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Abstract

Angiogenesis is a key pathogenic event in hepatic fibrogenesis, which is mediated by activated hepatic stellate cells (HSCs). TNP-470 is
a known anti-angiogenic agent in cancer, and in this study, we investigated the regulatory mechanisms of TNP-470 blockage of vascular
endothelial growth factor (VEGF) synthesis in activated HSCs. Primary HSCs were isolated from rat liver, cultured in vitro, and
activated with platelet-derived growth factor-BB (PDGF-BB). After treatment with TNP-470, Nimesulide, PD98059, SB203580 or
SP600125, activated HSCs were analyzed by immunoblotting, quantitative RT-PCR, and ELISA for mitogen-activated protein kinase
(MAPK) family [ERKs, JNK, and p38], cyclooxygenase-2 (COX-2), and VEGF levels. Phosphorylation of p44/42 MAPK, which was
followed by increased expressions of COX-2 and VEGF, was observed in PDGF-BB-activated HSCs; these events could be ameliorated
by addition with TNP-470 in time- and dose-dependent manners. TNP-470 also inhibited the secretion of VEGF from activated HSCs
into culture supernatant. Furthermore, TNP-470 blockage of VEGF production in activated HSCs could be nullified by exogenous
inoculation with prostaglandin E2. In summary, our findings suggest that TNP-470 exhibits the observed anti-angiogenic properties
in activated HSCs by targeting the COX-2/phospho-p44/42 MAPK pathway to inhibit VEGF production.
� 2006 Elsevier Inc. All rights reserved.
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Hepatic stellate cells (HSCs) as tissue-specific pericytes
regulate liver homeostasis and play a central role in the
response to liver injury [1]. HSCs undergo proliferation
and trans-differentiation to myofibroblast-like cells, pro-
ducing a large number of cytokines and extracellular
matrix materials and inducing hepatic fibrosis [2]. HSCs
are oxygen sense cells and, in response to exogenous
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hypoxia or inflammatory environment, they: (i) produce
vascular endothelial growth factor (VEGF) protein, (ii)
up-regulate the expression of VEGF receptor (VEGFR)
protein, and (iii) secrete and deposit extracellular matrix
components, particularly type 1 and type III collagens, into
the parenchymal region. It is well received that VEGF pro-
tein plays a major role in internal metabolism of HSCs and
liver fibrogenesis [3,4]. As such, blockage of VEGF produc-
tion in activated HSCs has drawn intense interest in the
treatment of hepatic fibrosis and/or cirrhosis.

Recently, specific neutralizing monoclonal antibodies
(R-1mAb and R-2mAb), which inhibit VEGFR-1 and
VEGFR-2 significantly, attenuate the development of fibro-
sis, and are associated with suppression of neovascularization
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in injured liver [5]. Furthermore, tumor-activated HSCs are
responsible for deposition of tumor-associated extracellu-
lar matrix and creation of proangiogenic microenviron-
ment by secreting VEGF protein as well as basic
fibroblast growth factor (bFGF). The despondences are
involved in the migration and growth of hepatoma and
metastatic cells [6–8]. These findings strongly vouched for
the role of VEGF produced by HSCs in causing the fibro-
genesis and angiogenesis in liver disease.

Development of new therapeutic strategies that target at
the tumor vasculature has aroused an intense interest
because angiogenesis is required for the continuing growth
of solid tumors [9]. TNP-470 (semisynthetic analogue of
fumagillin), as a potent angiogenic inhibitor, targets at
methionine aminopeptidase-2 to suppress the growth of
tumor and is under clinical trials for anti-cancer therapy
[10,11]. The pharmacologic action of TNP-470 is to sup-
press tumor cells to produce VEGF protein that results
in the inhibition of tumor angiogenesis [12,13]. Lower con-
centration of TNP-470 inhibits the human arterial endothe-
lial cell tube formation by blocking VEGF production
from human uterine sarcoma cell line (FU-MMT-1) in a
co-cultured model of FU-MMT-1 and human arterial
endothelial cells on matrix gel [14]. The events indicate
that TNP-470 as an angiogenic inhibitor in part depends
on the reduction of VEGF production to attenuate
neovascularization.

