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We determined the mechanisms of hepatobiliary in-
jury in the lithocholic acid (LCA)-fed mouse, an in-
creasingly used model of cholestatic liver injury.
Swiss albino mice received control diet or 1% (w/w)
LCA diet (for 1, 2, and 4 days), followed by assess-
ment of liver morphology and ultrastructure, tight
junctions, markers of fibrosis and key proteins of
hepatobiliary function, and bile flow and composi-
tion. As expected LCA feeding led to bile infarcts,
which were followed by a destructive cholangitis with
activation and proliferation of periductal myofibro-
blasts. At the ultrastructural level, small bile ducts
were frequently obstructed by crystals. Biliary-ex-
creted fluorescence-labeled ursodeoxycholic acid ac-
cumulated in bile infarcts, whereas most infarcts did
not stain with India ink injected into the common bile
duct; both findings are indicative of partial biliary
obstruction. Expression of the main basolateral bile
acid uptake proteins (sodium-taurocholate cotrans-
porter and organic anion-transporting polypeptide 1)
was reduced, the canalicular transporters bile salt
export pump and multidrug-related protein 2 were
preserved, and the basolateral transporter multidrug-
related protein 3 and the detoxifying enzyme sulfo-
transferase 2al were induced. Thus, we demonstrate
that LCA feeding in mice leads to segmental bile duct
obstruction, destructive cholangitis, periductal fibro-
sis, and an adaptive transporter and metabolic en-
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zyme response. (Am J Pathol 2006, 168:410—422; DOI:
10.2353/ajpath.2006.050404)

The effects of the monohydroxy bile acid lithocholic acid
(LCA) have been studied in rodents (ie, mainly in the rat,
hamster, and rabbit) since the early 1960s to understand
the role of potentially hepatotoxic bile acids in the patho-
genesis of cholestatic liver injury.’* The proposed con-
cepts on the pathogenesis of LCA-induced cholestasis in
rodents (ie, mainly rats) include biochemical alterations
of the bile canalicular membrane,®® the development of
crystalline plugs in bile canaliculi due to the poor solubil-
ity of LCA®>7 and impaired trafficking or increased re-
trieval of canalicular export pumps to and from the can-
alicular membrane.®® In addition, LCA is increasingly
being investigated in (knockout) mice to clarify the role of
hepatic metabolic phase | and Il detoxifying enzymes
and their regulatory nuclear receptors in the hepatic de-
fense against toxic bile acids.’®~'® However, the chole-
static phenotype and the pathogenesis of hepatobiliary
injury of LCA-treated mice are still poorly understood.
Potentially toxic bile acids may affect not only hepato-
cytes but also bile duct epithelial cells (cholangio-
cytes).'® Under physiological conditions, bile acids and
biliary phospholipids are transported into bile via the bile
salt export pump (Bsep/Abcbi11) and the canalicular
phospholipid flippase (multidrug resistance gene 2
[Mdr2]/Abcb4), respectively, and subsequently form
mixed micelles, which protect cholangiocytes from bile
acid toxicity.'” We have previously described the devel-
opment of sclerosing cholangitis in mice with targeted
disruption of the Mdr2 gene and subsequent absence of
biliary phospholipid secretion.'® ' This results in an in-
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creased biliary concentration of monomeric bile acids,
causing bile duct injury, pericholangitis followed by onion
skin type periductal fibrosis, and finally chronic scleros-
ing cholangitis.’®2° In addition, these mice are also
prone to form cholesterol crystals and stones.?® We
therefore tested the hypothesis that an increased biliary
concentration of a potentially toxic and lithogenic bile
acid (ie, LCA) leads to bile duct injury and cholangitis
even in the presence of normal phospholipid secretion.

Materials and Methods

Animal Experiments

Experiments were performed with 2-month-old male mice
weighing 25 to 30 g. To assess potential strain differ-
ences in the susceptibility to toxic liver injury, the time
course of LCA-induced liver injury was studied in four
different mouse strains (Swiss albino, FVB/N, C57/BI6,
and 129 SV) by feeding a 1% LCA-supplemented diet for
11to 4 days. This dose was chosen because feeding 0.5%
supplemented diet in a pilot study did not result in a
cholestatic phenotype as described below. All tested
mouse strains developed a comparable cholestatic phe-
notype (as outlined in Results) and all subsequent stud-
ies were performed in Swiss albino mice. Mice were
housed with a 12:12 hour light:dark cycle and permitted
ad libitum consumption of water. Controls were fed a
standard mouse diet (Sniff, Soest, Germany). The exper-
imental protocols were approved by the local Animal
Care and Use Committee according to criteria outlined in
the Guide for the Care and Use of Laboratory Animals
prepared by the National Academy of Sciences, as pub-
lished by the National Institutes of Health (NIH publication
86-23, revised 1985). Serum biochemical analysis, liver
histology, electron microscopy, and immunohistochem-
isty for a-smooth muscle actin (e-SMA) were performed
as described previously.'®?

Immunohistochemistry for CD11b

To characterize the inflammatory infiltrate, CD11b-posi-
tive cells (neutrophils) were detected as described
previously'® with the modification that binding of the
antibody was detected using the ABC system (Dako,
Glostrup, Denmark) using B-amino-9-ethyl-carbazole
(AEC; Dako) as substrate.

