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ABSTRACT
Plasminogen activator inhibitor-1 (PAI-1) is an acute phase
protein known to correlate with hepatic fibrosis. However,
whether or not PAI-1 plays a causal role in this disease process
had not been directly tested. Therefore, wild-type or PAI-1
knockout (PAI-1�/�) mice underwent bile duct ligation. Mice
were sacrificed either 3 or 14 days after surgery for assessment
of early (i.e., inflammation) and late (i.e., fibrosis) changes
caused by bile duct ligation. Liver injury was determined by
histopathology and plasma enzymes. Accumulation of extra-
cellular matrix was evaluated by Sirius red staining and by
measuring hydroxyproline content. Hepatic expression of PAI-1
was increased �9-fold by bile duct ligation in wild-type mice.
Furthermore, early liver injury and inflammation due to bile duct
ligation was significantly blunted in PAI-1�/� mice in compari-
son with wild-type mice. Although PAI-1�/� mice were signifi-

cantly protected against the accumulation of extracellular ma-
trix caused by bile duct ligation, increases in expression of
indices of stellate cell activation and collagen synthesis caused
by bile duct ligation were not attenuated. Protection did, how-
ever, correlate with an elevation in hepatic activities of plasmin-
ogen activator and matrix metalloprotease activities. In con-
trast, the increase in tissue inhibitor of metalloproteases-1
protein, a major inhibitor of matrix metalloproteases, caused by
bile duct ligation was not altered in PAI-1�/� mice compared
with the wild-type strain. The increase in hepatic activity of
urokinase-type plasminogen activator was also accompanied
by more activation of the hepatocyte growth factor receptor
c-Met. Taken together, these data suggest that PAI-1 plays a
causal role in mediating fibrosis during cholestasis.

A common pathologic response to chronic liver disease is
accumulation of extracellular matrices (ECM), leading to
fibrosis and possible progression to cirrhosis. In the absence
of liver transplantation, the sequelae associated with this
disease often lead to death of the patient (Kim et al., 2002). It
was recently shown in humans that liver fibrosis/cirrhosis
can at least partially resolve if the underlying cause is effec-
tively treated (e.g., hepatitis virus C infection) (Poynard et
al., 2002). However, due in part to an incomplete understand-
ing of the mechanisms underlying hepatic fibrosis, no Food
and Drug Administration-approved therapy to halt the pro-
gression or enhance the rate of resolution of this disease has
been identified.

Plasminogen activator inhibitor-1 (PAI-1) is an acute

phase protein that can be induced during inflammation
(Quax et al., 1990; Luyendyk et al., 2004; Lagoa et al., 2005).
PAI-1 is a major inhibitor of both tissue-type plasminogen
activator (tPA) and urokinase-type plasminogen activator
(uPA) and, therefore, a key regulator of fibrinolysis by plas-
min (Kruithof, 1988). In addition to regulating the accumu-
lation of fibrinogen/fibrin in the extracellular space, plasmin
can also directly degrade other ECM components such as
laminin, proteoglycan, and type IV collagen (Liotta et al.,
1981; Mochan and Keler, 1984; Mackay et al., 1990). Fur-
thermore, plasmin can also indirectly degrade ECM via acti-
vation of MMPs (Ramos-DeSimone et al., 1999). Thus, by
impairing the plasminogen activating systems, PAI-1 could
significantly alter organ fibrogenesis. Indeed, a protective
effect of pharmacologic/genetic prevention of PAI-1 induction
has been observed in models of renal, pulmonary, and vas-
cular fibrosis (Hattori et al., 2000; Kaikita et al., 2001; Huang
et al., 2003).

Similar to other organs, PAI-1 is known to be induced in
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models of hepatic fibrosis (Zhang et al., 1999; Bueno et al.,
2000). PAI-1 is also directly produced by hepatic stellate
cells, the major cell type responsible for ECM accumulation
during fibrosis, when activated in vitro (Leyland et al., 1996).
Although it has been proposed that PAI-1 may contribute to
fibrogenesis in liver, this hypothesis has not been directly
tested in this organ. Therefore, the purpose of the current
study was to determine the effect of knocking out PAI-1 on
experimental liver damage and fibrosis caused by bile duct
ligation in mice.

