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Cholangitis arising from biliary infection dominates the
prognosis in Caroli’s disease. To clarify the influences of
bacterial infection on the biliary cystogenesis, in vivo
and in vitro studies were performed using the polycys-
tic kidney (PCK) rat as an animal model of Caroli’s
disease. Cholangitis became a frequent histological find-
ing in aged PCK rats, and neovascularization around the
bile ducts also increased in aged PCK rats. Immunohis-
tochemistry revealed that expression of vascular endo-
thelial growth factor (VEGF) was increased in PCK rat
biliary epithelium. In vitro, PCK cholangiocytes overex-
pressed VEGF, and the supernatant of cultured PCK
cholangiocytes significantly increased the proliferative
activity, migration, and tube formation of cultured rat
vascular endothelial cells. Stimulation with lipopolysac-
charide (LPS) further induced VEGF expression in PCK
cholangiocytes, which might be mediated by signaling
pathways involving phosphatidylinositol 3-kinase
(PI3K)-Akt and c-Jun N-terminal kinase (JNK). Both LPS
and VEGF increased cell proliferative activity in PCK
cholangiocytes, and siRNA against VEGF significantly
reduced LPS-induced cell proliferation. Thus, LPS-in-
duced overexpression of VEGF in the biliary epithelium
may lead to hypervascularity around the bile ducts; con-
currently, LPS and VEGF act as cell proliferation factors
for cholangiocytes. Biliary infection may thus exacer-
bate biliary cystogenesis in PCK rats. (Am J Pathol 2011,

179:2845–2854; DOI: 10.1016/j.ajpath.2011.08.028)

Caroli’s disease is characterized by progressive, multiple

cystic dilation of intrahepatic bile ducts; it is frequently
associated with portal fibrosis, corresponding to congen-
ital hepatic fibrosis.1,2 Caroli’s disease belongs to a
group of congenital hepatorenal fibrocystic syndromes,
and is a well-known hepatic manifestation of autosomal
recessive polycystic kidney disease (PKD).3

Caroli’s disease with congenital hepatic fibrosis pres-
ents clinical features consisting of bouts of cholangitis
and cholelithiasis and portal hypertension. Clinical pro-
gression and presentation are highly variable, and symp-
toms may appear early or late in life. Bile stagnation due
to bile duct dilation and hepatolithiasis explains the re-
current cholangitis that dominates the clinical course and
is the principal cause of morbidity and mortality. Cholan-
gitis can lead to hepatic abscess and sepsis, and a large
number of patients die within 5 to 10 years after cholan-
gitis occurs in Caroli’s disease.4

Human and experimental data suggest several poten-
tial mechanisms that could lead to cystic dilation of intra-
hepatic bile ducts of Caroli’s disease. These include in-
creased cell proliferation and apoptosis, enhanced fluid
secretion, abnormal cell-matrix interactions, and abnor-
mal ciliary structure or function.5–9 Although the clinical
significance of cholangitis due to biliary infection is well
recognized in Caroli’s disease, the effect of biliary infec-
tion on disease pathogenesis and progression has not
been studied previously.

Lipopolysaccharide (LPS) is a bacterial component
that is a proximal mediator in the initiation of local inflam-
mation and sepsis. LPS induces production of proinflam-
matory cytokines and permeability factors. In certain
types of cells, LPS induces angiogenic factors, such as
vascular endothelial growth factor (VEGF).10,11 Because
cholangiocytes express the receptor of LPS, Toll-like re-
ceptor 4 (TLR4),12,13 LPS may also be able to induce
angiogenic growth factors in cholangiocytes.

VEGF is overexpressed in human and rodent cholan-
giocytes from polycystic liver diseases, including Caroli’s
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disease, and has been implicated in disease pathogen-
esis.14 Overexpression of VEGF in cholangiocytes indi-
cates that VEGF may induce portal neovascularization,
which leads to cholangiocyte overgrowth due to abun-
dant vascular supply, in turn resulting in the exacerbation
of cystic bile duct dilation. In addition, a recent study
showed that VEGF stimulates cholangiocyte proliferation
via an autocrine mechanism.15

Using the polycystic kidney (PCK) rat as an animal
model of Caroli’s disease,5 we conducted the present
study to clarify the influences of bacterial infection on the
biliary cystogenesis with regard to VEGF expression in
cholangiocytes and portal neovascularization.

Materials and Methods

Animals

The PCK rats were maintained at the laboratory animal
institute of Kanazawa University Graduate School of Med-
icine. Normal (Crj:CD) rats were purchased from Charles
River Japan (Sagamihara, Japan). Animal studies were
performed in accordance with guidelines for the care and
use of laboratory animals at the Takara-machi Campus of
Kanazawa University.