Immunohistochemistry for Proliferation Marker
Ki-67

Immunohistochemistry for Ki-67 was performed on micro-
wave-treated paraffin sections (4 um thick) using 0.01
mmol/L citrate buffer (pH 6.0) and a polyclonal rabbit
anti-Ki-67 antibody (dilution 1:500; Novocastra, New-
castle on Tyne, UK). Binding of the antibody was de-
tected using the ABC system (Dako) with AEC (Dako) as
substrate.
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Immunohistochemistry for Cytokeratin 19
(CK19)

Immunohistochemistry for CK19 was performed on cryo-
sections fixed with a modified formalin/methanol/acetone
fixation. In brief, sections were fixed in 4% buffered for-
maline for 5 minutes and then fixed with methanol for 5
minutes at —20°C and with acetone for 3 minutes at
—20°C. CK19 was detected using the monoclonal rat
anti-Troma-Ill antibody (developed by Rolf Kemler, Max
Planck Institute, Freiburg, Germany), which was obtained
from the Developmental Studies Hybridoma Bank (devel-
oped under the auspices of the National Institute of Child
Health and Human Development and maintained by the
University of lowa, lowa City, IA). Binding of the antibody
was detected using the ABC system (Dako) with AEC
(Dako) as substrate.

Bile Flow and Composition

Bile flow was determined as described previously.?" Bil-
iary phospholipid concentrations were determined using
a commercially available kit (Phospholipid B; Wako, Ne-
uss, Germany) according to the manufacturer’s instruc-
tions. In detail, 5 ul of bile was mixed with 750 ul of color
reagent and incubated for 10 minutes at 37°C and mea-
sured at 505 nm. Concentrations were determined using
the standard solution of the kit. Biliary cholesterol con-
centrations were determined using a commercially avail-
able kit (cholesterol liquicolor; Human, Wiesbaden, Ger-
many) according to the manufacturer’s instructions. For
cholesterol extraction, 5 ul of bile and 95 ul of distilled
water were mixed with 400 ul of chloroform:methanol
(2:1) and centrifuged 5 minutes at 14,000 X g The lower
phase was concentrated, and the obtained pellet was
dissolved in 5 ul of methanol. After the addition of 500 wl
of color reagent and incubation at 37°C for 5 minutes,
probes were measured at 500 nm. Concentration was
determined using the standard solution of the kit. For
biliary glutathione, proteins in bile were precipitated with
5% metaphosphoric acid (2.5 ul of bile in 50 ul of meta-
phosphoric acid), and glutathione analysis was per-
formed using the glutathione assay kit (Calbiochem, San
Diego, CA), according to the manufacturer’s instructions.
Biliary bile acid concentration required bile to be diluted
1:300 in physiological saline and analyzed using a 3a-
hydroxysteroid dehydrogenase assay (Ecoline S*; Dia-
Sys, Holzheim, Germany) according to the manufactur-
er's instructions. Equipment and conditions used for
extraction, electrospray mass spectrometry, and gas
chromatography-mass spectrometry were the same as
previously described.'®

mRNA Analysis and Polymerase Chain Reaction
of Transporters, Metabolic Enzymes, and
Fibrosis Key Genes

RNA isolation, cDNA synthesis, and Tagman real-time
polymerase chain reaction were performed as described
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Figure 1. Macroscopic appearance of the liver in lithocholic acid-fed mice.
Compared with the control liver on the left, the liver from a mouse fed a 1%
(w/w) LCA-supplemented diet for 4 days is enlarged and shows numerous small
necrotic areas (ie, bile infarcts) on its surface (indicated by arrows). Note also
the enlarged gall bladder in the LCA-fed mouse liver (indicated by the asterisk).

previously.?? The following primers and 5'-FAM, 3'-
TAMRA-labeled probes were used: multidrug resistance-
associated protein (Mrp2); bile salt export pump (Bsep);
28S rRNA?2; Mrp323; cytochrome p450 (Cyp) 3al11 fwd,

Figure 2. Lithocholic acid (LCA) feeding leads to bile infarcts and destructive
cholangitis in mouse liver. Livers of mice fed 1% (w/w) LCA-supplemented
diet for 2 days (A) and 4 days (B-F). A: Liver histology of a 2-day LCA-fed
mouse reveals characteristic bile infarcts (asterisks) and disseminated sin-
gle-cell necroses (arrows) in hepatic acinar zone 1 and 2. B: Small bile duct
in 4-day LCA-fed mouse liver with pronounced cholangitis with numerous
neutrophils surrounding and invading the bile duct. C and D: Larger bile duct
with pronounced periductal edema, percholangitis, periductal fibrosis, and
subepithelial fluid accumulation leading to detachment of biliary epithelium
(asterisk). Arrowheads mark pseudopapillary proliferation of BECs. E and
F: Bile duct with pericholangitis, periductal fibrosis, and ulceration of the bile
duct epithelium (asterisk). Note also neutrophils invading the ulcer (F). bd,
bile duct. hematoxylin and eosin staining; original magnification for A, X10;
for B, X63; for C and E, X20; for D and F, X40.

Figure 3. LCA feeding leads to obstruction of intralobular bile ducts by
crystals, bile infarcts, and destructive cholangitis in mouse liver—ultrastruc-
tural characteristics. A—F: Electron microscopy from the liver of a 4-day
LCA-fed mouse. A: Totally obstructed interlobular bile duct containing crys-
talline material. B: Larger magnification of the highlighted area of A shows
crystals spearing BECs. C: Large crystal (indicated by the arrowheads)
spearing BECs of an interlobular bile duct. D: Bile infarct (asterisk) con-
taining crystalline material surrounded by severely altered hepatocytes and
invading neutrophils (arrowhead). E: Interlobular bile duct with altered bile
duct epithelium and ulceration (indicated by the asterisk). Arrowheads
mark pseudopapillary proliferation of BECs. F: Higher magnification of the
ulcer showing invading neutrophilic granulocytes (NG). bd, bile duct.

