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Abstract

Liver fibrosis due to hepatic stellate cell (HSC) activation represents a common response to chronic
liver injury. PTK787/2K222584 (PTK/ZK) is a pan-VEGFR tyrosine kinase inhibitor. The aim of
this study was to examine the effect of PTK/ZK in liver fibrosis. In primary HSCs, PTK/ZK inhibited
the expression of a-smooth muscle actin (a-SMA), collagen, tissue inhibitor of metalloproteinase-1
(TIMP-1), as well as cell proliferation, migration and actin filament formation. PTK/ZK-induced
apoptosis of HSCs, which was correlated with increased caspase-3 activation and suppressed Bcl-2
expression. PTK/ZK also induced cell cycle arrest, accompanied by increasing the expression of
p27KiPL and downregulation of cyclin D1 and cyclin E. PTK/ZK significantly inhibited vascular
endothelial growth factor (VEGF) expression, as well as VEGF-simulated cell proliferation and
phosphorylation of Akt in activated HSCs. In a murine fibrotic liver, PTK/ZK attenuated collagen
deposition and a-SMA expression in carbon tetrachloride-induced fibrosis in both a ‘prevention’ and
‘treatment’ dosing scheme. These beneficial effects were associated with reduced phosphorylation
of Akt and suppressed mRNA expression of procollagen-(1), TIMP-1, matrix metalloproteinase-9
and CD31. These findings provide novel insights into the potential value of blocking VEGF signaling
by a small molecule tyrosine kinase inhibitor in treating hepatic fibrosis.
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Chronic liver injury from chronic hepatitis, alcohol, cholestasis, drugs and a range of insults
typically leads to liver fibrosis; its end stage, cirrhosis, is a major clinical problem worldwide
because of life-threatening complications of portal hypertension, liver failure and
hepatocellular carcinoma. Therapeutic efforts aim to halt or diminish the progression of liver
fibrosis and thus prevent the development of liver cirrhosis and hepatocellular carcinoma.
Unfortunately, there is currently no effective drug for liver fibrosis.
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Hepatic fibrosis is characterized by altered extracellular matrix (ECM), consisting of a net
increased synthesis of collagens, especially type I, and decreased matrix degradation catalyzed
by the activity of matrix metalloproteinases (MMPs).! Decreased activity of ECM-removing
MMPs is mediated in part by enhanced expression of tissue inhibitors of metalloproteinases
(TIMPs).1

The activated hepatic stellate cell (HSC) is primarily responsible for the synthesis of the excess
ECM during liver fibrosis.? In response to liver damage, HSC transforms from a quiescent
vitamin A-rich cell type to an activated myofibroblast (a-smooth muscle actin (a-SMA)-
expressing) phenotype, acquiring fibrogenic properties, secretion of proinflammatory
cytokines, proliferation, migration and contractile capacity.3~’ Moreover, recovery from
established experimental fibrosis can occur through the apoptosis of HSCs, and is associated
with reductions in liver collagen and decreased expression of TIMP-1.8

Recent evidence indicates that angiogenesis is of central importance for many pathological
events including fibrogenesis.® Of those angiogenic modulating factors, vascular endothelial
growth factor (VEGF) is the most potent. VEGF-induced angiogenesis may also contribute to
wound repair, including hepatic fibrogenesis.10 The effects of VEGF are mediated mainly
through two high affinity tyrosine kinase receptors, VEGF receptor-1 (Flt-1) and VEGF
receptor-2 (FIk-1/KDR).11 Recently, Yoshiji et al'2 reported that VEGF signaling is involved
in the development of liver fibrosis. Moreover, activated HSCs express VEGF and VEGF
receptors in the liver after carbon tetrachloride (CCl,) and may be responsive to hypoxia by
expressing VEGF in vitro.13 However, downstream pathways of VEGF signaling in HSCs
have not been evaluated.

Because of its role in fibrosis, inhibiting VEGF signal transduction provides an opportunity
for therapeutic intervention. Indeed, blockage of VEGF receptors by specific neutralizing
antibodies significantly attenuates the progression of liver fibrosis.12 An emerging therapeutic
strategy aims to generate small molecule inhibitors of receptor tyrosine kinase domains.
PTK787/ZK222584 (PTK/ZK), a potent pan-VEGFR TKI, inhibits angiogenesis, tumor
growth and metastasis formation in experimental carcinoma models.1415 PTK/ZK has
displayed activity in early clinical trials.16:17 In this study, we examined the effects of PTK/
ZK on the development of liver fibrosis induced by CCl,. Direct effects of PTK/ZK on fibrosis
as well as HSC responses on VEGF-mediated signaling were investigated.