Materials and Methods
Animals and Treatments. Mice were housed in a pathogen-free

barrier facility accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care, and procedures were ap-
proved by the local Institutional Animal Care and Use Committee.
Eight-week-old male C57BL/6J and PAI-1 knockout (B6.129S2-
Serpine1tm1Mlg/J; PAI-1�/�) mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). This knockout strain has been back-
crossed at least 10 times onto C57BL/6, avoiding concerns regarding
genetic differences between wild-type and strain and the knockouts
at nonspecific loci. Food and tap water were allowed ad libitum. Bile
duct ligation was performed by surgical ligation of the common
hepatic bile duct under isoflurane anesthesia. Sham-operated mice
underwent a laparotomy with exposure but not ligation of the com-
mon bile duct. Animals were anesthetized with sodium pentobarbital
(75 mg/kg i.p.) 3 and 14 days after surgery. Blood was collected from
the vena cava just before sacrifice by exsanguination, and citrated
plasma was stored at �80°C for further analysis. Portions of liver
tissue were frozen immediately in liquid nitrogen, whereas others
were fixed in 10% neutral buffered formalin for subsequent section-
ing and mounting on microscope slides.

Clinical Analyses and Histology. Plasma levels of alanine ami-
notransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), and bilirubin were determined using standard
kits (Thermotrace, Melbourne, Australia). Formalin-fixed, paraffin-
embedded sections were cut at 5 �m and mounted on glass slides.
Sections were deparaffinized and stained with H&E. Pathologic
changes were assessed in a blinded manner. Neutrophil accumula-
tion in the livers was assessed by staining tissue sections for
chloracetate esterase, a specific marker for neutrophils, using the
naphthol AS-D chloracetate esterase kit (Sigma-Aldrich, St. Louis
MO) (Gujral et al., 2004a; Guo et al., 2004). Extracellular matrix
accumulation in liver sections was determined by staining with
Sirius red-fast green (Lopez-De Leon and Rojkind, 1985).

Sirius red staining was quantified by image analysis. Specifically,
a Molecular Devices (Sunnyvale, CA) Image-1/AT image acquisition
and analysis system incorporating an Axioskop 50 microscope (Carl
Zeiss Inc., Thornwood, NY) was used to capture and analyze five
nonoverlapping fields per section at 100� final magnification. Image
analysis was performed using modifications of techniques described
previously (Arteel et al., 1997). Detection thresholds were set for the
red color based on an intensely labeled point and a default color
threshold. The degree of labeling in each section was determined
from the area within the color range divided by the total area.

Hydroxyproline Determinations. Hydroxyproline content was
quantitated colorimetrically from liver samples using the chloramine
T method as described by Ellis et al. (1994) with minor modifications.
In brief, liver specimens (20–50 mg) were weighed and hydrolyzed in
500 �l of 6 N HCl at 100°C for 24 h. The hydrolysate was then cooled,
neutralized with 500 �l of 6 N NaOH, and centrifuged at 13,000g for
12 min. Forty microliters of the supernatant was added to a micro-
titer plate and was incubated with 25 �l of chloramine T solution [1
part 7% chloramine T and 4 parts citrate/acetate buffer (pH 6.0, 695
mM sodium acetate, 128 mM trisodium citrate�2H2O, and 29 mM
citric acid, with 38.5% isopropanol)] at room temperature for 10 min.
One hundred fifty microliters of Ehrlich’s solution (1.4 M dimethyl-
aminobenzaldehyde with 20% perchloric acid and 67% isopropanol)
was then added and incubated at 65°C for 15 min. After cooling, the
absorbance was read at 561 nm. Hydroxyproline concentration was
calculated from a standard curve prepared with high-purity hy-
droxyproline. The results were expressed as micrograms of hy-
droxyproline per gram of liver.

RNA Isolation and Real-Time RT-Polymerase Chain Reac-
tion. Total RNA was extracted from liver tissue samples by a gua-
nidium thiocyanate-based method (RNA STAT 60 Tel-Test; Ambion,
Austin, TX). RNA concentrations were determined spectrophoto-
metrically, and 1 �g of total RNA was reverse transcribed using an
avian myeloblastosis virus reverse transcriptase kit (Promega, Mad-
ison, WI) and random primers. PCR primers and probes were de-
signed using Primer 3 (Whitehead Institute for Biomedical Research,
Cambridge, MA; see Table 1). Primers were designed to cross introns
to ensure that only cDNA and not DNA was amplified. The fluoro-
genic minor groove binder probe was labeled with the reporter dye
5-carboxyfluorescein. TaqMan Universal PCR Master Mix (Applied
Biosystems, Foster City, CA) was used to prepare the PCR mix. The
2� mixture was optimized for TaqMan reactions and contained
AmpliTaq gold DNA polymerase, AmpErase, dNTPs with UTP, and
a passive reference. Primers and probe were added to a final concen-
tration of 300 and 100 nM, respectively. The amplification reactions
were carried out in the ABI Prism 7700 sequence detection system
(Applied Biosystems) with initial hold steps (50°C for 2 min, followed
by 95°C for 10 min) and 50 cycles of a two-step PCR (92°C for 15 s,
60°C for 1 min). The fluorescence intensity of each sample was
measured at each temperature change to monitor amplification of
the target gene. The comparative CT method was used to determine
-fold differences between samples. The comparative CT method de-
termines the amount of target, normalized to an endogenous refer-
ence (�-actin) and relative to a calibrator (2���Ct). The purity of PCR
products were verified by gel electrophoresis.

