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Abstract To investigate the early in vivo response of
hepatic stellate cells in biliary fibrosis, we examined rat
livers during the first 7 days after bile duct ligation using
light microscopy, immunohistochemistry, electron micros-
copy, and immunoelectron microscopy. At day 1 after bile
duct ligation, α-smooth muscle actin-positive fibroblasts
appeared and then increased in number around the
proliferating bile ductules. With time, the destruction of the
external limiting plate became accentuated because of
the invasion of the proliferating bile ductules and
periductural fibrosis. At day 7, stromal cells containing fat
droplets appeared in the fibrous tissue adjacent to the
periportal parenchyma; these are termed denuded hepatic
stellate cells. In the fibrous tissue disconnected from the
liver parenchyma, the denuded hepatic stellate cells were
replaced by myofibroblast-like cells. Meanwhile, the
expression of transforming growth factor-�1 on biliary
epithelial cells increased. These results indicate the dual
origin of myofibroblasts in experimental biliary fibrosis, the
periductural and periductal fibroblasts in the initial stage,
and the denuded hepatic stellate cells in the subsequent
stage. These two types of stromal cells may undergo
myofibroblastic transformation by the transforming growth
factor-�1 secreted by the proliferating biliary epithelial cells.
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Introduction

Liver fibrosis is a common response to various chronic
liver injuries.1 Previous studies on liver fibrosis in human
and experimental animals clarified that hepatic stellate cells
(HSCs) (Ito cells, fat-storing cells, lipocytes) adjacent to
necrotic liver cells promptly proliferate and undergo
phenotypic modulation toward myofibroblast-like cells.2–10

The myofibroblastic transformation is induced by
alterations of the neighboring extracellular matrix,2 the
action of humoral factors derived from necrotic liver cells,11

and cytokines,1–4,7,10–13 particularly transforming growth
factor-�1 (TGF-�1),9,14–16 secreted by Kupffer cells,
sinusoidal endothelial cells, platelets, infiltrating inflamma-
tory cells, and activated HSCs themselves.4,7,9,12,14,16 So long
as the necroinflammatory injuries continue, the trans-
formed HSCs actively produce various components of the
extracelluar matrix, resulting in new fiber formation in the
injured sites. Therefore, the activated HSCs with
myofibroblastic phenotypes are the principal effector cells
in liver fibrogenesis.1,4,9,17

On the other hand, biliary fibrosis is considerably
different from other types of liver fibrosis following liver
cell necrosis.18–20 It is always associated with rapid extensive
bile duct proliferation,18–20 but with little necrosis and in-
flammatory reaction.19–21 The proliferating biliary epithelial
cells themselves promote fibrogenesis by a number of
mechanisms, including the production of cytokines, such as
TGF-�1,

22 platelet-derived growth factor (PDGF) -BB,23

and neutrophil chemoattractants.24 Subsequently, biliary
fibrosis develops exclusively from the portal tracts, in close
association with proliferating bile ductules.18,19,25 Experi-
mental studies of liver injuries induced by ligation of
the common bile duct (CBD), a model for biliary fibrosis,
showed that portal fibroblasts differentiated toward myo-
fibroblasts and then participated in the development of
fibrosis.26–28

Maher et al.17 suggested, by quantitating the relative
abundance of specific mRNA for collagen types I, III, and
IV and laminin in each purified liver cell population from
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normal and CBD-ligated rat livers, that HSCs were im-
portant effectors in the early stage of biliary fibrosis. Fur-
thermore, Milani et al.15 showed, in studying procollagen
gene expression at the level of RNA transcripts by in situ
hybridization, that HSCs and transitional cells were respon-
sible for the excessive collagen deposition in advanced
biliary fibrosis. However, when the external limiting
plate remains intact, biliary fibrosis is predominantly
localized around the proliferating bile ductules in the portal
tracts. Then, following the disruption of the external limit-
ing plate by the progression of biliary fibrosis, periportal
and septal fibrosis are superimposed. A prolonged bile duct
obstruction finally leads to biliary cirrhosis.7,29 Thus, it is
reasonable to classify biliary fibrosis into two stages: con-
centric periductural fibrosis around the proliferating bile
ductules in the initial stage for a very short duration and the
additional periportal and septal fibrosis in the later, longer
stage.