5'-CCACCAGTAGCACACTTTCC-3'; Cyp3ali rev, 5'-TTC-
CATCTCCATCACAGTATCA-3'; Cyp3ali probe, 5'-CTCT-
GCCCAACAAGGCACCTCC-3’; sulfotransferase (Sult) 2at
fwd, 5-GGAAGGACCACGACTCATAAC-3’; Sult2al rev,
5'-GATTCTTCACAAGGTTTGTGTTACC-3’; Sult2al probe,
5’-CCCATCCATCTCTTCTCCAAGTCTTTCTTCAG-3’; sodi-
um-taurocholate cotransporter (Ntcp) fwd, 5'-CACCATG-
GAGTTCAGCAAGA-3’; Ntcp rev, 5'-AGCACTGAGGGGC-
ATGATAC-3'; Ntcp probe, 5'-AGGC-TCACTTCTGGAAGC-
CCAAA-3'; collagen 1al (Col1al) fwd, 5'-CAATGCAAT-
GAAGAACTGGACTGT-3'; Collal rev, 5'-TCCTACATCT-
TCTGAGTTTGGTGA-3’; Col1atl probe, 5'-CAGAAAGCA-
CAGCACTCGCCCTCC-3'; tissue inhibitor of metallo-
proteinases 1 (TIMP-1) fwd, 5'-CATGGAAAGCCTCTGTG-
GATATG-3’; TIMP-1 rev, 5'-AA-GCTGCAGGCATTGATGT-
G-3’; TIMP-1 probe, 5'-CTCA-TCACGGGCCGCCTAAG-
GAAC-3’; matrix metallopro-teinase-2 (MMP-2) fwd, 5'-
CTTTGAGAAGGATGGCAAGTATGG-3'; MMP-2 rev, 5'-



Figure 4. Characterization of the inflammatory infiltrate in LCA-fed mouse
liver. Immunohistochemisty for CD11b (marker for neutrophils)-positive
cells (red) in control liver (A) and liver from a 4-day LCA-fed mouse (B). A:
Lack of CD11b staining in control liver. B: Inflammatory infiltrate in the portal
tract of a 4-day LCA-fed mouse primarily consists of neutrophils (red). bd,
bile duct. Original magnification for A and B, X40.

TTGTAGGAGGTGCCCTGG-AA-3’; and MMP-2 probe, 5'-
CAGATGGACAGCCCTGCAAGTTCCC-3".

Preparation of Liver Membranes and Analysis of
Transporter Protein Levels by Western Blotting

Liver membranes were prepared as described previous-
ly.2" Transporter protein levels were determined using
polyclonal antibodies against Bsep (dilution, 1: 7500;
kindly provided by Dr. Renxue Wang, Vancouver, Can-
ada), Mrp2 (dilution, 1: 1000; kindly provided by
Dr. Bruno Stieger, Zurich, Switzerland), Mrp3 (dilution,
1: 1000; kindly provided by Dr. Dietrich Keppler, Heidel-
berg, Germany), Ntcp (dilution, 1: 2500; kindly provided
by Dr. Bruno Stieger), and organic anion transporting
protein (Oatp1) (dilution, 1: 1000; kindly provided by
Dr. Bruno Stieger). Blots were reprobed with an anti-g-
actin antibody (dilution, 1:5000; Sigma, Steinheim, Ger-
many) to confirm the specificity of changes in transporter
protein levels.?"22:24

Preparation of Total Liver Protein and Analysis
of a-SMA Expression by Western Blotting

Protein was isolated by sonicating liver tissue in a ho-
mogenization buffer (0.25 mol/L sucrose, 10 mmol/L
HEPES, pH 7.5, and 1 mmol/L EDTA, pH 8.0, containing
protease inhibitors phenylmethylsulfonyl fluoride, aproti-
nin, leupeptin, and pepstatin). Protein (30 mg) was run on
a 10% sodium dodecyl sulfate-polyacrylamide gel, trans-
ferred to nitrocellulose, and blotted with a monoclonal
mouse antibody against a-SMA (dilution, 1:2000; Dako).
Binding was detected using peroxidase-conjugated rab-
bit anti-mouse immunoglobulins (Dako). Determination of
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Figure 5. Prolonged feeding of 1% LCA-supplemented diet is not tolerable
for mice. Kaplan-Meier curve. After 14 days of feeding 1% LCA-supplemented
diet, only 1 of 10 animals is still alive.
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protein concentration, protein loading, and protein ex-
pression levels was performed as described previous-
ly.2122 Blots were reprobed with an anti-B-actin antibody
(dilution, 1:5000; Sigma) to confirm the specificity of
changes in a-SMA expression.

Immunofluorescence Microscopy

Hepatocellular localization of the key basolateral (Ntcp
and Mrp3) and canalicular (Mrp2 and Bsep) transporters,
staining for cytokeratin 8/18 (CK8/18), CK19, laminin, and
activated caspase-3 was studied by immunofluores-
cence microscopy as described previously.'®2!

Lobular Distribution of India Ink and
Fluorescent-Labeled Ursodeoxycholic Acid
(UDCA)

India ink was injected into the common bile duct and
visualized as previously described’® to determine its lob-
ular distribution in LCA-fed mice and for comparison in
3-day common bile duct ligated (CBDL)-mice.'® To study
a potential relationship between the cholestatic pheno-
type observed in LCA-fed mice and the lobular distribu-
tion of bile acids, fluorescent UDCA (UDC-lysyl-nitroben-
zoxadiazolyl; kindly provided by Dr. Alan Hofmann,
University of California, San Diego, La Jolla, CA) was
injected into the inferior vena cava, and excreted fluores-
cent UDCA was viewed by fluorescence microscopy and
compared with CBDL mice as described previously.®

Table 1. Serum Biochemistry of 1-, 2-; and 4-Day 1% LCA-Fed Mice
Control (n = 6) 1-day LCA (n = 5) 2-day LCA (n = 5) 4-day LCA (n = 8)
ALT (U/L) 83 = 42 102 + 47 2398 + 2278 4837 * 1884*
AP (U/L) 220 * 65 165 £ 58 536 + 323 1334 * 555*
Bili tot (mg/dl) 0.15 = 0.05 0.32 = 0.13 0.62 = 0.33 2.33 = 1.02%
SBA (nmol/L) 21+25 16+ 4 70 = 67 280 = 118*

