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Abstract

AIM: To investigate the effects of troglitazone (TGZ), an
anti-diabetic drug which activates peroxisome proliferator-
activated receptor- (PPAR-), for liver tissue repair, and
the development of ductular reaction, following common
bile duct ligation (BDL) in rats.

METHODS: Rats were supplemented with TGZ (0.2% w/w
in the pelleted food) for 1 wk before BDL or sham operation.
Animals were killed at 1, 2, or 4 wk after surgery.

RESULTS: The development of liver fibrosis was reduced
in rats receiving TGZ, as indicated by significant decreases
of procollagen type I gene expression and liver hydroxy-
proline levels. Accumulation of -smooth-muscle actin
(SMA)-expressing cells surrounding newly formed bile
ducts following BDL, as well as total hepatic levels of
SMA were partially inhibited by TGZ treatment, indicating
the presence of a reduced number and/or activation of
hepatic stellate cells (HSC) and myofibroblasts. Development
of the ductular reaction was inhibited by TGZ, as indicated
by histochemical evaluation and hepatic activity of -glutamyl-
transferase (GGT).

CONCLUSION: Treatment with thiazolidinedione reduces
ductular proliferation and fibrosis in a model of chronic
cholestasis, and suggests that limiting cholangiocyte
proliferation may contribute to the lower development of
scarring in this system.

© 2005 The WJG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

A number of conditions characterized by chronic liver
damage are associated with the development of liver fibrosis,
ultimately leading to cirrhosis and functional alterations[1].
Although fibrotic progression represents the final outcome
of the liver ‘wound healing’ response in several conditions
of chronic injury, different types of fibrosis show relatively
unique features. Biliary fibroses, such as the one observed
in conditions of chronic obstruction of the biliary tree, are
characterized by the accumulation of extracellular matrix at
portal tracts, surrounding newly formed bile ducts emerging
during the course of the so-called ‘typical’ ductular reaction
and originated from proliferation of pre-existing bile duct
epithelial cells[2,3]. If the obstruction persists, fibrosis bridging
different portal tracts develops, ultimately leading to biliary
cirrhosis. Common bile duct ligation (BDL) and scission in
rats represents a classical experimental model for the analysis
of the events leading the initial injury of the bile ducts to
the organization of a fibrotic reaction, which involves
different matrix-producing cells of mesenchymal origin,
including -smooth muscle actin (SMA)-positive portal
myofibroblasts and activated hepatic stellate cells (HSC)[2,4-6].
This model has been widely used to investigate the molecular
and cellular mechanisms of liver fibrosis and to assess
potential treatments for this disorder. In addition, due to
the close anatomical and functional contacts between
cholangiocytes and matrix-producing cells, the BDL
model represents an optimal tool for the study of epithelial-
mesenchymal interactions.

Peroxisome proliferator-activated receptors (PPARs)
belong to the nuclear hormone receptor superfamily[7]. All
these molecules share the ability to function as transcription
factors by binding to target DNA elements, and change
their transcriptional activity after binding to specific ligands.
Three different PPAR isoforms have been cloned and
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characterized. PPAR- binds to fatty acids and fibrates and
is known to induce transcription of genes involved in -
and -oxidation of  fatty acids[7]. PPAR- (or -) is expressed
ubiquitously, and could be involved in fatty acid and lipid
metabolism[8]. Finally, the ligands for PPAR- include
anti-diabetic drugs of the thiazolidinedione group and
arachidonic acid metabolites, such as prostaglandins of the
D series and its derivatives such as 15deoxy-△12,14PGJ2.
PPAR- is expressed at high levels in the adipose tissue,
where it regulates lipid storage and modulates the action of
insulin[9-11].

Agonists of  PPAR- have been shown to regulate
multiple and critical functions in diverse pathophysiologic
conditions, including type 2 diabetes and the metabolic
syndrome, cancer, and inflammation[12]. In the liver,
considerable attention has been directed to the modulation
of the development of fibrosis through actions on HSC
and liver myofibroblasts[13-15]. In this study, we investigated
the effects of treatment with troglitazone (TGZ), the
first thiazolidinedione introduced in clinical practice, on
the development of ductular reaction and fibrosis in the
BDL model. The results indicate that TGZ not only
limits extracellular matrix deposition and HSC activation,
but also inhibits the formation of  newly formed bile
ducts, thus acting on both epithelial and mesenchymal
cells involved in the response to this type of chronic
liver injury.