Liver Specimens

Livers were removed from 3-week-old, 2-month-old, and
10-month-old rats. Human liver tissues of Caroli’s disease
with congenital hepatic fibrosis (5 cases) were obtained
at time of surgery. As controls, normal or subnormal hu-
man livers were used (n � 5). Liver tissues were im-
mersed in 10% formalin neutral buffer solution (pH 7.4)
and then embedded in paraffin. More than 10 serial sec-
tions (4 �m thick) cut from each paraffin block were
subjected to histological analysis. Experiments using hu-
man subjects were performed with the approval of the
local ethics committee of Kanazawa University under pa-
tient informed consent.

Cell Culture of Cholangiocytes

Cholangiocytes were isolated, purified, and cultured from
the intrahepatic large bile ducts of normal and PCK rats
as described previously.6 Cells were set on cell culture
dishes covered with a standard growth medium, com-
posed of Dulbecco’s modified Eagle’s medium/F-12
(Gibco, Grand Island, NY) containing 10% bovine growth
serum (HyClone, Logan, UT), 5 �mol/L forskolin (Wako
Pure Chemical Industries, Osaka, Japan), 20 ng/mL of
epidermal growth factor (Upstate Biotechnology; Milli-
pore, Billerica, MA) and 1% antibiotic-antimycotic
(Gibco) at 37°C in an atmosphere of 5% CO2.

At subconfluent state, cholangiocytes were incubated
with standard medium containing LPS (Ultra-Pure E. coli
LPS; InvivoGen, San Diego, CA). Cell signaling inhibition
studies were performed using NF-�B inhibitor (isohelenin;
30 �mol/L; Calbiochem, La Jolla, CA), VEGF receptor

tyrosine kinase inhibitor (SU5614; 10 �mol/L; Sigma-Al-
drich, St. Louis, MO), phosphatidylinositol 3-kinase
(PI3K) inhibitor (LY294002; 20 �mol/L; Merck, Darmstadt,
Germany), c-Jun N-terminal kinase (JNK) inhibitor I (2
�mol/L; Merck), and JNK inhibitor II (100 nmol/L; Merck).

Cell Culture of Vascular Endothelial Cells

Rat aorta endothelial cells (RAOECs) purchased from
Cell Applications (San Diego, CA) were maintained with
endothelial growth medium (rat endothelial cell basal me-
dium; Cell Applications).

To determine their angiogenic effects, cholangiocytes
were incubated with a standard medium for 3 days, and
the culture supernatant was added to the basal medium
of RAOECs at a concentration of 20%.

Cell Proliferation Assay

Cell proliferative activity was determined using a WST-1
assay according to the manufacturer’s instructions
(Roche, Mannheim, Germany). Cholangiocytes were
treated with appropriate concentrations of LPS (Invivo-
Gen) and recombinant VEGF (R&D Systems, Minneapo-
lis, MN), and cell proliferative activity was determined at
specified time intervals. Cell proliferative activity of
RAOECs was assessed after 72 hours after stimulation
with the cholangiocyte culture supernatant. WST-1 re-
agent was added and incubated for 2 hours before the
plate was read. Each assay was performed in eight sets.

Cell Migration Assay

Cell migration activity of RAOECs was examined using a
BioCoat cell migration chamber (BD Biosciences, Bed-
ford, MA). In the upper chamber, a total of 5 � 104 cells
in serum-free culture medium were seeded. In the lower
chamber, rat endothelial cell basal medium (Cell Appli-
cations) or the basal medium containing 20% rat cholan-
giocyte culture supernatant with and without 24 hour-LPS
treatment at the concentration of 1 �g/mL was placed.
After 48 hours, cells were fixed in 100% methanol and
were stained with hematoxylin. Cells that had migrated to
the bottom side of the membrane were visualized under a
light microscope, and the number of cells was counted in
five randomly selected fields.

Tube Formation Assay

Tube formation assay was performed with use of growth-
factor-reduced Matrigel (BD Biosciences). Matrigel was
dispensed into a 24-well plate, and a total of 5 � 104 cells
of RAOECs were placed on the gel. The cells were incu-
bated with serum-free basal medium for 24 hours. The
medium was changed then changed to the basal medium
or to basal medium containing 20% rat cholangiocyte cul-
ture supernatant with and without 24 hour-LPS treatment at
the concentration of 1 �g/mL; cells were then further incu-
bated for 18 hours. The number of branching points of the

cells was counted in five randomly selected fields.



recepto

PCK Rat and Biliary Infection 2847
AJP December 2011, Vol. 179, No. 6
RT-PCR and Real-Time Quantitative PCR

RT-PCR was performed using total RNA (1 �g) extracted
from the cholangiocytes. Total RNA was used to synthe-
size cDNA with reverse transcriptase (ReverTra Ace;
Toyobo, Osaka, Japan). Primer sequences and PCR con-
ditions are given in Table 1. The PCR products were
subjected to 2% agarose gel electrophoresis and were
stained with ethidium bromide.