MATERIALS AND METHODS

Drug

PTK/ZK (succinate salt) was provided by Novartis Pharma AG (Basel, Switzerland). For in
vitro assays, a stock solution of 50 mM PTK/ZK was prepared in DMSO. PTK/ZK
(dihydrochloride salt) was synthesized as previously described.18 For in vivo studies, the
dihydrochloride salt was dissolved in distilled water.

HSC Isolation and Culture

HSCs were purified from normal rats, the nonparenchymal cell suspension by a single step
density gradient centrifugation with Nycodenz, characterized and cultured as described in
detail previously.1® Experimental manipulations were performed with cells at passages 4-7.

Animals and Administration of CCly,

Male Balb/c mice, aged 6 weeks, were purchased from Laboratory Animal Unit. The research
protocol was approved by the Institutional Ethics Committee. The experimental plan included
a ‘prevention’ regimen and ‘treatment’ regimen. All fibrotic experimental groups received

Lab Invest. Author manuscript; available in PMC 2010 June 21.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Histological

Page 3

CCly (2 ml/kg per body weight dissolved in 150 ul of olive oil) twice per week. In the
‘prevention’ regimen, the first group (sham control) received olive oil injection, the second
group received CCly injection for 6 weeks whereas animals in the third group were injected
with CCl4 concurrently with administration with PTK/ZK p.o. (50 mg/kg) daily for 6 weeks.
In the “treatment’ regimen, the first group (sham control) received olive oil injections. The
second group was administered CCl, for 2 or 4 weeks. The third group was administered
CCly for 2 or 4 weeks and then administered PTK/ZK p.o. (50 mg/kg) daily for 6 weeks,
together with CCly injection. A fourth group was injected with CCly for 8 or 10 weeks. At the
time of killing, hepatectomy was performed and liver tissue samples were either frozen
immediately in liquid nitrogen and stored at —70°C or fixed in 10% buffered formalin and
embedded in paraffin.

and Immunohistochemical Studies

Liver samples were formalin-fixed, paraffin-embedded, sectioned at 4 zm and processed
routinely for Sirius red staining.2% Collagen stained with Sirius red was quantitated in six
randomly selected areas per sample at a magnification of x 40. The area of positive staining
was quantified using a computer-aided image analysis system NIS-Elements Advanced
Research (Nikon, Tokyo, Japan). Immunohistochemical staining of a-SMA was performed as
previously described.2! Morphometric quantification of a-SMA-positive area in liver
specimens was determined as described before.

Serum Chemistries

Serum albumin (ALB), total bilirubin (TBil), alanine aminotransferase (ALT), aspartate
aminotransferase (AST) were measured using standard laboratory assays. Serum hyaluronic
acid (HA) was assayed using the HA test kit (Corgenix UK Ltd, Peterborough, Cambridgeshire,
UK) according to the manufacturer’s instructions.

Effects of PTK/ZK on HSC Proliferation and VEGF-Induced HSC Proliferation

Proliferation of HSC cells was measured by bromodeoxyuridine (BrdU) incorporation using
BrdU labeling and detection kit (Roche Diagnostics Corporation, Indianapolis, IN, USA). Cells
were plated at a density of 2 x 103 cells per well into 96-well plates and cultured overnight.
PTK/ZK was added in serial dilutions in the medium containing 1% FCS and cell proliferation
was measured by BrdU incorporation at 72 h. BrdU labeling solution was added, followed by
incubation for another 16 h before fixation, addition of nucleases, anti-BrdU-POD and
peroxidase substrate. The absorbance at 405 nm (with a reference wavelength at 490 nm) was
measured using an ELISA plate reader (Molecular Devices Corp., Sunnyvale, CA, USA). For
the effect of VEGF-induced HSC proliferation, HSCs were cultured in 96-well plates coated
with acid-soluble type I collagen from rat tail tendon overnight,22 followed by washing cells
with PBS twice and replacing growth medium with medium (0.1% FCS) containing VEGF
(0.1-50 ng/ml; R&D Systems, Minneapolis, MN, USA). Cell proliferation was measured by
BrdU incorporation at 48 and 72 h. For the effect of PTK/ZK on VEGF-induced cell
proliferation, PTK/ZK was added 3 h before VEGF (10 ng/ml). Cell proliferation was
performed using BrdU incorporation method as described before.

