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Liver diseases are a major health concern and 
affect a large proportion of people world-
wide. There are over 100 types of liver disor-

ders, including cirrhosis, cholangiocarcinoma (CCA), 
hepatocellular carcinoma, and hepatitis. Despite the 
relevant number of people who are affected by liver 
diseases, and the increased awareness with regard to 
these disorders, the number of deaths corresponding 
to liver injury is expected to increase in the foresee-
able future. One of the possible reasons for this is 
that a complete comprehension of the mechanisms 
of hepatic damage involving specific liver anatomi-
cal districts is lacking, and, as a consequence, current 
treatments available are suboptimal. A major burden 
in the clinical setting are chronic cholestatic liver dis-
eases (e.g., primary biliary cholangitis [PBC], primary 
sclerosing cholangitis [PSC], biliary atresia), which 
target the biliary epithelium and are characterized 
by cholestasis.(1,2) Because the secretin (Sct)/secretin 
receptor (SR) axis (expressed only by cholangiocytes 
in the liver)(3,4) is the major regulator of ductal bile 

secretion,(5,6) it is intuitive that this axis plays a key 
role in the maintenance of biliary homeostasis during 
the progression of cholangiopathies. For instance, 
PBC is characterized by reduced bicarbonate secre-
tion, a phenomenon possibly impeding the formation 
of an HCO

−

3
 canalicular film (“bicarbonate umbrella”) 

on bile ducts, which has protective properties against 
highly concentrated bile acids (BAs).(1,7,8) In this 
review, we examined the molecular mechanisms by 
which the Sct/SR axis regulates biliary function and 
the homeostasis of the biliary epithelium in normal 
and pathophysiological conditions.

Sct/SR AXIS: THE BASICS
Sct, a neuroendocrine, gastrointestinal peptide of 

27 amino acids is secreted primarily by the intesti-
nal S cells located in the Lieberkühn crypts. There is 
evidence that Sct is also secreted by other epithelia 
in different organs including the pancreas, intestine 
and liver, thus exerting various biological effects in 
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many systems.(9) Important roles for Sct have been 
demonstrated with regard to regulation of fluid 
homeostasis.(10) Stimulation of biliary secretion is 
due to Sct binding to the basolateral SR expressed 
only by cholangiocytes.(3) SR is a G protein-coupled  
receptor (GPCR) class B1 that contains seven  
membrane-spanning domains; members of the GPCR 
class B1 family characteristically activate their signal 
transduction pathway through increased adenosine 
3’,5’-cyclic monophosphate (cAMP) intracellular lev-
els.(11,12) In addition, Sct stimulates ductal secretory 
activity by activation of the Ca2+-dependent adeny-
lyl cyclase (AC) isoforms, AC5, AC6, and AC9, the 
Ca2+/calmodulin-stimulated AC8, and the soluble 
sAC, which are expressed in large cholangiocytes.(13) 
Cholestatic liver diseases represent an important chap-
ter of clinical hepatology. In this perspective, studies 
were undertaken over the last 50 years to identify the 
features of cholangiocytes and the molecular mecha-
nisms of bile secretion by these cells in normal and 
cholestatic conditions.

ROLE OF THE Sct/SR AXIS IN 
THE MODULATION OF DUCTAL 
BILE SECRETION IN NORMAL 
CONDITIONS

The mechanism linking Sct to ductal secretion is 
as follows: Sct binds to SR on large cholangiocytes, 

increasing intracellular cAMP levels, which in turn 
stimulates phosphorylation of protein kinase A 
(PKA), opening of the cystic fibrosis transmem-
brane conductance regulator (CFTR), and activation 
of the apically located Cl−/ HCO

