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Sortilin, a member of the vacuolar protein sorting 10 domain receptor family, traffics newly synthesized
proteins from the trans-Golgi network to secretory pathways, endosomes, and cell surface. Sortilin-
trafficked molecules, including IL-6 and acid sphingomyelinase (aSMase), mediate cholangiocyte pro-
liferation and liver inflammation, hepatic stellate cell activation, hepatocyte apoptosis, and fibrosis.
Based on these sortilin-regulated functions, we investigated its role in biliary damage leading to he-
patocellular injury and fibrosis. Sortilin�/� mice displayed impaired inflammation and ductular reaction
3 days after bile duct ligation (BDL), as demonstrated by reduced cholangiocyte proliferation and
activation and reduced serum IL-6. Interestingly, liver fibrosis was reduced in Sortilin�/� mice after
both BDL and carbon tetrachloride treatment, in line with attenuated in vitro activation of Sortilin�/�

hepatic stellate cells. Sortilin�/� hepatic aSMase activity was reduced in the BDL and carbon tetra-
chloride models and accompanied by reduced in vivo hepatocyte apoptosis. In addition, wild type (WT),
but not Sortilin�/� hepatocytes, had increased aSMase-dependent susceptibility to bile acideinduced
apoptosis in vitro. Mechanistically, short-term IL-6 neutralization in bile ducteligated WT mice
decreased hepatic inflammation and reactive cholangiocyte-derived cytokines and chemokines, without
affecting fibrosis, whereas pharmacological inhibition of aSMase activity was not sufficient to attenuate
hepatic fibrosis. Only combined IL-6 and aSMase inhibition significantly reduced fibrosis in bile ducte
ligated WT mice. We conclude that sortilin regulates cholestatic liver damage and fibrosis via effects on
both aSMase activity and serum IL-6. (Am J Pathol 2017, 187: 122e133; http://dx.doi.org/10.1016/
j.ajpath.2016.09.005)
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Hepatic fibrosis and cirrhosis are the final outcomes of many
types of liver injuries, including viral hepatitis, cholestasis,
and alcoholic and nonalcoholic steatohepatitis. These
different types of liver injuries are accompanied by oxidative
stress, hepatocyte or cholangiocyte apoptosis, and inflam-
mation, leading to deposition of extracellular matrix, partic-
ularly collagen type I, produced by myofibroblasts, which are
derivedmainly from activation of hepatic stellate cells (HSCs)
and in some cases from activation of portal fibroblasts.1e5

Cholestatic liver injury, predisposing to biliary fibrosis
and cirrhosis, can be caused by various pathologies that
stigative Pathology. Published by Elsevier Inc
impair bile flow and result in accumulation of bile in the
liver. These include genetic defects, structural/mechanical
obstruction of bile ducts impairing bile flow, toxins, and
dysregulated function of the immune system. In the early
stages of cholestatic injury, there is an increased number of
proliferating bile ducts, myofibroblast activation, and an
. All rights reserved.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:isab@tlvmc.gov.il
mailto:isab@tlvmc.gov.il
http://dx.doi.org/10.1016/j.ajpath.2016.09.005
http://dx.doi.org/10.1016/j.ajpath.2016.09.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2016.09.005&domain=pdf
http://dx.doi.org/10.1016/j.ajpath.2016.09.005
http://ajp.amjpathol.org
http://dx.doi.org/10.1016/j.ajpath.2016.09.005


Sortilin Affects Cholestatic Injury
influx of inflammatory cells, a phenomenon termed ductular
reaction.3,6,7 Reactive cholangiocytes, which are typical of
the ductular reaction, express increased levels of cytokines
[tumor necrosis factor (TNF)-a, IL-1b, IL-8, IL-6, and
interferon-g], chemokines (chemokine ligand 2, CXCL1,
and CXCL2), autocrine mitogenic growth factors (pro-
granulin and nerve growth factor), adhesion molecules, and
fibrogenic molecules; these cells also have features of
neuroendocrine cells.3,6,7 The factors secreted by reactive
cholangiocytes have important roles in inflammation and
cross talk with the surrounding portal fibroblasts, inducing
their differentiation into myofibroblasts.8e10