HSC Migration Assay

The migratory capacity of HSCs was investigated by using a BioCoat Matrigel Invasion
Chamber (Becton Dickinson, San Jose, CA, USA). Confluent HSCs at the top chamber were
incubated in serum free medium for 24 h, and the lower chamber was filled with PTK/ZK at
incremental concentrations. After incubation for 24 h, cells from the upper surface of
membranes were completed removed with gentle swabbing. The remaining migrated cells on
the lower surface of membranes were fixed and stained with hematoxylin and eosin. Cellular
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migration was determined by counting the number of stained cells on membranes in five
randomly selected fields at high power. HSCs that migrated through the membrane were
enumerated by flow cytometry as described before.23

Effect of PTK/ZK on HSC Actin Cytoskeleton

HSCs were treated with incremental concentrations of PTK/ZK for 24 h. HSCs were then fixed
with formaldehyde (3.7%) for 5 min at room temperature, followed by permeabilization with
0.1% Triton X-100. Cells were stained with 50 xg/ml fluorescent phalloidin conjugate (Sigma,
St Louis, MO, USA) for 40 min, and analyzed under a fluorescence microscope (Olympus
BX-50).

Effect of PTK/ZK on a-SMA Expression on HSCs by Flow Cytometry

HSCs were removed from the culture dish and fixed in 1 ml 4% paraformaldehyde, pelleted
and resuspended in 1 ml of saponin buffer (0.1%, w/v saponin plus 0.05% azide in PBS) for
permeabilization. The cells were washed with flow cytometry buffer (ice-cold PBS containing
2% FBS and 0.05% sodium azide) and incubated with a-SMA antibody (Dako, Glostrup,
Denmark) for 45 min at 4°C. After washing, the cells were incubated with anti-mouse PE (BD
PharMingen, San Diego, CA, USA) for 30 min. Cells were then washed and percentage of cell
expressing a-SMA were subjected to flow cytometry analysis by FACS calibur (Becton
Dickinson) according to the method described before.1®> Mouse 1gG,;, (Zymed Laboratories,
South San Francisco, CA, USA) was included as a negative control.

Detection of Cell Apoptosis by Flow Cytometry

HSCs were treated with PTK/ZK at different concentrations for 24 in the medium containing
1% FCS. According to BD PharMingen’s instructions, HSCs were labeled with Annexin V-
FITC (BD PharMingen, San Jose, CA, USA) and propidium iodide (PI; Sigma) for flow
cytometry analysis.

Cell Cycle Analysis by Flow Cytometry

HSCs were treated with PTK/ZK in the medium containing 1% FCS for 24 h. Cells were
washed, fixed with ice-cold 70% ethanol and incubated in 800 ul PBS, 100 «lI RNase (1 mg/
ml; Sigma) and 20 ul PI 2 mg/ml for 30 min at 37°C, followed by flow cytometry analysis
using FACS calibur (Becton Dickinson). The percentage of cells in the Go—G1 and G,—M
phases was assessed by ModFit LT software (Verity Software House, Topsham, ME, USA).

Effect of PTK/ZK on VEGFRs Expression on HSCs by Flow Cytometry Analysis

HSCs were pretreated with PTK/ZK at various concentrations overnight before removing the
cells from plastics and labeling for VEGFRs (Flt-1, FIk-1/KDR) antibodies. HSCs were
incubated with FIk-1/KDR or Flt-1 antibodies (Santa Cruz Biotechnology) for 45 min at 4°C,
washed with ice-cold PBS, and then incubated with anti-rabbit PE (BD PharMingen) for 30
min. Cells were washed and then subjected to flow cytometry analysis by FACS calibur (Becton
Dickinson). Rabbit 1gG (Zymed Laboratories) was included as a negative control.

Analysis of mMRNA Expression

The mRNA expression of a1-(1)-procollagen, CD31, TIMP-1, MMP-9 and VEGF was
evaluated by real-time PCR. Total RNA was isolated from liver tissues and HSCs using RNeasy
Mini kit (Qiagen Inc., Hilden, Germany), according to the manufacturer’s instruction. For
cDNA synthesis, Tagman reverse transcription reagents were used as described in the
manufacture’s protocol (PE Applied Biosystems, Foster City, CA, USA). Quantitative real-
time PCR was performed using Tagman Universal PCR Master Mix kit (PE Applied
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Biosystems) on a PE Applied Biosystems 7700 sequence detector. The amplification
conditions on the PE Applied Biosystems 7700 sequence detector were the following: 2 min
at50°C, 10 min at 95°C, 40 cycles of 95°C for 15 sand 60°C for 1 min for all reactions. Relative
gene expression was calculated using 18S as internal control.