Quantitative real-time PCR was performed according to a
standard protocol using SYBR Green PCR master mix
(Toyobo Co.) and an ABI Prism 7700 sequence detection
system (PerkinElmer-Applied Biosystems, Warrington, UK).
Cycling conditions were incubation at 50°C for 2 minutes,
95°C for 10 minutes, and 40 cycles of 95°C for 15 seconds
and 60°C for 1 minute. Fold difference relative to GAPDH
was calculated. Each assay was performed in five sets.

Western Blotting

Total proteins were extracted from cholangiocytes using
Pierce T-PER protein extraction reagent (Thermo Fisher Sci-
entific, Rockford, IL). The protein (40 �g) was subjected to
10% SDS-PAGE and then was electrophoretically trans-
ferred onto a nitrocellulose membrane. The membrane was
incubated with primary antibodies against Akt, phosphory-
lated Akt (p-Akt), JNK-stress-activated protein kinase
(SAPK), p-JNK-SAPK, extracellular signal-regulated kinase
1/2 (ERK1/2), p-ERK1/2, p38 mitogen-activated protein ki-
nase (MAPK), and p-p38 MAPK. All primary antibodies
(rabbit monoclonal) were purchased from Cell Signaling
Technology (Danvers, MA) and were used at 1:1000 dilu-
tion. Protein expression was detected using a peroxidase-
labeled polymer (EnVision�; DakoCytomation, Glostrup,
Denmark), and 3,3=-diaminobenzidine tetrahydrochloride
(DAB) was used as the chromogen.

ELISA

The VEGF level in the culture supernatant of the cholangio-
cytes was determined using an enzyme-linked immunosor-
bent assay (ELISA) kit (Quantikine rat VEGF immunoassay;
R&D Systems). Samples were added to a 96-well plate
coated with an antibody for VEGF and were incubated for
2 hours. After a washing, the plate was incubated with an

Table 1. Primer Sequences and PCR Conditions

Gene Sequences, forward and reverse Ann

VEGF 5=-AGTGGTCCCAGGCTGCAC-3=
5=-TCCATGAACTTCCCACTTCGT-3=

Flk-1 5=-AAGGACCTCAGACGCAAGAA-3=
5=-CATCCCAACACACAAAGCAC-3=

Flt-1 5=-AATCATTCCGAAGCAAGGTG-3=
5=-TTTCTTCCCACAGTCCCAAC-3=

TLR4 5=-GCCGGAAAGTTATTGTGGTG-3=
5=-TCCCACTCGAGGTAGGTGTT-3=

GAPDH 5=-GAGTCAACGGATTTGGTCGT-3=
5=-TTGATTTTGGAGGGATCTC-3=

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TLR, Toll-like
anti-VEGF antibody conjugated to horseradish peroxi-
dase for 2 hours. Color development was performed us-
ing a substrate solution for 30 minutes, and absorbance
at 450 nm was measured. Each assay was performed in
five sets.

Immunofluorescence Confocal Microscopy

Cells were fixed with 4% paraformaldehyde for 15 minutes
and permeabilized for 3 minutes with 0.1% Triton X-100
surfactant. After blocking, the cells were incubated for 1
hour at room temperature with a primary antibody against
VEGF (1:100, mouse monoclonal; Abcam, Cambridge,
MA), NF-�B p50 (5 �g/mL, rabbit polyclonal; Immuno-Bio-
logical Laboratories, Fujioka, Japan), and NF-�B p65 (5
�g/mL, rabbit polyclonal; Immuno-Biological Laboratories).
Alexa Fluor 488 (10 �g/mL, Invitrogen-Molecular Probes,
Eugene, OR) was used as a secondary antibody. Nuclei
were stained with DAPI.

NF-�B Activation

The activation of NF-�B was measured by the DNA bind-
ing capacity of NF-�B using a TransAM NF-�B kit accord-
ing to the manufacturer’s instructions (Active Motif, Carls-
bad, CA). Briefly, cholangiocytes were treated with LPS
(10 �g/mL) for 30 minutes, and the cell extract was
added to an oligonucleotide-coated 96-well plate and
incubated for 1 hour. After a washing, the NF-�B antibod-
ies were added and incubated for 1 hour. The plate was
then incubated with horseradish peroxidase-conjugated
secondary antibody for 1 hour. Color development was
performed using a developing solution for 30 minutes,
and absorbance at 450 nm was measured. Each assay
was performed in three sets.

