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The polycystic kidney (PCK) rat represents a liver and
kidney cyst pathology corresponding to Caroli’s disease
with congenital hepatic fibrosis and autosomal reces-
sive polycystic kidney disease. We previously reported
that an epidermal growth factor receptor tyrosine ki-
nase inhibitor, gefitinib (Iressa), significantly inhibited
the abnormal growth of biliary epithelial cells of PCK
rats in vitro. This study investigated the effects of ge-
fitinib on cyst pathogenesis of the PCK rat both in vitro
and in vivo. A three-dimensional culture model of bili-
ary epithelial cells in the collagen gel matrix was used
for in vitro analysis. For in vivo experiments, PCK and
control rats were treated with gefitinib between 3 and
10 weeks of age. In vitro, gefitinib had strong inhibitory
effects on biliary cyst formation of PCK rats. In vivo,
treatment with gefitinib significantly inhibited the
cystic dilatation of the intrahepatic bile ducts of PCK
rats, which was accompanied by improvement of liver
fibrosis. By contrast, no beneficial effects were ob-
served on renal cyst development because of the treat-
ment. These results suggest that signaling pathways me-
diated by epidermal growth factor receptor are involved
in biliary dysgenesis of the PCK rat, with the mecha-
nisms of cyst progression being different between the
liver and kidney. (Am J Pathol 2006, 169:1238–1250; DOI:
10.2353/ajpath.2006.051136)

The polycystic kidney (PCK) rat, an animal model of
human autosomal recessive polycystic kidney disease
(ARPKD), represents a liver fibrocystic pathology corre-

sponding to Caroli’s disease with congenital hepatic fi-
brosis.1,2 ARPKD is a form of inherited childhood ne-
phropathy, with an incidence of 1 in 20,000 live births.3,4

The disease is characterized by the fusiform dilatation of
collecting tubules and by biliary dysgenesis and hepatic
fibrosis. Fetal or neonatal death is often caused, owing to
tremendous bilateral enlargement of the kidneys, im-
paired lung formation, and pulmonary hypoplasia. Pro-
gression to end-stage renal disease occurs in 20 to 45%
of cases within 15 years. A proportion of the patients
maintain renal function into adulthood, when complica-
tions of liver disease predominate.4

The liver and kidney lesions in ARPKD patients and in
PCK rats are caused by mutations to orthologous genes,
PKHD1/Pkhd1.5,6 PKHD1 is a large gene from which mul-
tiple transcripts may be generated by alternative splic-
ing.4,7 In common with other PKD-related proteins, the
ARPKD protein fibrocystin is localized to the primary cilia
of renal epithelial cells and is often absent in ARPKD
tissue.8–10 In intrahepatic bile ducts of normal rats, each
cholangiocyte has a single cilium that expresses fibro-
cystin, whereas the cilia of PCK rats show an abnormal
morphology devoid of fibrocystin.11,12 The link between
cyst development and ciliary dysfunction attributable to
the lack of fibrocystin has been suggested, although the
precise role of fibrocystin in cyst development remains
unclear.13

It has been well established that the epidermal growth
factor (EGF)/transforming growth factor (TGF)-�/EGF re-
ceptor (EGFR) pathway and the adenosine 3�,5�-cyclic
monophosphate (cAMP) pathway play important roles in
promoting the renal tubular epithelial cell proliferation
and cyst formation in ARPKD as well as in the autosomal
dominant form of PKD (ADPKD).14–19 Consequently, a
number of studies have examined the effects of blocking
these pathways in animal models of PKD. For example,
inhibition of the EGFR tyrosine kinase activity inhibited
renal cyst development in bpk and orpk mice (models of
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ARPKD) and in Han:SPRD rat (a model of AD-
PKD).15,20–22 The administration of a vasopressin V2 re-
ceptor (VPV2R) antagonist lowered the renal cAMP level,
and inhibited renal cystogenesis in pcy mouse (a model
of nephronophthisis) and in Pkd2�/tm1Som mouse (a
model of ADPKD).23,24 Recently, it has been shown that
that the VPV2R antagonist improved the renal disease
development and progression of the PCK rat.25 In these
studies, however, the VPV2R antagonist did not improve
the fibrocystic liver disease of the PCK rat. Inhibition of
PKD of the PCK rat by the use of EGFR tyrosine kinase
inhibitors (EKI-785 and EKB-569) resulted in no effect or
a worsened PKD as well as no significant effect on the
fibrocystic liver disease.26

EGFR tyrosine kinase activation triggers numerous
downstream signaling pathways, such as the extracellu-
lar-regulated protein kinase (ERK)/mitogen-activated
protein kinase (MAPK), and the phosphoinositide-3-ki-
nase (PI3K)/Akt pathways.27 Recently, we demonstrated
that biliary epithelial cells (BECs) isolated from the PCK
rat were hyperreactive to EGF, which was accompanied
by the activation of the MAPK pathway consisting of
MAPK/ERK kinase 5 (MEK5)/ERK5 in vitro.28 We also
showed that an EGF tyrosine kinase inhibitor, gefitinib
(Iressa), significantly inhibited the abnormal growth of
cultured BECs of the PCK rat.

The PCK rat is regarded as a slowly progressive model
of ARPKD. Therapies for liver lesions of ARPKD are par-
ticularly important because liver disease becomes a ma-
jor cause of morbidity and mortality in elderly patients of
ARPKD.4 To date, there has been no study that has
successfully inhibited the fibrocystic liver disease of the
PCK rat. This study aimed to inhibit the cystic dilation of
the intrahepatic bile ducts and hepatic fibrosis as well as
the PKD of the PCK rat by the use of a novel tyrosine
kinase inhibitor gefitinib.

Materials and Methods

Animals

PCK rats were maintained at the Laboratory Animal Insti-
tute of Kanazawa University Graduate School of Medi-
cine. Control (Sprague-Dawley) rats were purchased
from Charles River Japan (Sagamihara, Japan). The rats
were maintained on a standard laboratory rat diet and
water ad libitum. All studies were performed in accor-
dance with the Guidelines for the Care and Use of Lab-
oratory Animals at Takara-machi Campus of Kanazawa
University, Kanazawa, Japan.