Sortilin is a newly identified member of the vacuolar
protein sorting 10 family and can act both as a coreceptor and
as a trafficking molecule in the trans-Golgi network.11 As a
trafficking molecule, sortilin directs several newly synthe-
sized molecules to the endosomal compartments, to secretory
vesicles, and to the cell surface.11 Recently, sortilin was
shown to regulate secretion of cytokines from immune cells,
specifically secretion of interferon g from T cells12 and IL-6
from macrophages, and mice reconstituted with Sortilin�/�

bone marrow displayed reduced circulating levels of IL-6.13

IL-6 is a central inflammatory cytokine, induced during a
variety of liver injuries. Cholestatic injury to bile ducts
rapidly induces expression and secretion of IL-6 in both
cholangiocytes and immune cells around bile ducts, where
IL-6 participates in proliferation of cholangiocytes and in
processes of repair and barrier protection of the ducts.14e16

However, the role of IL-6 is somewhat controversial, with
some studies finding a protective role and others a deleterious
role for IL-6 in cholestatic injury.17e21

Another protein trafficked by sortilin is acid sphingo-
myelinase (aSMase),22e24 which catalyzes the turnover of
sphingomyelin to ceramide, thereby regulating cellular
levels of ceramide.25 Ceramide is a major signal trans-
duction molecule involved in apoptosis,26 and hepatocytes
from Asmase�/� mice display reduced apoptosis in response
to TNF-a.27 Moreover, in vivo studies revealed the specific
involvement of Asmase in cholestatic injury, whereas het-
erozygous Asmaseþ/� mice show reduced hepatic fibrosis
after bile duct ligation (BDL) or carbon tetrachloride treat-
ment.28,29 Our previous studies have shown that Sortilin�/�

mice had reduced aSMase activity under a high-fat diet
regimen, and their reduced aSMase activity improved their
insulin signaling, which is inhibited by ceramide.30

Based on the studies above, we hypothesized that sortilin
may increase trafficking of aSMase and therefore reduce
resistance of hepatocytes to external apoptotic signals,
potentially enhancing pathways leading to fibrosis. In
addition, we also suggest that elevated circulating serum
IL-6, regulated by sortilin, may result in increased reactive
cholangiocytes and inflammation in liver injuryeinduced
fibrosis. Therefore, in the present study, we used Sortilin�/�

mice to investigate the role of sortilin in cholestatic-induced
inflammation, ductular reaction, and fibrosis via regulation
of aSMase activity and IL-6 levels.
The American Journal of Pathology - ajp.amjpathol.org
Materials and Methods

Animals

C57Bl/6 mice (Harlan, Jerusalem, Israel) [wild type (WT)]
and Sortilin�/� mice, obtained by introduction of the neo
gene into exon 14 and the following intron of the sortilin
gene31 (a kind gift of Prof. Anders Nykjaer, The Lundbeck
Foundation Research Center MIND, Aarhus University,
Aarhus, Denmark), were maintained in the animal facility of
the Tel Aviv Sourasky Medical Center (Tel Aviv, Israel) on
a standard rodent chow diet with 12-hour light cycles. All
experiments were approved by the Tel Aviv Sourasky
Medical Center Animal Use and Care Committee.
In Vivo Induction of Fibrosis by BDL and by Carbon
Tetrachloride

WT and Sortilin�/� mice were anesthesized with xylazil and
ketamine, their abdomen opened, and two ligatures (one
near the pancreas, the other near the liver) were performed
on the common bile duct using silk thread (5.0) and the
common bile duct between them was cut. Mice were
sacrificed 3, 7, 14, and 21 days later.

For fibrosis induction by carbon tetrachloride, mice
received i.p. injections of carbon tetrachloride dissolved in
olive oil, carbon tetrachloride, 0.85 mL/g body weight, twice
a week for a total of 4 weeks, and were sacrificed 48 hours
after the last carbon tetrachloride injection.

For aSMase inhibition in vivo, WT mice subjected to
BDL received amitriptyline i.p. every day (2.5 mg/kg body
weight) for 7 or 14 days. For inhibition of IL-6, WT mice
subjected to BDL received daily i.p. injection of 1 mg/mouse
of an antieIL-6 neutralizing antibody (clone MAB406;
R&D Systems, Minneapolis, MN) for a total of 3 days.
Determination of Fibrosis by Quantitation of Sirius Red
Staining

Midsections of the left lobes of the livers were processed for
light microscopy by fixing the specimens in a 5% neutral
formol solution, embedding the specimens in paraffin, mak-
ing sections (5 mm thick), and staining the sections with Sirius
Red to detect fibrillar collagen.32 The Sirius Redepositive
areas in at least 20 sections were calculated as percentages
from the same size area in all micrographs using open source
ImageJ software version 1.49t (NIH, Bethesda, MD).
Collagen Detection by Hydroxyproline Quantitation
Assay

Liver fibrosis was also quantitated using a hydroxyproline
assay kit (Sigma, St. Louis, MO), according to the manu-
facturer’s instructions.
123
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Murine HSC Isolation and Culture