−

3
 exchanger AE2 

(anion exchanger 2), leading to enhanced secretion 
of bicarbonate-rich choleresis.(3,5,14) Further research 
clarified that Sct stimulates water and bicarbonate 
secretion only in large cholangiocytes lining the 
large bile ducts, but not small cholangiocytes lining 
the small ducts.(3,15) This finding demonstrates that 
the dimensional heterogeneity of the biliary epithe-
lium is linked to functional differences, as only large 
cholangiocytes express SR, CFTR, and AE2.(3,16) 
Moreover, these cells are reactive to other gastrointes-
tinal peptides/neuropeptides and neurotransmitters 
such as somatostatin, gastrin, and endothelin-1.(6) 
Among nonhormonal regulators of biliary secretion, 
BAs need to be underscored. A number of stud-
ies show that SR, cAMP levels, and AE2 were all 
increased in large cholangiocytes exposed to a phys-
iologic amount of taurocholic or taurolithocholic 
acids.(17) The important interplay between the Sct/
SR axis and BAs, in supporting hepato-biliary secre-
tion, was further confirmed by the individuation of 
a specific apical-sodium-BA cotransporter (ASBT) 
detected in cholangiocytes.(17) ASBT is responsi-
ble for partial reuptake of BAs from bile, allowing 
their recirculation in blood in a short circuit within 

© 2020 by the American Association for the Study of Liver Diseases.
View this article online at wileyonlinelibrary.com.
DOI 10.1002/hep.31484

Potential conflict of interest: Nothing to report.

ARTICLE INFORMATION:
From the 1 Hepatology and Gastroenterology, Medicine,  Indiana University, Indianapolis, IN; 2 Liver Unit,  Department of 
Medicine,  University of Rome “Tor Vergata,”, Rome, Italy; 3 Department of Medical Physiology,  Texas A&M University, Bryan, TX; 
4 Gastroenterology, Medicine,  Richard L. Roudebush VA Medical Center and Indiana University, Indianapolis, IN; 5 Department of 
Nutrition,  Texas A&M University, College Station, TX; 6 Division of Transplant Surgery,  Department of Surgery,  Indiana University 
School of Medicine, Indianapolis, IN; 7 Eleonora Lorillard Spencer Cenci Foundation, Rome, Italy; 8 Department of Internal Medicine 
and Medical Specialties, Rome, Italy; 9 Department of Anatomical,  Histological,  Forensic Medicine and Orthopedics Sciences,  Sapienza 
University of Rome, Rome, Italy.

ADDRESS CORRESPONDENCE AND REPRINT REQUESTS TO:
Gianfranco Alpini, Ph.D.  
Gastroenterology, Medicine, Richard L. Roudebush VA Medical 
Center and Indiana University  
1481 W. 10th Street  

Constitution Wing, Room C-7151  
Indianapolis, IN 46202  
E-mail: galpini@iu.edu or gianfranco.alpini@va.gov 

mailto:galpini@iu.edu
mailto:gianfranco.alpini@va.gov


Hepatology,  Vol. 0,  No. 0,  2020 WU, BAIOCCHI, ET AL.

3

the liver, thus increasing hepatocyte BA-dependent 
bile flow.(18) Interestingly, Sct was demonstrated to 
stimulate migration of ASBT from the cytoplasmic 
to the canalicular membrane of cholangiocytes and 
to increase BA uptake from cholangiocytes, thus 
enhancing cholehepatic shunting.(19) Taken together, 
it is intuitive that BA-dependent hepatocyte bile flow 
and BA-independent (regulated by the Sct/SR axis) 
cholangiocyte secretion are integrated in a complex 
interplay. With regard to small cholangiocytes, even 
if these cells lack SR, CFTR and AE2, an alter-
native mechanism to secrete water and electrolytes 
has been identified involving the activation of Ca2+-
dependent pathways.(20) Small mouse cholangiocytes 
have been shown to release adenosine triphosphate 
and to produce purinergic receptor–mediated bile 
secretion.(21).This suggests the presence of an alter-
native, compensatory pathway in small cholangio-
cytes to maintain biliary homeostasis when larger 
bile ducts are damaged.(22,23) However, when large 
cholangiocytes are injured, such as after carbon  
tetrachloride (CCl4) treatment, small, mitotically 
dormant cholangiocytes proliferate, thus replacing 
and acquiring the phenotypic features of large chol-
angiocytes.(23) Secretory pathways of large and small 
cholangiocytes are depicted in Fig. 1.

