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Abstract
Basic and translational wound healing research in the 
biliary tree lag significantly behind similar studies on the 
skin and gastrointestinal tract. This is at least partly at-
tributable to lack of easy access to the biliary tract for 
study. But clinical relevance, more interest in biliary epi-
thelial cell (BEC) pathophysiology, and widespread avail-
ability of BEC cultures are factors reversing this trend. In 
the extra-hepatic biliary tree, ineffectual wound healing, 
scarring and stricture development are pressing issues. 
In the smallest intra-hepatic bile ducts either impaired 
BEC proliferation or an exuberant response can contrib-
ute to liver disease. Chronic inflammation and persistent 
wound healing reactions in large and small bile ducts of-
ten lead to liver cancer. General concepts of wound heal-
ing as they apply to the biliary tract, importance of cellu-
lar processes dependent on IL-6/gp130/STAT3 signaling 
pathways, unanswered questions, and future directions 
are discussed. 
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INTRODUCTION
Wound healing in the biliary tract significantly contributes 
to the development of  liver disease. For example, 
ineffectual wound healing, mural scarring, and stricture 
development in the large extra-hepatic bile ducts are 
responsible for diseases such as extra-hepatic biliary atresia 
and primary sclerosing cholangitis. These are leading 
indications for liver transplantation (http://www.optn.
org). A similar problem occurs in 10%-15% of  all liver 
allografts-the biliary sludge syndrome. Conversely, an 
exuberant wound healing response, or ductular reaction, 
contributes to the development of  cirrhosis from a variety 
of  causes[1-3]. 
    BEC lining the extra-hepatic and large intra-hepatic 
bile ducts have a different embryologic origin and are 
distinct phenotypically from BEC lining small intrahepatic 
bile ducts. But considerations with respect to wound 
healing are similar to each other and to wound healing at 
other sites. Unique aspects of  the biliary tract that have 
the potential to impact significantly on wound healing 
include: (1) anatomy and physiology; (2) exposure to high 
concentration of  bile; and (3) triggering of  reactions in 
the smallest intra-hepatic bile ducts by insults other than, 
or in addition to, direct injury and ulceration. In addition, 
chronic inflammation and persistent wound healing 
reactions in either the large or small bile ducts often 
precede the development of  cancers.
    In the skin and intestines, mechanisms of  wound 
repair depend on the depth of  injury. Superficial wounds 
or simple erosions are healed primarily by a two-
step process: restitution and regeneration. Restitution 
begins immediately after creating a superficial wound in 
barrier epithelia. Cells near the edge of  the defect lose 
close contacts with neighboring cells, undergo shape 
changes, spread, migrate, and then contract to close the 
hole. However, restitution is necessarily limited because 
remaining cells can cover only so much of  the denuded 
surface area. In large wounds, regeneration or proliferation 
of  the remaining epithelial cells is also needed. Eventually 
the epithelium is restored to a nearly original state[4,5], 
although surviving cells may carry a legacy of  DNA 
damage and senescence-related changes[6]. Deeper wounds 
involve the epithelia and underlying stroma. Processes such 
as angiogenesis; activation, migration, and proliferation 
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of  (myo-) fibroblasts and endothelial cells; formation of  
granulation tissue; and wound contraction are needed to 
close these larger/deeper defects. These more extensive 
wounds are also frequently inflamed and, in general, 
stromal involvement and inflammation greatly increase the 
risk of  subsequent scarring[7-10].  
    Epithelial aspects of  wound repair are often studied, 
in vitro, by producing linear “wound” tracks in confluent 
epithelial monolayers. The restitution phase is isolated 
by treating the cultures with chemical mito-inhibitors to 
prevent cell proliferation from contributing to wound 
closure. Distances migrated by the epithelial cells from 
the edge of  the wound at predetermined time points 
measure the effectiveness of  restitution. We developed a 
BEC model using a collagen-matrix substrate to prevent 
premature BEC senescence, which occurs routinely when 
BEC are plated on plastic or collagen-coated plates, from 
interfering with the assay[11]. 
    “Front row cells”, or those epithelial cells nearest 
the defect, experience dissolution of  epithelial cell-cell 
contacts and changes in cell shape[5,12]. They can also 
acquire some mesenchymal characteristics and, under 
some circumstances, can undergo complete epithelial-
mesenchymal transition (EMT)[13,14]. Changes in front row 
cells and EMT function to disaggregate epithelial units and 
reshape the epithelia for movement. Epithelia in transition 
lose polarity, adherens junctions, tight and gap junctions, 
desmosomes, and down-regulate cytokeratin intermediate 
filaments in order to rearrange their F-actin stress fibers 
and express filopodia and lamellopodia[5,12-14]. When wound 
closure is complete and proliferation has replenished the 
lost cells, re-establishment of  inter-epithelial junctions 
restores the barrier. Coordinating these processes is 
critically important for barrier adaptation and wound 
healing[13,14]. 