The aim of this study was to identify which types of cells
are the most effective for excessive production of the extra-
cellular matrix components at each stage of biliary fibrosis
and also to investigate how and where the cells transform to
myofibroblasts.

Materials and methods

Animals

Seventy-six male Wistar strain rats (SLC, Hamamatsu,
Japan) weighing 200–225g, were used in this study. The
animals had free access to water and food and were main-
tained in a constant laboratory environment with respect
to temperature, humidity, and daylight cycle. Fifty-six
rats were laparotomized under anesthesia (Nembutal;
Dainabot, North Chicago, IL, USA; 50mg/kg body weight,
intraperitoneally). In half of them, the common bile duct
(CBD) was exposed and carefully ligated with a silk thread.
The other half underwent laparotomy, but no CBD ligation
was performed (sham-operated rats).

After the operations, all 56 rats were returned to the
laboratory. In the following week, from day 1 to day 7 after
operation, 4 CBD-ligated rats and 4 sham-operated rats
per day, respectively, were killed under anesthesia. Four
unoperated rats, which served as normal controls, were also
kept under the same laboratory environment.

For the determination of total bilirubin, peripheral blood
samples were collected from 16 other rats at 1, 4, and 7 days

after CBD ligation and also from normal rats, 4 rats in each
group. The blood samples were centrifuged (300g, 10min)
and were measured by standard methods. This study was
approved by the Animal Care and Use Committee of Kochi
Medical School and followed the National Institutes of
Health guidelines for the humane care and use of animals.

Light microscopy

Liver tissues were removed under light ether anesthesia of
the rats, fixed in 10% neutral buffered formalin for 2 days,
and then embedded in paraffin. Sections cut at 4 µm in
thickness were stained with hematoxylin and eosin, with
silver impregnation for reticular fibers and with Azan
staining for collagen fibers.

Immunohistochemistry

The sections of periodate-lysine-paraformaldehyde (PLP) -
fixed and paraffin-embedded liver tissue were deparaffini-
zed and rehydrated. Endogenous peroxidase was inhibited
with 0.3% hydrogen peroxide in methanol for 5 min at room
temperature and rinsed with phosphate-buffered saline
(PBS, pH 7.4) (5 min, 2 times), and incubated in 10%
normal rabbit serum for 10min for immunostaining of the
monoclonal antibodies listed in Table 1. The same proce-
dure using 10% normal swine serum was performed for
immunostaining of the polyclonal antibody against trans-
forming growth factor-�1 (TGF-�1) (Table 1). Subsequently,
they were incubated overnight at 4°C. After rinsing with
0.01M PBS, the sections were incubated for 1h at room
temperature with a 1 :200 dilution of biotinylated rabbit
antimouse IgG F(ab�)2 fragment (DAKO, Glostrup,
Denmark) for monoclonal antibodies and a 1 : 200 dilution
of biotinylated swine anti-rabbit IgG F(ab�)2 fragment
(DAKO) for TGF-�1. After rinsing with PBS, these sections
were incubated for 1h at room temperature in an avidin-
biotin-peroxidase complex (ABC) solution. The ABC
components were obtained in kit form (Vectorstain; ABC
Kits, Vector, Burlingame, CA, USA). Finally, the sections
were immersed in a substrate solution of 0.5% 3,3�-
diaminobenzidine tetrahydrochloride (Sigma, St. Louis,
MO, USA) and 0.1% hydrogen peroxide in 0.05 M Tris
buffer, pH 7.6, for 3min at room temperature, washed
lightly, counterstained with hematoxylin, dehydrated in
ethanol, and mounted with Eukitt (Kindler, Freiburg,
Germany). As a negative control for immunostaining,