Three-Dimensional Cell Culture in Collagen Gel
Matrix

Intrahepatic BECs were isolated, purified, and cultured
from 8-week-old rats as described previously.28 Because
the dilatation of the intrahepatic large bile ducts has been
regarded as an essential feature of Caroli’s disease,
BECs were isolated from intrahepatic large bile ducts.
The fourth subcultured BECs were used for the study. A

three-dimensional cell culture in a collagen gel matrix
was performed according to the previously described
method with some modifications.29 In brief, BECs were
dispersed and directly embedded in a fluid collagen gel
matrix (Cellmatrix Type 1-A; Nitta Gelatin, Osaka, Japan).
The collagen gel matrix was composed of 0.3% Cellma-
trix Type 1-A, 10� concentrated Dulbecco’s modified
Eagle’s medium and nutrient mixture F-12 (1:1; Life Tech-
nologies, Inc., Rockville, MD) containing an 8:1:1 ratio of
0.05 N sodium hydroxide, 260 mmol/L sodium bicarbon-
ate, and 200 mmol/L HEPES. The cellular density at the
beginning of the culture was 1 � 105 cells/ml. The fluid
collagen gel was planted on six-well plates. This collagen
fluid soon became gelatinous. The cultures were then
covered with a culture medium composed of Dulbecco’s
modified Eagle’s medium and nutrient mixture F-12 (Life
Technologies, Inc.), 10% Nu-Serum (Becton Dickinson,
Bedford, MA), 1% ITS� (Becton Dickinson), 5 �mol/L
forskolin (Wako Pure Chemical, Osaka, Japan), 12.5
mg/ml bovine pituitary extract (Kurabo Industries, Osaka,
Japan), 1 �mol/L dexamethasone (Sigma, St. Louis, MO),
5 �mol/L triiodo-thyronine (Sigma), 5 mg/ml glucose
(Sigma), 25 mmol/L sodium bicarbonate (Sigma), 1%
antibiotics-antimycotic (Life Technologies, Inc.), and 20
ng/ml EGF (Upstate Biotechnology, Lake Placid, NY) at
37°C in an atmosphere of 5% CO2. The basal culture
medium was changed every 2 days.

Effects of Gefitinib on Biliary Cyst Formation in
Vitro

The effects of gefitinib on biliary cyst formation were
examined using the three-dimensional cell culture sys-
tem. On day 7 after the beginning of cell culture, the
culture medium was changed to that containing 20 ng/ml
EGF and 0.1, 0.5, or 1 �mol/L gefitinib (Iressa, ZD1839;
provided by AstraZeneca, Macclesfield, UK). Incubation
was continued for a further 12 days. The culture medium
was changed every 2 days. The cultured cells were ob-
served daily under phase-contrast microscopy (Olym-
pus, Tokyo, Japan), and their morphological changes
were recorded using a digital camera (model DXC-S500;
Sony, Tokyo, Japan). The recorded images were repro-
duced on a computer, and cyst size was determined
using image analysis software (Win ROOF version 3.6;
Mitani Corp., Tokyo, Japan). Measurement was per-
formed for 10 well-developed cysts for each time after
gefitinib treatment, and the mean was calculated. The
number of cysts was counted under phase-contrast mi-
croscopy at �40 magnification, and the total cyst number
of five fields was determined at each time.

To determine whether gefitinib can prevent biliary cyst
formation when it is administrated before BECs start to
undergo cyst formation, 0.1 or 1 �mol/L gefitinib was
administrated at the beginning of the three-dimensional
cell culture in the presence of 20 ng/ml EGF. The culture
medium was changed every 2 days. For 12 days after
starting the treatment, the number and size of the cysts
were determined as above.
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Apoptosis Assay

The effect of gefitinib on apoptosis of cultured BECs was
determined using the single-stranded DNA (ssDNA) ap-
optosis enzyme-linked immunosorbent assay kit (Chemi-
con Int., Temecula, CA) according to the manufacturer’s
instructions. This method is based on the selective de-
naturation of DNA in apoptotic cells by formamide, which
is a gentle agent that denatures DNA in apoptotic cells,
but not in necrotic cells or in cells with DNA breaks in the
absence of apoptosis.30 In brief, a total of 1250 cells per
well were seeded in a 96-well collagen-coated plate.
After a 48-hour preincubation with the basal medium, the
medium was exchanged for that containing appropriate
concentrations of gefitinib and incubated at 37°C in an
atmosphere of 5% CO2 for a further 24 or 72 hours. The
cells were fixed with 80% methanol in phosphate-buff-
ered saline (PBS) on the wells and incubated with form-
amide at 75°C for 20 minutes. For negative control wells,
S1 nuclease (10 U/well) (Takara Bio, Otsu, Japan) was
added and incubated at 37°C for 30 minutes for the
removal of single-stranded regions in DNA-DNA hybrids.
After washing with PBS, the wells were incubated with
2.5% bovine serum albumin at 37°C for 1 hour to block
nonspecific binding sites and then incubated with anti-
body mixture (primary monoclonal to ssDNA and horse-
radish peroxidase-labeled anti-mouse IgM; provided in
the kit) at room temperature for 30 minutes. After wash-
ing, color development was performed with 2,2�-azino-
bis(3-ethylbenziazoline-6-sulfoic acid) solution, and its
absorbance at 405 nm was measured using a microplate
reader.

As an additional experiment, DNA fragmentation attrib-
utable to apoptosis was detected using a terminal dUTP
nick-end labeling (TUNEL) method. Three-dimensional
cell culture in collagen gel matrix was performed as
above. On day 7 after the beginning of cell culture, the
culture medium was changed for those containing appro-
priate concentrations of gefitinib. The culture medium
was changed every 2 days. On days 0, 4, 8, and 12 after
gefitinib treatment, formalin-fixed, paraffin-embedded
sections (4 �m thick) of the collagen gel matrix were
prepared. After proteinase K digestion and endogenous
peroxidase blocking, the sections were stained by using
a commercial kit (TdT-FragEL DNA fragmentation detec-
tion kit; Calbiochem, San Diego, CA). After color devel-
opment with 3,3�-diaminobenzidine tetrahydrochloride,
sections were counterstained with methyl green.