POTENTIAL INFLUENCES OF BILIARY TREE 
PHYSIOLOGY AND ANATOMY ON WOUND 
HEALING
The biliary tree can be thought of  as a delicate, relatively 
complex, self-contained organ that communicates with, 
and is enveloped by, the liver (Figure 1). It monitors, alters 
the composition of, and triages bile into the intestine. 
The tenuous only arterial blood supply can be damaged 
easily by diseases and by surgical procedures. A close 
relationship and cross-talk between BEC and periductal 
(myo-)fibroblasts exists throughout the entire biliary 
tree: damage to one population usually results in reactive 
changes in the other. For example, periductal (myo-) 
fibroblasts often undergo activation and proliferation 
in response to significant BEC growth, injury, and bile 
leakage from the small[15-21] or large bile ducts [22-24]. In 
extra-hepatic and large intra-hepatic bile ducts, this results 
in mural stricturing and luminal narrowing. In smaller 
intra-hepatic bile ducts, liver fibrosis and/or obliteration 
of  the bile duct lumen can occur. A rich lymphatic 
network envelopes bile ducts that drains into regional hilar 
lymph nodes[25,26]. Numerous intramural peribiliary glands 
in the extra-hepatic bile ducts can become walled off  after 
trauma and produce mucoceles. All of  these potential 

sources of  problems contribute to the well-deserved 
moniker of  the biliary tree as the “Achilles heel” of  liver 
transplantation.
    Bile contains bile salts that can induce[27-30] or protect 
BEC from apoptosis[31], cross-activate EGFR via TGFα 
ligand binding[32], induce COX-2 expression[33], or trigger 
BEC IL-6 and other cytokine production[34]. Bile also 
normally contains several growth factors (e.g. HGF), 
cytokines (IL-6), and other molecules[35]. Understanding 
the effect of  various bile constituents on wound healing 
(esp. restitution) is critical because bile composition 
can be altered therapeutically (e.g. treating patients with 
ursodeoxycholic acid) [36,37]. 
    BEC lining the smallest intra-hepatic bile ducts are 
derived from hepatoblasts and are thought to contain a 
population of  liver stem cells that can differentiate into 
either hepatocytes or BEC[38-41]. Changes in the intra-
hepatic environment other than, or in addition to, direct 
injury and ulceration can trigger wound repair reactions 
in these smallest ducts. These “ductular reactions” are 
recognized as BEC and surrounding myofibroblasts 
at the interface zone of  diseased livers[3,42,43]. Ductular 
reactions can be provoked by: (1) local BEC injury and 
inflammation[44,45]; (2) increased intra-biliary tract pressure, 
and (3) the combination of: (a) a strong liver regenerative 
stimulus, such as partial hepatectomy or chronic necro-
inflammatory liver disease and (b) hepatocyte mito-
inhibition because of  carcinogen exposure or chronic 
oxidative stress[1-3]. Insufficient BEC regeneration in 
the smallest ducts leads to liver diseases such as chronic 
“ductopenic” rejection and drug-induced ductopenia[44].

WOUND HEALING IN THE EXTRA-HEPATIC 
BILIARY TREE
Importance of arterial blood flow and wound depth 
Study of  the biliary sludge syndrome in liver allografts 

Figure 1  Diagram of the extra-hepatic and large intra-hepatic bile ducts 
highlighting some important anatomic and physiologic considerations that can 
potentially impact wound healing. Except for the peribiliary glands and some 
features of the BEC, small intra-hepatic bile ducts have a similar anatomy. All of 
the bile ducts, including the small intra-hepatic bile ducts are supplied only by 
the hepatic artery and the peribiliary vascular plexus, shown in red.  All bile ducts 
also contain either smooth muscle cells and/or facultative myofibroblasts in their 
wall. Deep wounds to the biliary tree result in activation and/or transformation of 
myofibroblasts that greatly increase the risk of wound contraction, fibrosis, and 
stricture formation.
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has been particularly illustrative of  pathophysiologic 
mechanisms involved in  b i l i a r y  wound hea l ing. 
This relatively common and particularly frustrating 
complication affects about 10% of  all liver allografts. 
There are many potential causes of  ineffectual biliary 
wound healing including abnormal anatomy created by 
the operation; suboptimal arterial blood flow because of  
technical problems, anastomotic narrowing, thrombosis, 
or antibody mediated rejection; recurrent ascending 
cholangitis; recurrent primary sclerosing cholangitis; 
and ischemic-preservation injury[46]. Regardless of  the 
cause, impediments to bile drainage results in progressive 
intrahepatic fibrosis, which in turn, increases morbidity 
and decreases organ half-life. 
    The extra-hepatic biliary tree is sustained only by the 
hepatic artery, which drains into three terminal classical 
capillary microvascular networks that supply: (1) the bile 
ducts (peribiliary plexus), (2) the connective tissue of  the 
portal tracts, and (3) the hilar and perihilar structures[47]. 
The allograft biliary tree is especially vulnerable to arterial 
ischemia for the first several months after the operation. 
Preservation injury damages the microvasculature of  the 
peribiliary plexus. The transplant operation can injure 
the arterial blood supply and it can also disrupt the 
normal collateral circulation typical of  the arterial cascade 
arrangement supplying all gastrointestinal organs, including 
the liver[46]. Interference with arterial flow at any level can 
result in “ischemic cholangitis” - a succinct phrase used 
to describe the common association between poor arterial 
flow and biliary ischemia that manifests as persistent 
ulcers, inflammation, sludge, and strictures[48,49].
    Cold ischemic-preservation injury depletes energy 
stores in microvascular endothelial cells and BEC. This 
results in activation of  metalloproteinases, detachment 
of  endothelium and BEC from the underlying matrix, 
and in the microvasculature, predisposition to thrombosis 
after reperfusion[50,51]. Reperfusion with blood after 