VEGF Inhibition Studies

Synthetic VEGF siRNA and nonsilencing (negative control)
siRNA were purchased from Qiagen (Tokyo, Japan). Trans-
fections of siRNA were performed using HiPerFect transfec-
tion reagent (Qiagen) according to the manufacturer’s in-
structions. Briefly, a total of 2 � 104 cholangiocyte cells
were seeded on a 96-well plate and incubated for 24 hours
with a standard growth medium. After removal of the stan-
dard medium, the cells were incubated with 200 �L of

temperature (°C) PCR cycles Product size (bp)

60 40 70

55 40 237

55 40 360

60 30 205

60 40 240

r; VEGF, vascular endothelial growth factor.
ealing
Dulbecco’s modified Eagle’s medium/F-12 (Gibco) contain-
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ing premixed siRNA (10 nmol/L) and 0.75 �L of HiPerFect
transfection reagent for 48 hours. Gene silencing was mon-
itored using RT-PCR at the mRNA level and using immuno-
fluorescence confocal microscopy at the protein level.
Transfected cells were treated with LPS (0.5 �g/mL) for 48
hours. Cell proliferative activity was determined using the
WST-1 assay.

Immunohistochemistry

The antibodies used were anti-VEGF antibody for rat (1:100,
mouse monoclonal) from Abcam and anti-VEGF antibody
for human (1:200, rabbit polyclonal), anti-CD31 antibody
(1:100, rabbit polyclonal), anti-Flk-1 antibody (1:100, mouse
monoclonal), anti-Flt-1 antibody (1:100, rabbit polyclonal),
and anti-TLR4 antibody (1:100, rabbit polyclonal) from
Santa Cruz Biotechnology (Santa Cruz, CA). After deparaf-
finization of the sections, antigen retrieval was performed by
microwaving in 10 mmol/L citrate buffer pH 6.0. After block-
ing endogenous peroxidase, sections were incubated over-
night at 4°C with individual primary antibodies. The sections
were then incubated with secondary antibody conjugated
to the EnVision� system (DakoCytomation). Color develop-
ment was performed using DAB, and the sections were
counterstained with hematoxylin. For immunostaining of rat
liver sections with anti-CD31 antibody, protein expression
was detected using an alkaline phosphatase-labeled poly-
mer (HISTOFINE system; Nichirei, Tokyo, Japan); color de-
velopment was performed using a Vector Red alkaline
phosphatase substrate kit (Vector Laboratories, Burlin-
game, CA). Control sections were evaluated by substitution
of the primary antibodies with nonimmunized serum, result-
ing in no signal detection.

Microvessel Density

Liver sections stained with the anti-CD31 antibody were
analyzed. The number of microvessels around the bile
ducts was counted for five randomly selected fields in
each section at �400 magnification, and the value was
defined as microvessel density.

Statistical Analysis

The mean � SD was calculated for all parameters. Sta-
tistical differences were determined using t-test and anal-
ysis of variance. A P value of �0.05 was accepted as the
level of statistical significance.

Results

Portal Neovascularization and Cholangitis in the
PCK Liver

Portal neovascularization was examined using immuno-
stained liver sections of 3-week-old, 2-month-old, and 10-
month-old rats with anti-CD31 antibody. In normal rats of
any age, vascular structures in the portal tract are com-
posed mainly of portal vein, hepatic artery, and peribiliary

vascular plexus; other vascular structures were unremark-
able (Figure 1A). By contrast, portal neovascularization was
evident in the PCK rats, and it tended to be increased in the
aged rat (10-month-old; Figure 1A). Microvessel density
was significantly higher in the PCK rats, compared with that
of normal rats at any age examined; it reached the highest
level in 10-month-old PCK rats (Figure 1B).

Chronic and/or suppurative cholangitis due to biliary
infection became frequent histological findings in the
PCK rats during aging. Cholangitis was rare in 3-week-
old PCK rats, but it was frequently observed in the 10-
month-old PCK rats. In 10-month-old PCK rats, portal
neovascularization was more dense at the sites of
cholangitis, compared with sites without cholangitis (Fig-
ure 1, C and D), suggesting a close correlation between
portal neovascularization and biliary infection.

Expression of VEGF and Its Receptors in the
PCK Liver

Immunohistochemical expression of VEGF was examined
using liver sections of 3-week-old, 2-month-old, and 10-
month-old rats. In normal rats, weak expression of VEGF
was observed in the bile duct epithelium, and hepatocytes
also showed diffuse and weak positive signals of VEGF
(Figure 2A). More intense expression of VEGF was ob-
served in the bile duct epithelium of PCK rats, and such
staining tended to increase with aging (Figure 2A). In PCK
rats, VEGF expression of the bile duct epithelium was not
uniform in a single section; in some parts, the immunohis-
tochemical labeling of VEGF of the bile duct epithelium was
accentuated at sites of intense cholangitis, relative to sites
of less inflammatory cell infiltrates (Figure 2B).