In Vivo Administration of Gefitinib

A total of 30 male rats were used. At 3 weeks of age, 15
normal and 15 PCK rats were divided into one control and
two experimental groups. The experimental groups (five
rats per group) were intraperitoneally administered 2 or
10 mg/kg gefitinib daily between 3 and 10 weeks of age.
The dosage was determined based on our preliminary
experimental data, as well as the recommendation of the
AstraZeneca group of companies. The control group re-
ceived vehicle (2% Tween 80 and 0.5% methylcellulose
in water) alone.

At 10 weeks of age, rats were weighed and anesthe-
tized with diethylether. Blood was obtained by cardiac
puncture for the determination of serum levels of aspar-
tate aminotransferase, alanine aminotransferase, alkaline
phosphatase, total protein, albumin, blood urea nitrogen,
and creatinine. The liver and kidney were weighed and
immersed in 10% formalin neutral buffer solution (pH 7.4),
and the tissues were embedded in paraffin for histologi-
cal analysis. Parts of the tissues were immediately frozen
in liquid nitrogen to use for Western blot analysis, the
reverse transcriptase-polymerase chain reaction (RT-
PCR), and collagen content measurement.

Silicon Rubber Cast Study

The three-dimensional observation of the intrahepatic bil-
iary tree was performed using a silicon rubber cast study
as previously described.2 In brief, a cannula was inserted
into the extrahepatic bile duct, and Microfil compound
(MV-112; Flow Tech. Inc., Carver, MA) was injected using
a syringe. The Microfil compound-injected liver speci-
mens were placed in a refrigerator at 4°C overnight to
allow polymerization. Then they were immersed in 25%
ethanol for 24 hours. At 24-hour intervals, the ethanol
concentration was raised to 50, 75, 95, and 100%. Finally,
the specimens were immersed in methyl salicylate for the
cleaning of the tissue.

RT-PCR

Total RNA (1 �g) was extracted from the liver using an
RNA extraction kit (RNeasy Mini; Qiagen, Tokyo, Ja-
pan) and was used to synthesize cDNA with reverse
transcriptase (ReverTra Ace; Toyobo Co., Osaka, Ja-
pan). PCR amplification was performed in a total vol-
ume of 25 �l containing 1 �l of cDNA, 0.2 mmol/L
dNTPs, 1 �mol/L each of 5�- and 3�-primers, and 2.5 U
of TaqDNA polymerase (Takara EX Taq; Takara Bio)
with an annealing temperature of 60°C. The sequences
of the rat primers were as follows: connective tissue
growth factor (CTGF), 5�-GAAAGACAGGTACTAGCT-
GA-3� (forward) and 5�-GAACAATAGGCACAAACGTC-
3�; TGF-�1, 5�-CAATTCCTGGCGTTACCTTG-3� (forwa-
rd) and 5�-GAAGCAGTAGTTGGTATCCA-3� (reverse);
and �-actin, 5�-ACCTTCAACACCCCAGCCATGTAC-
G-3� (forward) and 5�-CTGATCCACATCTGCTGGAAG-
GTGG-3� (reverse). The number of PCR cycles for
CTGF, TGF-�1, and �-actin were 30, 35, and 25, re-
spectively. For each reaction, an initial denaturation
cycle of 94°C for 3 minutes and a final cycle of 72°C for
10 minutes were incorporated. The PCR products were
subjected to 2% agarose gel electrophoresis and
stained with ethidium bromide. Semiquantitative anal-
ysis of the gel image was performed using the public
domain NIH Image software in the exponential range of
each PCR amplification. The fold difference compared
with �-actin expression was calculated.
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Immunohistochemistry

Formalin-fixed, paraffin-embedded sections (4 �m thick)
were deparaffinized. Antigen retrieval was performed for
the antibodies against phosphorylated (p-)ERK1/2,
p-ERK5, cytokeratin, and Ki-67 protein by microwaving in
10 mmol/L citrate buffer (pH 6.0). After blocking of the
endogenous peroxidase, the sections were incubated
overnight at 4°C with individual primary antibodies: anti-
p-ERK1/2 (1:200) (44-680, rabbit polyclonal; Biosource
Int., Camarillo, CA), anti-p-ERK5 (1:100) (KAS-MA002,
rabbit polyclonal; Stressgen, San Diego, CA), anti-cytok-
eratin (1:600) (A0575, rabbit polyclonal; DAKO, Glostrup,
Denmark), anti-ssDNA (1:400) (A4506, rabbit polyclonal;
DAKO), and anti-Ki-67 protein (1:50) (MIB-5, mouse
monoclonal; Immunotech, Marseille, France). Then the
sections were incubated with secondary antibody conju-
gated to the peroxidase-labeled polymer, EnVison� sys-
tem (DAKO). Color development was performed using
3,3�-diaminobenzidine tetrahydrochloride, and the sec-
tions were counterstained with hematoxylin. Control sec-
tions were evaluated by substitution of the primary anti-
bodies with nonimmunized serum, resulting in no signal
detection.

Histological Assessment

Formalin-fixed, paraffin-embedded sections were pre-
pared for the liver and kidney, and whole tissue sec-
tions were used to measure cyst volumes and liver
fibrosis. Cyst volumes of the liver and kidney were
assessed using immunostained sections with anti-cy-
tokeratin antibody and hematoxylin and eosin (H&E)
staining of sections, respectively. Liver fibrosis was
assessed using picrosirius red staining. Stained sec-
tions were visualized under an Olympus light micro-
scope, and the digital images were acquired and re-
produced on a computer using the image processing
software Viewfinder Lite (version 1.0; Pixera Corp., Los
Gatos, CA). Image analysis was performed in software
using Win ROOF (Mitani Corporation). A color thresh-
old was applied at a level that separated cysts from
noncystic tissue or the picrosirius red-stained material
from the background to calculate the volume of the
cysts or fibrosis. The areas of interest were expressed
as a percentage of the total tissue.

Evaluation of apoptosis was performed using sections
stained using the TUNEL method. Liver sections and
sections of three-dimensional cell culture of BECs were
used for the analysis. More than 500 BECs and hepato-
cytes were surveyed in liver sections, and more than 200
BECs for each section of collagen gel matrix were sur-
veyed. The percentage of BECs positive for TUNEL was
expressed as the TUNEL-labeling index (LI). To evaluate
the cell proliferative activity, Ki-67 protein-positive signals
were similarly counted for BECs of the Ki-67-immuno-
stained liver sections and sections of collagen gel matrix.
The percentage of BECs positive for Ki-67 protein was
expressed as the Ki-67-LI.