Despite the angiogenesis inhibition of TNP-470 in can-
cer being well studied, little is known about its beneficial
effects as anti-angiogenic agent in liver fibrogenesis. Our
previous study suggested that TNP-470 inhibited the prolif-
eration and activation of hepatic stellate cells [15]. The
present work is to further explore the potential signaling
molecules targeted by TNP-470 to cause VEGF production
blockage in the course of anti-angiogenesis events in
PDGF-BB-activated hepatic stellate cells.
Materials and methods

Animals. Specific pathogen-free, male Sprague–Dawley rats (250–
300 g) were obtained from the Laboratory Animal Unit of the University
of Hong Kong. They were fed on standard chow pellets ad libitum. All the
experiments were conducted according to the standard guidelines for
animal experiments of the University of Hong Kong.

Isolation and culture of HSCs. HSCs were isolated from the rats as
previously reported [15,16]. The cells were suspended in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco Laboratories, Grand Island,
NY) with 10% fetal bovine serum (FBS; Gibco Laboratories) in the cell
density of 5 · 105 cells/ml with penicillin-and-streptomycin antibiotics.
The purity of HSCs was higher than 95% and the viability was over 90% as
in previous reports. Activated HSCs were obtained after a 1-week culture
of freshly isolated HSCs in the dishes with 10% FBS–DMEM and were
used after starvation for 24 h with 0.5% FBS–DMEM. They were then
incubated by 10 ng/ml PDGF-BB or 10 lmol PGE2 for 0.25, 0.5, 3, 6, 9,
and 12 h with, or without, the pretreatment of 0.1, 1, and 10 lg/ml
TNP-470 (a kind gift from Takeda Pharmaceutical Industries, Osaka,
Japan), 12 lmol/ml PD98059 (sc-3532; Santa Cruz Biotechnology, Santa
Cruz, CA), 100 lmol Nimesulide (Sigma Chemical, St. Louis, MO),
10 lmol SB203580 (sc-3533; Santa Cruz Biotechnology) or 50 lmol
SP600125 (Sigma Chemical) for 0.5 h in serum-free medium.
Western blot analysis. The activity of mitogen-activated protein kinase
(MAPK) was measured using the MAPK assay kit (Cell Signaling Tech-
nology, Beverly, MA) according to the manufacturer’s protocol. Sodium
dodecyl sulfate (SDS) sample buffer (62.5 mM Tris–HCl [pH 6.8 at 25 �C],
2% w/v SDS, 10% glycerol, 50 mM DTT, and 0.01% bromophenol blue)
was added to the culture dishes. Immediately, the cells were scraped off the
plate, and the extract was transferred to a micro-centrifuge tube and kept
on ice. Samples were denatured at 95 �C for 5 min after 10–15 s sonication.
The protein concentration was determined by Bradford’s method,
respectively. The samples of 30 lg protein were fractionated on 10%
SDS–PAGE and transferred to polyvinylidene difluoride membranes.
After washing, the membrane was treated with 5% skim milk at room
temperature for 1 h and incubated with mouse monoclonal antibody
against b-actin (1:5000 dilution; Sigma-Aldrich, St. Louis, MO) and
p-JNK (clone G7) (1:1000 dilution; Santa Cruz Biotechnology), rabbit
polyclonal antibodies against cyclooxygenase-2 (COX-2) (1:1000 dilution;
Santa Cruz Biotechnology), VEGF (1:1000 dilution; Santa Cruz Bio-
technology), and p38 (1:1000 dilution; Santa Cruz Biotechnology), rabbit
polyclonal antibody against phospho-p44/42 MAPK (1:1000 dilution; Cell
Signaling Technology), and p44/42 MAPK (1:1000 dilution; Cell Signaling
Technology), respectively, at 4 �C overnight. For the secondary antibod-
ies, they were horseradish peroxidase-conjugated anti-rabbit antibodies
(1:2000 dilution; Dako, Carpinteria, CA) for VEGF, COX-2, p38, phos-
pho-p44/42 MAPK, and p44/42 MAPK or anti-mouse antibodies for
b-actin and p-JNK (G-7), and incubated with the membrane at room
temperature for 1 h. After extensive washing with Tris-buffered saline/
Tween 20 (1%), the immunoreactive bands were visualized on an X-ray
film by ECL detection (Amersham Bioscience, Arlington Heights, IL). The
density of bands was quantitated with a laser densitometer (ATTO den-
sitograph 4.0, Atto, Tokyo, Japan), and the mean value was calculated
from three independent experiments.