transplantation also delivers leukocytes that become 
activated by tissue damage. Activated leukocytes release 
effector molecules, which in turn, cause more tissue 
damage and further promote thrombogenesis[50,51]. 
Hydrophobic bile salts remaining in the biliary tree also 
further damage marginally viable BECs[50,52] already 
weakened by preservation injury. Damaged BEC are 
sloughed into the bile[53]. Although patient and allograft 
survival during the first several weeks after transplantation 
are dependent primarily on parenchymal function, long 
term allograft viability is determined primarily by biliary 
wound healing and adequate bile drainage[54,55]. Allografts 
that eventually fail show biliary sludge, mucosal ulcers, and 
inflamed granulation tissue and myofibroblast activation/
proliferation in the wall of  extra-hepatic and large intra-
hepatic bile ducts[55] (Figure 2). Exposure of  the underlying 
stroma to bile appears to serve as a nidus for crystallization 
of  biliary sludge and a stimulus for inflammation and 
activation of  myofibroblasts. This leads to wound 
contraction and fibrosis, and eventually, to strictures in 
large caliber ducts and to luminal obliteration of  smaller 
caliber ducts (Figure 2C). 
    Two observations illustrate the critical and primary 
importance to wound healing of  an adequate arterial blood 
supply. First, any insult that directly interferes with the 
arterial flow is usually associated with large bile duct ulcers 
and strictures. Second, perfusion of  the hepatic artery and 
peribiliary plexus with low viscosity preservation solutions 
before transplantation dramatically decreases the incidence 
of  biliary complications after transplantation in otherwise 
susceptible extended criteria donor livers with long cold 
ischemic times[56]. This maneuver is thought to flush 
thrombogenic material from the peribiliary plexus and 
facilitate reperfusion and oxygenation after transplantation. 
As with many clinical observations, confirmation of  this 
mechanism is lacking. But it is reasonable to conclude that 
without sufficient arterial flow biliary wound healing is 

Figure 2 A: Cross-section of an extra-hepatic bile duct 
(outlined by dashed lines) from a liver allograft that failed 
because of the biliary sludge syndrome. Note the hepatic 
artery branch traveling along the outer wall, the peribiliary 
glands, mucosal ulceration, and that the lumen is nearly 
obliterated. Ulceration exposes the underlying stroma to 
bile, which results in inflammation, granulation tissue, and 
myofibroblast activation and proliferation in the underlying 
stroma. The inset shows at higher magnification the area 
near the arrow; note the bile sludge, BEC in restitution phase, 
and stromal inflammation and granulation tissue (arrows); B: 
Cross-section of several large intra-hepatic bile ducts from 
the same liver. Note that the same processes are occurring 
in these ducts. The duct lumen in the lower left is nearly 
obliterated by inflamed granulation tissue and myofibroblasts 
(inset); C: The final stages of “pathologic wound healing” 
in the intra-hepatic ducts can result in complete fibrous 
obliteration of the bile duct lumen by concentric rings of 
fibrous tissue, as shown here; D: Sections from the periphery 
of the same liver show a prominent ductular reaction 
consisting of BEC and periductal myofibroblasts (inset). This 
occurs because of increased pressure in the biliary tree distal 
to the site of luminal obliteration. Notice that the cholangioles 
and myofibroblasts form a wedge of tissue that arises from 
the portal tract and distorts the liver architecture (outlined on 
the right side of image).
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unlikely to proceed normally. Once adequate arterial flow is 
ascertained, other factors that also significantly contribute 
to BEC wound repair can then be studied in greater detail. 
    Deep wounds of  extra-hepatic bile ducts precipitate 
stromal involvement in wound healing. Granulation tissue 
and inflammation, local production of  interferon-γ[57] and 
transforming growth factor beta (TGF-β)[58] at this site 
are of  importance in wound contraction and scarring. 
Our laboratory has focused primarily on BEC aspects of  
wound repair with an emphasis on interleukin-6/gp130 
signaling-dependent cellular processes. This signaling 
pathway is also critically important for wound healing in 
the gastrointestinal tract[59] and skin[60,61].