Western Blot Analysis

Proteins were extracted from the liver specimens and
cultured BECs using T-PER tissue protein extraction
reagent (Pierce Chemical Co., Rockford, IL), and the
total protein was measured spectrometrically. First,
100 �g of the protein was subjected to 10% SDS-
polyacrylamide electrophoresis and then electro-
phoretically transferred onto a nitrocellulose mem-
brane. The membrane was incubated with primary
antibodies against EGFR (1:100) (sc-03, rabbit poly-
clonal; Santa Cruz Biotechnology, Santa Cruz, CA),
p-EGFR (1:100) (sc-12351, rabbit polyclonal; Santa
Cruz Biotechnology), p-ERK1/2 (1:100) (Biosource In-
ternational), p-ERK5 (1:400) (Stressgen), and actin (1:
100) (sc-10731, rabbit polyclonal; Santa Cruz Biotech-
nology). The protein expression was detected using an
EnVison� system (DAKO). 3,3�-Diaminobenzidine tet-
rahydrochloride was used as the chromogen.

Measurement of Collagen Content

Liver specimens (40 to 60 mg, wet weight) were homog-
enized with T-PER tissue protein extraction reagent
(Pierce Chemical Co.). Homogenates were centrifuged
and filtered through a 0.22-�m sterile filter. The collagen
content of the specimens was measured using the Sircol
collagen assay kit (Biocolor Ltd., Belfast, UK) according
to the manufacturer’s instructions. In brief, Sirius red re-
agent (50 �l) was added to each liver homogenate (50 �l)
and mixed for 30 minutes. The collagen-dye complex
was precipitated by centrifugation at 15,000 � g for 5
minutes, washed with ethanol, and dissolved in 0.5 mol/L
sodium hydroxide. Finally, the samples were introduced
into a microplate reader, and the absorbance was deter-
mined at 540 nm.

Satatistics

The mean � SD was calculated for all parameters. Sta-
tistical differences were determined using the Mann-
Whitney U-test or analysis of variance. A P value �0.05
was accepted as the level of statistical significance.

Results

Effects of Gefitinib on Biliary Cyst Formation in
Vitro

The three-dimensional cell culture system was used for
the determination of the effects of gefitinib on biliary cyst
formation. When BECs were cultured in collagen gel ma-
trix with the medium that did not contain gefitinib, the
cells became spherical or elliptical small cystic masses 2
to 3 days later as observed under phase-contrast micros-
copy (Figure 1, A and D). The microcysts gradually en-
larged and transformed to multicellular cysts forming
well-developed cysts (Figure 1, B and E). The size and
number of the biliary cysts increased throughout a period
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of 2 weeks. Gefitinib was administrated at the beginning
of the three-dimensional cell culture, and the size and
number of biliary cysts were temporally monitored. Biliary
cysts were developed in the control and PCK rats, and
gefitinib had dose-dependent inhibitory effects on the
size and number of the cysts for both the control and PCK
rats (Figure 1, G–J).

When gefitinib was administrated 7 days after the
beginning of the three-dimensional cell culture, it also
inhibited the increase in the size and number of the
cysts for both the control and PCK rats (Figure 1, K–N).
The dosage of 0.1 �mol/L gefitinib inhibited cyst for-
mation, which was more prominent in PCK rats than
those of control rats, particularly on days 4 and 8 after
treatment. At the dosages of 0.5 and 1 �mol/L, once
formed, the biliary cysts decreased in size and number
and almost disappeared by day 12 after treatment in

both the control and PCK rats. Representative photo-
graphs of the biliary cysts in the collagen gel matrix are
shown in Figure 1, A–F.

Effect of Gefitinib on BEC Apoptosis and Cell
Proliferative Activity in Vitro

The cultured BECs were treated with gefitinib for 1 or 3
days and were subsequently subjected to the apoptosis
enzyme-linked immunosorbent assay assay. As shown in
Figure 2A, apoptotic cell death was detected similarly in
the control and PCK rats without gefitinib treatment, and
gefitinib had no effect on this basal apoptosis level on
day 1. On day 3, gefitinib induced apoptosis of the BECs
in both the control and PCK rats in a dose-dependent
manner (Figure 2B).

Figure 1. Inhibitory effects of gefitinib on cyst formation of cultured rat BECs.
BECs were obtained from the control and PCK rats, and the three-dimen-
sional cell culture system was used for the analysis. Gefitinib (0 to 1 �mol/L)
was administrated at the beginning of the three-dimensional cell culture
(G–J) and on day 7 after the beginning of the culture (K–N), and the size and
number of biliary cysts were monitored. A–F: Representative photographs of
the biliary cysts in collagen gel matrix (A–C, control rats; D–F, PCK rats). Day
15 (C and F) is equal to day 8 after gefitinib treatment. Arrows (A and D)
indicate biliary microcysts. G, H, K, and L: Time course of the size of biliary
cysts (G and K, control rats; H and L, PCK rats). I, J, M, and N: Time course
of the number of biliary cysts (I and M, control rats; J and N, PCK rats). Data
represent the mean � SD in three sets (G–N). Phase-contrast microscope.
Original magnifications, �40.
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BEC apoptosis was temporally monitored for days 0 to
12 after gefitinib treatment. The three-dimensional cell
culture system and the TUNEL method were used for the
analysis. As shown in Figure 2, C and D, the rate of BEC
apoptosis was gradually increased up to day 12 after
treatment in the control and PCK rats. The mean apopto-
sis rate was higher in the BECs of PCK rats than in those
in control rats on days 4, 8, and 12 after the treatment.
The increase in the ratio of gefitinib-induced apoptosis to
the untreated status was compared between the control
and PCK rats, and the PCK cells showed a significantly
increased ratio of apoptosis than the controls on days 4,
8, and 12 after the treatment.