Livers of WT or Sortilin�/� mice were minced and incu-
bated with 50 mL of Gey’s Balanced Salt Solution con-
taining 1 mg/mL collagenase, 1 mg/mL pronase, 20 mg/mL
DNase I (Sigma), and 0.027% CaCl2 for 45 minutes at 37�C
with 200 rpm shaking. The digested tissue was filtered
through a sterile 150-mm mesh, cells were centrifuged at
870 � g for 7 minutes, and HSCs were isolated on a 10%
Nycodenz gradient centrifuged at 1400 � g for 20 minutes.
Cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum, 100 mg/mL peni-
cillin, and 100 mg/mL streptomycin.

Primary Murine Hepatocyte Isolation and Culture

Hepatocytes from WT and Sortilin�/� mice were isolated as
previously described.30

Immunohistochemistry

Paraffin liver sections were deparaffinized and stained with
antibodies to Ki-67 (SolA15; eBiosciences, San Diego, CA)
and antibodies to Ly6G (clone 1A8; Biolegend, San Diego,
CA).

aSMase Activity Assays

aSMase activity from liver extracts was assessed as
described.30,33 Briefly, livers were homogenized in sodium
acetate buffer (50 mmol/L sodium acetate, pH 4.5) con-
taining protease inhibitors (Sigma). Protein was determined
using the BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA), and 40 to 50 mg of protein was used for the
assay. The assay was initiated with 1 nmol C6eNBD-SM
(Avanti Polar Lipid, Alabaster, AL) in 50 mmol/L sodium
acetate buffer, pH 4.5, 37�C, for 15 to 30 minutes, and
stopped by the addition of chloroform/methanol (1:2; v/v).
Lipids were separated by thin layer chromatography using
chloroform/methanol/9.8 mmol/L CaCl2 (60:35:8; v/v/v).
Thin layer chromatography plates were scanned by Typhon
(GE Life Sciences, Uppsala, Sweden) and quantified by the
Image Quant program (GE Life Sciences).

Apoptosis Assays in Vivo and in Vitro

Apoptosis on liver paraffin sections was determined using
the terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling assay, according to the manufacturer’s
instructions (Promega, Madison, WI). WT and Sortilin�/�

hepatocytes were isolated, as described,30 and plated on
collagen Iecoated plates and in serum-free, hormonally
defined medium. The next day, cells were treated for 8 hours
with 200 mmol/L taurocholic acid (TCA) in the presence or
absence of 10 mmol/L amitriptyline. Cells were fixed with
4% paraformaldehyde for 20 minutes at room temperature
124
and stained with the terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling kit, according to the
manufacturer’s instructions. Nuclei were stained with DAPI
contained in the mounting medium. Apoptotic nuclei were
visualized using a confocal Zeiss microscope (Zeiss, Ober-
kochen, Germany).

IL-6 Detection

Serum IL-6 was detected using an enzyme-linked immu-
nosorbent assay kit for murine IL-6 (Biolegend, BLG-
431304). The thiobarbituric acid reactive substances assay
was performed using a kit from Cayman (Cay-10009055;
Ann Arbor, MI).

Immunoblotting

Proteins from HSCs were extracted by homogenization in
ice-cold radioimmunoprecipitation assay buffer (phosphate-
buffered saline, 1% NP40, 0.5% sodium deoxycholate, 0.1%
SDS, 1 mmol/L phenylmethylsulfonyl fluoride, 5 mg/mL
aprotinin, 10 mg/mL leupeptin, 1 mg/mL pepstatin A, and a
phosphatase inhibitor cocktail). Homogenates were centri-
fuged for 25 minutes at 13,000 � g, supernatants were
collected, and protein concentration was determined. Pro-
teins were separated by SDS-PAGE, blotted onto nitrocel-
lulose, and blocked for 1 hour at room temperature in 5%
skim milk powder. Blots were incubated overnight at 4�C
with antibodies to collagen I (AB765P, 1:500; Millipore,
Billerica, MA), a-smooth muscle actin (1:1000), platelet-
derived growth factor receptor b (1:1000) (Santa Cruz Bio-
technologies, Santa Cruz, CA), and cytokeratin 19 (1:5000)
(Abcam, Cambridge, UK), an antibody to housekeeping
protein p97 and to a-tubulin (Sigma), then incubated with
horseradish peroxidaseeconjugated secondary antibody and
subjected to chemiluminescent detection.