*P < 0.05 compared with standard diet-fed controls (ANOVA with Bonferroni post testing).
Values are expressed as mean = SD. ALT, alanine aminotransferase; Bili tot, total bilirubin; SBA, serum bile acids.
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Figure 6. Tight junctions are altered in LCA-fed mouse liver. Double-immunofluorescence labeling for CK8/18 (in green) and the tight junction protein ZO-1 (in
red) in control liver (A—C and G-I) and the liver from a 4-day LCA-fed mouse (D—F and J-L). B and C: ZO-1 staining of bile ducts in control diet-fed mice shows
a distinct pattern outlining the cell contacts between BECs. E and F: In contrast, the liver of a 4-day LCA-fed mouse shows strikingly altered tight junctions
morphologically characterized by partially disrupted and missing ZO-1 staining (arrowheads). Note also that BECs still form an intact epithelial monolayer (D
and F), suggesting that the observed missing ZO-1 staining is not related to BEC necrosis. G-I: Staining of the intermediate filament network and tight junctions
of hepatocytes in control diet-fed mice. J: The liver of a 4-day LCA-fed mouse shows a significantly increased density of the cytokeratin intermediate filament
(CK-IF) network with a pronounced pericanalicular sheath (arrowheads). K: Strikingly altered tight junctions between hepatocytes in 4-day LCA-fed mouse liver
morphologically characterized by elongation and distortions of the ZO-1 staining pattern (arrowheads). bd, bile duct. Bar = 10 um.
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Figure 7. Rupture of the cholangioles (canals of Hering) and bile infarcts in LCA-fed mouse liver. A—C: Double-immunofluorescence labeling with CK8/18 (green) and
CK19 (red) antibodies in the liver of a 2-day LCA-fed mouse. A: Degraded CK-IF network of hepatocytes in a bile infarct (marked with an asterisk and outlined by
arrowheads) close to a portal tract with a bile duct (bd). B: CK19 antibody marks a bile duct (bd) and a canal of Hering (arrow) composed by two cholangiocytes.
C: Note ruptured canal of Hering (arrow) on the margin of the bile infarct (marked with an asterisk and outlined by arrowheads). Bar = 50 um.

Bacterial Counts of Liver and Spleen

To determine the possible role of bacterial translocation
in the pathogenesis of LCA-induced liver injury in mice,
bacterial counts of liver and spleen were performed as
previously described.'®

Measurement of Hepatic Hydroxyproline
Content

To quantify liver fibrosis, hepatic hydroxyproline content
was determined. The right liver lobe was homogenized in
6 N HCI (200 mg liver tissue/4 ml HCI) and hydrolyzed at
110°C for 16 hours. After filtration, 50 ul was added to
450 ul of 2.2% NaOH dissolved in citrate-acetate buffer
(50 g of citric acid X H,O, 12 ml of acetic acid, 120 g
of sodium acetate X 3 H,O, 34 g of NaOH, and 1 L of
distilled water; pH 6.0). After neutralization, 250 ul of
chloramin T solution was added and incubated for 20
minutes. After adding 250 wl of perchloric acid and 12
minutes of incubation at room temperature, 250 ul of
p-dimethylaminobenzaldehyde solution was added and
incubated at 60°C for 20 minutes. Hydroxyproline content
was measured at 565 nm using a hydroxyproline stan-
dard curve.

Statistical Analysis

Data are reported as arithmetic means + SD of five to
eight animals in each group. Statistical analysis was per-
formed using Student’s t-test when appropriate or analy-
sis of variance with Bonferroni post test when three or
more groups were compared using the Sigmastat statis-
tics program (Jandel Scientific, San Rafael, CA). A P
value <0.05 was considered significant.

Results

LCA Feeding Leads to Bile Infarcts, Destructive
Cholangitis, and Periductal Fibrosis

Beginning at day 2, livers of LCA-fed mice contained
numerous bile infarcts (Figures 1 and 2A) that were mor-
phologically indistinguishable from those seen in CBDL
mice.'®2> Small interlobular bile ducts were frequently
obstructed with crystals, as revealed by electron micros-
copy (Figure 3, A and B). In addition, crystals penetrating
into bile duct epithelial cells (BECs) were also observed
(Figure 3C), suggesting that direct physicochemical
LCA-induced injury of BECs may be important. The lob-
ular lesions (ie, bile infarcts and single cell necroses)
(Figure 2A) displayed light microscopic and ultrastruc-
tural characteristics of oncotic hepatocytes with hydropic
swelling and disruption of cell and organelle membranes
(not shown) as defined recently.®® In addition, crystals
were also deposited within bile infarcts (Figure 3D).
These findings suggest that bile infarcts and bile ducts
are faced with the highest LCA concentration within the
liver. Around days 3 and 4, animals developed a dense
neutrophilic-granulocytic infiltrate around small interlobu-
lar (Figure 2B) and larger bile ducts (Figure 2, C-F). This
observation was further confirmed by the finding of nu-
merous CD11b-positive periductal cells in LCA-fed mice
as shown in Figure 4B. BECs were irregular with enlarged
nuclei and focal pseudopapillary proliferations (Figure 2,
C-E). In addition, subepithelial fluid accumulation lifting
the epithelial cell layer (Figure 2, C and D) followed by
ulceration of the bile duct epithelium (Figures 2, E and F,
and 3, E and F) and pronounced periductal edema was
frequently observed in larger ducts. There was no evi-
dence for apoptosis of BECs because we found neither
BECs with activated caspase-3 nor BECs with character-
istic CK intermediate filament alterations typical for apo-
ptotic cell death'® (not shown), suggesting that necrosis
may represent the primary mode of BEC death in our
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model. These morphological findings were accompanied
by a continuous increase in serum alanine aminotrans-
ferase levels followed by elevations of alkaline phospha-
tase and bilirubin (Table 1). Prolonged feeding of 1%
LCA-supplemented diet beyond 7 days was associated
with substantial mortality, indicating that continuous long-
term treatment of this dose is not feasible (Figure 5). The
acute cholangitis with neutrophils raised the possibility of
a bacterial etiology related to increased bacterial trans-
location from the gut into the liver and spleen. However,
we found no differences in bacterial counts in livers and
spleens between LCA-fed mice and controls (data not
shown). The development of pericholangitis in LCA-fed
mice led to the hypothesis that this could be due to
leakage of the tight junctions of BECs. As determined by
immunofluorescence microscopy with staining for tight
junction protein ZO-1 (Figure 6, E and F) and by electron
microscopy (Figure 3, E and F), tight junctions were
irregular and focally disrupted, suggesting that bile ducts
were leaky under these experimental conditions. Time
course studies revealed that tight junction alterations pre-
ceded lifting and ulceration of the epithelial cell layer,
suggesting that tight junction alterations may be of pri-
mary importance in LCA-induced cholangiopathy. Tight
junctions between hepatocytes also showed alterations
of the ZO-1 pattern with distortion and widening indica-
tive of dilated canaliculi (Figure 6, K and L).