Western Blot

For analysis of the expression of collagen-, caspase-3, Bcl-2, p27KiP1 (p27), cyclin D1, cyclin
E, Flt-1, FIk-1, HSCs were treated with PTK/ZK at incremental concentrations in the medium
with 1% FCS for 24 h, washed twice with PBS before lysis. For examine the effect of PTK/
ZK on VEGF induction of expression of Akt, HSCs were serum deprived overnight, and then
were treated with PTK/ZK for 3 h, followed by stimulation with VEGF 10 ng/ml for 10 min
before lysis. For liver samples from mice, tissues were homogenized and lysed using lysis
buffer. Following blocking, membranes were immunoblotted with the following antibodies:
type | collagen (Rockland Inc., Gillbertsville, PA, USA), p27 (Transduction Laboratory,
Lexington, KY, USA), caspase-3, Bcl-2, cyclin D1, cyclin E, Akt and phospho-Akt (Cell
Signaling), Flt-1 and FIk-1 (Santa Cruz Biotechnology) for 18 h at 41C, followed by detection
using HRP-conjugated secondary antibody (Santa Cruz Biotechnology; 1 h, room
temperature). Immunoreactive protein bands were visualized by the ECL system (Amersham
Biosciences).

Statistical Analysis

RESULTS

Continuous data were expressed as meanzs.e.m. One-way ANOVA or two-tailed Student’s t-
test was used where appropriate. A P-value <0.05 was considered statistically significant.

PTK/ZK Inhibits HSC Activation in Culture

Isolated HSCs were incubated with PTK/ZK for 24 h at the concentration of 5 or 10 uM. HSC
activation was evaluated by assessing intracellular expression of a-SMA using flow cytometry.
The proportion of a-SMA-positive cells, determined by percentage of cells expressing a-SMA,
was significantly decreased following PTK/ZK treatment (Figure 1a). The proliferation of
HSCs is also a feature of cell activation and treatment with PTK/ZK for 3 days inhibited cell
proliferation in a dose-dependent manner as assessed by BrdU incorporation (Figure 1b).
Similarly, in HSCs treated with PTK/ZK, cells exhibited less migratory activity compared to
untreated cells (Figure 1c, P<0.05). As shown in Figure 1d, activated HSCs exhibited well-
organized bundles of F-actin stress fibers. PTK/ZK treatment led to a transformation of cell
shape accompanied by the disruption of these fibers (Figure 1d). As HSC activation is
responsible for the increased synthesis and deposition of type | collagen in the liver, we
determined whether PTK/ZK was involved in regulating a1 (1) collagen expression in activated
HSCs. PTK/ZK treatment reduced type | collagen protein expression by western blot (Figure
1e). In addition, activated HSCs can also inhibit the activity of interstitial collagenases through
upregulation of TIMP-1.24 Indeed, gene expression of TIMP-1 was elevated in activated HSCs
and PTK/ZK treatment significantly reduced TIMP-1 mRNA (Figure 1f).

PTK/ZK Induces Apoptosis of HSCs

PTK/ZK treatment of activated HSCs significantly increased the level of apoptosis as assessed
by Annexin V-FITC and PI staining (Figure 2a). To investigate proapoptotic signaling
pathways activated following PTK/ZK incubation, lysates of rat HSCs that had been treated
for 24 h with PTK/ZK were analyzed by western blotting for caspase-3 and Bcl-2. As shown
in Figure 2b, cleavage of caspase-3 protein was significantly increased after PTK/ZK treatment,
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whereas there was no significant change in the total caspase-3 protein. Reduced Bcl-2 protein
expression was also observed in HSCs after PTK/ZK pretreatment.

PTK/ZK Induces Cell Cycle Arrest in Activated Rat HSCs

To further examine cell cycle effects, flow cytometric analysis of DNA content was performed
on HSCs treated with PTK/ZK to investigate effects upon the cell cycle. PTK/ZK treatment
significantly increased the number of cells in Gg—G phase with a corresponding decrease in
the number of cells in S and Go—M phases (Figure 3a). To determine the molecular basis of
Gy arrestinduced by PTK/ZK, we studied the expression of the cyclin-dependent kinase (CDK)
inhibitor p27 in HSCs treated with incremental concentrations of PTK/ZK. As the G, phase to
S phase transition is primarily controlled by the D cyclins and cyclin E,2° we also examined
the expression of cyclin D and cyclin E protein levels. PTK/ZK treatment at 5 or 10 uM
significantly increased p27 expression and reduced cyclin D1 and cyclin E protein expression
in HSCs pretreated with PTK/ZK at 5 or 10 uM (Figure 3b).