Determination of Hepatic Plasminogen Activities. The ac-
tivity of tPA and uPA was determined in liver samples as described
by Bezerra et al. (2001). In brief, total protein was extracted from
frozen liver tissue samples with phosphate-buffered saline, pH 7.4,
containing 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1%
SDS. Lysates were then diluted in 2� sample buffer (125 mM Tris
HCl, pH 6.8, with 4% SDS, 20% glycerol, and 1 mM dithiothreitol)
and separated on 12% SDS-polyacrylamide gels containing 2% non-
fat dry milk powder (Bio-Rad, Hercules, CA) and 75 mU/ml plasmin-
ogen (Sigma-Aldrich). Plasminogen-free gels run in parallel were
used to confirm that the activity detected was plasminogen depen-
dent. Gels were incubated twice for 30 min in 2.5% v/v Triton X-100

TABLE 1
Primers and probes used for real-time RT-PCR detection of expression

Forward (3�–5�) Reverse (3�–5�) Probe (3�–5�)

PAI-1 CACCAACATTTTGGACGCTGA TCAGTCATGCCCAGCTTCTCC CCAGGCTGCCCCGCCTCCTC
�SMA TGCCATCATGCGTCTGGACT GCCGTGGCCATCTCATTTTC TGCCGAGCGTGAGATTGTCCGTGA
Collagen I�1 GTCTTCCTGGCCCCTCTGGT AGCAGGGCCAGTCTCACCAC CCCCATGGGGCCCCCTGGAT
TIMP-1 CCCACCCACAGACAGCCTTC CGGCCCGTGATGAGAAACTC TGCCCACAAGTCCCAGAACCGCA
TIMP-2 CGCCCCTTGACAAAGAGGAC CTGCATTGCAAAACGCCTGT TGCAGCTGCTCCCCGGTGCA
�-actin GGCTCCCAGCACCATGAA AGCCACCGATCCACACAGA AAGATCATTGCTCCTCCTGAGCGCAAGTA
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solution and washed three times for 30 min in developing solution
(50 mM Tris, 0.1 M glycine, and 0.1 M NaCl, pH 8.0) followed by a
16-h incubation in developing buffer at 37°C. The caseinolytic activ-
ity was detected by staining the gel (0.1% amido black, 45% metha-
nol, and 10% acetic acid) for 2 h and then destaining (45% methanol
and 10% acetic acid) for 30 min. Densitometric analysis was per-
formed using ImageQuant software (GE Healthcare, Little Chalfont,
Buckinghamshire, UK).

Determination of MMP-Mediated Collagenase Activities
and Plasma TIMP-1 Levels. To determine the hepatic activity of
MMPs, total hepatic protein was extracted using a lysis buffer con-
sisting of 10 mM cacodylic acid, pH 5.0, containing 150 mM NaCl, 1
�M ZnCl, 15 mM CaCl2, 1.5 mM NaN3, and 0.01% Triton X-100.
Lysates were then diluted in 2� sample buffer and separated on 10%
SDS-polyacrylamide gels containing 0.1% gelatin. Gels were washed,
developed, stained, destained, and bands were quantified as de-
scribed above for uPA and tPA zymography. Plasma TIMP-1 levels
were determined using a commercially available kit (Research Diag-
nostics, Flanders, NJ), which was performed according to manufac-
turer’s instructions. This assay detects both free and bound TIMP-1.

Immunoblots. Protease (20 �M 4-(2-aminoethyl)benzenesulfonyl
fluoride, 10 �M EDTA, 1 �g/ml bestatin, 1 �g/ml E-64, 1 �g/ml
leupeptin, and 1 �g/ml phenylmethylsulfonyl fluoride), tyrosine
phosphatase (1 mM Na3VO4, 1.2 mM Na2MoO4, 4.8 mM C4H4O6Na2,
and 2 mM imidazole), and serine/threonine phosphatase (4.6 �M
cantharidin, 20 �M bromotetramisole oxalate, and 0.1 �g/ml micro-
cystin) inhibitors (Sigma-Aldrich) were added to all of the buffers
used. For preparation of total hepatic protein, liver samples were
homogenized in radioimmunoprecipitation assay buffer (20 mM
MOPS, pH 7.0, with 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40,
1% sodium deoxycholate, and 0.1% SDS). Lysates were then diluted
in 2� sample buffer were separated on 8% SDS-polyacrylamide gels.
Proteins were transferred to Hybond-P polyvinylidene diflouride
membranes (GE Healthcare) using a semidry electroblotter. The
resulting blots were then probed with antibodies against phospho-c-
Met (Cell Signaling Technology Inc., Beverly, MA), and bands were
visualized using an ECL plus kit (GE Healthcare). To ensure equal
loading, all blots were stained with Ponceau S red. Haptene signals
were normalized to total c-Met using a commercially available anti-
body (Sigma-Aldrich). Densitometric analysis was performed using
ImageQuant software.