Immunostaining of ssDNA for paraffin-embedded sec-
tions of the collagen gel matrix of the three-dimensional
cell culture showed that without gefitinib treatment only a
few nuclei of the biliary cysts were labeled with the anti-
ssDNA antibody in the control and PCK rats (Figure 2E,
arrow). Treatment with gefitinib increased the number of
ssDNA-positive nuclei of the biliary cysts, and at a high
concentration (1 �mol/L) disintegration of the cyst mor-
phology and detachment of cell-to-cell contact were ob-
served with a high incidence of ssDNA-positive nuclear
labeling (Figure 2F).

The proliferative activity of the BECs was determined
by Ki-67-immunostained sections of the collagen gel ma-
trix. In the absence of gefitinib, the proliferative activity of
the BECs was maintained during the course of experi-
ments, and the BECs of PCK rats showed a significantly

high cell proliferative activity compared with that of the
controls (Figure 2, G and H). Gefitinib reduced the pro-
liferative activity of the BECs of the control and PCK rats,
which contrasted with the gradually increasing apoptosis
rate of BECs during the course of gefitinib treatment
(Figure 2, C and D). When the ratio of the cell proliferative
activity of gefitinib-treated cells to the untreated status
was compared between the control and PCK rats, there
was a statistically significant difference on days 4 and 8
after the treatment (Figure 2H).

In Vivo Administration of Gefitinib

Both control and PCK rats were intraperitoneally admin-
istrated gefitinib at 2 or 10 mg/kg daily for 7 weeks
starting at 3 weeks of age. No significant reduction of the
total body weight was observed at these dosages (Table
1). Figure 3 shows morphological changes of the liver
and kidney after the treatment.

Livers

Dilated intrahepatic bile ducts were spread in almost all
portal areas and were surrounded by portal connective
tissue in PCK rats without treatment (Figure 3C). Gefitinib
(2, 10 mg/kg) reduced the extent of the dilatation of
intrahepatic bile ducts of PCK rats, but the effects ap-
peared to be incomplete, even at a dosage of 10 mg/kg,

Figure 2. Induction of apoptosis and inhibition of cell proliferative activity in cultured rat BECs by gefitinib. A and B: Apoptosis was determined using the ssDNA
apoptosis enzyme-linked immunosorbent assay kit on day 1 (A) and day 3 (B) after gefitinib treatment (0 to 1 �mol/L). C and D: BEC apoptosis determined by
the TUNEL method. The TUNEL-labeling index (LI) was determined in sections of collagen gel matrix of the three-dimensional cell culture as described in Materials
and Methods (C, control rats; D, PCK rats). E and F: Immunostaining using anti-ssDNA antibody. Sections of collagen gel matrix of the three-dimensional cell
culture were used. A few nuclei of biliary cysts were labeled with the anti-ssDNA antibody in PCK rats without gefitinib treatment (E, arrow), whereas many
positive nuclear signals were observed with the disintegration of cyst morphology in the PCK rats treated with gefitinib on day 15 (day 8 after gefitinib treatment)
(1 �mol/L) (F). G and H: Proliferative activity of BECs. The Ki-67-LI was determined in sections of collagen gel matrix of the three-dimensional cell culture as
described in Materials and Methods (G, control rats; H, PCK rats). Data represent the mean � SD in six sets (A and B) and three sets (C, D, G, and H). *P � 0.01.
Original magnifications, �400.
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as evaluated using routine histological sections (Figure 3,
D and E). In control rats, there were no apparent histo-
logical changes observed in the liver because of the
treatment (Figure 3, A and B).

Histomorphometric analysis using whole liver tissue
sections showed that the mean liver cyst indexes of the
PCK rats without and with treatment (10 mg/kg) were 7.9
and 4.1%, respectively, and there was a significant
difference observed between them. The administration
of 2 mg/kg gefitinib had no significant effects on the
cystic dilation of intrahepatic bile ducts of PCK rats. No
significant morphological changes were observed in
the control rats after treatment at any dosage. Serum
levels of aspartate aminotransferase, alanine amino-
transferase, alkaline phosphatase, total protein, and
albumin were not significantly different among any
groups (Table 1).

The proliferative activity of the BECs of PCK rats, as-
sessed using the KI-67-LI, was significantly inhibited by
the gefitinib treatment (10 mg/kg), and these inhibitory
effects on the cell proliferative activity were accompanied
by the increased rate of apoptosis of BECs of PCK rats
(Table 1). Hepatocyte apoptosis was not significantly
affected by the gefitinib treatment at any dosage in both
the control and PCK rats.

Kidneys

In contrast with the mild inhibitory effects of gefitinib on
the dilation of intrahepatic bile ducts of PCK rats, no
beneficial effects were observed on renal cyst develop-
ment because of the treatment (Figure 3, H–J). Histolog-
ically, PCK rats without treatment exhibited cystic dila-

Table 1. Treatment of Control and PCK Rats with Gefitinib

Control Control PCK PCK PCK

Gefitinib (mg/kg) 0 10 0 2 10

Body weight (g) 344 � 16 334 � 16 321 � 7 308 � 11 310 � 5
Liver/body weight (%) 4.1 � 0.3 3.7 � 0.4 4.1 � 0.1 4.5 � 0.7 4.3 � 0.1
Kidney/body weight (%) 0.35 � 0.01 0.33 � 0.02 0.99 � 0.10** 1.0 � 0.20 1.0 � 0.12
Liver cyst index (%) ND ND 7.9 � 2.7 6.7 � 1.6 4.1 � 1.3*
Kidney cyst index (%) ND ND 23 � 2 23 � 7 27 � 7
Ki-67-labeling index (%)

(bile duct)
0.51 � 0.22 0.39 � 0.21 7.9 � 2.3** 5.8 � 3.1 3.5 � 2.1*

TUNEL-labeling index (%)
(bile duct)

0.17 � 0.05 0.18 � 0.10 1.2 � 0.4** 1.6 � 0.5 2.2 � 0.4*

TUNEL-labeling index (%)
(hepatocyte)

0.23 � 0.10 0.22 � 0.48 0.38 � 0.15 0.29 � 0.09 0.36 � 0.20

Aspertate aminotransferase
(IU/L)

134 � 9 149 � 19 159 � 37 158 � 24 139 � 11

Alanine aminotransferase
(IU/L)

45 � 2 41 � 5 65 � 5 63 � 3 66 � 4

Alkaline phosphatase (U/L) 1141 � 199 994 � 231 992 � 146 921 � 242 1067 � 62
Total protein (g/dL) 6.2 � 0.2 6.3 � 0.2 6.5 � 0.1 6.5 � 0.2 6.4 � 0.2
Albumin (g/dL) 3.1 � 0.1 3.1 � 0.2 2.9 � 0.1 2.8 � 0.1 2.9 � 0.1
Blood urea nitrogen

(mg/dL)
17 � 1 19 � 2 18 � 1 20 � 1 19 � 1

Creatinine (mg/dL) 0.22 � 0.02 0.19 � 0.01 0.20 � 0.02 0.23 � 0.02 0.22 � 0.02

ND, not determined. n � 5.
*P � 0.05; PCK-treated versus PCK-untreated.
**P � 0.01; PCK-untreated versus control untreated.