Sct/SR AXIS IN EXPERIMENTAL 
ANIMAL MODELS OF 
CHOLESTASIS

Cholestasis is a process exhibiting an early phase 
with intense “typical” cholangiocyte proliferation, pos-
sibly compensatory, followed by a second later stage 
represented by loss of bile ducts (ductopenia) and 
fibrosis, which is accompanied by an “atypical” prolif-
eration.(24) Accordingly, it seems important to exam-
ine the relationship between the Sct/SR axis and bile 
ducts with respect to these two different phases. In 
this section, the findings on the Sct/SR axis will be 
described with respect to hyperplastic or ductopenic 
experimental settings.

Sct/SR Axis in the Early Hyperplastic 
Phase of Cholestasis

The bile duct ligated (BDL) rodent model rep-
resents an important tool to evaluate the molecu-
lar mechanisms occurring in the early hyperplastic 
phase of cholestasis, also reproducing “ductular reac-
tion” (a histological finding corresponding to pro-
liferating ductules), which is frequently observed in 
liver specimens of human cholestatic diseases.(24) 

FIG. 1. Differences between large and small cholangiocytes in size, in the location within the biliary tree, and in the secretive pathway. 
As reported, small cholangiocytes are able to migrate and replace the large ones when the latter are damaged. Symbol: ●,  secretin. 
Abbreviations: ATP, adenosine triphosphate; IP3, inositol trisphosphate; p-PKA, phosphorylated PKA; PR, purine receptor; TMEM16A, 
transmembrane member 16A.
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Pivotal studies using this experimental system 
demonstrated that Sct-stimulated bile secretion is 
linearly related to the degree of bile duct hyper-
plasia, and cholangiocytes isolated from BDL rats 
expressed SR at a rate that was higher compared 
with normal cholangiocytes.(4,25) Up-regulation of 
the Sct/SR axis corresponded to increased synthe-
sis of intracellular cAMP, which led to increased 
activation of PKA, opening of CFTR channels, and 
activation of AE2 with subsequent enhanced bili-
ary secretion.(3,5,6,14,26) In this setting, biliary cAMP 
levels have been shown to play a central role in pro-
moting choleretic signaling. In fact, down-regulation  
or up-regulation of cAMP signaling by several 
gastrointestinal hormones and neurotransmitters, 
such as somatostatin, gastrin, endothelin-1, and the 
α2-adrenergic receptor agonists (as well as a num-
ber of BAs), proportionally changes ductal bicar-
bonate secretion.(6) Moreover, during BDL-induced 
cholestasis, increased cAMP levels not only support 
choleresis, but also enhance the expansion of bile 
ducts.(6,15,27,28) Proliferation of bile ducts is cor-
related with cAMP-dependent activation of ERK 
1/2 signaling; however, this mechanism is inhibited 
in BDL rodents lacking SR.(28,29) Further stud-
ies clarified that cAMP-mediated proliferation in 
this setting is sustained by both autocrine (by large 
cholangiocytes) and paracrine (duodenal S cells) Sct 
secretion and is promoted by specific microRNAs 
(miR125b and let7a), which increase biliary mass 
and liver fibrosis by directly targeting vascular endo-
thelial growth factor-A and nerve growth factor 
(NGF), respectively.(27) Changes in large cholangio-
cyte phenotypes after BDL are depicted in Fig. 2.

Sct/SR Axis in Ductopenic Models of 
Cholestasis

Chronic cholestasis, in both humans and rodent 
models, is characterized by a ductopenic stage, with 
reduced biliary mass and progression to liver fibro-
sis. A transient ductopenic cholestatic model was 
induced in animals using toxins, such as CCl4.

(23) 
CCl4 treatment induced selective damage and loss 
of Sct-stimulated secretory activity in large (but not 
small) cholangiocytes.(23) Interestingly, the conse-
quential loss of secretive and proliferative activities 
in large cholangiocytes was replaced by the expan-
sion of small cholangiocytes, which de novo acquired 

the phenotypes of large cells.(23) The relocation 
of Sct/SR axis from damaged (large) to nondam-
aged (small) cholangiocytes underscores the efforts 
of the biliary epithelium to maintain a pathway of 
paramount importance during injury. We suggest 
that small cholangiocytes typically display traits of 
committed progenitor cells and may act as a biliary- 
committed progenitor niche that expands and dif-
ferentiates to large cholangiocytes during cholestatic 
injuries in an effort to maintain secretive capacity 
and biliary homeostasis.(24)