Statistical Analyses. Results are reported as means � S.E.M.
(n � 4–6). Analysis of variance with Bonferroni’s post hoc test or the
Mann-Whitney rank sum test was used for the determination of
statistical significance among treatment groups, as appropriate. p �
0.05 was selected before the study as the level of significance.

Results
Effect of Bile Duct Ligation on Plasma and Histo-

logic Indices of Liver Damage and Fibrosis. In prelimi-
nary studies, no differences in parameters of liver damage
were observed between wild-type and PAI-1�/� mice after
sham surgery; data with the former strain, thus, are shown
to represent both. Bilirubin levels in sham-treated animals
were normal, with values of �0.5 mg/dl. In contrast, bilirubin
levels were �8 and 40 mg/dl after 3 days or 2 weeks of bile
duct ligation, respectively, and were not significantly differ-
ent between wild-type and PAI-1�/� mice (Fig. 1, top panel).
After 2 weeks of bile duct ligation, the incidence of ascites in
wild-type mice was �70%; no ascites were present in PAI-
1�/� mice at this time point.

Plasma levels of indices of liver damage (AST, ALT, and
ALP) were within normal ranges in sham-treated mice (Fig.
1, middle and bottom panels). As expected, bile duct ligation
significantly increased the levels of these enzymes compared

with sham-treated animals. The increase in plasma AST,
ALT, and ALP caused by 3 days of bile duct ligation was
significantly blunted in PAI-1�/� mice by 40 to 50% (Fig. 1,
middle panel). After 2 weeks of bile duct ligation, the levels of
these enzymes in plasma of wild-type mice were even greater
than at 3 days (Fig. 1, bottom panel). The increase in these
parameters after 2 weeks of bile duct ligation was not signif-
icantly attenuated in PAI-1�/� mice, with values similar to
those in wild-type mice (Fig. 1, bottom panel).

Figure 2 shows representative photomicrographs depicting
liver pathology (H&E stain, left column), neutrophil accumu-
lation (chloroacetate esterase stain, center column), and
ECM accumulation (Sirius red stain, right column) 3 days
and 2 weeks after bile duct ligation (or sham) surgery. No

Fig. 1. Effect of bile duct ligation on plasma parameters. Bile duct
ligation (BDL) or sham surgery (Sham) was performed in wild-type (WT)
and PAI-1 knockout (PAI-1�/�) mice as described under Materials and
Methods. Total bilirubin (top panel) was determined in plasma samples
after 3 days (black bars) and 2 weeks (gray bars) of bile duct ligation. AST
(black bars), ALT (gray bars), and ALP (white bars) were determined in
plasma samples collected after 3 days and 2 weeks of bile duct ligation
(middle and bottom panels). Data represent means � S.E.M. (n � 4–6).
a, p � 0.05 compared with sham surgery; b, p � 0.05 compared with
wild-type animals subjected to bile duct ligation.
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pathological changes were observed in liver tissue after sham
surgery (Fig. 2, top panels). Three days of bile duct ligation
caused a robust increase in the incidence of necroinflamma-
tory foci in livers of wild-type mice (Fig. 2, left column, middle
panel); these pathologic changes were attenuated in PAI-
1�/� mice (Fig. 2, left column, bottom panel). The necroin-
flammatory foci in livers of wild-type mice after 3 days of bile
duct ligation contained numerous neutrophils, as determined
by chloroacetate esterase staining (Fig. 2, center column,
middle panel). In addition to smaller and fewer necroinflam-
matory foci, there were also fewer neutrophils within these
foci in livers from PAI-1�/� mice (Fig. 2, center column,
bottom panel) 3 days after bile duct ligation compared with
wild-type animals.

After 2 weeks of bile duct ligation, the accumulation of
ECM was easily discernible in livers from wild-type mice
stained with Sirius red (Fig. 2, right column, middle panel),
whereas still greater than sham-treated animals, the accu-
mulation of extracellular matrix in livers from PAI-1�/� mice
(Fig. 2, right column, bottom panel) was significantly sup-
pressed compared with wild-type mice. When quantitated by
image analysis (Fig. 3, top panel), Sirius red staining in livers
of wild-type mice was �15% of the total tissue area and was

7-fold higher in comparison with sham-treated mice; the
effect of bile duct ligation on this parameter was significantly
suppressed by �60% in livers from PAI-1�/� mice (Fig. 3, top
panel). Three days after surgery, hydroxyproline content was
similar in all groups, with values of �100 �g/g tissue. How-
ever, 2 weeks of bile duct ligation caused a significant (	2-
fold) increase of hydroxyproline in wild-type mice, which was
completely attenuated in PAI-1�/� mice (Fig. 3, bottom
panel).