Table 1. Antibodies used for immunohistochemical analysis

Antibodies (clone) Specificity Source Working dilution Antigen retrieval

Monoclonal
(1A4) α-smooth muscle actin DAKO, Glostrup, Denmark 1 :50 Not performed
(PC10) Proliferating cell nuclear antigen DAKO, Glostrup, Denmark 1 :10 Not performed
(ED1) Rat monocytes and macrophages Serotec, Oxford, England 1 :100 0.1% Pronase E

Polyclonal Transforming growth- factor-�1 Promega, Madison, WI, USA 1:50 0.1% Pronase E

All antibodies were diluted in phosphate-buffered saline (PBS, pH 7.4)
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sections were incubated in normal mouse or rabbit serum at
the same concentration as that of the primary antibodies.

Electron and immunoelectron microscopy

Small pieces of liver tissue were prefixed in 2.5% glutara-
ldehyde in 0.1 M phosphate buffer (PB, pH 7.4) for 24h at
4°C and postfixed in 1% osmium tetroxide in PB for 2h at
4°C, followed by dehydration and embedding in epoxy
resin. For selecting optimal areas for this study, semithin
sections were stained with toluidine blue. Ultrathin sections
stained with uranyl acetate and lead citrate were examined
with an electron microscope (JEM-100S; JEOL, Tokyo,
Japan). Other pieces of liver tissue were fixed in PLP
solution for 18 h at 4°C. Tissue sections were cut 50µm thick
using a microslicer (DTK-2000; D.S.K., Kyoto, Japan) and
washed in cold PBS, followed by incubation for 18h at
4°C in PBS containing a 1 :50 dilution of anti-α-smooth
muscle actin (anti-ASMA) and anti-TGF-�1. The sections
were incubated in an ABC solution. Then, the conven-
tional procedures for immunohistochemistry and electron
microscopy as described earlier were performed.

Results

Blood chemical examination

The serum level of total bilirubin linearly rose until day 4,
showing the rapid development of extrahepatic cholestasis.
The level of bilirubin then decreased, but remained at a
high level by day 7 after CBD ligation (Table 2).

Light microscopic and immunohistochemical observations

In the nontreated control rats (Fig. 1), Azan staining and
silver impregnation showed a very small amount of both
collagen and reticular fibers around the central veins and in
the small portal tracts (Fig. 1a). The large portal tracts
contained more abundant fibrous stroma in which mast cells
were occasionally scattered. Immunoreactivity for ASMA
was only detected in the walls of the blood vessels (Fig. 1b).
In the portal tracts and around the bile ducts/ductules, there
were a few spindle-shaped fibroblasts that were generally
negative for ASMA. Only a few hepatocytes and biliary
epithelial cells were positive for proliferating cell nuclear
antigen (PCNA) (Fig. 1c). The bile duct epithelium stained
weakly positive for TGF-�1 whereas the liver cells stained

negative (Fig. 1d). The HSCs were readily recognized
along the sinusoidal wall in the glutaraldehyde and osmium
tetroxide-fixed, epoxy resin-embedded sections stained
with toluidine blue. An outstanding characteristic of the
cells was the presence of several intracytoplasmic fat
droplets, up to 3 µm in diameter. In the sham-operated rats,
hepatic morphology was normal at each day after
operation.

In the CBD-ligated rats (Figs. 2–4), on the first day after
ligation mild proliferation of marginal bile ductules was
seen in the portal tracts, which were slightly edematous.
Azan staining and silver impregnation showed an increase
of both collagen and reticular fibers around the proli-
ferating bile ductules (Fig. 2a). A few ASMA-positive
fibroblasts appeared around the bile ductules and ducts at
the early stage (Fig. 2b, inset) when the outer limiting plates
remained intact. At day 2 after CBD ligation, the ASMA-
positive fibroblasts increased in number (Fig. 2b) and then
circumferentially covered the proliferating bile ductules.
However, no increased expression of ASMA was seen in
the adjacent parenchyma (Figs. 3b, 4b).