Cellular and molecular mechanisms of BEC repair 
involving IL-6/gp130 signaling
IL-6/gp130 is pleiotropic cytokine signaling system that 
has diverse effects in many different organ systems and 
cell types(reviewed in[62,63]). gp130 is one of  the most 
promiscuous cytokine receptors[62], binding to many 
different ligands including, interleukin (IL)-6, IL-11, 
leukemia inhibitory factor (LIF), oncostatin M (OSM), 
ciliary neurotrophic factor (CNTF), cardiotrophin-1 
(CT-1), and cardiotrophin-like cytokine (CLC)[62,63]. Ligand 
binding to gp130 generates two major signaling pathways: 
(1) Jak/STAT3 and (2) SHP2/ERK/MAPK and there is 
reciprocal negative feedback regulation between them[63,64]. 
Non-canonical STAT3 signaling pathways also exist, but 
are not well delineated[65]. 
    In normal livers, IL-6 is produced at low levels by the 
BEC, perhaps stimulated by the bile salts[34], and secreted 
into the bile[66]. Active IL-6/gp130/STAT3 signaling can 
be detected in normal IL-6+/+ but not in normal IL-6-/- 
mice livers, as evidenced by the detection of  phospho-
STAT3 by Western blotting and immunohistochemistry. 
Biliary tree pSTAT3 in normal liver localizes to occasional 
BEC lining large bile ducts, but more prevalent expression 
is seen in BEC lining the peribiliary glands[11].
    Virtually any bile duct insult, such as obstruction[67-69], 
infection[69,70], or immunologic damage[66,71,72] triggers 
sharp increases in IL-6 mRNA and protein production 
by BEC and peribiliary hematolymphoid cells[3]. This, in 
essence, alerts BEC to environmental stimuli and leads to 
subsequent autocrine, paracrine, and juxtacrine gp130/
STAT3 signaling in BEC at the sites of  injury[11,67,68,73]. As 
in the gastrointestinal tract[59] and skin[60,61], an absence 
of  IL-6 in IL-6-deficient (IL-6-/-) mice leads to impaired 
wound healing[11] and biliary tree integrity[11,73,74]. For the 
last several years our laboratory has focused on cellular 
and molecular mechanisms that might contribute to 
impaired BEC wound healing and biliary barrier defects 
in the IL-6-/- mice and how the findings might apply to 
humans. Using a combination of  knowledge gained from 
the gastrointestinal tract and skin, mRNA microarray 
expression analyses, and pathophysiologic studies, we 
first searched for genes that were: (1) expressed in BECs, 
(2) regulated by IL-6/gp130/STAT3 signaling, and (3) 
possibly involved in barrier function and/or repair. Two 
of  the most interesting candidates, studied in greater 
detail, included intestinal trefoil family factors (TFF)[59,75-78] 
and small protein rich proteins (SPRR)[11,73]. The reader is 