Effect of Bile Duct Ligation on the Expression of
PAI-1, �SMA, and Collagen I�1. The induction of PAI-1 is
known to increase during hepatic inflammation and fibrosis
(e.g., Zhang et al., 1999). Furthermore, increases in the ex-
pression of �SMA and collagen I�1 are indicative of stellate
cell activation and ECM synthesis, respectively, in mice after
bile duct ligation (e.g., Canbay et al., 2003). Therefore, the
effect of bile duct ligation on hepatic expression of these
genes was determined in samples from wild-type and PAI-
1�/� mice via real-time RT-PCR (Fig. 4). Bile duct ligation led
to a significant induction in the expression of all of these
parameters in wild-type mice; specifically, 3 days of bile duct
ligation led to a 9-, 3-, and 4-fold increase in the expression of
PAI-1, �SMA, and collagen I�1, respectively. As expected,

Fig. 2. Photomicrographs of livers following bile duct ligation. Representative photomicrographs of livers from mice that underwent BDL or sham
surgery are shown. H&E (100�; left column) and chloroacetate esterase staining (400�; middle column) depict necroinflammatory changes 3 days
after the initiation of bile duct ligation. Sirius red (200�; right column) depicts fibrotic changes 2 weeks after the initiation of bile duct ligation.
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the expression of PAI-1 was undetectable in PAI-1�/� mice
(Fig. 4, top panel); however, the effect of bile duct ligation on
the expression of �SMA (Fig. 4, middle panel) and collagen
I�1 (Fig. 4, bottom panel) was not significantly altered in
PAI-1�/� mice. Similar patterns of induction were observed
after 2 weeks of bile duct ligation but were highly variable at
this time point; for example, induction of �SMA expression
after bile duct ligation ranged 6- to 30-fold in comparison
with sham mice (data not shown).

Plasminogen Activator and MMP Activity Is En-
hanced in PAI-1�/� Mice after Bile Duct Ligation. PAI-1
is a major inhibitor of uPA and tPA, which in turn activates
MMPs via plasmin (see Fig. 8 for scheme). Therefore, the
activities of uPA and tPA (Fig. 5) and MMP-2 and -9 (Fig. 6)
were determined. After 3 days of bile duct ligation, the ac-
tivity of uPA and tPA (as determined by zymography) was
not significantly different between the groups (data not
shown). However, after 2 weeks of bile duct ligation, the
activity of both enzymes was significantly enhanced in livers
of wild-type mice (Fig. 4, top panel); densitometric analysis

indicated that tPA and uPA were increased �50 and 300%,
respectively, by bile duct ligation (Fig. 5, middle and bottom
panels). The effect of bile duct ligation on the activity of these
enzymes was significantly enhanced in PAI-1�/� mice com-
pared with wild-type animals, with values 	4-fold over livers
from sham-treated mice for both enzymes.

Figure 6 shows representative zymograms for MMP-2 and
-9 (top panel), as well as quantification of MMP-2 and -9
activity via densitometric analysis (bottom two panels). Anal-
ogous to findings with tPA and uPA, 3 days of bile duct
ligation caused no detectable changes in hepatic MMP-2 and
-9 activity in either wild-type or PAI-1�/� mice (data not
shown). In contrast, a �2-fold induction in these proteases
was observed in livers of wild-type mice after 2 weeks of bile
duct ligation. The activities of both isoforms (especially

Fig. 3. Quantitation of fibrotic changes after bile duct ligation. BDL or
sham surgery (Sham) was performed in wild-type and PAI-1 knockout
mice for 2 weeks as described under Materials and Methods. The top
panel depicts results of image analysis of Sirius red staining as described
under Materials and Methods. The bottom panel depicts results of color-
imetric quantitation of hydroxyproline content in liver tissue as described
under Materials and Methods. Data represent means � S.E.M. (n � 4–6).
a, p � 0.05 compared with sham surgery; b, p � 0.05 compared with
wild-type animals subjected to bile duct ligation.