From day 2 on, the external limiting plates became
focally depressed or destroyed because of the budlike
invasion of the proliferating bile ductules into the periportal
parenchyma. These changes gradually increased by day 7
after operation. At this time, the proliferating bile ductules
together with the concentric fibrosis around them signifi-
cantly extended from the periportal areas into the neigh-
boring parenchyma, resulting in irregular extension and
widening of the portal tracts.

Almost all the nuclei of the biliary epithelial cells
were positive for PCNA (Figs. 2c, 3c, 4c). PCNA-positive
stromal cells were scattered in areas of new fiber formation
(Fig. 4c, inset). The intensity of TGF-�1 immunoreactivity
on the biliary epithelial cells and mast cells was increased in
association with the progression of biliary fibrosis (Figs. 2d,
3d, 4d). An inflammatory cell infiltration largely consisting
of lymphocytes, neutrophils, and ED1-positive macropha-
ges became more numerous with time in the areas of
periductural and perilobular fibrosis (Fig. 5a,b).

Electron and immunoelectron microscopic observations

In the nontreated control rats, the fibroblasts of the portal
tracts possessed scanty cytoplasm and contained a few small
mitochondria and poorly developed rough-surfaced endo-
plasmic reticulum. In these cells, small fat droplets were
generally absent. Irregularly shaped, short segments of
thin cytoplasmic processes of the fibroblasts were seen. The

Table 2. Blood chemistry

Parameter Control rats (n � 4) CBD-ligated rats (n � 4 in each group)

1 day 4 days 7 days

Total serum bilirubin (mg/dl) 0.28 � 0.17 4.15 � 0.24 8.73 � 6.12 5.70 � 1.05

CBD, common bile duct
Values are mean � SD
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Fig. 1a–d. Portal tracts and periportal parenchyma of control rat liver
tissue. a Small amounts of reticular fibers are observed in the portal
tract. b α-smooth muscle actin (ASMA) expression is restricted to the
vessel walls. c Only a few biliary epithelial cells and liver cells are
positive for proliferating cell nuclear antigen (PCNA). d The biliary
epithelial cells stain weakly positive for transforming growth factor-�1

(TGF-�1)
Fig. 2a–d. Portal tracts and periportal parenchyma of liver tissue of
rats at day 2. With time after operation, the reticular fibers increase in
volume around the proliferating bile ductules. The extension of the

proliferating bile ductules into the periportal parenchyma and the focal
destruction of the limited plates are frequently seen (a). ASMA-
positive stromal cells appear around proliferating bile ductules (b inset;
B, bile ductule; bar, 5 µm) and increase in number throughout the
enlarged portal tract. However, there is no staining for ASMA in the
lobules (b). Almost all the proliferating biliary epithelial cells show
positive reaction for PCNA (c). TGF-�1 expression in the proliferating
biliary epithelial cells is increased with time after operation (d). Bar,
50µm; a Reticulin stain; b–d Immunostaining for ASMA, PCNA, and
TGF-�1
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Fig. 3a–d. Portal tracts and periportal parenchyma of liver tissue of
rats at day 4. Description of figure parts, magnification, and staining
same as Fig. 2 except for inset

Fig. 4a–d. Portal tracts and periportal parenchyma of liver tissue of
rats at day 7. Description of figure parts, magnification, and staining
same as Fig. 2 except for inset. A PCNA-positive stromal cell (c inset;
arrow; bar, 5µm) is seen in the periductural fibrous tissue
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extracellular matrix of the portal tracts was composed of
small amounts of amorphous materials and a few collagen
fibrils (Fig. 6). Compared with hepatocytes, the cuboidal to
columnar biliary epithelial cells contained smaller amounts
of cell organelles. In the periphery of the liver lobules,
hepatic stellate cells (HSCs) were evenly distributed. Their

cytoplasmic organelles were inconspicuous except for
several small fat droplets.