PTK/ZK Reduces Expression of Flk-1, FIt-1 and VEGF in Cultured HSCs

As shown in Figure 4a and b and described previously,3 both FIk-1 and Flt-1 are expressed
on activated HSCs. PTK/ZK treatment significantly inhibited FIk-1 and Flt-1 expression as
measured by both the percentage of VEGF receptor positive cells and VEGF receptor
expression levels (mean channel fluorescence) using flow cytometry (Figure 4a). However,
only Flt-1 was inhibited by PTK/ZK as assessed by western blot, whereas there was no effect
on Flk-1, contrast to results obtained by flow cytometry (Figure 4b). VEGF mRNA expression
in activated HSCs was significantly suppressed by PTK/ZK (Figure 4c).

PTK/ZK Suppresses VEGF Activity in Cultured HSCs

Consistent with a previous report,28 VEGF-induced proliferation of HSCs plated on type |
collagen in a dose dependent manner (Figure 5a), whereas PTK/ZK treatment significantly
inhibited HSC proliferation induced by this cytokine (Figure 5b). As the PI3-kinase-Akt
pathway reportedly involved in VEGF signaling and biological actions,2’ we investigated
whether VEGF activated the Akt pathway in HSCs. As shown in Figure 5¢, VEGF promoted
the phosphorylation of Akt. HSCs pretreated with PTK/ZK significantly blocked
phosphorylation of Akt induced by VEGF (Figure 5c).

PTK/ZK Attenuates Liver Fibrosis In Vivo

After either 2 or 4 weeks of CCl, injection, Sirius red staining revealed a marked increase in
the extent of liver fibrosis, which was even more severe following 6, 8 or 10 weeks of CCly
administration (Figure 6). PTK/ZK treatment significantly reduced the degree of liver fibrosis
(Figure 6), an inhibitory effect that was more pronounced in the prevention regimen than in
the treatment regimen, as expected. The antifibrotic properties of PTK/ZK in CCly-treated mice
were confirmed by assessing the effect of PTK/ZK on hepatic a-SMA protein expression in
situ by immunohistochemistry. As shown in Figure 7, PTK/ZK dramatically suppressed a-
SMA expression in CCly-treated mice compared with the controls. To provide further evidence
of the antifibrotic properties of PTK/ZK in CCly-treated mice, we measured serum fibrosis
marker HA. In both prevention and treatment regimens, HA was significantly lower compared
to the control groups (Table 1). In addition, serum AST and ALT were significantly suppressed
by treatment with PTK/ZK, whereas serum ALB and TBil levels did not change with the use
of PTK/ZK (Table 1).

PTK/zZK Reduces al-(l)-Procollagen, TIMP-1, MMP-9 and CD31 Gene Expression

We next investigated whether the reduced collagen deposition was associated with reduced
MRNA expression. PTK/ZK administration markedly reduced a1-(l)-procollagen gene
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expression in the livers in both the prevention and treatment groups compared with the
respective CCly-treated control groups (Figure 8a). Given that MMPs and TIMPs are two major
components of the ECM remodeling system, and that their activity closely correlates with the
severity of liver fibrosis,28 we next compared TIMP-1 and MMP-9 gene expression in liver
tissue samples obtained from CCly-treated mice receiving PTK/ZK, and with those receiving
CCly only. PTK/ZK treatment significantly downregulated TIMP-1 and MMP-9 gene
expression (Figure 8b and c). Finally, we examined whether the inhibitory effects of PTK/ZK
were also associated with suppression of neovascularization by evaluating CD31 gene
expression in vivo, a marker of angiogenesis.2? PTK/ZK significantly suppressed CD31 gene
expression compared with the control groups (P<0.01; Figure 8d). The inhibitory impact was
more potent in the prevention groups that in the treatment groups.

PTK/ZK Inhibits Akt Activation In Vivo

The effects of PTK/ZK on Akt in vivo were evaluated by western blot. Figure 9 demonstrates
that PTK/ZK markedly downregulated the expression of phosphorylated Akt in the livers of
both prevention and treatment groups, whereas total Akt remained unchanged.

DISCUSSION

PTK/ZK, a potent receptor tyrosine kinase inhibitor, was initially developed as an
antiangiogenic agent that inhibits VEGFR. In our previous study, we demonstrated that PTK/
ZK exerted a direct effect on tumor cells, in addition to endothelial cells.1® In this study, we
examined whether activated HSC could also be the target of PTK/ZK.