Fig. 4. Effect of bile duct ligation on the expression of PAI-1, �SMA, and
collagen I�1 in mouse liver. BDL or sham surgery (Sham) was performed
in wild-type and PAI-1 knockout mice for 3 days as described under
Materials and Methods. Real-time RT-PCR was performed as described
under Materials and Methods, and results were normalized to �-actin.
Data are means � S.E.M. (n � 4–6) and are reported as -fold over control
values. a, p � 0.05 compared with sham surgery; b, p � 0.05 compared
with wild-type animals subjected to bile duct ligation. n/d, not detectable.
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MMP-9) were induced to a significantly greater extent by bile
duct ligation in livers from PAI-1�/� mice. Furthermore, a
lower mol. wt. band corresponding to “active” MMP-9 was
observed in samples from PAI-1�/� mice after 2 weeks of bile
duct ligation (Fig. 6, top panel, arrow) but was too faint for
quantification by densitometry.

Bile Duct Ligation Induced TIMP-1 to a Similar Ex-
tent in Wild-Type and PAI-1�/� Mice. The activity of
MMPs in vivo is controlled not only by activation of the latent
enzymes but also by inhibition of the active enzyme by
TIMPs. Indeed, antibodies against TIMP-1 were recently
shown to enhance the rate of recovery from CCl4-induced
fibrosis in rats (Parsons et al., 2004). Therefore, the effects of
bile duct ligation on hepatic expression (real-time RT-PCR)
and plasma protein levels (enzyme-linked immunosorbent
assay) of TIMP-1 were determined (Fig. 7). Two weeks of bile
duct ligation significantly increased TIMP-1 message and

protein levels by �40- and �5-fold, respectively, in wild-type
mice. The induction of TIMP-1 caused by bile duct ligation
was not altered in PAI-1�/� mice in comparison with wild-
type animals (Fig. 7). The expression of TIMP-2 in liver was
not significantly altered by 2 weeks of bile duct ligation with
a -fold expression (relative to sham-treated mice) of 1.1 � 0.1
and 0.9 � 0.2 in wild-type and PAI-1�/� mice, respectively.

Phosphorylation of c-Met Is Enhanced in PAI-1�/�

Mice after Bile Duct Ligation. In addition to activating
plasminogen, uPA has also been shown to activate prohepa-
tocyte growth factor (HGF) to mature HGF (Naldini et al.,
1995; Taniyama et al., 2000), which can then bind and acti-
vate its receptor c-Met (Bottaro et al., 1991). Therefore, the
effect of bile duct ligation and knocking out PAI-1 on total
c-Met and activation (phosphorylation) was determined in
liver tissue by Western blot (Fig. 8). In wild-type mice, bile
duct ligation did not alter the amount of detectable phospho
c-Met but significantly decreased the amount of total, leading

Fig. 5. Effect of bile duct ligation on hepatic tPA and uPA activity in
mouse liver. BDL or sham surgery (Sham) was performed in wild-type
and PAI-1 knockout mice for 2 weeks as described under Materials and
Methods. Representative zymographs demonstrating plasmin mediated
casein lysis by tPA and uPA are shown in the top panel. The bottom two
panels show results of densitometric analysis of activity. Data are
means � S.E.M. (n � 4–6) and are expressed as percentage of control
values. a, p � 0.05 compared with sham surgery; b, p � 0.05 compared
with wild-type animals subjected to bile duct ligation.

Fig. 6. Effect of bile duct ligation on hepatic MMP-2 and -9 activity in
mouse liver. BDL or sham surgery (Sham) was performed in wild-type
and PAI-1 knockout mice for 2 weeks as described under Materials and
Methods. Representative zymographs demonstrating gelatin lysis by
MMP-2 and -9 are shown in the top panel. The bottom two panels show
results of densitometric analysis of activity. Data are means � S.E.M.
(n � 4–6) and are expressed as percentage of control values. a, p � 0.05
compared with sham surgery; b, p � 0.05 compared with wild-type
animals subjected to bile duct ligation.
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to a net increase in the ratio of total:phospho. Although total
c-Met was also decreased in livers from PAI-1�/� mice, there
was also a concomitant increase in phospho c-Met under
these conditions. The ratio of phospho:total was significantly
greater in this strain than in any other treatment group.

Discussion
PAI-1�/� Mice Are Protected from Cholestasis-In-

duced Liver Damage and Fibrosis. The major findings of
this study relate PAI-1 expression to liver injury and fibro-
genesis in a mouse model of cholestatic liver injury. Specifi-
cally, it was shown that PAI-1 is induced by bile duct ligation
in mice as early as 3 days after surgery (Fig. 3). Furthermore,
PAI-1�/� mice were protected against early increases in liver
damage, as determined by plasma enzyme release (Fig. 1)
and histologic assessment (Fig. 2, left panels). It should be
noted that the hepatoprotective effect of this knockout seems
to be transient because plasma enzyme levels were not sig-
nificantly attenuated in PAI-1�/� mice 2 weeks after bile
duct ligation (see below). In contrast, PAI-1�/� mice were
dramatically protected against ECM accumulation after 2

weeks of bile duct ligation, as determined by histological
(Figs. 2 and 3, top panel) assessment as well as by hy-
droxyproline content (Fig. 3, bottom panel).