Immunohistochemical analysis showed that the bile
duct epithelium constitutively expressed the VEGF recep-
tors Flk-1 and Flt-1, in both normal and PCK rats (Figure

Figure 1. Portal neovascularization and cholangitis in the PCK liver. A:
Vascular structures were visualized by immunohistochemical staining with
anti-CD31. B: Microvessel density was significantly higher in the PCK liver,
compared with that of normal rats; the value was highest in 10-month-old
PCK liver. C and D: In 10-month-old PCK liver, portal neovascularization
tended to be more densely seen at the sites of cholangitis, compared with
sites of no cholangitis (C); analysis of microvessel density confirmed this
tendency (D). Arrows indicate interlobular bile ducts of normal rats. *P �
0.01. Original magnification, �400.
2C). The extent of immunohistochemical expression of
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Flk-1 and Flt-1 in the bile duct epithelium appeared to be
similar between normal and PCK rats. The LPS receptor,
TLR4, was also expressed in the bile duct epithelium of
both normal and PCK rats, with a tendency toward more
intense expression in the PCK rats (Figure 2C).

Portal Neovascularization and VEGF Expression
in the Liver of Caroli’s Disease

Around the intrahepatic bile ducts of Caroli’s disease, the
microvessels examined using liver sections immuno-
stained with CD31 antibody were well developed (Figure

Figure 2. Expression of VEGF and its receptors in the PCK liver. A: The
immunohistochemical expression of VEGF was more intensely observed in
the bile duct epithelium of the PCK rats than in that of normal rats, and such
staining tended to be increased along with aging of the PCK rats. B: In the
PCK liver of 10-month-old age, there were foci in which the immunohisto-
chemical labeling of VEGF of the bile duct epithelium was accentuated at the
sites of intense cholangitis. C: Immunohistochemical analysis showed that
the bile duct epithelium expressed the VEGF receptors Flk-1 and Flt-1 in both
normal and PCK rats. The LPS receptor TLR4 was also expressed in the bile
duct epithelium of both rats, and expression tended to be more intense in the
PCK rats. Arrows indicate interlobular bile ducts of normal rats. Original
magnification: �400, main images; �1000, insets.
3A). The analysis of microvessel density confirmed this
tendency (Figure 3B). The immunohistochemical expres-
sion of VEGF of the bile duct epithelium appeared to be
increased in Caroli’s disease, compared with that of nor-
mal liver (Figure 3C).

The bile duct epithelium was positive for immunohisto-
chemical expression of Flk-1 and Flt-1, and expression
was more intense in several cases of Caroli’s disease,
relative to that of normal liver, which is consistent with
previous report.14 In both normal liver and in Caroli’s

Figure 3. Portal neovascularization and VEGF expression in liver in Caroli’s
disease. A: Similar to findings from PCK rats, the microvessels were well devel-
oped around the intrahepatic bile ducts in human Caroli’s disease, as examined
using liver sections immunostained with CD31 antibody. B: Microvessel density
was significantly higher in liver of Caroli’s disease, compared with normal liver.
C: Immunohistochemical expression of VEGF of the bile ducts appeared to be
increased in liver of Caroli’s disease. D: The bile duct epithelium was positive for
immunohistochemical expression of Flk-1, Flt-1, and TLR4 in normal liver and in
Caroli’s disease; their expression tended to be more intense in liver of Caroli’s

disease. Arrows indicate interlobular bile ducts of normal liver. *P � 0.01.
Original magnification, �400.
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disease, TLR4 was expressed in bile duct epithelium;
more intense immunohistochemical labeling was ob-
served in liver of Caroli’s disease (Figure 3D). These
results were almost identical to those for PCK rats, except
for immunohistochemical expression of Flk-1 and Flt-1,
suggesting that pathogenesis might be similar in the ro-
dent model and in human disease.

VEGF Expression and Effects of LPS on Its
Expression in PCK Cholangiocytes

To examine the angiogenic effects of PCK cholangio-
cytes in association with biliary infection, cultured cholan-
giocytes were treated with LPS, and the expression of
VEGF was examined. RT-PCR analysis confirmed that the
cholangiocytes expressed TLR4, as well as Flk-1 and
Flt-1 (Figure 4A). Even in the absence of LPS stimulation,
PCK cholangiocytes expressed a significantly high level
of VEGF mRNA, and LPS further induced the expression
of VEGF mRNA in cholangiocytes (Figure 4B).

The ELISA analysis showed that the culture superna-
tant of PCK cholangiocytes contained significantly high
levels of VEGF protein, and that treatment with LPS fur-
ther increased the VEGF level in the culture supernatant
of both normal and PCK cholangiocytes (Figure 4C).
Consistent with these findings, analysis using immunoflu-
orescence confocal microscopy showed that LPS in-
duced VEGF expression in both cell lines (Figure 4D).

In addition to the effects on VEGF induction in cholan-
giocytes, LPS was able to induce the expression of TLR4

mRNA in PCK cholangiocytes (Figure 4E).
Effect of LPS and VEGF on Cell Proliferation in
PCK Cholangiocytes

Cell proliferative activity was determined at 24, 72, and
120 hours after stimulation with LPS and VEGF, using the
WST-1 assay. At 72 hours after LPS stimulation, cell pro-
liferative activity was significantly higher in PCK cholan-
giocytes, compared with that of the untreated groups
(Figure 5A). In both normal and PCK cholangiocytes, LPS
significantly induced cell proliferative activity at 120
hours after stimulation (Figure 5A).