Real-Time RT-PCR

Total RNA was extracted using TriReagent (Sigma) and
reverse transcribed using the High Capacity cDNA RT kit
(Thermo Fisher Scientific). Real-time RT-PCRwas performed
with the Fast SYBR Green Master Mix (Thermo Fisher Sci-
entific) in the Corbett rotor light cycler. Gene expression for
each gene was normalized to the expression of housekeeping
gene Rplpo. Results are presented as means � SEM. Murine
primers used were as follows (forward and reverse, respec-
tively): Collagen 1a1, 50-GAGAGCATGACCGATGGATT-
30 and 50-CCTTCTTGAGGTTGCCAGTC-30; Cxcl1, 50-
GCTGGGATTCACCTCAAGAA-30 and 50-AAG-GGAGC-
TTCAGGGTCAAG-30; Cxcl2, 50-AGTGAACTGCGCTGT-
CAATG-30 and 50-TCAGGGTCAAGGCAAACTT-30; Il-6,
50-CCGGAGAGGAGACTTCACAG-30 and 50-TTCTGCA-
AGTGCATCATCGT-30; Ccl2, 50-AGGTCCCTGTCAT-
GCTTCTG-30 and 50-GCTGCTGGTGATCCTCTTGT-30;
Ngf, 50-CATGGGGGAGTTCTCAGTGT-30 and 50-GCA-
ajp.amjpathol.org - The American Journal of Pathology
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CCCACTCTCAACAGGAT-30; Prgn, 50-AAGGAGGTGA-
AGTGCGACAT-30 and 50-TCGCAGGTTCCTTTCTCTGT-
30; Rplpo, 50-CAACCCAGCTCTGGAGAAAC-30 and 50-
TTCTGAGCTGGCACAGTGA-30; aSma, 50-TGATCAC-
CATTGGAAACGAA-30 and 50-CCCTGACAGGACG-
TTGTTA-30; Tgfb1, 50-ATTCAGCGCTCACTGCTCTT-30

and 50-GTTGGTATCCAGGGCTCTCC-30; Timp1, 50-TCC-
CCAGAAATCAACGAGAC-30 and 50-TGGGACTTGTG-
GGCATATC-30; and Tnfa, 50-CGAGTGACAAGCCTGTA-
GCC-30 and 50-CTTGTCCCTTGAAGAGAACC-30.

Statistical Analysis

Results are means � SEM of at least three independent
experiments. Statistical significance was assessed using a
two-tailed t-test, with P < 0.05 considered significant.
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Results

Sortilin�/� Mice Display Reduced Cholangiocyte
Proliferation, Reduced Reactive Cholangiocyte-Derived
Cytokines and Chemokines, and Reduced Inflammation
3 Days after BDL

In the early stages after BDL, cholangiocytes proliferate and
become reactive, then differentiate and form new bile ducts,
a phenomenon termed ductular reaction when accompanied
by fibrosis and inflammation.3,6,7 Previous studies have
shown two peaks of cholangiocyte proliferation after BDL,
2 to 3 days and 5 days after.34 Although WT mice display
strong proliferation of cells forming bile ducts, as assessed
by staining for Ki-67, peaking at 3 days after BDL,
Sortilin�/� show significantly reduced numbers of Ki-67þ
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Figure 1 Sortilin�/� mice have attenuated cholangiocyte prolifer-
ation. A: Immunohistochemical staining for Ki-67 in livers of wild-type
(WT) and Sortilin�/� (Sort�/�) mice 3, 7, and 14 days after bile duct
ligation (BDL); the arrows show positively stained cholangiocytes
(brown) present in newly formed bile ducts. B: Quantitation of Ki-
67epositive cells in WT and Sortilin�/� mice. C: Western blot showing
expression of cytokeratin (CK) 19 in livers of WT and Sortilin�/� mice 3,
7, and 14 days after BDL. Arrow indicates the CK19 specific band. D:
Expression of cholangiocyte mitogens (Prgn and Ngf ) is reduced in
Sortilin�/� mice 3 days after BDL. Expression of the markers was
assessed by real-time quantitative RT-PCR and normalized to expression
of Rplpo. Results are expressed as means � SEM (B and D). n Z 1 slide
for each condition (A); n Z 3 slides for each condition (B); n Z 2
slides for each condition (C); n Z 5 to 8 slides for each condition (D).
*P < 0.05, **P < 0.01. Scale bars Z 100 mm (A).
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cells in bile ducts both 3 days and 7 days after BDL
(Figure 1, A and B). The reduced number of cytokeratin 19þ

cholangiocytes in Sortilin�/� was also observed in Western
blot analysis, where liver extracts from Sortilin�/� displayed
reduced expression of cytokeratin 19, particularly at 14 days
after BDL (Figure 1C). In addition, mRNA expression of
cholangiocyte autocrine factors and mitogens, including
progranulin and nerve growth factor, were significantly
reduced in Sortilin�/� mice 3 days after BDL (Figure 1D).
Sortilin is known to bind serum progranulin and internalize
it for degradation.35 Indeed, Sortilin�/� mice had strongly
increased serum levels of progranulin (Supplemental
Figure S1), which in the absence of neutrophil-derived
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proteases and elastase, remains in its anti-inflammatory,
uncleaved form.36