The activated HSC is a major target for antifibrotic therapies based on its recognition as the
major fibrogenic cell type of the injured liver.39-32 PTK/ZK inhibited HSC activation as
indicated by inhibition of a-SMA expression and HSC proliferation and migration. Activated
HSCsalso display reorganized actin filaments and develop prominent cytoplasmic stress fibers,
33 and these modifications were inhibited by PTK/ZK. PTK/ZK also significantly suppressed
type | collagen expression, as well as inhibiting TIMP-1 expression.

We previously reported that PTK/ZK exerted a direct effect on tumor cells by inducing
apoptosis and disrupting cell cycle progression.® Similarly, PTK/ZK promoted apoptosis of
HSCs coincident with increased activation of caspase-3, a central caspase in the apoptotic
cascade.3* Moreover, our study also demonstrated for the first time that the expression levels
of both Bcl-2 significantly decreased after PTK/ZK treatment. Recently, overexpression of
Bcl-2 in activated HSCs resulted in resistance of apoptosis, which may contribute to the
progression of fibrosis in chronic liver diseases.3> We also demonstrated that PTK/ZK-induced
growth arrest of HSCs associated with G1 arrest and partial S and G,—M block. This effect was
associated with an increase in p27 and a decrease in cyclin D1 and cyclin E expression. These
changes in cell cycle proteins are likely to be important as the G4 to S transition is regulated
by cyclin D and E. In cultured rat HSCs, expression of cyclin D1 and E correlates with cell
proliferation.36

Furthermore, we assayed the expression of VEGF and its receptors in activated HSC, and its
activity. Consistent with the previous reports,}3:37 VEGFR (Flt-1 and Flk-1) and VEGF are
expressed in activated HSCs. PTK/ZK treatment significantly inhibited the surface expression
of both Flt-1 and FIk-1 by flow cytometry and of only Flt-1 by western blot. Therefore, the
effect of PTK/ZK on Flt-1 and Flk-1 might be divergent. PTK/ZK might indeed inhibit Flt-1
expression, whereas provoking Flk-1 internalization in HSCs. In addition, PTK/ZK not only
reduced VEGF mRNA expression, but also inhibited VEGF stimulated proliferation of
activated HSCs, and activation of Akt pathway, which is an important intracellular mediator
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of growth signals in HSCs. Akt activation stimulates HSC proliferation, mediates HSC survival
and resistance to apoptosis, and increases collagen production by HSCs.38:39

The antiproliferative effect of PTK/ZK on HSCs appear to be mediated through multiple
mechanisms, including (1) inhibition of the Akt pathway, (2) induction of caspase-3 activity
and inhibition of Bcl-2 expression, (3) an increase in the expression of CDK inhibitors p27
and decrease in the expression of cyclin D and cyclin E1. Our findings uncover a molecular
link between PTK/ZK as a VEGF receptor tyrosine kinase inhibitor and Akt-mediated HSC
proliferation, migration, collagen expression, apoptosis and cell cycle distribution. This also
provided further evidence that the effect of PTK/ZK on HSC may also through targeting
VEGFR and inhibition of its downstream target Akt, subsequently.

In this study, we have demonstrated that PTK/ZK also significantly blocks hepatic fibrosis in
vivo induced by CCly, based on its inhibitory effect on collagen deposition, a-SMA expression
and serum markers. PTK/ZK not only reduced procollagen gene expression, but also
suppressed TIMP-1 and MMP-9 and CD31 gene expression. TIMP-1 is involved in the
pathogenesis of liver fibrosis and its increase in hepatic fibrosis leads to enhanced survival of
activated stellate cells and reduced degradation of interstitial, or ‘scar’ matrix.%0 TIMP-1 forms
specific complexes with the proenzyme form of MMP-9. Therefore, the overexpression of
MMP-9 in livers of CCl, animals might be sequestering the available TIMP into MMP/TIMP
complexes. Furthermore, MMP-9 is also contributes HSC activation.*! Angiogenesis and
fibrosis commonly occur together in many disease states where neovascularization is believed
to initiate the pathological cascade.*2 Indeed, we found that CD31, a sensitive marker in
endothelial cells, was markedly inhibited by PTK/ZK not onlyat onset of fibrogenesis
induction, but also at 2 or 4 weeks after CCly injection, which more closely models the typical
clinical situation.