Sct/SR Axis in Animal Models 
Resembling Adult Human Chronic 
Cholestatic Liver Diseases

PBC is an autoimmune disease that primarily 
affects middle-aged women, and is characterized by 
positive antimitochondrial antibodies (AMA) in the 
blood and potentially evolves toward extended liver 
fibrosis and cirrhosis.(30) The target cells of human 
PBC are cholangiocytes lining the interlobular bile 
ducts (i.e., small ducts), with consequential necro-
sis, apoptosis, and progressive cholestasis.(31) PBC, 
at the ultrastructural level, displays nonsuppura-
tive cholangitis with portal inflammatory infiltrates 
consisting of autoreactive T cells surrounding bile 
ducts.(31)

FIG. 2. Changes occurring in rat large cholangiocytes by BDL-
induced cholestasis. The up-regulation of Sct/SR axis enhances 
cAMP accumulation in the cell, stimulating the secretive and 
proliferative activities. Symbol: ●, secretin. Abbreviations: ERK, 
extracellular receptor kinase; MEK, mitogen-activated protein 
kinase kinase; p-PKA, phosphorylated PKA; Src, proto-oncogene 
tyrosine-protein kinase.
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Sct/SR AXIS IN PBC ANIMAL MODELS
The lack of knowledge and effective medical treat-

ments for PBC is also related to the existence of inad-
equate animal models. Lately, several systems based 
on genetically modified mice have been proposed. 
One of these models is represented by the dominant- 
negative transforming growth factor β receptor II 
(dnTGF-βRII) mouse, which exhibits AMA positivity, 
coupled with biliary inflammation and injury of small 
bile ducts.(32) The Sct/SR axis was recently examined 
in an early-stage PBC mouse model (dnTGF-βRII, 
12 weeks) to establish the role of this pathway in bili-
ary injury, liver inflammation, and fibrosis.(7) This study 
demonstrated increased stimulation of Sct/SR signal-
ing in this mouse model. Inhibition of SR signaling 
by the SR antagonist Sec5–27 decreased biliary senes-
cence, liver inflammation, and fibrosis. Interestingly, 
in this model, contrary to what has been canonically 
observed, stimulation of Sct/SR signaling did not 
correspond to increased bicarbonate biliary secretion. 
This phenomenon, in parallel with what is observed in 
human PBC, possibly affects the formation of the pro-
tective bicarbonate umbrella(33) at the canalicular side 
of the biliary system, which is likely associated with 
miR-506-mediated CFTR/AE2 decreased expression. 
The importance of AE2 stimulation by the Sct/SR 
molecular cascade of signals has been supported by 
observations in Ae2a,b−/− mice with disruption of the 
AE2 gene.(34) This rodent model exhibits inflamma-
tory liver damage and biochemical signs of progressive 
cholestasis and cytolysis coupled with AMA positiv-
ity, thus representing another suggested animal model 
to study PBC for its similarity with the correspond-
ing human disease.(34) Other rodent models of PBC 
have been described, such as IL-2Rα−/− mice, which 
is a genetically modified strain that demonstrated 
100% AMA positivity as well as mild bile duct injury, 
interface hepatitis, and severe colitis, although the lat-
ter not typically observed in patients with PBC.(35) 
Another interesting model has been developed in mice 
by inducing chronic expression of interferon gamma 
(IFN-γ) by deletion of 3’-untranslated region adenylate 
uridylate-rich element within the IFN-γ gene.(36) This 
strain exhibits (1) 100% AMA positivity, (2) increased 
levels of BAs, (3) female predominance, and (4) not 
only portal and lobular inflammation, but also granu-
lomas (which are a specific feature of human PBC) at 
histological examination; however, changes of Sct/SR 

axis as a function of cholestatic liver damage have not 
been evaluated.