Moreover, we frequently observed ruptured canals of
Hering in the proximity to bile infarcts (Figure 7), parallel
to previous observations in CBDL mice.'® The evolving
cholangitis in LCA-fed mouse liver was accompanied by
a significantly increased number of a-SMA-positive peri-
ductal myofibroblasts (Figure 8C) responsible for an as-
tonishingly rapidly evolution and pronounced periductal
fibrosis (Figure 8D) comparable with previous observa-
tions in Mdr2 knockout mice.'® In addition, a-SMA protein
levels were significantly increased in LCA-fed mice com-
pared with controls (Figure 8E). Increased proliferation of
periductal myofibroblasts was also demonstrated by a
significantly increased number of Ki-67-positive (CK19-
negative) periductal myofibroblasts (Figure 9). Liver fi-
brosis was confirmed biochemically by significantly
higher hepatic hydroxyproline content in LCA-fed mice
after 4 days (ie, 194 = 24 vs. 104 = 4 mg/g liver in
controls; P > 0.05). This was accompanied by a signifi-
cantly enhanced expression of collagen 1a1 mRNA (52-
fold) compared with controls (Table 2). Of interest, the
absolute increase of TIMP-1 mRNA expression (424-fold)
was greater than for MMP-2 mRNA (10-fold), suggesting
that liver fibrosis in LCA-fed mice may, at least in part,
result from increased matrix production in the presence
of decreased matrix degradation (Table 2). Taken to-
gether these findings support the concept that LCA feed-
ing in mice results in partial biliary obstruction and sub-
sequently bile infarcts. In addition, these findings
suggest that LCA-induced alterations of tight junctions
caused destructive cholangitis and activation of BECs,
initiating proliferation and activation of periductal myofi-
broblasts and leading to periductal fibrosis.
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Figure 8. Periductal fibrosis in LCA-fed mouse liver. Immunohistochemistry
(A and ©) for a-SMA-positive cells and Sirius red staining (B and D) for
collagen in control liver (A and B) and in the liver from a 4-day LCA-fed
mouse (C and D). A: In the control liver, only smooth muscle cells of the
hepatic artery branches (ha) and the portal vein (pv) are a-SMA positive. C:
In contrast, there are numerous a-SMA-positive myofibroblasts surrounding
the bile duct (bd) of a 4-day LCA-fed mouse. Note that hepatic arteries and
portal veins of the control liver and 4-day LCA-fed mice are of the same size,
indicating that both situations are cut at the same level of the biliary tree. B
and D: Sirius red staining outlines the pronounced periductal fibrosis in the
LCA-fed mouse liver. Original magnification, X20. E: Protein quantification
for a-SMA and B-actin by Western blotting in control livers (CO) and livers
from 4-day LCA-fed mice (4-day 1% LCA). Note the significant increased
a-SMA and unchanged B-actin expression in LCA-fed mouse liver. Densi-
tometry data are expressed as the fold change relative to control diet-fed
animals. Values are the means from five animals in each group. *P < 0.05
compared with standard diet-fed controls (Student’s ttest).

Comparison of the Lobular Distribution of
Fluorescent UDCA and India Ink in LCA-Fed
Mice and CBDL Mice: Clues to the
Pathogenesis of the Cholestatic Phenotype

Because bile infarcts were frequently observed in prox-
imity to disrupted canals of Hering (Figure 7), we
searched for communications between the bile duct sys-
tem and bile infarcts as previously seen in CBDL mice."®
Fluorescent UDCA injected into the inferior vena cava
was rapidly secreted into canaliculi and bile ducts in
CBDL and LCA-fed mice (Figure 10, A and C) After
retrograde injection into the common bile duct, India ink
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Figure 9. Proliferation of periductal myofibroblasts and bile duct epithelial
cells in LCA-fed mouse liver. Immunohistochemistry for (A and C) CK19-
positive cholangiocytes and proliferation marker Ki-67 (B and D). B: In the
control liver, only some positive nuclei are seen in the portal field. D: In
contrast, there are numerous Ki—67—positive (CK19-negative) periductal myo-
fibroblasts surrounding the bile duct and also few proliferating Ki-67-positive
BECs in LCA-fed mouse liver. bd, bile duct. Original magnification, X40.

filled bile ducts and bile canaliculi and accumulated in
bile infarcts (Figure 10B). On the other hand, in LCA-fed
mice, India ink filled bile ducts but accumulated in only
few bile infarcts (Figure 10D). Taken together, these find-
ings support our concept 1) that bile infarcts have con-
nection to the bile duct system, 2) that bile infarcts con-
tain high concentrations of bile acids, and 3) most
importantly, that these experiments are consistent with
partial biliary obstruction in LCA-fed mice.