In the CBD-ligated rats, the proliferating bile ductules
contained more polyribosomes and rough-surfaced
endoplasmic reticulum compared with those in the normal
control rats. ASMA-positive periductural fibroblasts had

Fig. 5a,b. Immunostaining on sections of rat livers with an antibody
against ED-1, a monoclonal antibody specific for rat monocytes and
macrophages. a In a control rat liver, ED-1-positive macrophages are
distributed in a scattered fashion along the sinusoidal walls. b At day

7 after CBD ligation, ED-1-positive macrophages have intensely
infiltrated the enlarged portal tract. The number of sinusoidal
macrophages has also increased. Bar 50 µm

Fig. 6. Electron photomicrograph of a portal tract in the control rat. The portal fibroblasts (F) extend the cytoplasmic processes (arrow) around
a bile duct (B). H, hepatocyte; P, portal vein. Bar 20 µm
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numerous and slightly dilated rough-surfaced endoplasmic
reticulum. The quiescent HSCs in zone 1 took an
approximate position with each other and appeared to
gather in that location (Fig. 7). Where proliferating bile
ductules with periductular fibrosis extended into the
periportal parenchyma, the invading bile ductules
contacted directly with the HSCs (Fig. 8). At day 7 after
CBD ligation, when biliary fibrosis was most advanced in
this study, the quiescent HSCs focally accumulated in the
periportal parenchyma adjacent to periportal fibrosis (Fig.
9). In contrast, in the fibrous tissue immediately adjacent to
the parenchyma, stromal cells containing small fat droplets,
as do quiescent HSCs, were frequently found (Fig. 10a–d).
They were all negative for ASMA.

Around these HSC-like stromal cells, however, neither
liver cell plates nor sinusoidal structures were present. In
the fibrous tissue disconnected from the parenchyma, the
HSC-like stromal cells were replaced by myofibroblast-like
cells or transitional cells. These stromal cells revealed the
ultrastructural features of the myofibroblasts, i.e., the
absence of fat droplets, the presence of well-developed
rough-surfaced endoplasmic reticulum, and large Golgi
complexes. An increased number of microfilaments
underneath the plasma membrane were correlated with
the strong immunohistochemical reaction for anti-ASMA
antibody (Fig. 11). The ASMA-positive myofibroblast-like
or transitional stromal cells were closely contacted with

Fig. 7. Quiescent hepatic stellate cells (HSCs) in zone 1 of the liver parenchyma show a tendency to clump at day 1 after CBD ligation. H,
hepatocyte; arrow, quiescent HSC containing several small fat droplets. Bar 5 µm

numerous collagen fibrils, infiltrating inflammatory cells,
and the proliferating bile ductules. In the cytoplasm of the
biliary epithelial cells, the electron-dense products of TGF-
�1 were predominantly seen on the rough-surfaced endo-
plasmic reticulum (Fig. 12).

In addition, the negative control sections for immuno-
histochemistry constantly displayed a negative reaction.

Discussion

We demonstrated in this study the very early occurrence
of periductular fibrosis and then progressive periportal
fibrosis over a 7-day period after CBD ligation. The
development of fibrosis was closely associated with the
phenotypic changes of both periductural and periductal
fibroblasts and quiescent HSCs toward myofibroblast-like
cells. Previous studies have strongly suggested that
activation of HSCs was the initial and critical event in the
development of liver fibrosis, regardless of etiology.1,9,10,30