Figure 3. Effects of in vivo administration of gefitinib on the liver and kidney cyst pathology of the PCK rat. Control and PCK rats were treated with gefitinib or
vehicle alone daily between 3 and 10 weeks of age. A–E: Representative liver sections stained with azan-Mallory. F–J: Representative kidney sections stained with
H&E at the same magnification. Gefitinib improved cystic dilation of intrahepatic bile ducts of PCK rats, but no beneficial effects were observed on kidney lesions.
Original magnifications, �20 (A–E).
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tions of renal tubules at the corticomedullary junction and
outer layer of the medulla (Figure 3H), and the cystic
changes were not affected, or rather worsened, by the
treatment (Figure 3, I and J). Histomorphometric analysis
showed that the kidney cyst index was not significantly
different between the PCK rats without and with the treat-
ment, but the mean value was increased in PCK rats
treated with gefitinib (10 mg/kg) (Table 1). The PCK rats
without the treatment showed a significant increase in the
kidney-to-body weight ratio compared with the normal
rats, and the increase was not affected by the treatment
(Table 1). The serum levels of blood urea nitrogen and
creatinine were not significantly different among any of
the groups (Table 1).

Effects of Gefitinib on Liver Fibrosis in Vivo

Histomorphometric analysis of liver fibrosis using the
picrosirius red staining showed that the liver fibrosis of
PCK rats was significantly improved by the administration
of gefitinib (Figure 4, A–C). Measurement of the collagen
content of the whole liver homogenates also showed that
gefitinib significantly reduced collagen content in the
livers of the PCK rats. In rats without the treatment, semi-
quantitative RT-PCR analysis showed that there was a
significant increase in the expression of CTGF and
TGF-�1 mRNA in the whole livers of the PCK rats com-
pared with the control rats (Figure 4, E–G). Gefitinib sig-
nificantly reduced the CTGF mRNA expression in the
livers of PCK rats, whereas the expression of TGF-�1
mRNA was unaffected.

Three-Dimensional Observation of Intrahepatic
Biliary Tree

Three-dimensional observation of the intrahepatic biliary
tree using the silicon rubber cast study demonstrated
that the intrahepatic biliary tree of the control rats showed
fine branching and a reticular structure (Figure 5A),
whereas the biliary tree of PCK rats without treatment
showed multiple segmental and saccular dilatations, with
the fine branching, as seen in the control rats, becoming
unclear (Figure 5B). Treatment of the PCK rats with ge-
fitinib (10 mg/kg) improved the multiple, segmental, and
saccular dilatations of the intrahepatic bile ducts (Figure
5C), but the effects were incomplete.

EGFR Tyrosine Kinase Activity

The expression and activity of EGFR were measured with
Western blot analysis using whole liver and kidney pro-
tein lysates. High levels of EGFR expression were de-
tected similarly in the livers of the control and PCK rats
without gefitinib treatment, and p-EGFR was also similarly
detected in both rats (Figure 6A). The treatment of the
PCK rats with gefitinib diminished the expression of p-
EGFR in the liver (Figure 6A), confirming that the EGFR
tyrosine kinase activity was inhibited by the treatment. In
the kidney, the expression of EGFR was detected in the
control and PCK rats without treatment to the same de-
gree, but the expression levels were apparently weak
compared with those of the liver (Figure 6B). The expres-

Figure 4. Inhibitory effects of gefitinib on liver fibrosis of the PCK rat. A and B: Representative photographs of the picrosirius red staining of the liver sections
(A: PCK rats, untreated. B: PCK rats, treated with gefitinib, 10 mg/kg). C: Histological assessment of the liver fibrosis. The picrosirius red-stained area was
determined in individual liver sections. D: Measurement of collagen content in the liver. Gefitinib (10 mg/kg) significantly reduced the collagen content in the
livers of the PCK rats. E: RT-PCR analysis of CTGF and TGF-�1 mRNA expression in the whole liver. Results of semiquantitative analysis of the gel images are
shown in F and G. Data represent the mean � SD in four sets. **P � 0.01. *P � 0.05. Original magnifications, �20.
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sion of p-EGFR in the untreated kidney was faint or
invisible.

Expression of p-ERK1/2 and p-ERK5

As shown in Figure 6A, the whole liver of the PCK rat
demonstrated the increased expression of p-ERK5 and
contained no detectable amount of p-ERK1/2. The in-
creased p-ERK5 expression in the PCK liver was reduced
by the in vivo gefitinib treatment. Cultured BECs of PCK
rats also showed the increased expression of p-ERK5,
which was reduced by the gefitinib treatment in vitro
(Figure 6C). In the kidney, the PCK rat showed the in-
creased expression of p-ERK1/2 compared with the lev-
els of the control rat without gefitinib treatment, but
p-ERK1/2 expression in the kidney was not affected by
gefitinib (Figure 6B). P-ERK5 was not detected in the
kidneys of the control and PCK rats.