LCA Feeding Leads to Adaptive Hepatocellular
Transporter and Metabolic Enzyme Expression
in Mice

To study the functional importance of the described par-
tial biliary obstruction, we determined bile flow in LCA-fed
mice on days 1 and 4 (Table 3). Bile flow tended to
increase on day 1 and was significantly decreased on
day 4. After an initial increase on day 1, biliary secretion
of cholesterol, phospholipids, glutathione, and bile acids
was significantly reduced in LCA-fed mice. The predom-
inating bile acids in bile were LCA and chenodeoxycholic
acid (Table 4).

Because previous studies in isolated-perfused rat liv-
er?”28 have indicated significant alterations in expression
and localization of ABC transporter proteins, which may,
at least in part, explain cholestasis in LCA-treated ro-
dents, we studied hepatobiliary transport proteins in our
model. LCA feeding led to a significant reduction in the
expression of the main basolateral bile acid uptake sys-
tems Ntcp and Oatp1 (Figures 11 and 12B). Canalicular
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Table 2. Hepatic mRNA Expression of Several Genes in

4-Day 1% LCA-Fed Mice

Control 4-day 1%

(n=05) LCA (n = 5)
Collagen 1af 1.00 = 0.62 51.7 + 43.6*
TIMP-1 1.00 = 0.41 424 * 233*
MMP-2 1.00 = 0.23 9.5 +6.3"
Ntcp 1.00 = 0.28 0.26 = 0.10*
Bsep 1.00 *= 0.56 1.19 = 0.47
Mrp2 1.00 = 0.61 0.83 +0.23
Mrp3 1.00 = 0.94 3.10 = 1.03
Cyp3aif 1.00 = 0.89 3.33 +2.18
Cyp7at 1.00 = 0.84 0.07 = 0.04*
Cyp8b1 1.00 = 0.33 0.03 = 0.01*
Sult2al 1.00 = 0.96 7.11 £ 2.69*

*P < 0.05 compared with standard diet-fed controls (Student’s
t-test).

Values are normalized to controls as 1.00 and 28S rRNA expression
and are expressed as mean *+ SD.

Bsep protein levels and localization were not altered in
LCA-fed mice compared with controls (Figures 11 and 13
B), and there was no evidence of canalicular mistargeting
or retrieval of Bsep (Figure 13, E and F). Total Mrp2
protein levels were also unchanged in LCA-fed mice
(Figure 11), but the expression of Mrp2 protein was lim-
ited to acinar zone 3 (Figure 13, H and |), where it re-
mained localized to the canalicular membrane (Figure

Figure 10. Bile infarcts in LCA-fed mouse liver fill-up with fluorescent UDCA
injected into the inferior vena cava, but partial obstruction of the biliary tree
prevents retrograde filling of bile infarcts with India ink. Fluorescent UDCA
injected into the inferior vena cava (A and C) and India ink injected into the
common bile duct (B and D) in livers from CBDL mice (A and B) and 4-day
LCA-fed mice (C and D). A and C: Bile infarcts in CBDL and LCA-fed mouse
livers are impregnated by fluorescent UDCA, suggesting that fluorescent
UDCA is secreted into bile canaliculi and regurgitates into bile infarcts
(surrounded by the white circles) due to outflow obstruction in both models.
B: India ink injected into the common bile duct after CBDL fills most bile
infarcts (white asterisks). D: India ink injected into the common bile duct
enters interlobular bile ducts (arrows) in LCA-fed mouse. India ink stains
only the minority of bile infarcts (white asterisk), whereas most remain
negative for India ink (black asterisks), suggesting that partially biliary
obstruction prevents complete retrograde filling of bile infarcts with India ink
in LCA-fed mice. Original magnification, X10.
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Table 3. Bile Flow and Biliary Output Rates in 1- and 4-Day 1% LCA-Fed Mice
Bile flow Cholesterol Phospholipids Glutathione Bile acids
(uL g1 (mmol g~ (mmol g~ (nmol g~° (mmol g~
LW min~") LW min~ 1) LW min~") LW min~") LW min~ 1)
Control (n = 6) 1.6 =04 0.4 = 0.1 4109 6.0=2.0 30.6 7.7
1-day LCA (n = 6) 1.7+05 09*03 7.7 = 1.5% 72+18 72.2 = 10.9*
4-day LCA (n = 6) 0.6 = 0.4*T 0.3 x0.2" 2.4 +19° 27 22" 19.1 = 15.27

*P < 0.05 compared with standard diet-fed controls; TP < 0.05 1- versus 4-day LCA (ANOVA with Bonferroni post test).

Values are expressed as mean = SD. LW, liver weight.

13, K and L). These data suggest that the observed
reduction in biliary glutathione secretion in LCA-fed mice
(Table 3) was related to impaired Mrp2 expression in
acinar zone 1 and 2. Basolateral Mrp3 expression was
significantly induced by LCA feeding (Figures 11 and
12D). Interestingly, reduced Ntcp staining was recipro-
cally accompanied by enhanced Mrp3 staining in LCA-
fed mouse liver (Figure 12). The changes in transporter
protein levels were accompanied by respective changes
in mMRNA expression (Table 3), indicating that these
changes may be mediated largely at a transcriptional
level. However, these findings do not exclude additional
posttranscriptional effects of LCA. Expression of Sult2a1
was also induced in LCA-fed mice (Table 2), indicating
that LCA-fed mice may, at least in part, metabolize LCA
by sulfation.