Sortilin�/� mice also displayed significantly attenuated
expression of reactive cholangiocyte-derived cytokines and
chemokines, with a reduction of hepatic Il-6, Tnfa, and Ccl2
and the neutrophil recruitment chemokines Cxcl1 and Cxcl2
3 days after BDL (Figure 2A). The monocyte recruitment
chemokine Ccl2 was significantly reduced at 3, 7, and 14
days after BDL in Sortilin�/� mice (Figure 2A). Neutrophil
accumulation takes place 8 hours to 3 days after BDL.34 We
further confirmed the inflammatory response by immuno-
histochemistry for the neutrophil marker Ly6G, showing the
presence of neutrophils near the portal spaces and bile ducts
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kines and chemokines in wild-type (WT) and Sortilin�/� mice. Expression of
xpression of Rplpo. B: Immunohistochemical staining with an antibody for
days after BDL. C: Levels of serum IL-6 in WT and Sortilin�/� mice subjected
nosorbent assay. Results are expressed as means � SEM (A and C). nZ 5 to
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in WT mice (Figure 2B). Neutrophil presence was almost
undetectable in Sortilin�/� mice 3 days after BDL
(Figure 2B).

Previous studies reported that sortilin regulated IL-6
secretion from secretory vesicles and attenuated serum
IL-6 levels in atherosclerosis.13 As expected, Sortilin�/�

mice displayed significantly reduced serum IL-6 in sham
mice and 3, 7, and 14 days after BDL (Figure 2C). In
addition, liver extracts of Sortilin�/� mice after BDL
showed reduced expression of IL-6, TNF-a, and interferon-g,
particularly 3 and 7 days after BDL (Supplemental
Figure S2).

Sortilin�/� Mice Have Reduced Hepatic Fibrosis after
BDL and Attenuated Activation Phenotype of HSCs
in Vitro

Serum levels of hepatic enzymes are increased 2 days after
BDL, which is the starting point for development of chronic
injury and repair process from 7 to 14 days.34 Indeed, serum
WT Sort-/-
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Figure 3 Sortilin�/� (Sort�/�) mice display reduced hepatic damage and fibros
(ALT), aspartate aminotransferase (AST), alkaline phosphatase (Alk P), and total bil
Liver sections showing Sirius Red staining in WT and Sortilin�/� mice 14 days aft
ImageJ.D: Hydroxyproline levels. E: Expression of fibrogenic markers col1a1, aSma,
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levels of aspartate aminotransferase, alkaline phosphatase,
and total serum bile acids, but not alanine aminotransferase,
were significantly lower in Sortilin�/� mice 3 days after
BDL, as compared to WT mice (Figure 3A), indicating
reduced hepatocellular and cholestatic damage. Bile acids
induce oxidative stress, resulting in hepatocyte apoptosis,37

and measurement of hepatic oxidative stress by thio-
barbituric acid reactive substances showed that Sortilin�/�

mice displayed reduced oxidative stress 3 days after BDL
(Supplemental Figure S3).

The reduction in serum total bile acids of Sortilin�/� mice
3 days after BDL (Figure 3A) was accompanied by a slight
reduction of the bile acids transporter Abcb11 at 3 days after
BDL (Supplemental Figure S4), indicating reduced hepatic
levels of bile acids, because bile acids increase transcription
of Abcb11 via their nuclear receptor FXR.38

The reduced inflammation and liver damage led us to
further investigate the final and chronic stage of liver
damage and repair, namely fibrosis. Indeed, Sortilin�/�

mice displayed a dramatic reduction of hepatic fibrosis 14
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and 21 days after BDL (Figure 3, BeE). Hydroxyproline
levels were significantly reduced at 14 and 21 days after
BDL and, in accordance, expression of fibrogenic markers,
aSma, Col1a1, and Timp1, was also significantly reduced in
Sortilin�/� mice at 14 and 21 days after BDL (Figure 3E).
There was no significant reduction of Tgfb mRNA levels in
Sortilin�/� mice (Figure 3E).