MATERIALS AND METHODS

In vivo model
Male Wistar rats (Harlan-Nossan, Correnzana, Italy), weighing
180-200 g, were used according to the national and local
ethical guidelines. For experimental purposes, animals were
divided into two experimental groups and fed for 2 wk
either with a standard pelleted diet (rat diet No. 48, Piccioni,
Gessate Milanese, Italy) and water ad libitum (control diet)
or with the same pelleted diet containing 0.2% (w/w)
troglitazone (TGZ diet), according to previously described
procedures[16,17]. In the animals from both experimental
groups, permanent extrahepatic cholestasis was induced by
common BDL and scission under light ether anesthesia as
previously described[18,19]. Animals receiving sham operation
were subjected only to the manipulation of the common
bile duct, and served as controls. After BDL or sham
operation, the animals continued to receive the same diet
according to the following experimental groups: (1) Sham
(control, receiving normal diet), (2) TGZ (sham, receiving
TGZ-supplemented diet), (3) BDL (operated, receiving
normal diet), and (4) BDL/TGZ (operated, receiving TGZ-
supplemented diet). The amount of consumed food in each
experimental group was recorded throughout the study. The
animals were then killed after 1, 2, and 4 wk of surgery
(n = 6-8 animals for each experimental group at any time
point). The liver was promptly removed, and portions of
the organ were either immediately used or frozen in liquid
nitrogen and stored at -80 ℃ for further determinations or
processed for histological and histochemical examination.
Blood samples were also collected from individual animals
before they were killed.

Serum and liver biochemistry
Serum activities of glutamic oxalacetic transaminase
(GOT) and alkaline phosphatase (AP) were determined
using a commercial kit (Sigma Diagnostics, Sigma, Milan,
Italy). L-Hydroxyproline concentration in liver samples
was determined according to standard procedures[20].
-Glutamyltransferase (GGT) activity was evaluated on
diluted liver homogenate samples using a modified standard
procedure[21] as previously described[22].

RNase protection assay
Total RNA was isolated from frozen liver tissues using
Nucleospin columns (Mackerey-Nagel, Dürer, Germany).
Integrity of RNA was checked by agarose electrophoresis.
32P-labeled cRNA probes were transcribed from templates
encoding for rat 1(I) procollagen (kindly provided by Dr.
Jackie J. Maher, University of California at San Francisco)
and housekeeping gene 36B4. After hybridization, protected
fragments were separated on a sequencing gel and
autoradiographed. All procedures for probe labeling,
hybridization, and digestion have been described in detail
elsewhere[23].

Western blotting
Liver tissue was homogenized in an Ultra-Turrax homogenizer
in RIPA buffer containing 1% Nonidet P40 and protease
inhibitors. Insoluble proteins were discarded by high-speed
centrifugation at 4 ℃. The protein concentration in the
supernatant was measured using a commercially available
kit (Pierce, Rockford, IL, USA). Fifty micrograms of protein
was separated by 10% SDS-PAGE, and electroblotted on a
PVDF membrane. After transfer, the membrane was stained
with a Ponceau red solution (Sigma) to ensure an equal
protein loading. The staining was then removed by washing
in PBS-Tween and the membrane was blocked with 3%
BSA in PBS-Tween overnight. After an additional washing,
the blots were sequentially incubated with monoclonal
anti--SMA antibodies and anti-mouse horseradish
peroxidase-conjugated antibodies. Detection was performed
by chemiluminescence, according to the manufacturer’s
protocol (Amersham, Arlington Heights, IL, USA).

Immunohistochemistry
Experiments were conducted on frozen sections as described
in detail elsewhere[24]. Dried sections were sequentially
incubated with the primary antibody followed by affinity-
purified rabbit anti-mouse antibodies after washing. At the
end of incubation, sections were washed twice in TBS,
incubated with APAAP and developed. Negative controls
were treated with omission of the primary antibody or its
substitution with non-immune rabbit immunoglobulins.