Discussion

The emerging interest in the molecular mechanisms of
bile acid transport and detoxification has resulted in sev-
eral studies on LCA-induced liver injury in knockout mice
for nuclear receptors and their respective target
genes.'©7'® These studies have mainly focused on spe-
cific molecular aspects of LCA detoxification, whereas
the cholestatic phenotype induced by LCA remains func-
tionally and morphologically poorly understood.?®3°
Moreover, the critical question arises of whether feeding

Table 4. Biliary Bile Acid Composition in Control and LCA-
Fed Mice
Control 4-day 1% LCA

Bile acid (n=3) (%) (n=15) (%)
LCA Not detectable 13.1 = 3.0*
DCA 27+20 2115
allo-CA 42+1.0 1.8 +0.3"
CDCA 1.2+02 357 72"
a-MCA 24+04 18.2 £ 3.4*
HDCA Not detectable 9.9 £ 18"
CA 532+ 58 7.6 £53"
UDCA 0.7x0.2 32=*21
12a-0l, 3-one 9.0*+17 23 *0.7"
B-MCA 79*x14 25+ 13"
7a-0l, 3-one 21+09 0.7+0.8
o-MCA 107 =19 1.8 +0.9"
Other 6.0+ 26 11+17

*P < 0.05 LCA-fed mice compared with standard diet-fed controls

(Student’s t-test).

1% LCA was fed for 4 days. Controls received a standard chow.
Values are percentages (expressed as mean = SD). CA, cholic acid;

CDCA,

chenodeoxycholic acid; DCA, deoxycholic acid; HDCA,

hyodeoxycholic acid; LCA, lithocholic acid; MCA, muricholic acid.

Co 2d 1%LCA 4d 1%LCA

NICD | ———————————— —_—
1.00 0.91 0.52*
Oatp1 W
1.00 0.54* _0.08*
R N e —
1.00 1.06 0.97
Mrp2 |--~~~~~'N-n.~“i.‘
1.00 0.98 1.19
Mrp3 MMEH SeiesBBBbs
1.00 1.78* 2.25*

Figure 11. Effects of LCA feeding on hepatic Ntcp, Oatpl, Bsep, Mrp2, and
Mrp3 protein levels. Liver membranes were isolated from control diet-fed
(Co) and 1% (w/w) LCA (for 2 and 4 days)-fed mice and analyzed by
Western blotting. Densitometry data are expressed as the fold change relative
to control diet-fed animals. Values are the means from five animals in each
group. There is a significant decrease in Ntcp and Oatpl concomitant with a
significant increase in Mrp3 protein levels in LCA-fed mice, whereas no
significant differences in Bsep and Mrp2 protein levels were observed.

Control

- . .
MrpS..

Figure 12. Reciprocal Ntcp and Mrp3 tissue localization in LCA-fed mouse
liver. Ntep (A and B) and Mrp3 (C and D) tissue localization was compared
between control (A and C) and 1% (w/w) LCA-fed (for 4 days) (B and D)
mouse livers (both red). Significantly reduced Ntcp staining (C) and en-
hanced Mrp3 staining (D) are seen in LCA-fed mouse liver. Bar = 20 um.
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Figure 13. Bsep expression is preserved throughout the liver lobule, whereas Mrp2 expression is restricted to acinar zone 3 in LCA-fed mouse liver. Double-
immunofluorescence labeling of CKs (green; A, C, D, F, G, J, I, and L) and Bsep (B, C, E, and F) or Mrp2 (H, I, K, and L) (red) in 1% (w/w) LCA-fed (for 4 days) mouse
liver. B and C: Bsep expression is preserved throughout the liver lobule in LCA-fed mouse liver. H and I: In contrast, Mrp2 expression is reduced to hepatic acinar zone
3. A and G: Note also the increased density of the CK-IF network in acinar zone 1 (indicated by the arrowheads). E, F, K, and L: Note that there is no evidence for
canalicular retrieval or targeting defect for Bsep and Mrp2 in LCA-fed mouse liver. bd, bile duct. Bar for A—C and G-I = 100 um. Bar for D-F and J-L = 5 um.
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Figure 14. Suggested sequence of events of cholangiopathy in LCA-fed
mice—further evidence for the toxic bile concept. 1) LCA feeding leads to
alterations of tight junctions of BECs, resulting in leaky bile ducts and
chemotaxis of neutrophil granulocytes. 2) Inflammation and extravasation of
toxic bile lead to subepithelial fluid accumulation and concomitant detach-
ment of the biliary epithelium resulting in lifting of the epithelial cell layer. 3)
Neutrophil granulocytes invade the bile duct lumina via transmigration and
ulcerations of the epithelial cell layer. 4) Ongoing efflux of toxic bile into the
portal field together with activation of BECs leads to proliferation and acti-
vation of periductal myofibroblasts resulting in rapidly evolving periductal
fibrosis.

of a toxic bile acid is capable of inducing bile duct injury
as the primary mechanism of hepatotoxicity. We herein
show that feeding hydrophobic LCA to mice induces
partial bile duct obstruction, bile infarcts, destructive
cholangitis, and periductal fibrosis within days (Figure
14).

What Is the Pathogenesis of Cholestasis in
LCA-Fed Mice?

