases, however,
PSC is confined to the small bile ducts; in such circumstances, imaging findings may be unremarkable, and
liver biopsy may provide useful diagnostic support. Histologically, the most characteristic feature is
concentric periductal fibrosis of the large bile ducts, commonly referred to as “onion-skin” fibrosis [3].

Current insights into the pathophysiologic understanding of PSC

The histogenesis of “onion-skin” fibrosis remains incompletely understood, but it likely reflects the
interplay of genetic susceptibility, immune responses to environmental triggers, biliary epithelial injury,
epithelial senescence, and gut-liver axis dysfunction. The liver and intestine share embryological origins,
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coordinate nutrient handling, and contribute to host defense. Both systems possess mucosal epithelia and
protective mucus layers, and both are vulnerable to disorders of incompletely defined pathogenesis, such as
PSC and IBD. The close association between PSC and UC strongly suggests the existence of shared
pathogenic mechanisms [5]. In addition, the strong link with IBD supports the hypothesis that bacterial
products and toxic bile acids reaching the liver from the colon through the portal circulation may promote
cholangiocyte injury and activate fibrogenic pathways [6]. More specifically, coexisting IBD is frequently
associated with substantial alterations in the abundance and composition of intestinal mucus, and these
changes may facilitate the entry of toxic mediators into the portal circulation by compromising the
protective functions of the mucus barrier [7].

Phosphatidylcholine

Phosphatidylcholine (PC), a major membrane phospholipid, is an essential structural and functional
component of cellular membranes and plays a critical role in lipid metabolism, inflammatory regulation,
and intracellular signaling [8]. Alterations in its physiological availability may substantially influence the
development of metabolic dysfunction and its clinical manifestations. For example, PC deficiency may
initiate steatogenesis by impairing very-low-density lipoprotein synthesis, thereby contributing to the early
stages of metabolic dysfunction-associated steatotic liver disease (MASLD). Persistent lipid accumulation
may subsequently lead to progressive hepatic injury and fibrosis, partly through oxidative stress and
endoplasmic reticulum stress, both of which promote fibrogenesis [9].

Kindlins

Vertebrates express three members of the kindlin protein family, which share sequence homology and
contain a conserved C-terminal Four-point-one, Ezrin, Radixin, and Moesin (FERM) domain interrupted by
a pleckstrin homology domain. Although these proteins are localized to distinct cellular compartments, all
kindlins interact with integrins and thereby regulate integrin-mediated biological functions. Kindlin-1
deficiency results in cutaneous and intestinal abnormalities; absence of kindlin-2 causes embryonic
lethality owing to cardiac defects; and kindlin-3 deficiency leads to impaired platelet, leukocyte, and
erythrocyte function [10].

Kindlin-2

Kindlin-2 contributes to the stabilization of adherens junctions through direct and simultaneous
interactions with -catenin or y-catenin and cortical actin filaments. The binding sites for f-catenin and y-
catenin are located within the F1 and F3 subdomains of kindlin-2. Although kindlin-2 does not directly
localize to tight junctions, reduced expression of this protein also results in destabilization of these
structures [11].

Kindlin-2 was originally identified as a key component of endothelial cell junctions and, accordingly, as
an important determinant of vascular barrier integrity [11] and cardiac structure and function [12]. In
addition, kindlin-2 plays a critical role in maintaining the structural integrity and contractile capacity of
smooth muscle [13]. Its deficiency ultimately leads to intestinal obstruction because of impaired smooth
muscle development during embryogenesis and reduced smooth muscle contraction in adulthood
secondary to inhibition of Ca?* influx [13].

The study by Lukasova

To investigate the consequences of biliary-specific disruption of junctional integrity, Lukasova and
colleagues [14] used a tamoxifen-inducible Cre/loxP system to delete kindlin-2, a protein functioning as a
stabilizer of epithelial junctional architecture. Cre expression was driven by the hepatocyte nuclear factor-
1B (Hnf1B) promoter, which is selectively active in biliary and pancreatic epithelia from embryonic
development through adolescence. Tamoxifen-treated Cre-negative kindlin-2q,, q0, mice served as controls.
Following tamoxifen induction, detectable alterations were observed in the biliary epithelium. Notably, the
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animals developed periductal onion-skin fibrosis, a characteristic histological feature of PSC. However,
serum concentrations of alkaline phosphatase, bilirubin, aspartate aminotransferase, alanine
aminotransferase, and lactate dehydrogenase remained within the normal range in these young mice.