Sct/SR AXIS IN PSC ANIMAL MODELS
With regard to PSC, the absence of diagnostic 

markers for early detection, low prevalence, and 
difficulty in accessing the biliary tract in human 
patients stimulated the search for animal models to 
study this disease.(37) Multidrug resistance 2 (Mdr2, 
i.e., Abcb4) gene knockout mice (Mdr2−/−) is one 
system that is currently being used to study PSC. 
Ablation of this gene removes phospholipid secre-
tion in bile, in turn counteracting the formation of 
mixed micelles in cooperation with BAs, a process 
that mitigates the cytopathic-detergent property of 
BAs. Because these mice mimic several key features 
of human PSC (including the development of chol-
angitis, irregular bile duct formation, and liver fibro-
sis), they are generally considered a suitable tool to 
study this disease.(38) Moreover, pictures resembling 
high similarities with PSC have been described in 
patients with defects of the MDR3 gene: the homo-
log of mouse Mdr2.(39) Using this model, a possible 
important role of the Sct/SR axis in liver fibrotic 
processes occurring in PSC was proposed.(40) In fact, 
cholangiocytes isolated from Mdr2−/− mice demon-
strated a basal increase in Sct and SR gene expres-
sion that, in turn, was associated with the activation 
of transforming growth factor β1/transforming 
growth factor β1 receptor (TGF-β1/TGF-β1R) axis 
and mothers against decapentaplegic homolog 2/3 
(SMAD2/3) phosphorylation; the latter pathway 
is well known for promoting liver fibrosis through 
hepatic stellate cell activation.(41) Moreover, a direct 
link between SR signaling and TGF-β1 stimulation 
was achieved when the specific Sct inhibitor Sec 
5–27 was administered to mice. In fact, suppression 
of the Sct/SR axis in Mdr2−/− mice was associated 
with reduced activity of the TGF-β1R/SMAD2/3 
pathway and a subsequent decrease of liver collagen 
deposition.(41) These findings were then extended 
in the same Mdr2−/− mouse model that was crossed 
with mice containing SR gene disruption.(42) The 
model of Mdr2−/−/SR−/− mouse confirmed the con-
tribution of Sct/SR axis in supporting liver fibrosis, 
as evaluation of collagen deposition in liver tis-
sues was markedly decreased in Mdr2−/− mice with 
disruption of the SR gene. However, this model 
expanded these findings by demonstrating that 
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cellular senescence (arrest of cell cycle under stress 
conditions) and neo-angiogenesis that are enhanced, 
together with fibrosis, in Mdr2−/− mice were nor-
malized by suppression of the SR gene in the same 
animals. On the basis of these findings, a possible 
mechanism starting from Sct and involving (1) SR, 
(2) neo-angiogenetic factors, and (3) cellular senes-
cence to determine liver fibrosis in experimental 
PSC, was suggested for the first time.

SCT/SR Axis in Adult 
Human Cholestatic Chronic 
Liver Diseases

In the following subparagraphs, the findings regard-
ing Sct/SR axis in human PBC and PSC experimen-
tal studies are reported.

DATA ON Sct/SR AXIS IN HUMAN 
PBC

The first evidence of Sct/SR pathway malfunc-
tion in PBC came from a number of studies that 
sequentially demonstrated reduced mRNA levels and 
decreased immune-reactivity for AE2 in the liver 
that was associated with mild Sct-stimulated bicar-
bonate secretion in patients with PBC.(43) On the 
basis of these findings, PBC damage in humans was 
hypothesized to be associated with a defect in the 
formation of bicarbonate protective film (i.e., bicar-
bonate umbrella) on the canalicular side. This layer is 
thought to be important in the prevention of cellular 
damage induced by detergent BAs. To better clarify 
the mechanism of AE2 scarce response to Sct during 
PBC, the possible role of miRs was investigated. 
Because miR-506 was predicted, on the basis of the 
available data sets, to possibly target AE2, a study 
focused on the influence of this miR on AE2 was 
undertaken.(44) In fact, miR-506 was overexpressed 
(>3-fold increase) in PBC livers in comparison with 
normal controls. The possible effects of miR-506 
on AE2 was then examined in isolated bile duct 
cells (immortalized H69 line and primary PBC and 
normal cultures). These experiments showed that 
miR-506 directly inhibited AE2 expression and its 