The effect of PTK/ZK on AST and ALT after CCl, injection indicates an additional activity
in reducing inflammatory activity, a highly beneficial property of a therapy for hepatic injury
and fibrosis. Moreover, consistent with the culture data, Akt phosphorylation was significantly
inhibited in livers of mice that received PTK/ZK in addition to CCly.

In conclusion, our data demonstrate that treatment with a receptor tyrosine kinase inhibitor
PTK/ZK markedly attenuated development of liver fibrosis by direct suppression of HSC
activation. In addition, some hepatoprotective activity of PTK/ZK is apparent based on the
reduction in transaminases (Table 1), which offers an additional therapeutic advantage of this
compound, as it could both improve hepatocyte integrity whereas reducing stellate cell
activation as two independent but complementary activities. Importantly, PTK/ZK is capable
of inhibiting liver fibrosis and blocking VEGF-regulated HSC activation. Our study provides
the rationale for the therapeutic trials of PTK/ZK alone or in combination with other antifibrotic
therapies for the treatment of liver fibrosis.
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Figure 1.

The effect of PTK/ZK on HSC activation in culture. (a) Expression of HSC activation marker
a-SMA was significantly inhibited by PTK/ZK. Isolated HSCs were incubated with PTK/ZK
for 24 h at the concentration of 5 or 10 xM, and labeled with a-SMA antibody for flow
cytometry analysis. The percentage of a-SMA-positive cells was significantly decreased
followed by PTK/ZK treatment. Data are meanzg . of three different experiments. (b) Effect
of PTK/ZK on HSC proliferation. HSCs were cultured for 72 h in the presence of various
concentrations of PTK/ZK. Proliferation was measured by BrdU incorporation assay. Results
were representative of three experiments and each concentration was repeated six times in each
experiment. (¢) PTK/ZK inhibited migration of HSC measured by using Invasion Chamber as
described in Materials and Methods section. HSCs were incubated in serum free medium for
24 h in the upper compartment of the chamber and were tested for migration in the lower
compartment in the present of various concentrations of PTK/ZK. Cells migrated through to
the lower compartment were quantified by cell counting. Values are expressed as a percentage
of untreated control from three independent experiments. (d) PTK/ZK inhibited cytoskeleton
rearrangement in activated HSCs. Fluorescence microscope shows changes in the cytoskeletal
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organization of rat HSCs after 24 h culture in the presence of PTK/ZK (10 pM). Fluorescent
conjugates of phalloidin were used to label actin filaments. () HSCs were treated with
incremental concentrations of PTK/ZK for 24 h. Analyzed by western blot, expression of
collagen | was significantly inhibited by PTK/ZK. (f) Quantification of mMRNA levels of
TIMP-1. Total RNA was isolated from HSCs using RNeasy Mini kit, and TIMP-1 gene
expression was measured by real-time PCR. PTK/ZK significantly suppressed TIMP-1
expression. TIMP-1 values were normalized to 18S mRNA values. Data are expressed as mean
+s.e., *P<0.05.
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Figure 2.

The effect of PTK/ZK on HSC apoptosis. (a) HSCs were incubated with PTK/ZK at different
concentrations for 24 h. Cells were harvested and double-stained for Annexin V-FITC and P,
apoptosis was quantified as Annexin V positive and Pl negative. Representative of three
experiments and each concentration was repeated twice in each experiment. Data are expressed
as meanzs.e., *P<0.05. (b) The effect of PTK/ZK treatment on caspase-3 and Bcl-2 protein
expression in HSCs. Western blot was performed on total lysates from HSCs treated with
different concentrations of PTK/ZK for 24 h. The results of a representative study are shown.
Two additional experiments yielded similar results.
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Figure 3.

Effect of PTK/ZK on cell cycle distribution of HSCs. (a) HSCs were pretreated with PTK/ZK
at various concentrations for 24 h, and then labeled with PI, followed by flow cytometry
analysis. Compared to control untreated cells, PTK/ZK led to accumulation of cells in the
Gp—G1 phase and diminished distribution in the S and G,—M phases. (b) The effect of PTK/
ZK treatment on p27, cyclin D1 and cyclin E protein expression in HSCs. Expression of the
proteins in control HSCs or cells treated with PTK/ZK at different concentrations for 24 h was
analyzed by western blot. The results of a representative study are shown. Two additional
experiments yielded similar results.
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Figure 4.