referred to recent reviews of  IL-6/gp130/ SHP2/ERK/
MAPK signaling and other growth factors and cytokines 
involved in the regenerative phase of  BEC wound 
healing[3,67,68,79-81]. 
    Trefoil family factor (TFF) proteins are comprised of  
one or more trefoil motifs, which consist of  6 cysteine 
residues. TFF proteins increase mucous viscosity and 
thereby contribute to optimal protection of  the intestinal 
mucosa from injury[77,82-84]. By enhancing intestinal 
epithelial spreading and migration, TFF proteins also 
stimulate the restitution phase of  wound healing[76,85]. 
Each of  the three known TFF proteins is differentially 
regulated in the gastrointestinal tract[59,75]: TFF1 and 
TFF2 are expressed primarily in the stomach[86,87]. TFF3 
predominates in the small and large intestines[78] and 
in the biliary tree[11] of  mouse and human livers[88-91]. 
IL-6/gp130/STAT3 signaling is crucial for BEC TFF3 
expression. In normal liver, pSTAT3 and TFF3 mRNA 
and protein expression are significantly higher in IL-6+/+ 
than in IL-6-/- mice livers. Constitutive expression of  TFF3 
and pSTAT3 localizes to mucin secreting BEC lining large 
intrahepatic and extrahepatic bile ducts and peribiliary 
glands[11]. Medium and small-sized intra-hepatic bile ducts 
are generally negative for mucin secreting BEC, pSTAT3, 
and TFF3 expression[11,91,92]. 
    IL-6+/+ BEC consistently show higher levels of  
TFF3 mRNA and protein expression and significantly 
better migration and wound healing than IL-6-/- BEC[11], 
in vitro. Defective migration in the IL-6-/- BEC can be 
partially, but significantly, reversed by treatment with 
recombinant TFF peptides[11]. In vivo, biliary TFF3 is 
dynamically regulated by various factors after bile duct 
ligation. Included are the reciprocal negative regulation 
known to exist between the STAT3 and MAPK signaling 
pathways[59], and other cytokines and growth factors, such 
as HGF and TGF-β, which can down-regulated BEC 
TFF3 expression[11]. However, a chronic deficiency of  
pSTAT3 signaling during bile duct injury, as seen in IL-6-/- 
mice after bile duct ligation, leads to a chronic deficiency 
of  biliary TFF3 expression and impaired biliary barrier 
function[11]. In humans, p-STAT3 and TFF3 are newly 
co-expressed in BEC involved in florid duct lesions in 
primary biliary cirrhosis and at other sites of  BEC injury, 
but not in similarly-sized normal bile ducts from the same 
livers[11,89,92]. This likely constitutes a primitive or innate 
mucosal defense system that guards against injury and 
stimulates repair.
    Our BEC TFF3 studies are consistent with studies 
focused on the colon and carried out in mice harboring 
mutations that selectively block all gp130-mediated STAT 
activity (gp130∆STAT), but preserve gp130-mediated MAPK 
signaling. These mice show decreased colonic TFF3 
expression, increased sensitivity to sodium dextran sulfate-
induced colitis, and impaired mucosal wound healing[59,75]. 
Thus, it is reasonable to conclude that IL-6/gp130/
STAT3 signaling contributes significantly to normal 
BEC cytoprotective mechanisms and to migration during 
wound healing, at least in part, by stimulating BEC TFF3 
expression[11].
    Small proline-rich proteins (SPRR) are encoded 
by a tandemly arranged four-member gene family 
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contained within a 170-kilobase region of  the epidermal 
differentiation complex (EDC). The EDC is a cluster of  
more than 50 genes located on chromosome 1q21[93-95] 
whose products are involved in terminal differentiation 
of  the human epidermis. Included are formation of  the 
cornified envelope that is an effective barrier against the 
external environment [93,96]. The four SPRR gene families, 
SPRR1-4, are distinguished on the basis of  the number 
of  amino acids in the repeats of  the protein’s central 
domain and the consensus of  that sequence[95]. There are 
two Sprr1 genes and one copy each of  Sprr3 and Sprr4 
genes[95]. SPRR2 genes are the most diversified family: 
there are seven in humans and eleven in mice[95]. In the 
skin and other squamous epithelia, SPRR genes are usually 
regulated coordinately as part of  the EDC (i.e. high 
expression of  most EDC genes, as in papillomas, or very 
low expression of  most genes, as in newborn skin). SPRR 
genes encode for a series of  highly homologous proteins 
that function primarily as critical cross-linkers. They 
form bridges among other EDC proteins, intermediate 
filaments, and cornified envelope constituents[94,95,97], such 
as desmoplakin, loricrin, and tricohyalin, through the 
catalytic action of  transglutaminases[98] .
    The diverse SPRR2 genes are also non-coordinately 
expressed, or expressed preferentially, without similar 
upregulation of  other EDC family members[73,97]. This 
occurs most commonly in non-keratinizing epithelia in 
curious situations that cannot be explained by squamous 
differentiation or formation of  a cornified envelope. 
Examples include greater than 100-fold increases of  
SPRR2A in the intestine after small bowel resection[99] 
or after introduction of  commensal bacteria into germ-
free mice[100,101] or after intentional infection with 
intestinal parasites[102]. In uterine epithelium SPRR2A 
mRNA and protein expression is, at least in part, 
regulated by estrogen[103]. Therefore, it is highly and non-
coordinately upregulated during certain stages of  the 
oestrous cycle[104,105] and is especially high at the blastocyst 
implantation site[103]. SPRR2A mRNA and protein are 
also expressed in bronchial and intestinal epithelium 
during allergic reactions[106]. Barrier remodeling, as a 
response to stress[94,105], inflammation, and/or growth, 
is a common condition of  these diverse circumstances. 
Potential molecular and cellular processes affected by 
non-coordinate SPRR2A expression are currently under 
investigation in our laboratory.
    In the liver, we have shown that SPRR2A mRNA and 
protein are not expressed in normal mouse liver, but 
are non-coordinately upregulated only in BEC after the 
stress of  bile duct ligation[73]. Expression after bile duct 
ligation is not related to squamous metaplasia and shows 
strong dependence on IL-6/gp130/STAT3 signaling. In 
BEC lining the large bile ducts, SPRR2 protein localizes 
subjacent to the apical plasma membrane. SPRR2 
expression is more diffusely distributed throughout 
the cytoplasm of  cholangioles participating in ductular 
react ions and in large duct BEC engaged in the 
restitution phase of  mucosal wound healing. Deficient 
BEC SPRR2A expression in IL-6-/- mice after bile duct 
ligation is associated with impaired barrier function[73]. 
IL-6 replacement therapy restores SPRR2A expression to 