VEGF also significantly increased cell proliferative ac-
tivity of PCK cholangiocytes at 72 and 120 hours after
stimulation, but cell proliferative activity was not in-
creased in normal cholangiocytes at the concentrations
of VEGF tested (Figure 5B).

To determine the effects of VEGF on cell proliferative
activity, siRNA against VEGF was used. siRNA reduced
VEGF mRNA and protein expression of the cholangio-
cytes, although their expression was not completely di-
minished (Figure 5C). As expected, cell proliferative ac-
tivity of PCK cholangiocytes was significantly inhibited by
VEGF siRNA (Figure 5D). The effects of VEGF on the
induction of cell proliferative activity was further con-
firmed by studies using an inhibitor of VEGF receptor
tyrosine kinase, SU5614 (Figure 5E).

Angiogenic Effects of PCK Cholangiocytes

The culture supernatant of PCK cholangiocytes contained
significantly high levels of VEGF (Figure 4C). To further

Figure 4. VEGF expression and effects of LPS
on its expression of PCK cholangiocytes. A:
Cholangiocytes were treated with LPS (10 �g/
mL), and expression of VEGF was examined.
RT-PCR analysis confirmed that cholangiocytes
expressed TLR4 as well as Flk-1 and Flt-1. B:
Real-time quantitative PCR analysis showed that
PCK cholangiocytes initially overexpressed
VEGF mRNA, and LPS significantly induced
VEGF mRNA expression in both normal and
PCK cholangiocytes at 3 hours after stimulation.
C: ELISA analysis showed that the culture super-
natant of PCK cholangiocytes contained a signif-
icantly high level of VEGF protein, and treatment
with LPS for 24 hours further increased the VEGF
level in the culture supernatant of both normal
and PCK cholangiocytes. D: Immunofluores-
cence confocal microscopy also showed that LPS
induced VEGF protein expression in both cell
lines at 24 hours after LPS stimulation. E: LPS
was also able to induce the expression of TLR4
mRNA of PCK cholangiocytes. *P � 0.01; **P �
0.05. Original magnification, �1000.
address the angiogenic effects of PCK cholangiocytes, the
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culture supernatant of cholangiocytes of normal and PCK
rats was added to the dishes in which RAOECs were cul-
tured, and the cell proliferative activity of the RAOECs was
determined. Both normal and PCK culture supernatant sig-
nificantly induced cell proliferative activity of RAOECs, com-
pared with that of the basal medium only; the culture super-
natant of PCK cholangiocytes had more prominent effects
on the induction of cell proliferative activity, compared with
normal cholangiocyte supernatant (Figure 6A).

The tube formation assay using RAOECs demonstrated
that the addition of PCK cholangiocyte culture supernatant
induced the branching pattern of growth of RAOECs (Figure
6B), and the quantitative analysis of the number of branch-
ing points showed that the PCK cholangiocyte culture su-
pernatant significantly increased this pattern, compared
with the normal supernatant (Figure 6C). Notably, the treat-
ment of RAOECs with the cholangiocyte culture supernatant
obtained after 24-hour LPS treatment further accelerated
the branching of RAOECs (Figure 6, B and C).

In the analysis using a cell migration chamber, the addi-
tion of cholangiocyte culture supernatant significantly in-
creased cell migration activity of RAOECs; the PCK culture
supernatant had more prominent effects than the normal
supernatant (Figure 6D). Again, the addition of LPS-treated
cholangiocyte culture supernatant further increased the mi-
gration activity of RAOECs (Figure 6D).

Cell Signaling Pathways Involved in VEGF
Expression in PCK Cholangiocytes

In both normal and PCK cholangiocytes, LPS induced
NF-�B activation (Figure 7A). Under immunofluores-
cence confocal microscopy, nuclear expression of
NF-�B p50 and p65 was observed in both cell lines
after LPS stimulation, and the NF-�B inhibitor isohele-
nin inhibited nuclear translocation of NF-�B p50 and
p65 (Figure 7B). Despite inactivation of NF-�B by iso-
helenin, the expression of VEGF induced by LPS was
unaffected (Figure 7C).

Western blot analysis showed that LPS induced phos-
phorylation of Akt and JNK/SAPK in both cholangiocyte
cell lines (Figure 7D), but phosphorylation of ERK1/2 and
p38 MAPK was unaffected (data not shown). The in-
creased phosphorylation of Akt was observed in PCK
cholangiocytes even in the absence of LPS stimulation
(Figure 7D). The PI3K inhibitor LY294002 reduced the
expression of VEGF after LPS stimulation in PCK cholan-
giocytes (Figure 7E). JNK inhibitor I and JNK inhibitor II
also significantly reduced the LPS-induced VEGF expres-
sion in PCK cholangiocytes (Figure 7F), demonstrating
the involvement of PI3K-Akt and JNK pathways in the
induction of VEGF by LPS.