Localization of p-ERK1/2 and p-ERK5 in the liver and
kidney was examined using immunohistochemistry. In
the liver, no positive signals for p-ERK1/2 were detected
in the interlobular bile ducts of the control rats (Figure
7A), whereas a few positive signals were observed in the
nuclei of the biliary epithelium of the PCK rats without
treatment (Figure 7B). Gefitinib reduced the number of
p-ERK1/2-positive nuclei of the biliary epithelium of PCK

rats, but a few p-ERK1/2-positive cells still remained vis-
ible after the treatment (Figure 7C, arrow). Positive sig-
nals for p-ERK5 were diffusely seen in the nuclei of the
biliary epithelium and hepatocytes in both the control and
PCK rats without treatment, and the signal intensity of
biliary epithelium was remarkably higher in PCK rats (Fig-
ure 7, D and E). The reduction of the nuclear signal
intensity for p-ERK5 was observed in the biliary epithe-
lium of PCK rats after the treatment (Figure 7F).

In the kidney, the positive nuclear signals for p-ERK1/2
were observed in the renal tubules of the control rats
(Figure 7G), and the collecting tubule-derived cyst epi-
thelium of PCK rats without treatment diffusely expressed
p-ERK1/2 (Figure 7H). The frequency and distribution of
p-ERK1/2-positive cells in the kidneys of PCK rats were
not significantly affected by the treatment (Figure 7I).
There were no p-ERK5-positive signals observed in the
kidney of both the control and PCK rats of any groups
(Figure 7, J–L).

Discussion

Gefitinib is a tyrosine kinase inhibitor targeted to the
ATP-binding domain of EGFR/HER1.31,32 EGFR is ex-
pressed in a large proportion of epithelial tumors, and the

Figure 5. Three-dimensional observation of intrahepatic biliary tree. An intrahepatic biliary tree was constructed by the use of the silicon rubber cast study. A:
Control rats, untreated. B: PCK rats, untreated. C: PCK rats, treated with gefitinib (10 mg/kg). Gefitinib inhibited the cystic dilation of intrahepatic bile ducts of
PCK rats. Scale bars � 1 mm.

Figure 6. Western blot analysis of the expression of EGF receptor (EGFR), phosphorylated (p-)EGFR, p-ERK1/2, and p-ERK5. A: In the whole liver EGFR and
p-EGFR expression were similarly detected in control and PCK rats without gefitinib treatment. Treatment with gefitinib (10 mg/kg) diminished p-EGFR expression
in the liver. Expression of p-ERK5 was increased in the untreated PCK liver, which reduced after gefitinib treatment. B: In the kidney, expression levels of EGFR
were weaker compared with those in the liver, and the expression of p-EGFR was faint or invisible, even in the untreated kidney. Increased expression of
p-ERK1/2 was observed in untreated PCK kidney, and the expression was unchanged after gefitinib treatment. C: In cultured BECs, p-ERK5 was overexpressed
in PCK rats, and the expression was reduced after gefitinib treatment. Data represent four independent experiments.
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activation of EGFR triggers downstream signaling path-
ways, such as the Ras/Raf/ERK/MAPK and PI3K/Akt path-
ways, which regulate the cellular processes involved in
tumor survival and growth. Gefitinib has been approved for
the treatment of patients with epithelial tumors, particularly
for non-small cell lung cancer. According to our previous
study,28 BECs of PCK rats diffusely expressed EGFR, and
gefitinib strongly inhibited the abnormal growth of BECs of
PCK rats in vitro. In this study, therefore, we aimed to inhibit
PKD as well as the fibrocystic liver disease of the PCK rat by
the use of this anti-cancer agent.

As expected, experiments using the three-dimensional
cell culture system showed that gefitinib had inhibitory

effects on cyst formation of BECs with reduced cell pro-
liferative activity in vitro. Caroli’s disease with congenital
hepatic fibrosis is characterized by a congenital dilation
of the intrahepatic bile ducts associated with portal fibro-
sis. The patient’s age at onset of the initial symptoms of
Caroli’s disease has been reported to range from the
neonatal period to 60 years of age.33 From the therapeu-
tic viewpoint, it would be important actually to inhibit the
progression of the bile duct dilation into an advanced
state, rather than to prevent cystic dilation of the bile
ducts which are not yet dilated. Our in vitro experiments
using the three-dimensional cell culture system showed
that gefitinib could decrease the once formed biliary

Figure 7. Immunohistochemical analysis of the expression of phosphorylated (p-)ERK1/2 and p-ERK5 in the liver (A–F) and kidney (G–L). A few positive signals
of p-ERK1/2 were observed in nuclei of biliary epithelium of PCK rats without treatment (B, arrows). Gefitinib (10 mg/kg) reduced the number of
p-ERK1/2-positive nuclei of biliary epithelium of PCK rats (C, arrow). Increased expression of p-ERK5 was observed in biliary epithelium of PCK rats without
treatment (E, arrowheads), and gefitinib (10 mg/kg) reduced the signal intensity of p-ERK5 (F). Positive nuclear signals for p-ERK1/2 were observed in the renal
tubules of the control rats (G, arrows), and collecting tubule-derived cyst epithelium of PCK rats without treatment showed diffuse positive staining (H). I:
Gefitinib (10 mg/kg) had no effect on the frequency and distribution of p-ERK1/2-positive cells in the PCK kidney. There were no p-ERK5-positive signals in the
kidney (J–L). IBD, interlobular bile duct; BDL, bile duct lumen. Original magnifications, �400.
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cysts in size and number. In addition, the inhibitory ef-
fects were more prominent in the BECs of PCK rats than
those of the control rats, consistent with our previous
findings that the MEK5/ERK5 pathway was activated in
the BECs of PCK rats.28

Apoptosis was induced more frequently in the BECs of
PCK rats by the treatment. Blockage of the EGFR signal-
ing pathways results in the retardation of cell-cycle pro-
gression and the induction of apoptosis in EGFR-ex-
pressing tumor cells. It has been suggested that the
cell-cycle retardation is mediated by the up-regulation of
cyclin-dependent kinase inhibitors p21 and p27.34,35 The
induction of apoptosis is mediated by a decrease in the
expression level of an anti-apoptotic protein Bcl-236 or by
the activation of a proapoptotic protein BAD.37 In this
study, we confirmed that gefitinib induced apoptosis in
cultured nontumorous BECs, which was associated with
the inhibition of biliary cyst formation.