As described above, previous studies have identified a
causal role of PAI-1 in fibrosis of kidneys, lungs, and the
vascular. In liver, a correlation between PAI-1 levels and
protection against fibrosis has been observed. For example,
Bueno et al. (2000) observed a correlation among PAI-1 lev-
els, MMP activity, and protection against cholestasis-induced
liver fibrosis by interferon �-2a. However, a specific causal
role of PAI-1 in hepatic fibrogenesis in vivo had not been
directly determined prior to the current work. Based on stud-
ies with isolated and cultured stellate cells, Leyland et al.
(1996) proposed that PAI-1 may be both antifibrotic and
profibrotic in liver, the former being mediated by the inhibi-
tion of interstitial collagenases during early stages of fibro-
sis. The data shown here clearly support the hypothesis that
PAI-1 is predominantly profibrotic in liver in vivo, at least in
response to bile duct ligation in the mouse.

As mentioned above, PAI-1 has been shown to be induced
in other animal models of hepatic fibrosis (Zhang et al.,
1999). However, in addition to differences in the pattern of
fibrosis between bile duct ligation and toxin-induced (e.g.,
CCl4) fibrosis, hepatocyte death and inflammation are gen-
erally more robust in the latter models compared with bile
duct ligation (Galli et al., 2002; Lotersztajn et al., 2005).

Fig. 7. Effect of bile duct ligation on plasma TIMP-1 expression and
protein levels. BDL or sham surgery (Sham) was performed in wild-type
and PAI-1 knockout mice for 2 weeks as described under Materials and
Methods. Real-time RT-PCR (top panel) was performed as described
under Materials and Methods, and results were normalized to �-actin.
Enzyme-linked immunosorbent assay for mouse TIMP-1 (bottom panel)
was performed in plasma was performed using commercially available
kits. Data are means � S.E.M. (n � 4–6). a, p � 0.05 compared with
sham surgery.

Fig. 8. Effect of bile duct ligation on phosphorylation of c-Met. BDL or
sham surgery (Sham) was performed in wild-type and PAI-1 knockout
mice for 2 weeks as described under Materials and Methods. Western blot
performed as described under Materials and Methods. Representative
Western blots for phospho-c-Met and total c-Met are shown in A. B,
results of densitometric analysis of band intensities and the ratio of
phospho-c-Met to total. Data are means � S.E.M. (n � 4–6). a, p � 0.05
compared with sham surgery; b, p � 0.05 compared with wild-type
animals subjected to bile duct ligation.
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Thus, whether or not PAI-1 is broadly involved in hepatic
fibrogenesis cannot be determined from the results of the
current work. Although a direct role of PAI-1 in toxin-in-
duced hepatic fibrosis has not been determined, previous
studies investigating the plasminogen system indirectly sup-
port such a possible function. For example, genetic deletion of
plasminogen has been shown to exacerbate hepatic fibrogen-
esis in response to CCl4 (Ng et al., 2001). Furthermore, in-
creasing the conversion of plasminogen to plasmin by adeno-
viral overexpression of uPA in rat liver has been shown to
accelerate the recovery from CCl4-induced liver fibrosis (Sal-
gado et al., 2000).

PAI-1�/� Mice Are Protected Independent of ECM
Production. There are multiple levels at which hepatic fi-
brosis is regulated (Bataller and Brenner, 2005). A major
source of regulation is the transformation of stellate cells to
myofibroblasts and production of ECM by these cells. To test
the hypothesis that the protective effect of knocking PAI-1
was mediated at this level, the expression of known indices of
this process (�SMA and collagen I�1) was determined. As
expected, bile duct ligation caused a robust increase in the
expression of these parameters, but this effect was not sig-
nificantly attenuated in PAI-1�/� mice (Fig. 3). Therefore, it
seems unlikely that knocking out PAI-1 confers protection
against hepatic fibrosis caused by bile duct ligation via reg-
ulation of the above-described processes.