To assess whether sortilin deficiency had a protective
effect in other fibrosis models, we established an additional
fibrosis model, using carbon tetrachloride administration for
4 weeks. Liver damage was attenuated in Sortilin�/� mice
after carbon tetrachloride, as demonstrated by significantly
lower serum alanine aminotransferase and aspartate
aminotransferase levels (Figure 4A). As in the BDL model,
Sortilin�/� mice displayed reduced fibrosis, as determined
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by quantitation of Sirius Redepositive areas (Figure 4,
B and C). Sortilin�/� mice also displayed significantly
reduced levels of hydroxyproline in the carbon tetrachloride
model (Figure 4D). Analysis of fibrogenic genes revealed
that only Timp1 was significantly reduced in Sortilin�/�

mice, whereas levels of aSma and Col1a1 were similar to
those of WT mice (Figure 4E).
We next investigated the phenotype of HSCs isolated

from WT and Sortilin�/� mice. HSCs were isolated and
cultured in vitro for 7 and 14 days, allowing them to reach
an activated and fully activated phenotype, respectively.
Western blot analysis of activation markers for HSC
(collagen I, a-smooth muscle actin, and platelet-derived
growth factor receptor b) showed a strong reduction in
fully activated Sortilin�/� HSCs (Figure 4, F and G).
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Sortilin Affects Cholestatic Injury
Sortilin�/� Mice Have Reduced aSMase Activity
Accompanied by Reduced Hepatic Apoptosis in Vivo
after BDL

Our previous studies demonstrated that Sortilin�/� mice
have reduced hepatic and adipose tissue aSMase activity
after a high-fat diet, where this reduced aSMase activity
reduced insulin resistance, because ceramide inhibits insulin
signaling.30 Reduced aSMase activity results in lower
levels of ceramide and attenuates apoptosis in many cell
types.27,39,40 Therefore, we hypothesized that reduced
aSMase activity might be responsible, at least in part, for the
attenuated damage, inflammation, and fibrosis in sortilin�/�

mice. A significant reduction in aSMase activity was
observed in Sortilin�/� mice 7 days after BDL treatment
(Figure 5A). Moreover, aSMase activity was also reduced in
livers of Sortilin�/� mice after carbon tetrachloride admin-
istration (Figure 5B).
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To determine the extent of aSMase inhibition after
in vivo administration of the aSMase inhibitor amitripty-
line to WT mice after BDL, we performed aSMase ac-
tivity assays. Amitriptyline reduced aSMase activity by
30% 7 days after BDL and 50% 14 days after BDL
(Figure 5C).

Next, we investigated whether the reduced aSMase
activity was associated with reduced hepatic apoptosis
and, indeed, although WT mice showed hepatic apoptosis
7 days after BDL, there was no detectable apoptosis in
Sortilin�/� livers (Figure 5D). We did not observe
apoptosis 3 days after BDL (data not shown). Moreover,
pharmacological inhibition of aSMase with amitriptyline
in WT after BDL also resulted in abolition of liver
apoptosis (Figure 5D). A similar reduction in hepatic
apoptosis in Sortilin�/� mice was observed 14 days after
BDL (Figure 5E) and after carbon tetrachloride treatment
(Figure 5F).
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Figure 6 Sortilin�/� (Sort�/�) hepatocytes are less susceptible to bile acid induction of apoptosis. Wild-type (WT) and Sortilin�/� hepatocytes were isolated
and plated on collagen Iecoated plates, then treated the next day for 8 hours with 200 mmol/L taurocholic acid (TCA), in the presence or absence of 10 mmol/L
amitriptyline, to inhibit aSMase activity. Apoptosis was assessed using a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay. A:
WT hepatocytes. B: Sortilin�/� hepatocytes. The left column shows apoptotic hepatocytes stained green, and the right column shows double-stained nuclei for
DAPI (blue) and for both TUNEL and DAPI (bright light blue). The arrows show apoptotic hepatocytes. Scale bars Z 100 mm (A and B).