levels seen in wild type controls and reverses the barrier 
defect in IL-6-/- mice. In a series of  ongoing investigations, 
preliminary data suggest that BEC SPRR2A expression is 
associated with BEC restitution.

WOUND HEALING IN SMALL INTRA-HEPATIC 
BILE DUCTULES-DUCTULAR REACTIONS
Wound healing responses can be triggered in BEC lining 
the smallest intrahepatic bile ducts by environmental 
changes other than, or in addition to, direct injury 
and ulceration. This often occurs in chronic necro-
inflammatory liver disease regardless of  the underlying 
cause. For several years we were puzzled by the observation 
that ductular reactions represent a survival advantage for 
BEC and myofibroblasts over hepatocytes, yet hepatocytes 
and BEC share the same responses to many cytokines and 
growth factors that are upregulated in chronic liver disease 
(e.g. HGF, EGF, IL-6, TGFβ, etc.[81,107]). Why then do BEC 
and myofibroblasts survive preferentially under these 
circumstances? To answer this question it is helpful to view 
chronic necro-inflammatory liver disease as a “Darwinian” 
selection pressure applied to the liver. A survival advantage 
for BEC can occur because of  a relative increase in the 
rate of  proliferation, a relative decrease in the rate of  
death, transformation of  hepatocytes into BEC, or various 
combinations of  the above. Regardless of  the mechanism, 
the end result is a relative decrease in volume percentage 
of  hepatocytes and a relative increase in biliary epithelial 
cells and myofibroblasts-a pattern typical of  evolving 
cirrhosis[1,74]. When combined with sufficient time[1,2], even 
a small deficit of  hepatocyte survival is enough to evoke a 
ductular reaction that distorts the hepatic architecture.  
    Using an established mouse model of  decompensated 
biliary cirrhosis[74] and p21-deficient mice, we tested the 
hypothesis that hepatocyte mito-inhibition combined 
with the regenerative stimulus of  bile duct ligation 
would accentuate the ductular reaction and accelerate 
architectural distortion. Results showed that after long-
term (12-wk) ligation mice prone to decompensation show 
significantly more oxidative stress and hepatocyte nuclear 
p21 expression, a cyclin dependent kinase inhibitor and 
important mediator of  hepatocyte mito-inhibition[1]. As 
expected, mice prone to decompensation also showed less 
hepatocyte proliferation, an exaggerated ductular reaction, 
and accelerated architectural distortion compared with 
compensation-prone controls[1]. We next subjected p21 
deficient mice to bile duct ligation for 12 wk with the 
expectation that p21 deficient mice would be better able 
than wild-type controls to compensate for long-term BDL 
because of  significantly greater hepatocyte proliferation. 
Indeed, results of  these experiments showed that p21-
deficient mice showed a larger liver mass because of  more 
hepatocyte proliferation, a less florid ductular reaction, and 
less architectural distortion than wild type controls[1]. 
    We next wanted to determine whether this concept was 
applicable to other, non-cholestatic or non-biliary, liver 
diseases. To accomplish this task, we first showed that 
hepatocyte nuclear p21 expression in humans awaiting liver 
replacement directly correlated with pathological disease 
stage and model of  end-stage liver disease scoring[1]. We 
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also engaged in a collaborative study with Clouston et al 
who had previously shown that HCV-related liver disease 
progresses more rapidly when there is co-existent hepatic 
steatosis[108]. Liver biopsies from 115 patients with HCV 
scored for steatosis, inflammation, and fibrosis showed 
a strong correlation between (a) a ductular reaction and 
portal fibrosis and (b) steatosis and impaired hepatocyte 
replication[2]. Steatosis correlated with the ductular reaction 
and greater hepatic progenitor cell proliferation, but was 
not an obligate feature. The highly significant correlation 
between the ductular reaction area and fibrosis stage 
remained even after multivariate analysis[2]. Impaired 
hepatocyte replication, as determined by p21 expression, 
was independently associated with hepatic progenitor 
cell expansion, increased body mass index, and lobular 
inflammation.
    The observation that ductular reactions often appear 
when hepatocyte mito-inhibition is combined with 
a liver regenerative stimulus is not new. It was made 
originally years ago while treating experimental animals 
with genotoxic carcinogens and then subjecting them to 
partial hepatectomy (reviewed in[3,109,110]). These maneuvers 
stimulate oval cell, or liver epithelial progenitor cell[111], 
expansion/proliferation at the interface zone-a ductular 
reaction. However, in carcinogenesis experiments, the 
ductular reaction eventually resolves without fibrosis. 
    Our studies show that this concept is applicable 
to ductular reactions associated with chronic necro-
inflammatory liver diseases and the development of  
fibrosis/cirrhosis[1] (Figure 3). Hepatocytes are more 
susceptible to injury and mito-inhibition during chronic 
necro-inflammatory liver disease because they: (1) produce 
and secrete bile and are the major site of  bile stasis; (2) 
are more complex metabolically and able preferentially 
to store lipids and metals, such as iron and copper, which 
are generators and/or catalysts for free oxygen radical 
formation; and, (3) support HBV and HCV replication, 
and (4) maybe most importantly, contain many more 
mitochondria than BEC and mitochondria are the major 
site of  superoxide production[112]. Diverse disorders such 
as cholestasis[1], HCV replication[113,114], steatosis[2,115], 
copper deposition[116], and alcohol[117]  preferentially stress 
or injure hepatocytes and this causes nuclear expression 
of  the cyclin-dependent kinase inhibitor, p21[1,2], which in 
turn, inhibits hepatocyte proliferation.
    When small intrahepatic bile ductules are destroyed 
(ductopenia), due to drugs or chronic allograft rejection, 
classical cirrhosis usually does not develop[45,109,118,119]. 
Despite ongoing immunologic liver injury and fibrosis, 
regenerative nodularity and the associated complications 
of  portal hypertension rarely occur. BEC survival and 
proliferation in response to injury in these small ductules 
is related to a combination of  immunologic injury, 
environmental influences, and importantly, arterial blood 
flow[120], as in the large bile ducts. Perhaps the arterial disease 
also inhibits regenerative nodule formation (Figure 4).