How Are PAI-1�/� Mice Protected from Cholestasis-
Induced Liver Damage and Fibrosis? As described above,
PAI-1�/� mice were protected against early (3 days) liver
damage caused by bile duct ligation, as determined by serum
enzyme release (Fig. 1) and histologic evaluation (Fig. 2).
Work by others has shown that liver damage at this time
point after bile duct ligation is mediated predominantly by
hepatic inflammation in general (Gujral et al., 2004b) and
neutrophil accumulation in particular (Gujral et al., 2003,
2004a). Here, it was observed that after 3 days of bile duct
ligation, hepatic infiltration of neutrophils was attenuated in
PAI-1�/� mice (see Fig. 2). A similar correlation between
protection against tissue damage and attenuation of neutro-
phil recruitment has been observed with PAI-1�/� mice in
acute lung damage caused by lipopolysaccharide (Arndt et
al., 2005). PAI-1 has also been shown to be permissive to
neutrophil transendothelial migration in vitro, most likely
via prevention of the degradation of IL-8 (Marshall et al.,
2003). Therefore, it is likely that the protective effect against
bile duct ligation-induced liver damage at this time point is
mediated via a blunting of neutrophil accumulation in the
liver. The lack of protection in PAI-1�/� mice later in the
model (i.e., after 2 weeks of bile duct ligation) may be due to
the relatively higher levels of bile acids at this time point (see
Fig. 1) causing significant direct toxicity to the organ.

In addition to regulating synthesis of ECM, hepatic fibro-
genesis is also determined by the balance between enzymes
that degrade ECM (e.g., MMPs) and their inhibitors (e.g.,
TIMPs) (Arthur, 2000). To determine whether or not PAI-
1�/� mice are protected against hepatic fibrosis at this level,
the effects of bile duct ligation on MMP-2 and -9 activity (Fig.
6), as well as on TIMP-1 levels (Fig. 7), were compared
between wild-type and PAI-1�/� mice. Indeed, although col-
lagenase (MMP-2 and -9) activity was only moderately in-
creased by bile duct ligation in wild-type mice, bile duct
ligation led to significant increase of MMP-2 and -9 activities

in PAI-1�/� mice (Fig. 6). However, the robust induction of
TIMP-1 mRNA and protein by bile duct ligation was similar
in wild-type and PAI-1�/� mice (Fig. 7). Therefore, the in-
crease in MMP activity observed in PAI-1�/� mice cannot be
explained by prevention of the induction of TIMPs.

In addition to the inhibition of activity by TIMPs, MMPs
are also regulated by their conversion from the latent state to
active form by other proteases (e.g., plasmin; see Fig. 9).
Because PAI-1 is a known inhibitor of the major activators of
plasmin in the liver (i.e., uPA and tPA), the effect of bile duct
ligation on the activation of these proteases was also deter-
mined in wild-type and PAI-1�/� mice (Fig. 5). Although bile
duct ligation increased the activity of these proteases, the
induction caused by bile duct ligation was much greater in
PAI-1�/� mice compared with wild-type mice. Taken to-
gether, these data support the hypothesis that PAI-1�/� mice
are protected against cholestasis-induced liver injury via an
enhanced activation of proteases that degrade ECM (see
Fig. 9).

In addition to modulating ECM degradation, PAI-1 may
indirectly mediate hepatic fibrogenesis caused by bile duct
ligation via prevention of the activation of HGF by uPA
(Naldini et al., 1995). In support of this hypothesis, increas-
ing hepatic HGF levels via adenoviral expression also have
been shown to enhance the rate of recovery from experimen-
tal fibrosis and cirrhosis in rats (Ueki et al., 1999; Lin et al.,
2005). In the present study, total c-Met was decreased by bile
duct ligation, and the phosphorylation of c-Met was signifi-
cantly enhanced in PAI-1�/� mice (Fig. 8). Taken together,
these results add further support to the hypothesis that
HGF/c-Met are involved in protection from fibrosis in the
liver.

In summary, a robust protection against hepatic fibrosis
was observed in mice deficient in PAI-1. Recent studies have
identified a beneficial role of inhibiting TIMPs in CCl4-in-
duced fibrosis in rats (Parsons et al., 2004). The data shown
here suggest that agents that target the induction or activity
of PAI-1 may also be beneficial and/or complementary to
drugs that target TIMP activation. Whether or not PAI-1 is
specific to cholestasis-induced fibrosis or is broadly involved
in hepatic fibrogenesis is the focus of future studies. Further-

Fig. 9. Proposed mechanism by which PAI-1 contributes to hepatic fibro-
sis. PAI-1 is induced during fibrogenesis and is a potent inhibitor of the
plasminogen activators (tPA and uPA), which convert plasminogen to
plasmin. Plasmin can indirectly degrade ECM via activation of MMPs.
Plasmin can also potentially directly degrade ECM components (e.g.,
fibrin, fibronectin, laminin, proteoglycan, and type IV collagen).
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more, most studies in humans thus far have focused on the
role of the plasminogen system on the development of the
hyperfibrinolytic state with advanced liver cirrhosis (e.g.,
Toschi et al., 1993). Whether or not PAI-1 contributes to the
initiation and progression of fibrosis in humans should be
investigated.
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