The myofibroblastic transformation of HSCs is easily
identified by their strong immunohistochemical expression
of ASMA.5,6,8 The initial changes after CBD ligation,
however, appeared to be predominantly confined to the
portal tracts, while the liver parenchyma was relatively well
preserved.
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In normal rats, quiescent HSCs are located underneath
the endothelial lining in the space of Disse and are
distributed at random at certain distances. Periductural
fibroblasts are very few in number and negative for ASMA.
However, as early as day 1 after CBD ligation, periductular
fibroblasts became positive for ASMA, showing their
phenotypic modulation toward myofibroblast-like cells.
Considering these findings together with the subsequent
development of periductural fibrosis, periductular fibro-
blasts may participate in the very early stage of biliary
fibrosis, which is in agreement with a previous report.27

Parallel to the development of periductular fibrosis, the
ASMA-positive periductular fibroblasts increased in num-
ber. This may be, at least in part, the result of  the local
proliferation of portal fibroblasts and their phenotypic
modulation, as reported by previous studies.7,26,27

On the other hand, with time after CBD ligation,
especially at day 7 after operation in this study, the
increased invasion of proliferating bile ductules with
periductular fibrosis into the liver parenchyma caused a
frequent appearance of small fat droplet-containing stromal
cells in the loose fibrous tissue immediately adjacent to the
liver parenchyma. Although these cells completely lost
the topographical relationship to liver cells and sinusoids,
they showed the same morphological features as quiescent
HSCs, i.e., the presence of several small intracytoplasmic fat
droplets. Figure 10a–c shows that these cells derive from
the quiescent HSCs in the periportal zone of the liver
parenchyma; they are termed denuded HSCs in the
perilobular loose fibrous tissue.

We herein report for the first time the appearance of
denuded HSCs in the front of biliary fibrosis, namely at the

Fig. 8. Direct contact of the proliferating biliary epithelial cell with a
residual HSC at day 2 after CBD ligation. Around the HSC (IT), the
liver cell–sinusoid structure is partially lost. B, proliferating biliary

epithelial cell; E, sinusoidal endothelial cell; H, hepatocyte; S, sinusoid;
arrowhead, cytoplasmic process of the HSC. Bar 5µm
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periportal fibrous tissue–parenchymal interface. The site
of the denuded HSCs corresponded well to the location
in which tenascin, a noncollagenous glycoprotein of the
extracellular matrix playing a role in extracellular matrix
organization and also in the migration of cells, was intensely
expressed from day 7 onward after CBD ligation.25

Niiro et al.31 reported that the limiting plates of
hepatocytes separated the space of Disse from the portal
tracts and lymphatics. The disruption of the limiting plates
resulting from the invasion of the proliferating bile ductules
into the periportal parenchyma may directly connect the
space of Disse with the interstitial space of the portal tract.
This may provide a migratory pathway for HSCs, even
though HSCs in the quiescent stage, to move to the
periportal areas, causing the local increase of quiescent
HSCs. In the case of extrahepatic biliary obstruction, the
number of HSCs and their fat droplets were considerably
increased.32

Furthermore, experimental biliary fibrosis was ac-
companied by an increased number of periportal desmin-

Fig. 9. Focal accumulation of quiescent HSCs in the periportal zone in close proximity to periportal fibrous tissue at day 7 after CBD ligation.
B, bile duct; H, hepatocyte; M, macrophage; arrows, quiescent HSCs. Bar 5 µm

positive HSCs at the initial stage7,33 and followed by a
marked increase in number of desmin-positive and ASMA-
positive stromal cells, considered myofibroblasts, in the
areas of periductural fibrosis from day 7 onward after CBD
ligation. The denuded HSCs, derived from the increased
quiescent HSCs in the periportal zone, may play a major
role in the recruitment of myofibroblast-like cells in biliary
fibrosis. This study also showed that all the proliferating
biliary epithelial cells stained strongly positive for TGF-�1

and that a progressive upregulation of TGF-�1 expression
occurred with the progress of biliary fibrosis. Moreover, our
immunoelectron microscopic investigation using the ABC
method confirmed the predominant localization of TGF-
�1 on the rough-surfaced endoplasmic reticulum of the
proliferating biliary epithelial cells.