Progenitor Cell Activation, Persis-
tent Wound Repair and Cancer
Persistent ductular reactions in human chronic necro-

inflammatory diseases can activate progenitor cell popu-
lations, as in the experimental animal carcinogenesis 
models, discussed above (Reviewed in refs 38, 39, 41). 
Several groups, including ours, have shown that oval cell 
expansion in mice is dependent significantly on IL-6/
gp130/STAT3 signaling[121,122]. This raises the possibility 
that ductular reactions accelerate the development of  
cirrhosis and potentially increase the risk of  hepatocellular 
carcinoma. Since oval cells eventually differentiate into 
hepatocytes[111], exposure to carcinogens or genotoxic 
damage from oxidative stress imprint genetic mutations 
in putative liver stem cells. These cells then divide, 
differentiate, and spread initiated cells more widely 
throughout the entire hepatocyte population. Liver cancers 
occur when initiated hepatocytes are subjected to tumor 
promoters that generally cause hepatocyte proliferation. 
Chronic liver disease is an excellent cancer-promoting 
environment. 
    In the skin, STAT3 signaling enables epidermal stem 
cells to the escape apoptosis induced by exposure to 
cutaneous carcinogens[123]. Initiated stem cells survive, 
divide, differentiate, and subsequently give rise to skin 
cancers in a promoting environment[123]. Similar processes 
might occur in hepatocellular and cholangiocarcinomas. 
Interleukin-6/gp130/STAT3 signaling might provide 
important survival signals for initiated liver epithelial 
progenitor cells that later give rise to liver cancers in 
the context of  chronic necro-inflammatory disease. 
In evolutionary biology[124] this process is referred as 
“antagonistic pleiotropy” - a short term survival benefit at 
the expense of  long-term increased risk of  cancer. 
     IL-6/gp130/STAT3 signaling is indeed increased in a 
very wide variety of  neoplasms, including hepatocellular 
carcinomas, melanomas, leukemias and myelomas, and 