Discussion

In the present study, we elucidated the pathogenic sig-
nificance of biliary infection in the progression of cystic
dilation of the intrahepatic bile ducts in PCK rats. Mi-
crovessels around intrahepatic bile ducts were well de-
Figure 5. Effect of LPS and VEGF on cell proliferation of PCK cholangiocytes. A:
Normal and PCK cholangiocytes were treated with LPS and VEGF at the concentra-
tions indicated, and cell proliferative activity was determined using the WST-1 assay.
In both normal and PCK cholangiocytes, LPS significantly induced cell proliferative
activity of PCK cholangiocytes at 72 hours after stimulation, and it was significantly
increased in both normal and PCK cholangiocytes at 120 hours. B: VEGF signifi-
cantly increased cell proliferative activity of PCK cholangiocytes at 72 and 120 hours
after stimulation, but did not affect cell proliferation in normal cholangiocytes at the
concentrations of VEGF tested. C: VEGF siRNA reduced the expression of VEGF
mRNA and VEGF protein in PCK cholangiocytes, which was evaluated using RT-
PCR and immunofluorescence confocal microscopy, respectively. D: Cell prolifera-
tive activity was significantly inhibited by treatment with VEGF siRNA at 48 hours
after LPS treatment. E: Treatment of PCK cholangiocytes with the VEGF receptor
tyrosine kinase inhibitor SU5614 also significantly reduced cell proliferative activity at
48 hours after LPS treatment. *P � 0.01; **P � 0.05 versus untreated experimental
groups at the same time period after stimulation (A and B); **P � 0.05 versus
veloped in PCK rats, and this vascular development
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tended to be associated with pathological progression of
cholangitis. LPS-induced overexpression of VEGF in PCK
cholangiocytes seemed to have a close correlation with
portal neovascularization, as well as with cholangiocyte
overgrowth. Increased portal neovascularization and
VEGF overexpression in the biliary epithelium were also
observed in Caroli’s disease.

The overexpression of VEGF in cholangiocytes has
been demonstrated in human PKD and in a rodent model
of autosomal dominant PKD.14,16,17 Liver cyst fluid of
autosomal dominant PKD contains elevated levels of
VEGF, and the cyst fluid induces vascular endothelial cell
proliferation.18,19 The contribution of signaling pathways
involving ERK1/2 and mammalian target of rapamycin
has been implicated in liver cyst progression of auto-
somal dominant PKD.16,17 Similarly, in the kidney, over-
expression of VEGF in the renal cyst epithelium has been
implicated in cyst pathogenesis and pericystic hypervas-
cularity in human PKD and also in a rodent model of PKD
(Han:SPRD rat).20 Although the significance of VEGF in
PKD pathogenesis is being established, the association
between VEGF expression and biliary infection has not

Figure 6. Angiogenic effects of PCK cholangio-
cytes. A: Rat aorta endothelial cells (RAOECs)
were cultured in the presence of the culture
supernatant of normal and PCK cholangiocytes,
and cell proliferative activity was measured us-
ing the WST-1 assay. The culture supernatant of
PCK cholangiocytes had more prominent effects
on the induction of cell proliferative activity of
RAOECs compared with that of normal rats. B
and C: Tube formation assay using RAOECs
demonstrated that the addition of PCK cholan-
giocyte culture supernatant increased the
branching pattern of growth of RAOECs (B)
(phase-contrast microscopy), and quantitative
analysis of the number of branching points con-
firmed this tendency (C). D: Analysis using the
cell migration chamber showed that the cholan-
giocyte culture supernatant significantly in-
creased cell migration activity; the PCK culture
supernatant had more prominent effects. The
addition of LPS-treated cholangiocyte culture su-
pernatant further increased both branching (B
and C) and cell migration activity (D) of
RAOECs. *P � 0.01; **P � 0.05. Original magni-
fication, �100.

Figure 7. Cell signaling pathways involved in
the VEGF expression of PCK cholangiocytes. A:
After stimulation with LPS (10 �g/mL), activation
of NF-�B was examined as described under Ma-
terials and Methods. LPS induced NF-�B activa-
tion in both normal and PCK cholangiocytes at
30 minutes after stimulation. B: Under immuno-
fluorescence confocal microscopy, nuclear ex-
pression of NF-�B p50 and p65 was observed in
both cell lines after LPS stimulation, and the
NF-�B inhibitor isohelenin inhibited nuclear
translocation of NF-�B p50 and p65; results
shown are for PCK cholangiocytes. C: Real-time
quantitative PCR showed that the expression of
VEGF induced by LPS was unaffected by iso-
helenin, despite inactivation of NF-�B. D: West-
ern blot analysis showed that LPS induced the
phosphorylation of Akt and JNK/SAPK in both
cell lines. E and F: The PI3K inhibitor LY294002
reduced the expression of VEGF mRNA after LPS
stimulation in PCK cholangiocytes (E), and JNK
inhibitor I and JNK inhibitor II also significantly
reduced the LPS-induced VEGF mRNA expres-
sion (F), as determined using the real-time quan-
titative PCR at 3 hours after stimulation. *P �
0.01; **P � 0.05. Original magnification, �1000.
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been previously studied in autosomal recessive PKD or in
autosomal dominant PKD.