response to Sct. A recent study specifically examined 
the Sct/SR axis in PBC early-stage liver tissue.(7) 
Similar to what has been observed in dnTGF-βRII 
mice, expression of Sct and SR were augmented in 
human specimens. Despite this, bicarbonate biliary 
secretion was reduced, supporting the view of the 
down-regulation of AE2 in this disease. However, 
this study also found that the Sct/SR axis promotes 
scar tissue deposition, up-regulating the TGF-β1/
TGF-β1R pathway. In fact, the expression of both 
TGF-β1 and its receptor was enhanced in the liver 
of patients with early-stage PBC. Based on data in 
the human samples and dnTGF-βRII mouse, it was 
hypothesized that liver damage during early-stage 
PBC was significantly related to the up-regulation 
of the Sct/SR axis (potentially compensatory), which 
in turn determined an increase in ductular reaction, 
cellular senescence, and fibrosis. Decreased AE2 
expression and bicarbonate secretion may be occur-
ring through secondary mechanisms in this setting. 
In this perspective, possible inhibitors of the Sct/SR 
axis might be considered beneficial for the treatment 
of human PBC.

DATA ON Sct/SR AXIS IN HUMAN 
PSC

Data on the Sct/SR axis in patients with PSC 
are insufficient. A correlative evaluation was carried 
out with human samples in a study involving pri-
marily Mdr2−/− mice.(40) Similar to what is reported 
in early-stage PBC, increased expression of Sct, SR, 
TGF-β1, and its receptor was seen in PSC liver 
tissue. However, these findings were extended to 
evaluate let-7a, which is known to be an import-
ant regulator of NGF.(45) In fact, down-regulation 
of let-7 increases secretion of NGF and neuronal 
tissue regeneration. In tune with this observation, 
increased Sct/SR expression was associated with 
reduced let-7a activity and subsequent increased 
NGF expression in human PSC. The consequential 
increase in NGF justifies the further onset of prolif-
eration characterized by ductular reaction and evo-
lution toward fibrosis. Again, as has been observed 
in early-stage PBC, up-regulation of the Sct/SR 
axis in PSC may exert negative effects by promoting 
scar-tissue deposition and evolution to end-stage 
liver disease.
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SCT/SR Axis in Other 
Human Diseases Targeting 
the Biliary Tree

Few data are available with regard to the Sct/SR 
axis in human biliary diseases, other than PBC and 
PSC. Biliary atresia is a pediatric disorder affecting 
about 6 out of 100,000 newborns in the western 
world. Being the most important cause of severe 
cholestatic liver disease in children, biliary atresia is 
a progressive obliterative cholangiopathy, involving 
primarily large ducts. Therapy for biliary atresia is 
based on surgical approaches either with liver trans-
plantation or Kasai procedure. The latter is based 
on the complete removal of the extra-hepatic por-
tion of the biliary tract and the direct anastomosis 
of the gut at the base of the liver, where the smaller 
(less or not affected) bile ducts converge. Given the 
important choleretic effect of Sct, treatment with 
this hormone was hypothesized in the 1980s (in 
conjunction with the surgical treatment) as a poten-
tial therapeutic for biliary atresia.(46) Lately, a pos-
sible impairment of the digestive hormone system 
in this disease (involving Sct and cholecystokinin 
excretion) was suggested in a case report.(46) A fetus 
showing a gallbladder full of sludge at 34-week ges-
tation (possibly evolving toward biliary atresia) was 
treated, shortly after the induction of a premature 

birth, with Sct and a cholecystokinin analogue.(46) A 
short course of this treatment normalized bile flow 
and dissolved the sludge, thus preventing the possi-
ble onset of a chronic cholestatic disease in this child. 
Based on this observation, the authors suggested 
dysregulation of choleretic hormones as a possible 
factor inducing biliary atresia. Several attempts have 
been made to develop animal models mirroring the 
features of human biliary atresia; however, despite 
the efforts, an adequate animal system to evaluate 
the pathogenesis of this pediatric disease and to test 
therapeutic strategies is not available so far.