Effect of PTK/ZK on the expression of Flt-1, FIk-1 and VEGF on HSCs. (a) Activated HSCs
were treated with PTK/ZK at various concentrations overnight. HSCs were then labeled with
anti-Flt-1, or anti-FIk-1, followed by anti-rabbit PE, and analyzed by flow cytometry. Surface
expression of Flt-1 and FIk-1 is presented as percentages of cells positive for the receptors, and
also as mean channel fluorescence (MCF) on HSCs. Data are meanzs.e. from three
experiments, *P<0.05. (b) HSCs were treated with PTK/ZK at indicated concentrations and
cultured in the medium containing 1% FBS for 24 h. Cell lysates were subjected to western
blot for analysis of Flt-1 and FIk-1 proteins. A representative study from three experiments is
shown. (c) Effect of PTK/ZK on VEGF mRNA. HSCs were treated with PTK/ZK at the
indicated concentrations before measurement of VEGF mRNA expression by real-time PCR.
PTK/ZK incubation results in significant reduced VEGF mRNA expression. Data are presented
as meants.e., n = 3, *P<0.05.
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Figure 5.

Effects of PTK/ZK on VEGF-induced HSC proliferation and Akt expression. (a) HSCs were
cultured on plastic dishes precoated with type | collagen. VEGF was added at the indicated
concentration and cells were incubated for 48 or 72 h. HSC proliferation was measured by
BrdU incorporation as described in Materials and methods section. Data are meanzs.e. from
three experiments and each concentration was repeated six times in each experiment, *P<0.05.
(b) PTK/ZK at various concentrations was added to HSCs with or without VEGF (10 ng/ml).
The proliferation of HSCs induced by VEGF was significantly inhibited by PTK/ZK in a dose-
dependent manner. Data are presented as meanzs.e., n = 3, *P<0.05. (¢) PTK/ZK inhibited
VEGF stimulated Akt pathway. HSCs were treated for 3 h with PTK/ZK where indicated, and
were then stimulated with 10 ng/ml VEGF for 10 min. Cell lysates were analyzed for total Akt
and phospho-Akt by western blot. The results of a representative study from three experiments
are shown.
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Figure 6.
Effects of PTK/ZK on fibrosis in vivo. Photomicrographs of liver sections stained with Sirius

red: (a) CCly injection for 6 weeks. (b) PTK/ZK administration started at the same time of
CCly injection, and continued for 6 weeks. (c)CCly injection for 2 weeks. (d) CCl, injection
for 8 weeks. (e) After 2 weeks of CCly, PTK/ZK was administered together with CCly, for
additional 6 weeks. (f) CCly injection for 4 weeks. (g) CCly injection for 10 weeks. (h) After
4 weeks of CCly, PTK/ZK was administered together with CCl, for additional 6 weeks. Mice
were killed to assess the extent of liver fibrosis. Liver fibrosis was apparent by 2 weeks of
CCly, whereas PTK/ZK significantly suppressed liver fibrosis (original magnification 200).
(i) Quantitative analysis of liver fibrosis. Percent area of liver fibrosis was calculated using
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Sirius red staining as described in Materials and Methods section. Results are expressed as
meanzs.e. of eight samples, *P<0.05 (original magnification x40).
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Figure 7.

Hepatic immunohistochemical staining for a-SMA: for groups see caption of Figure 6. Many
a-SMA-positive stellate cells are seen in livers of CCls-induced mice, whereas significant
decreased a-SMA-positive cells are present in livers of PTK/ZK-treated mice. a-SMA-positive
areas in liver sections were quantified by NIS-Elements AR. Data are meants.e., n = 8,
*P<0.05 (original magnification x200).
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Figure 8.

mRNA expression of (a) procollagen, (b) TIMP-1, (c) MMP-9 and (d) CD31 in the livers of
control and PTK/ZK-treated groups measured by real-time PCR. Total RNA was isolated from
liver tissues using RNeasy Mini kit, and mRNA was quantitated by real-time PCR as described
in Materials and Methods section. The expression was normalized as a ratio using 185 mRNA
as a housekeeping gene. The expression of these molecules was significantly suppressed after
PTK/ZK administration. The data represent meanzs.e. Each group consisted of eight mice.
Statistically significant difference was compared with the groups of CCly injection only
(*P<0.05).
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Figure 9.

Effect of PTK/ZK treatment on Akt expression in the livers from mice received CCl, with or
without PTK/ZK administration. Phospho-Akt and total Akt protein expression were analyzed
by western blot on total lysates from liver specimens of mice untreated (control) or treated with
PTK/ZK at 50 mg/kg per day. Results showed were from four animals in each group. The
relative expression of phospho-Akt was calculated by the ratio of the band intensity relative to
f-actin.
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