Histology and histochemistry
Frozen liver specimens or specimens fixed in 4% formaldehyde
in phosphate buffer (pH 7.2) and embedded in paraffin
were used for morphological analysis. Standard liver sections
(4-6-m thick) embedded in paraffin were stained with
hematoxylin and eosin. Biliary epithelial cells of the newly
formed ductular structures were identified by histochemical
staining for GGT activity as previously described[18].
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RESULTS
In vivo administration of TGZ-supplemented diet to control
animals (TGZ group) did not significantly affect either the
liver morphology or the serum chemistry (Table 1 and

Figures 1A and B). Following BDL, an increase in serum
transaminase and AP was observed in all animals (BDL
group, Table 1).

Comparison of the BDL and BDL/TG groups showed

Figure 1  Effects of oral supplementation with TGZ on liver pathology in control
rats (A and B) and bile duct-ligated rats (C-J). Animals received sham operation

(A and B) or were subjected to BDL for 2 wk (C-F) or for 4 wk (G-J).
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no significant differences in serum enzyme levels or in liver
weight, while body weight was significantly lower in BDL
animals (Table 1). No difference in food consumption was
found between the two groups undergoing BDL. Histological
examination of rats undergoing BDL revealed bile duct
proliferation in the portal tract (Figure 1), already evident
after 1 wk and progressively worsening thereafter. This
‘typical’ ductular reaction was associated with progressive
deposition of extracellular matrix surrounding the newly
formed bile ducts. After 4 wk, alteration of  liver structure
was evident, with bridging fibrosis encircling most of the
newly formed bile ducts. These histological alterations were
considerably less evident in the group of BDL/TGZ rats
(Figure 1). Thus, at 2 wk, only moderate fibrosis was present,
and the area occupied by proliferating bile ducts was more
limited than in rats not undergoing TGZ supplementation
(Figures 1C-F). Similarly, after 4 wk, less fibrosis and a
more limited disarray of  liver structure were observed in
BDL/TGZ animals (Figures 1G-J).

Table 1  Serum biochemical parameters, body, and liver weight in
the different experimental groups (mean±SD)

                Sham         TGZ                   BDL      BDL/TGZ

ALT (U/L)

   1 wk                  35±5        22±2                  90±19b            81±7b

   4 wk                  23±7        21±5                102±34b            75±12b

ALP (U/L)

   1 wk                  83±5        76±12              176±19b         168±22b

   4 wk                  88±7        82±9                137±14b         142±27b

Body weight (g)               332±7      319±9                293±5b         337±12a

Liver weight (g)                9.7±0.6       9.9±0.7             24.4±2.2b        20.2±1.9b

aP<0.05 vs BDL, bP<0.01 vs Sham.

To establish whether these morphologic changes were
associated with reduced fibrogenesis, gene expression levels
of procollagen I were measured at different time points.
In all animals undergoing BDL, a marked increase in
procollagen I gene expression was observed, as indicated
by RNase protection assay (Figure 2). In BDL/TGZ rats,
the increase in procollagen expression was less marked at
1st and 2nd wk after surgery (Figure 2). Interestingly, the
inhibitory effects on procollagen type I expression were no
longer evident 4 wk after BDL. We next evaluated whether
reduced fibrosis and procollagen expression were associated
with modified collagen levels, by measuring hepatic
hydroxyproline levels. As expected, a progressive increase
in hepatic hydroxyproline was evident in animals undergoing
BDL, with a peak at 4 wk, when mean values were
approximately five times higher than in controls (Figure 3).
Administration of TGZ resulted in a marked inhibition of
hydroxyproline accumulation after BDL. At 4 wk, hepatic
hydroxyproline levels were inhibited more than 50% in
BDL/TGZ rats, being comparable to those measured after
2 wk in BDL animals not receiving the drug. These data
indicate that TGZ could effectively reduce hepatic fibrosis
caused by BDL.

In vitro studies indicated that thiazolidinediones could
inhibit HSC activation and related phenotypic responses,

including proliferation and migration. We analyzed the
expression of SMA as an index of the number and activation
state of HSC and other fibrogenic mesenchymal cells in
the different groups of animals.