Figure 3  This diagram illustrates the peripheral aspects of the biliary tree, 
including the portal tract and periportal hepatic parenchyma in normal (A: bottom 
of figure) and in diseased livers (B: top of figure). A: Rare liver progenitor, or stem 
cells, are thought to reside within the Canals of Herring, or the portion of the 
bile ductules that connects BECs to hepatocytes. The same close relationship 
between BEC, the arterial supply, and periductal myofibroblasts seen in the large 
ducts continues to the biliary tree periphery, as shown here. B: During chronic 
necro-inflammatory liver diseases a variety of insults, such as cholestasis[1], HCV 
replication[114,115], steatosis[2,116] copper deposition[117], and alcohol[118] can cause 
oxidative stress, preferentially in hepatocytes. The stress upregulates hepatocyte 
nuclear p21 expression (illustrated by solid nuclei at top of diagram), which in 
turn, inhibits hepatocytes proliferation and accentuates ductular reactions[1,2]. A 
close relationship between BEC and periductal myofibroblasts in the smallest 
bile ductules usually results in co-activation of these populations recognized as 
ductular reactions, which often precede the development of cirrhosis.
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lung, breast cancer, kidney, prostate, pancreatic, colon, 
gastric, cervical, ovarian, and head and neck cancers[125,126]. 
This signaling pathway participates and/or regulates many 
pathways important in oncogenesis including cell-cycle 
progression, apoptosis, tumor angiogenesis, tumor-cell 
invasion and metastasis, and tumor-cell evasion of  the 
immune system (reviewed in[125,126]). 
    Whether this concept is applicable to cancers arising in 
extrahepatic and large intrahepatic bile ducts is uncertain 
because the mechanisms of  BEC renewal at these sites 
have not been studied in any great detail. In the larger bile 
ducts there are two potential sources of  new BEC: (1) 
proliferation of  mature BEC; and (2) proliferation and/or 
maturation of  progenitor cell populations. These potential 
sources are not mutually exclusive and only one study in 
the literature even indirectly addresses this topic. Koike 
et al[127] used pulse and continuous DNA labeling studies 
to show, in rats, that a proliferative zone, consistent with 
a BEC progenitor cell population, localized to peribiliary 
glands (called “crypts” in their study). Long-term follow-
up of  the animals showed that labeled BEC migrated 
gradually to the surface and were shed into the lumen 
with a transit time of  about 30-40 d[127]. They concluded 
the arrangement and pattern of  BEC renewal in the 
extra-hepatic bile ducts was similar to the intestine and 
colon, but kinetics of  BEC turnover was slower[127]. More 
definitive work is needed in this area.

UNANSWERED QUESTIONS AND FUTURE 
DIRECTIONS
The following are a few examples of  the many unanswered 
questions in the study of  biliary wound healing that have 
stimulated research in our laboratory. For example, are 
there progenitor cell populations within the peribiliary 
glands or crypts of  extra-hepatic and large intra-hepatic 
bile ducts? If  progenitor cells exist in the extra-hepatic 
biliary tree, where exactly do they reside, and how are 
they recognized? Are they activated during wound repair, 
and do they contribute to the development of  bile duct 
cancers? 
    EMT contributes significantly to wound healing and 
to kidney fibrogenesis. Is EMT an important process in 
BEC wound healing and hepatic fibrogenesis? Can, and 
do, BEC transform into myo-(fibroblasts)? BEC appear 
to migrate and can acquire mesenchymal characteristics 
during the ductular reaction and hepatic fibrogenesis. 
They transform from polarized cuboidal epithelial cells 
into a spindle or dendritic-shaped vimentin-positive cells 
after bile duct ligation and in PBC[128,129]. In embryonic 
liver, ductal plate BEC “invade” or migrate into the portal 
tract connective tissue to form mature intrahepatic bile 
ducts. During migration BEC express vimentin[130] and 
down-regulate membranous E-cadherin[131] expression. 
Once mature bile ducts are formed BEC revert totally 
to an epithelial phenotype. Preliminary studies from our 
laboratory suggest that IL-6/gp130/STAT3 signaling 
triggers BEC changes under some circumstances that can 
induce BEC EMT. The extent to which EMT contributes 
to BEC wound healing, however, requires further study.
    Several studies show that IL-6 pre-treatment can prevent 

liver parenchymal ischemic-preservation injury[132-136]. 
We have shown similar results in intestinal allografts: 
IL-6 pretreatment limits epithelial damage and promotes 
repair[137]. Would pretreatment of  donor livers with IL-6, 
particularly in the aortic flush, have beneficial effects on 
preservation injury of  the peribiliary plexus and promote 
wound healing in the biliary tree? We would expect IL-6/
gp130 signaling to help lessen the incidence of  biliary 
strictures because it upregulates anti-apoptotic molecules 
in the microvascular endothelium[133,136], preserves epithelial 
integrity[11,137], and stimulates BEC restitution[11,73] and 
regeneration[79] after injury.
    Several other strategies might be used to prevent biliary 
strictures[138,139], such as reducing eosinophil and mast cell 
accumulation with Tranilast[140,141] and Captopril[142-144], 
reducing activation and transformation of  myofibroblasts 
with anti-oxidants such alpha tocopherol (vitamin E) and 
peroxisome proliferator-activated receptors-γ (PPAR-γ) 
ligands, such as the thiazolidinedione family of  drugs[145-147]. 
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