In the absence of gefitinib, the basal apoptosis line
level was not significantly different between the BECs of
the control and PCK rats in vitro. In vivo, however, apo-
ptosis occurred more frequently in the BECs of the PCK
rats than in those of the control rats without gefitinib
treatment. In the present study, an increased level of
expression of TGF-�1 mRNA was observed in the whole
livers of PCK rats. In addition, according to our previous
study,28 cultured BECs overexpressed TGF-� receptor
type 1. Because TGF-� mediates apoptosis in various
types of epithelial cells,38 one possible explanation for
the increased apoptosis rate of BECs in PCK rats without
treatment in vivo may be attributable to the overexpres-
sion of TGF-�1 in the liver.

In vitro, apoptosis was induced more frequently in the
BECs of the PCK rats than in the controls by the gefitinib
treatment. Recent studies have demonstrated that the
inhibition of ERK5 stimulates apoptosis in endothelial
cells.39 It has been reported that mek5 (�/�) embryos
showed a marked decrease in proliferation and an in-
crease in apoptosis in the heart, head, and dorsal regions
of the mutant embryos.40 Because MEK5 is overex-
pressed in the BECs of PCK rats,28 they may have a more
sustainable apoptotic response as well as growth inhibi-
tion by gefitinib through the inhibition of the MEK5/ERK5
cascade. It is also probable that the fact that apoptosis
was markedly induced in the BECs of the PCK rats, rather
than in the hepatocytes after gefitinib treatment, was
attributable to the overexpression of MEK5 in the BECs.

Despite the strong inhibitory effects on biliary cyst
formation of gefitinib in vitro, the administration of gefitinib
to PCK rats resulted in incomplete inhibitory effects on
the cystic dilation of the intrahepatic bile ducts. Recent
studies showed that treatment of the PCK rat with EGFR
tyrosine kinase inhibitors, EKI-785 and EKB-569, led to
mild, but not significant, improvement in the liver cyst
volume.26

In this study, p-EGFR was undetectable in the liver
after gefitinib treatment, but immunostaining showed that
p-ERK1/2 was persistently expressed in the BECs of PCK
rats after treatment. Although a number of studies have
implicated the importance of the EGF/TGF-�/EGFR path-
way in the pathogenesis of PKD, the proliferation of

cholangiocytes seems not to be simply mediated by this
pathway. For example, the hepatocyte growth factor/met,
TGF-�, and vascular endothelial growth factor induce
cholangiocyte proliferation.41 Receptors of vascular en-
dothelial growth factor, Flk-1 and Flt-4, are expressed by
cholangiocytes, and the stimulation of Flk-1 by vascular
endothelial growth factor activates ERK1/2.42 Moreover,
recent studies have shown that liver cyst fluid of patients
with ADPKD contained various mitogenic factors, includ-
ing vascular endothelial growth factor.43 These results
indicate that the aberrant proliferation of BECs of PCK
rats is not simply attributable to the activation of EGFR
tyrosine kinase, and other factors may contribute to liver
cyst pathogenesis in vivo.

Our data showed that the inhibition of the bile duct
proliferation led to the improvement of liver fibrosis, and
this effect was accompanied by the reduced expression
of CTGF mRNA. CTGF can promote organ fibrosis, in-
cluding the liver, by triggering fibroblast proliferation and
up-regulating extracellular matrix production.44 It has
been shown that proliferating bile ducts are a major
source of CTGF in rat biliary fibrosis.45 In fact, our recent
in situ hybridization studies showed that BECs of patients
with congenital hepatic fibrosis expressed CTGF
mRNA.46 One possibility is that gefitinib reduced bile
duct proliferation, which in turn led to the reduction of the
local level of CTGF expression, and the improvement of
liver fibrosis in PCK rats.

According to our previous study,28 the BECs of PCK
rats overexpressed mRNA for basic fibroblast growth
factor. This suggests that the inhibition of the bile duct
proliferation of PCK rats by gefitinib may lead to the
reduction of the local basic fibroblast growth factor level,
and the reduction may also relate to the improvement of
liver fibrosis. In addition, despite the fact that gefitinib is
often referred as a specific inhibitor of EGFR,47 it has
been reported that gefitinib inhibits the activity of other
intracellular transmembrane tyrosine kinases, including
that of the fibroblast growth factor receptor. Thus, the
inhibition of the basic fibroblast growth factor signaling
pathway may also contribute to the improvement of liver
fibrosis.

No beneficial effect of gefitinib on kidney cystogenesis
in this study is consistent with the low or faint expression
of EGFR and p-EGFR in the kidney, as demonstrated by
Western blot analysis. Immunohistochemically, the
p-ERK1/2-positive cells in the kidneys of PCK rats were
not significantly affected by the treatment, and there were
no p-ERK5-positive signals observed in the kidneys of the
PCK rats. These results indicate that the activation of
EGFR tyrosine kinase is not involved in the kidney cyst
development and progression of the PCK rat.

In the kidney, cAMP has a major role in renal cysto-
genesis, and the VPV2R is the major cAMP agonist.48

Although cAMP inhibits the Ras-Raf-1-stimulated phos-
phorylation of ERK in normal kidney cells, it markedly
increases the B-Raf kinase activity and ERK phosphory-
lation in polycystic kidney cells, including those in the
PCK rat.25 VPV2R and cAMP levels are elevated in the
kidneys of PCK rats.26 In addition, EGFR tyrosine kinase
inhibition had no beneficial effect on the PKD of the PCK
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rat in our experiments as well as in those reported by
others.26 Therefore, the expression of p-ERK1/2 in the
kidney cyst lining epithelial cells of the PCK rat may be
associated with the cAMP pathway, not with the EGF/
TGF-�/EGFR pathway. Because the expression of VPV2R
is absent in the liver, the mechanisms of cyst develop-
ment and progression of the PCK rat may be different
between the liver and kidney.

Therapeutic interventions have been applied to various
animal models of PKD.48 Among the reported therapies,
the VPV2R antagonists OPC-31260 and OPC-41061
seem to be most effective and the only established ther-
apy for kidney lesions of the PCK rat. However, neither of
the VPV2R antagonists inhibited the development of fi-
brocystic liver disease.23,25 Although we failed to com-
plete the inhibition of the fibrocystic liver disease of the
PCK rat in this study, further studies aimed at the inhibi-
tion of fibrocystic liver lesions of the PCK rat, a slowly
progressive model of ARPKD, are still required because
liver disease remains a major cause of mortality in elderly
patients of ARPKD.
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