Immunohistochemical analysis showed that there was a
progressive accumulation of SMA-expressing cells around
the expanded portal tracts, in close proximity to bile duct
epithelial cells of the ductular reaction. At 4 wk after BDL,
SMA-positive cells occupied a significant portion of the
hepatic lobule, being a part of the porto-portal septae (Figure 4).
This picture was clearly modified in BDL/TGZ rats, where
a less marked abundance of cells expressing SMA was present.
To substantiate and quantify the inhibitory effect of  TGZ
on activated matrix-producing cells, SMA expression in
the whole liver was analyzed by Western blotting. The
progressive increase in SMA expression observed in the
BDL group (up to fivefold at 4 wk) was markedly reduced
by TGZ treatment (Figure 5). Taken together, these data
indicate that TGZ treatment was associated with a reduction
in the number of matrix-producing cells accumulated in
close contact with cells of the ductular reaction.

Figure 2  Effects of TGZ on type I procollagen expression in bile duct-ligated rats.

Figure 3  TGZ inhibits collagen accumulation in bile duct-ligated rats in different
experimental groups. aP<0.05 vs Sham, cP<0.05 vs BDL.

Morphological analysis of tissue samples from BDL/TGZ
animals suggested a reduction of  the extent of  the ductular
reaction in this group. We estimated the number of  bile
duct epithelial cells in the different groups of animals
by performing a histochemical staining for GGT, which
allowed to identify this cell type (Figure 6). In BDL rats, a
progressive accumulation of  newly formed bile ducts was
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evident, reaching a maximum after 4 wk. At all time points
after BDL, TGZ treatment reduced the number of  GGT-
expressing cells, indicating a marked inhibition on the
development of  the ductular reaction (Figure 6). To quantify
this effect, the enzymatic GGT activity was measured in
total liver tissue lysates obtained from control and BDL
rats (Figure 7). We observed a progressive increase in GGT
activity in the BDL group, which was in parallel to the
accumulation of  newly formed bile ducts. A significant
reduction of GGT activity was present in rats treated with
TGZ at 2nd and 4th wk after BDL, confirming the inhibitory
action shown by histochemical analysis. Thus, treatment with
TGZ was also associated with a reduction in the severity of
the ductular reaction caused by BDL.

DISCUSSION

Biliary fibrosis is a reproducible and reliable model for the
study of experimental liver fibrogenesis[25]. Long-standing
cholestasis leads to an ordered bile duct proliferation, or

typical ductular reaction[3], associated with progressive
accumulation of extracellular matrix, starting from the portal
tracts and extending to the other areas of the lobule. This
model is characterized by low-grade inflammation, activation
of HSC and other mesenchymal cells, including portal
myofibroblasts participating in the deposition of extracellular
matrix components and contributing to the development
of fibrosis[5,6,26]. In this study, we have provided evidence
that TGZ, which activates the nuclear hormone receptor
PPAR-, reduces the development of  fibrosis and the extent
of bile duct proliferation following BDL in rats. In the past
3 years, the potential role of  PPAR- agonists as negative
modulators of liver fibrosis has received considerable
attention. We and others have shown that thiazolidinediones
and 15deoxy-△12,14PGJ2 inhibit HSC activation and
downregulate several biologic actions of activated HSC,
which are important for liver wound healing and fibrogenesis,
including cell proliferation, migration, extracellular matrix
synthesis, and expression of chemokines[13-15]. 15deoxy-△
12,14PGJ2 also induces apoptosis and reduces matrix

Figure 4  TGZ reduces accumulation of SMA-positive cells after BDL in different experimental groups. A: Sham; B: TGZ; C: BDL; D: BDL/TGZ.

Figure 5  Effects of TGZ on SMA expression in rats undergoing BDL. aP<0.05 vs Sham, cP<0.05 vs BDL.
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expression in cultured liver myofibroblasts, which contribute
to extracellular matrix production during injury, although
this effect seems to be mediated by PPAR--independent
mechanisms[27]. These mechanisms highlighted in in vitro
studies are likely to contribute to the observed inhibition
of the development of liver fibrosis in this in vivo model.
Moreover, data from the present study are in agreement
with recently reported findings, demonstrating that other
thiazolidinediones inhibit collagen deposition in several
models of chronic liver damage, including chronic intoxication
with carbon tetrachloride or dimethylnitrosamine, or BDL[28,29].
In our study, collagen accumulation was evaluated using
liver hydroxyproline content, which is considered as the ‘gold
standard’ for measuring matrix deposition. We used TGZ,
the prototype of  thiazolidinediones, as a PPAR- agonist.
Although TGZ has been withdrawn from the marked increase
because of its severe hepatotoxicity[30], it is still currently
used in animal models or in cell culture systems, to establish
a ‘proof of concept’ that may be expanded to other drugs