It is well known that TGF-�1 acts as a potent fibroge-
nic cytokine9,14–16 and promotes the morphological and
functional differentiation of stromal cells to myofibroblasts.
Bissel et al.16 reported that total TGF-� mRNA, including
TGF-�1, TGF-�2, and TGF-�3, was increased only in the cell
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Fig. 10a–d. Electron photomicrographs of the denuded HSCs at day 7
after CBD ligation. HSCs generally appear in the fibrous tissue
immediately adjacent to the liver parenchyma. Although the adjacent
liver cell and sinusoidal structure are lost, they can be easily identified
by the intracytoplasmic fat droplets, similar to those of quiescent HSCs
(IT). In the fibrous tissue disconnected from the liver parenchyma, the
myofibroblast-like cells (arrowhead) and transitional cells appear and

are closely intermingled with infiltrating inflammatory cells (a,b) and
proliferating bile ductules (c). d Higher magnification of quiescent
HSCs (IT), denuded HSCs (arrow), and myofibroblast-like cells
(arrowhead). B, proliferating bile ductule; H, liver cell; L, lymphocyte;
M, macrophage; S, sinusoid; arrow, denuded HSCs. Bars 5 µm (a–c);
2.5 µm (d)
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Fig. 10a–d. continued
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fraction of HSCs and that the increase was progressive over
a 7-day period after CBD ligation, suggesting the autocrine
regulation of TGF-� on the cells.

On the other hand, isolates of biliary cells expressed all
three TGF-� subtypes at a relatively high level, similar to
normal Kupffer cells. According to Milani et al.,15 high
TGF-�2 levels were present only in the proliferating bile
ductules of rat livers 3 weeks after CBD ligation, whereas
TGF-�1 mRNA was detected at high levels in most
mesenchymal and inflammatory cells and in a few biliary
epithelial cells. In patients with biliary atresia, TGF-�1

mRNA expression was demonstrated in the bile duct
epithelial cells, HSCs, and hepatocytes close to the fibrotic
septa.34 Saperstein et al.35 reported that the expression of
TGF-�1 on rat biliary epithelial cells after CBD ligation may
result primarily from an augmented uptake rather than
from synthesis of this growth factor. On the other hand,
PDGF23 and monocyte chemotactic protein-136 have been
recently identified as potent chemoattractants for HSCs.
However, as TGF-�1 has been known to regulate PDGF
receptor �-subunit in HSCs,37 TGF-�1 secreted from
proliferating biliary epithelial cells may also function to
increase the migration of periportal quiescent HSCs and
denuded HSCs to the periportal necroinflammatory lesions
following the destruction of the external limiting plates.

Although the expression of TGF-�1 in the proliferating
bile ductules and its significance in biliary fibrosis remains

unsettled, we have shown a possibility that TGF-�1 pro-
duced by proliferating biliary epithelial cells mediates,
through the effects of paracrine, not only the migration
of the denuded HSCs but also their conversion to
myofibroblasts. In the initial stage after CBD ligation, the
periductural fibroblasts also may be transformed to
myofibroblast-like cells in a similar way.

In conclusion, we demonstrated the dual origins of
myofibroblasts in experimental biliary fibrosis: the peri-
ductural fibroblasts in the initial stage for a very short
duration after CBD ligation; and the denuded HSCs in the
subsequent stage for a longer duration after the destruction
of the external limiting plates. The denuded Ito cells,
derived from the increased quiescent HSCs in the periportal
zone, appeared in the fibrous tissue at the fibrous tissue–
parenchymal interface, following the destruction and loss of
the adjacent liver cell–sinusoid structure caused by the
invasion of the proliferating bile ductules with periductural
fibrosis. Thereafter, through the paracrine effect of TGF-�1

secreted by the biliary epithelial cells, the denuded HSCs
may migrate and convert their phenotype toward myo-
fibroblasts and predominantly participate in the later stages
of biliary fibrosis.
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