LPS induced VEGF overexpression in PCK cholangio-
cytes in the present study. Because LPS induces the
expression of VEGF through the TLR4-NF-�B signaling
pathway in certain types of cells,21,22 we examined the
involvement of the signaling pathway in the induction of
VEGF in cholangiocytes. As expected, LPS induced the
activation of NF-�B in cholangiocytes. However, the
NF-�B inhibitor isohelenin failed to inhibit the LPS-in-
duced overexpression of VEGF in PCK cholangiocytes,
even though it inhibited the nuclear translocation of
NF-�B p50 and p65. These results suggest the involve-
ment of the signaling pathways other than the TLR4-
NF-�B pathway in the induction of VEGF expression in
cholangiocytes.

Our data indicate that LPS-induced VEGF expression
is mediated by PI3K-Akt and JNK. Although it is unclear
whether the LPS-induced VEGF expression is a direct or
an indirect effect of LPS, one possibility is that LPS in-
duces bioactive molecules that in turn act as an inducer
of VEGF in cholangiocytes. Tumor necrosis factor �
(TNF-�) and cyclooxygenase-2 are two such candidate
molecules that can induce VEGF via the phosphorylation
of Akt.23–25 Indeed, we have confirmed the up-regulation
of TNF-� mRNA in PCK cholangiocytes after LPS stimu-
lation (unpublished data). Hypoxia-inducible transcrip-
tion factors may also be associated with the induction of
VEGF in cholangiocytes.20 Another possibility is that in-
terferon regulatory factor 3, another downstream regula-
tor of TLR4, may be involved in the process of VEGF
induction in cholangiocytes.26

Several previous reports have shown that LPS stimu-
lation can up-regulate TLR4 expression in various epithe-
lial cells.27 Consistent with these results, LPS induced
TLR4 expression in PCK cholangiocytes in vitro, and im-
munohistochemical analysis showed that TLR4 was up-
regulated in the biliary epithelium of the PCK rats. Thus,
modulation of the signaling pathways through up-regula-
tion of TLR4 may contribute to biliary pathogenesis of
PCK rats.

Cholangitis was a negligible histological finding in liver
of 3-week-old PCK rats. However, the microvessel den-
sity around bile ducts was significantly higher in the
3-week-old PCK rats than in normal rats. The PCK cholan-
giocytes initially overexpressed VEGF in the absence of
LPS stimulation, and had angiogenic effects on the vas-
cular endothelial cell growth (Figure 4). Overexpression
of VEGF was accompanied by increased phosphoryla-
tion of Akt in the cells (Figure 7D). Although the mecha-
nism of this spontaneous overexpression of VEGF in PCK
cholangiocytes remains to be examined, these findings
may explain the increased microvessel density around
bile ducts without cholangitis in the PCK liver.

A recent study showed that VEGF stimulates prolifera-
tion of normal rat cholangiocytes via an autocrine mech-
anism by phosphorylating ERK1/2.15 Although our data
showed that the increase in cell proliferative activity of
PCK cholangiocytes after VEGF stimulation was not me-
diated by phosphorylation of ERK1/2, VEGF expressed in

the biliary epithelium may not only induce portal neovas-
cularization of vascular endothelial cells via a paracrine
mechanism, but may also increase cell proliferative ac-
tivity of cholangiocytes via an autocrine/paracrine mech-
anism. Indeed, LPS induced PCK cholangiocyte prolifer-
ation in the present study, and biliary mitogens such as
interleukin-6 as well as VEGF induced in cholangiocytes
by LPS might be involved in the process.28

In summary, the present study demonstrated that bili-
ary epithelium of PCK rats overexpresses VEGF, and LPS
was identified as one of the factors leading to VEGF
up-regulation in cholangiocytes. VEGF secreted from the
biliary epithelium by LPS may lead to overgrowth of
cholangiocytes due to hypervascularity around the bile
ducts; concurrently, LPS and VEGF act as a cell prolifer-
ative factor for cholangiocytes. Thus, biliary infection is a
possible exacerbating factor for biliary cystogenesis
through the induction of VEGF in cholangiocytes of the
PCK rats. Similar mechanisms may also exist in the
pathogenesis of Caroli’s disease.
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