of the same class, such as rosiglitazone or pioglitazone[31,32].
Thiazolidinediones also exert a protective role in other
conditions of liver injury, as indicated by the recent findings,
showing amelioration of ethanol- or diet-induced liver injury
by pioglitazone[33-35].

The most novel and relevant finding of the present work
is the observation that treatment with TGZ inhibits bile
duct proliferation or typical ductular reaction in this model
and in some cases of chronic cholestasis in humans. At the
level of  portal tract, newly formed bile ducts progressively
invade the other parts of the lobule and are surrounded by
fibrous tissue. TGZ reduces formation of  bile ducts as
indicated by histochemical analysis of GGT that is known
to be selectively expressed by bile duct cells[36]. In addition,
analysis of the enzymatic activity of GGT in total tissue
homogenates has confirmed that this observation is not
due to focal changes, but is the result of a general inhibitory
action exerted by thiazolidinedione. The reported inhibitory
effect on bile duct proliferation is indirectly in agreement
with the report of Han et al.[37]. Although these data may
not be directly extrapolated to normal cells, they are
consistent with the involvement of  the PPAR- system in
growth control of cholangiocytes. Further studies are needed
to establish if the molecular mechanisms mediating the
effects of TGZ on cholangiocarcinoma cells, such as
elevated expression of  p53, also operate in non-transformed
cholangiocytes.

The intriguing findings on bile duct proliferation provide
further insight on the mechanisms of reduced fibrogenesis
and epithelial-mesenchymal interactions in this model. Bile
duct epithelial cells express soluble mediators affecting the
biology of  matrix-producing cells. We have previously
reported that in the BDL model, cholangiocytes express
platelet-derived growth factor (PDGF)[19], which may
contribute to local accumulation of matrix-producing cells

Figure 6  Development of ductular reaction is inhibited in bile duct ligated and
TGZ-treated rats in different experimental groups. (A: Sham; B: TGZ; C, E and

Figure 7  Effects of TGZ on liver GGT activity in bile duct-ligated rats. aP<0.05
vs Sham, cP<0.05 vs BDL.
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in proximity to newly formed bile ducts, as the result of
chemotaxis and proliferation[26,38-40]. There is evidence that
PDGF stimulates the conversion of peri-biliary cells to
matrix-producing myofibroblasts, and that an inhibitor of
PDGF receptor’s tyrosine kinase activity reduces fibrosis
in BDL rats[6]. In addition, bile duct segments isolated from
cholestatic rats exert a potent chemotactic action on
HSC[38]. Along these lines, secretion of endothelin-1 by
cholangiocytes may induce proliferation and contraction of
HSC, and inhibition of endothelin’s activity is associated
with reversal of fibrosis following BDL[41-43]. Chemokines
produced by cholangiocytes, such as monocyte chemoattractant
protein-1 and interleukin-8[44] are responsible for the
recruitment of inflammatory cells that may amplify the
fibrogenic stimulus through secretion of additional
mediators. Moreover, monocyte chemoattractant protein-1
is chemotactic for activated HSC, providing an additional
mechanism leading to local accumulation of fibrogenic
cells[45]. On the other hand, it is also possible that the
inhibitory effects of TGZ on HSC and myofibroblasts lead
to reduced secretion of mitogenic factors for cholangiocytes.
Indeed, liver pro-fibrogenic cells have been shown to secrete
cytokines such as interleukin-6 and hepatocyte growth factor
modulating cholangiocyte survival and growth[46,47]. Thus, a
bi-directional modulation of  the biology of  epithelial and
mesenchymal cells by soluble factors is likely to occur in
this model system.

In conclusion, TGZ can affect not only the development
of fibrosis through direct action on matrix-producing
cells, but also may modulate the epithelial-mesenchymal
interactions characterizing chronic obstructive cholestasis.
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