Strengths and limitations

This study provides additional support for the existence of a functional gut-liver axis. Nevertheless, the
extent to which this experimental model faithfully recapitulates human PSC remains uncertain, given that
these animals did not develop the cholestatic biochemical profile that characterizes the human disease [15].
As in other cholestatic disorders, PSC can be accompanied by systemic lipid abnormalities, including
accumulation of lipoprotein X, a free-cholesterol- and phospholipid-rich particle. This systemic phenotype
should be distinguished from biliary or pericholangiocytic PC availability, but it provides a clinically
relevant framework for considering lipid handling in PSC. Additional limitations also temper the
interpretation of this model. These include incomplete characterization of Hnf1f3 promoter activity, the
small exploratory sample size, and the absence of direct comparison with established PSC-like models, such
as Mdr2”/~ and NOD.c3c4 mice.

A further point deserves emphasis. Biliary PC secretion is primarily a hepatocellular process mediated
by ABCB4/MDR3, the canalicular PC floppase that translocates PC from the inner to the outer leaflet of the
hepatocyte canalicular membrane, thereby enabling extraction into bile by bile salt micelles and protecting
the biliary tree from bile-salt detergent injury [16]. Consequently, the kindlin-2 model should not be
interpreted as evidence for a primary defect in hepatocellular PC secretion. Rather, it raises a more
localized and compartment-specific question: whether disruption of cholangiocyte junctional architecture
modifies the distribution, retention, or protective availability of PC at the biliary epithelial surface.

In this framework, tight-junction disruption should be regarded as a plausible contributor to altered
compartmentalization or abnormal local exposure of cholangiocytes to bile constituents, rather than as a
proven mechanism that overrides ABCB4/MDR3-mediated PC secretion. The distinction is important:
impaired epithelial barrier organization may change how bile acids, phospholipids, bicarbonate-rich fluid,
and mucins interact at the cholangiocyte apical surface without necessarily reducing total hepatocellular PC
output into bile. Direct measurements of biliary PC content, mucosal-surface PC availability, junctional
permeability, and bile acid composition will therefore be required to discriminate between defective
secretion, defective epithelial compartmentalization, and secondary adaptive responses.

To validate this model and substantiate the authors’ proposed mechanism of PSC pathogenesis, it will
be important to assess PC levels at the biliary mucosal surface and to identify molecular markers reflecting
local PC availability [17]. Further investigation is also warranted to characterize tight junctions in
cholangiocyte epithelium and to define the consequences of their disruption in PSC. Because kindlin-2
exerts multiple biological functions, including regulation of tight junctions, epithelial plasticity, integrin
signaling, growth factor signaling, and cancer-related pathways, these broader roles should be considered
when interpreting the phenotype of Kind2-deleted mice [17]. Longitudinal studies evaluating disease
progression, inflammatory infiltrates, bile acid pool size and composition, fibrosis, and malignant
transformation are likewise required [17].

Conclusions and research agenda

The pathogenic mechanisms underlying PSC remain only partially elucidated. Lukasova et al. [14] explored
the hypothesis that impaired PC availability at the biliary mucosal surface may represent a primary
determinant of hepatobiliary injury. PC is essential for maintaining membrane integrity and regulating
metabolic processes, and its deficiency has been implicated in metabolic syndrome and MASLD. Although
biliary PC concentrations appear to remain stable in patients with PSC [18], disruption of tight junctions
may impair PC delivery to cholangiocytes, thereby resulting in a localized deficiency [17]. Importantly,
stable total biliary PC concentrations do not exclude a spatially restricted lipid imbalance at the
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cholangiocyte surface. This possibility remains mechanistically plausible, but unproven, and will require
direct experimental assessment of the biliary epithelial microenvironment.

The currently available experimental model does not yet reproduce human PSC with sufficient fidelity,
underscoring the need for further validation and for independent confirmation by multiple research
groups. Therefore, PC supplementation should currently be viewed as a hypothesis-generating strategy
rather than an immediate therapeutic implication. If the proposed mechanism is confirmed in more robust
experimental systems and in human tissue, it could provide a rationale for carefully designed clinical
studies of PC supplementation in selected patients with PSC. At present, however, the evidence remains
insufficient to support clinical translation, and further mechanistic, pre-clinical and human tissue studies
are needed before clinical evaluation can be justified.
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