Hubel et al
Sortilin�/� Hepatocytes Have Reduced in Vitro
Apoptosis in Response to Bile Acids

To further decipher the involvement of aSMase in cholestatic
injury, we determined the susceptibility of Sortilin�/� hepa-
tocytes to bile acideinduced necrosis/apoptosis. We assessed
apoptosis in response to one of the main bile acids whose
levels are increased after BDL, namely TCA.41 We observed
strong apoptosis induction in WT hepatocytes in response to
TCA treatment, which was abolished in the presence of the
pharmacological aSMase inhibitor amitriptyline (Figure 6A).
In line with our hypothesis, there was almost no apoptosis
induction in Sortilin�/� hepatocytes treated with TCA
(Figure 6B). These results indicate that TCA induces hepa-
tocyte apoptosis by an aSMase-dependent mechanism.
130
Although Short-Term IL-6 Neutralization Reduces
Inflammation and Ductular Reaction at Early Stages
after BDL, Only Combined Inhibition of IL-6 and
aSMase Reduces Fibrosis

To investigate whether reduced IL-6 played a role in
reduced expression of reactive cholangiocyte cytokines and
in attenuated inflammation in the Sortilin�/� mice in early
stages after BDL, we treated WT with a neutralizing anti-
body to IL-6, after being subjected to BDL. Indeed, we
detected significantly reduced mRNA expression for reac-
tive cholangiocyte-derived cytokines and growth factors,
including Il-6, Ccl2, Ngf, and Cxcl1 (Figure 7A). However,
neutralization of IL-6 did not affect expression of fibrosis
markers (Supplemental Figure S5).
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Figure 7 Only combined inhibition of both IL-6 and aSMase leads to reduced fibrosis after bile duct ligation (BDL). A: Neutralization of IL-6 reduces
inflammation at 3 days after BDL. Expression of reactive cholangiocyte-derived mitogens, cytokines, and chemokines is reduced 3 days after BDL in wild-type
(WT) mice that received daily injections of antieIL-6 antibody. Expression was assessed by quantitative RT-PCR (RT-qPCR) and normalized to expression of
Rplpo. B: Treatment with antieIL-6 and amitriptyline (ami) reduced hydroxyproline after BDL. Hydroxyproline levels of WT mice after BDL that received either
daily injections of amitriptyline or a combined treatment of antieIL-6 for 3 days and daily amitriptyline. All mice were sacrificed 14 days after BDL. C:
Treatment with antieIL-6 and amitriptyline reduced expression of fibrogenic markers after BDL. WT mice were bile duct ligated and treated with amitriptyline
alone or with antieIL-6 and amitriptyline. Expression of the fibrogenic markers was assessed by RT-qPCR. Results are expressed as means � SEM (AeC). nZ 5
to 8 (A); n Z 5 (B and C). *P < 0.05, ***P < 0.005.

Sortilin Affects Cholestatic Injury
We next determined whether pharmacological inhibition
of aSMase by amitriptyline treatment affected liver fibrosis
in the BDL model. Amitriptyline inhibition of aSMase
proved insufficient to affect hepatic fibrosis, as determined
by expression of fibrogenic markers and hydroxyproline
levels (Figure 7, B and C), yet induced expression of in-
flammatory cytokines and chemokines (Supplemental
Figure S5).

Because antieIL-6 reduces inflammation, we hypothe-
sized that attenuation of inflammation, together with atten-
uation of hepatocyte apoptosis by aSMase inhibition, may
act to reduce fibrosis. To test this hypothesis, we treated bile
ducteligated mice with antieIL-6 for 3 days together with
daily administration of amitriptyline for 14 days. This
treatment resulted in significantly reduced hydroxyproline
(Figure 7B), accompanied by significantly reduced expres-
sion of fibrogenic markers (Figure 7C).
Discussion

In the current study, we describe a previously unidentified
and distinct role for sortilin in the pathogenesis of biliary
fibrosis/cirrhosis. We attribute the attenuated inflammation,
ductular reaction, and fibrosis in Sortilin�/� mice to the
combined effects of reduced aSMase activity and IL-6 levels
in these mice. Sortilin�/� mice have continuously reduced
serum IL-6 levels after BDL, accompanied by reduced
cholangiocyte proliferation, reduced formation of reactive
cholangiocytes, and reduced hepatic inflammation. Short-
term neutralization of IL-6 after BDL treatment mimics
the effect of sortilin deficiency with respect to the expres-
sion of reactive cholangiocyte-derived cytokines and che-
mokines. In addition, we observed attenuated bile
The American Journal of Pathology - ajp.amjpathol.org
acideinduced apoptosis in Sortilin�/� hepatocytes in vitro,
and in vivo after BDL and carbon tetrachloride, which we
ascribe to reduced aSMase activity in Sortilin�/� hepato-
cytes. However, pharmacological inhibition of aSMase after
BDL, despite reducing hepatocyte apoptosis, was not suf-
ficient to attenuate inflammation and fibrosis. We found that
only combined inhibition of both Il-6 and aSMase mimicked
the antifibrotic effect of sortilin in the BDL model.