Finally, another important human liver disease 
affecting the biliary tract is CCA. Differently from 
other liver primary tumors, such as hepatocellular car-
cinoma, SR is expressed in human CCA.(47) To clarify 
the possible role of Sct/SR axis in CCA, a study was 
undertaken on CCA cell lines (primarily Mz-ChA-1) 
and liver tissue.(48) Unlike normal cholangiocytes, 
Sct inhibited CCA cell growth in culture, which was 
related to a failure in inducing an increase of the 
intracellular levels of cAMP, as observed in normal 
cholangiocytes. The inhibitory effect of Sct on CCA 
growth was then confirmed in an in vivo model of 
BALB/c nude mice injected with Mz-ChA-1 cells. 
After 57  days, these mice when treated with Sct 
(intraperitoneal injection, 25 µg/kg/body weight every 
3  days) had CCA tumors 3 times smaller in volume 
when compared with control. The peculiar inhibitory 

TABLE 1. Main Studies Focusing on the Role of Sct/SR Axis in Specific Cholestatic Human Liver Diseases

Disease Experimental Approach Findings Reference

PBC AE2a,b−/− mice (PBC model; AMA+) AE2 gene disruption induces inflammatory liver damage and biochemical signs 
of progressive cholestasis

(34)

Liver specimens of human PBC miR-506 overexpression decreases the activity of AE2 (44)

•	 dnTGF-βRII mice (PBC model; AMA+)
•	 Liver specimens of human PBC

•	 Inhibition of Sct/SR axis reduces biliary proliferation, inflammation, and 
fibrosis

•	 Sct fails to stimulate choleresis, as miR-506 overexpression decreases the 
activity of CFTR/AE2

(7)

PSC •	 Mdr2−/− mice (PSC model)
•	 Liver specimens of human PSC

Increased Sct/SR gene expression determines activation of TGF-β1/TGF-β1R axis 
and SMAD2/3 phosphorylation

(40)

Mdr2−/−/SR−/− mice (PSC model with SR 
gene disruption)

Disruption of SR gene reduces fibrosis, cellular senescence, and 
neo-angiogenesis

(42)

Biliary Atresia Case report Treatment with Sct and cholecystokinin analogue, shortly after birth, resolved 
biliary sludge, possibly preventing evolution toward biliary atresia

(50)

CCA •	 CCA cell lines
•	 Liver specimens of human PSC
•	 BALB/c nude mice seeded with CCA cells

Stimulation of Sct/SR axis reduces tumor growth (48)

Note: The reference, experimental systems used, and the main findings of each single publication are reported and ordered according to 
the specific disease.
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effect of Sct on tumor growth was attributed to an 
erroneous coupling of SR with the G-protein Gαi 
(inhibitory) instead of the normal coupling with Gαs. 
This study provided the first evidence of the possible 
role of Sct/SR system in modulating CCA growth. 
Results of main studies evaluating the Sct/SR axis in 
specific human diseases of the biliary tract are pro-
vided in Table 1.

Summary and Future 
Perspectives

As reported in this review, Sct is a gastrointes-
tinal hormone that has a multitude of effects on 
both healthy and injured biliary epithelia. While 
the attention of liver researchers was, at the begin-
ning, captured by the important effects of Sct on 
BA-independent ductal secretion, our knowledge 
has extended to recognizing a role for this hormone 
in regulating proliferation, cellular senescence, and 
fibrosis of the hepatic biliary compartment. These 
effects are obtained by the wide interaction of the 
Sct/SR pathway with growth factors, miRs, BAs, 
cellular transporters, and other biological compo-
nents. Animal models of cholestasis (or cholangio-
cyte damage) remain of paramount importance to 
further clarify molecular features of this process; 
however, additional efforts should be undertaken 
in the future to translate animal findings to human 
pathological conditions. Discovery and adoption of 
more appropriate animal models that mimic human 
diseases and/or confirmation of animal data in 
human samples represent a promising strategy to 
achieve new therapeutic tools. Finally, an in-depth 
study of Sct-related biological effects would be rel-
evant for other important nonbiliary liver diseases. 
In fact, the evidence of a cooperative role of Sct and 
scavenger receptor CD36 in lipid absorption and 
the finding of reduced fatty tissue deposition in Sct 
knockout mice(49) suggest manipulation of Sct/SR 
pathway may mitigate liver diseases characterized by 
increased fatty deposition.
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