In the past, many pathogenetic mechanisms of cholesta-
sis in LCA-treated rodents (ie, mainly rats) have been
proposed,®°° and most of these studies have con-
cluded that LCA-induced cholestasis is canalicular in
origin. We herein demonstrate that cholestasis in LCA-fed
mouse liver results from partial obstruction of bile ducts
by crystals (presumably LCA precipitates). This novel
conclusion is also supported by the described differential
distribution pattern of biliary-secreted fluorescent UDCA
and India ink, injected into the common bile duct, in
LCA-fed and CBDL mice. In addition, we found that Bsep
expression was preserved and there was no evidence for
canalicular retrieval of this transporter. Mrp2 tissue pro-
tein levels were unchanged, but its localization was lim-
ited to acinar zone 3, which could explain reduced biliary
glutathione excretion in our model. Moreover, expression
of Ntcp and Oatp1 was significantly reduced whereas
Mrp3 (accompanied by Sult2al overexpression) was in-
duced in response to LCA feeding, suggesting that these
findings reflect an adaptive response protecting hepato-
cytes from ongoing hepatocellular accumulation of bile

acids as previously observed in CBDL mice.?? Although
it cannot be entirely excluded that these transporter al-
terations may be directly caused by LCA, the findings of
the current study are consistent with the alterations of
hepatic transport systems observed previously in mice
and rats with obstructive cholestasis due to common bile
duct ligation.?23'-32 Thus, it is unlikely that the trans-
porter alterations observed in the current study are the
primary cause for cholestasis in LCA-fed mice but rather
may represent a secondary adaptive response to the
cholestatic phenotype.

Why Do LCA-Fed Mice Develop Bile Infarcts?

Bile infarcts defined as confluent periportal liver cell ne-
crosis with retained pigment material are a characteristic
type of liver cell damage in response to obstructive cho-
lestasis in humans and related animal models (eg, CBDL
in rodents).?®> We have previously shown that maintained
bile secretion and increased biliary pressure are critical
determinants for the development of bile infarcts in CBDL
mice and that these lesions result from rupture of the
canals of Hering 822 with exposure of hepatocytes to bile
acid concentrations in the millimolar range derived from
bile leaking into the liver parenchyma.®* The develop-
ment of bile infarcts in LCA-fed mice (recently also de-
scribed in intraperitoneally treated mice''") resulting
from leaky, disrupted cholangioles (canals of Herring)
may have previously been misinterpreted as “hemor-
rhagic cysts resembling peliosis hepatis” by Bagheri et
al®® in LCA-treated rats. Our concept is confirmed by the
finding of LCA crystals within bile infarcts. This hypothe-
sis is further supported by the fact that most bile infarcts
in LCA-treated mice remained unstained by India ink
injected retrogradely into the common bile duct (which
contrasts the findings in CBDL mice). On the other hand,
biliary (orthogradely) excreted fluorescent UDCA accu-
mulated in bile infarcts as observed in LCA-fed animals.
Both observations may primarily be related to proximal
bile duct obstruction in LCA-fed mice. In addition, previ-
ous studies by Benedetti et al®® also suggested an ob-
structive component of LCA-induced cholestasis, at least
in the isolated perfused rat liver.

Why Do LCA-Fed Mice Develop Destructive
Cholangitis?

Because bile infarcts and destructive cholangitis are the
morphological hallmarks of the cholestatic phenotype in
LCA-fed mouse liver, it is most likely that the bile ducts
represent an important Achilles’ heel in regard to the
hepatoxic potential of bile acids in mice analogous to our
previous findings in Mdr2~"~ mice."®'® LCA appears to
provoke cholangitis through its physicochemical proper-
ties, ie, high hydrophobicity and lithogenicity. The per-
ception that bile duct obstruction in LCA-fed mice may be
caused by LCA precipitates is also supported by the fact
that bile duct stones previously observed in chronically
LCA-fed rats primarily consist of LCA.?2 Because we ob-
served intraductal LCA crystals damaging BECs and



finally resulting in ulcerations, it is reasonable to assume
that cholangitis is directly related to the local toxic effects
of LCA in mouse liver.22® However, it cannot be excluded
from the presented data that an LCA-induced inflamma-
tory response of BECs could additionally perpetuate
cholangitis and proliferation of periductal myofibroblasts
resulting in periductal fibrosis (eg, via inducing cytokine/
chemokine production in BECs).'® In addition, based on
the recent observation of toxic bile acid-induced hepatic
stellate cell proliferation by Svegliati-Baroni et al,®” it is
attractive to speculate that the observed proliferation of
periductal myofibroblasts in LCA-fed mice could also be
directly related to bile acids. The demonstrated induction
of collagen 1a1, together with the greater induction of
TIMP-1 in relation to MMP-2, suggests that liver fibrosis in
LCA-fed mice could result, at least in part, from increased
matrix production in the presence of decreased matrix
degradation. Because the prolonged feeding of 1% LCA-
supplemented diet resulted in a detrimental outcome,
future studies will have to determine whether alternative
feeding protocols (eg, alternating periods of LCA and
standard-diet feeding) are also able of producing paren-
chymal liver fibrosis and ultimately cirrhosis.

Do These Experimental Findings Have Potential
Implications for Human Liver Disease?

The novel finding that LCA feeding in mice induces de-
structive cholangitis supports the concept that “toxic” bile
is able to induce cholangitis and consequently periductal
fibrosis.' Despite the fact that there is no proof for a
causative role of LCA in human cholestatic liver diseases,
LCA has been used since the early 1960s in experimental
models to study cholestasis. However, because we ob-
served crystals in cholangioles, bile ducts, and bile in-
farcts detected by electron microscopy, such crystals
may have been missed in previous studies in fixed liver
samples (ie, solubilization of LCA crystals during formalin
fixation). Therefore, it may also be worthwhile to perform
ultrastructural studies of bile ducts and their contents in
human liver samples (eg, liver explants).

In summary, we provide evidence that the cholestatic
phenotype in LCA-fed mouse liver is the result of LCA-
induced obstruction of bile ducts and suppurative
cholangitis leading to periductal fibrosis (Figure 14). This
is accompanied by an adaptive transporter and enzyme
response. This information should be valuable for under-
standing LCA-treated mice as a model system for chole-
static liver diseases.
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