Sortilin is a newly identified member of the vacuolar
protein sorting 10 family, playing a role both as a coreceptor
and as a trafficking molecule in the trans-Golgi network.11

One of the enzymes trafficked by sortilin is aSMase, an
enzyme whose role in regulation of cellular apoptosis has
been demonstrated in several cell types. For example, an-
tidepressant drugs (imipramine and amitriptyline) act via
inhibition of aSMase activity, leading to reduced ceramide
levels in the hippocampus and increased neuronal survival,
proliferation, and maturation.39 In Wilson disease, phar-
macological inhibition of aSMase attenuates Cuþþ-induced
hepatocyte apoptosis.40 In addition, hepatocytes from
Asmase�/� mice display reduced apoptosis in response to
TNF-a.27 In line with these previous studies, we demon-
strated reduced hepatic aSMase activity in Sortilin�/� mice
in the BDL and carbon tetrachloride models, accompanied
by reduced hepatic apoptosis.

In the liver, partial aSMase inhibition has a beneficial role
in hepatic fibrosis, because heterozygous Asmaseþ/� mice
show reduced hepatic fibrosis after BDL or carbon tetra-
chloride treatment,28,29 whereas total aSMase deletion (in
Asmase�/� mice) is deleterious and results in increased liver
fibrosis, perhaps because of increased cathepsin B expres-
sion.29 Therefore, partial inhibition of aSMase in the liver of
Sortilin�/� mice may be protective in fibrosis models. Partial
inhibition of aSMase in Asmaseþ/�-derived HSCs was also
131
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responsible for the attenuated activation of these cells28 and
may explain the attenuated phenotype of HSCs derived from
Sortilin�/� mice in our studies. In other models of liver
damage (eg, in alcohol-induced liver damage and fibrosis),
aSMase was required for induction of endoplasmic reticulum
stress42 and pharmacological inhibition of aSMase with
imipramine had a beneficial effect.43 Recently, aSMase has
been suggested to play a role in the transition from steatosis
to steatohepatitis, because aSMase activation is necessary for
endoplasmic reticulum stress induction, autophagy, and
lysosomal membrane permeabilization, leading to hepatic
lipotoxicity.44,45 Our previous studies have also shown that
Sortilin�/� mice displayed strongly attenuated hepatic
inflammation and steatosis and improved insulin sensitivity
because of reduced aSMase activity in both liver and visceral
adipose tissue of high-fat dietefed mice.30 In the present
study, we observed that in vivo administration of amitripty-
line to WT mice after BDL, despite reducing hepatocyte
apoptosis, did not significantly reduce fibrosis or inflamma-
tion, suggesting that the beneficial effect of sortilin deficiency
was not solely mediated via reduced aSMase activity.

One of the characteristics of cholangiopathies, condi-
tions in which bile ducts are primary targets of injury,3,7

such as primary biliary cirrhosis and primary sclerosing
cholangitis, is increased numbers of proliferating bile
ducts, often associated with an influx of inflammatory
cells, a phenomenon termed the ductular reaction. The
proliferating bile duct cells become reactive chol-
angiocytes and express increased levels of specific cyto-
kines, growth factors, adhesion molecules, and fibrogenic
stimuli, which lead to activation of HSCs and development
of fibrosis.3,6,7 The present study has shown both reduced
cholangiocyte proliferation and reduced expression of
reactive cholangiocyte-derived factors (Il-6, Tnfa, Ccl2,
Cxcl1, Cxcl2, and Ngf ) in Sortilin�/� mice 3 days after
BDL.

Sortilin is responsible for the secretion of IL-6 from
secretory vesicles, and as a result, mice reconstituted with
Sortilin�/� bone marrow display reduced circulating serum
IL-6.13 In line with these findings, our studies have shown
significantly lower mRNA expression of IL-6 in Sortilin�/�

at the peak of inflammation at 3 days after BDL, as well as
lower serum IL-6 in Sortilin�/� mice sham operated or at all
time points after BDL. Previous studies implicated IL-6 as a
major mitogen for cholangiocytes, via either pSTAT3 or
perk1/erk2 signaling.16e18 However, more recent studies
have shown that IL-6 may exacerbate cholestatic liver
injury.20,21 Our studies showed that short-term IL-6
neutralization lead to reduced expression of reactive
cholangiocyte-derived cytokines, suggesting a role for IL-6
in induction of the reactive cholangiocyte phenotype.

In conclusion, we have described a novel role for sortilin
in cholestatic liver injury, where sortilin deficiency via two
different mechanisms contributes to attenuated inflamma-
tion, ductular reaction, hepatocyte apoptosis, and liver
fibrosis.
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