Real-time quantitative reverse transcription (RT)-polymerase chain

reaction (PCR). Total RNA was extracted using RNeasy Midi Kit
(QIAGEN Company GmbH, Germany) and the quality of the total RNA
was detected by spectrophotometer (DU-65, Beckman Coulter, Fullerton,
CA). About 1 lg total RNA from each sample was used to perform RT
reaction. TaqMan Reverse Transcription Reagents (Applied Biosystems,
Foster City, CA) were used according to the manufacturer’s instruction
(25 �C · 10 min, 48 �C · 30 min, and 95 �C · 5 min). RT product (1 ll)
was used to perform real-time quantitative PCR with a reaction volume of
50 ll (TaqMan Q-PCR Core Reagent Kit, Applied Biosystems) by ABI
PRISM7700 Sequence Detection System (Applied Biosystems). Probes
and primers of VEGF were designed under the Primer Express software
according to the criteria for real-time PCR (Applied Biosystems). The
sequences of the primer were VEGF(S) (5 0-AGCGGA GAAAGC ATT
TGT TTG-30) and VEGF (AS) (5 0-CAACGC GAGTCT GTTTTG-3 0),
and the probe was 50-CCAAGATCCGCAGACGTGTAAATG TTCC-30.
The TaqMan Ribosomal RNA Control Reagent (18 S RNA probe [VIC]
and primers; Applied Biosystems) was used for internal control in the
same PCR plate well to normalize the target gene amplification copies.
The PCR protocol was in accordance with the manufacturer’s recom-
mendation (50 �C · 2 min, 95 �C · 10 min, and [95 �C · 15 s, 60 �C ·
1 min] · 50 cycles). All samples were detected in triplicate and the reading
from each sample and its internal control was used to calculate gene
expression levels. After normalization with the internal control, gene
expression levels after reperfusion were calculated as the percentage of the
basal levels before graft harvesting.

Enzyme-linked immunosorbent assay (ELISA). Isolated HSCs were
cultured in 6-well plates at a density of 5 · 105 cells per well for 1 week
with 10% FBS–DMEM. The medium was changed for starvation with
0.5% FBS–DMEM for 24 h and removed. The starved HSC cells were
treated by PDGF-BB (10 ng/ml) for 3, 6, 9, and 12 h with or without the
pretreatment of 0.1, 1, and 10 lg/ml TNP-470 for 0.5 h in serum-free
medium. The supernatants were collected, respectively. After high-speed
centrifugation to remove cellular debris, the amount of VEGF in the
supernatants was measured by the colorimetric VEGF ELISA using 96-
well microplate coated with polyclonal antibody specific for mouse
VEGF164 (R&D Systems, Minneapolis, MN).
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Statistics. Data were represented by means ± standard error of means.
Comparison of the effects of various treatments was performed with one-
way ANOVA and a two-tailed t test. P values of less than 0.05 were
considered statistically significant.

Results

TNP-470 inhibits pro-angiogenic events in activated HSCs

PDGF-BB was the most potent mitogen for HSCs in cul-
ture. Binding of PDGF to PDGF receptor-b recruited a sig-
naling molecule Ras leading to MAPK cascades and
sequentially produced some cytokines to modulate metabo-
lism homeostasis in HSCs [1]. Because our previous study
demonstrated that TNP-470 blocked PDGF receptor-b to
inhibit HSC proliferation and activation [15], we thus exam-
ined the inhibitory effect of TNP-470 on the MAPK-depen-
dent (p44/42MAPK, JNK, and p38) signaling pathway and
the downstream target COX-2 and VEGF molecules in the
PDGF-BB-stimulated HSCs. As shown by Western blot
(Fig. 1), HSCs were activated by PDGF-BB to induce (i)
phosphorylation of MAP kinases (ERK1 peaks at 0.25
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Fig. 1. Immunoblotting analysis of VEGF and MAPK/COX-2 proteins in PD
HSCs were activated by PDGF-BB (10 ng/ml) for 6 h with 30-min pretreatmen
PDGF stimulation or TNP-470 treatment were used as the baseline control. C
antibodies specific for the phosphorylated forms of p44/42 MAPK, JNK,
immunoblot was included as the internal loading control. (B) Primary HSCs
pretreatment of TNP-470 (10 lg/ml) for designated time intervals (0.25, 0.5, 3,
(A). All experiments were conducted in triplicate and representative figures w
and 3 h, and p42 at 0.5 h), and JNK and p38 MAP kinase
(peak at 0.5 h), followed by slow declination; (ii) increased
expression of COX-2 (peak at 3 h) and VEGF (peak at
6 h). Pretreatment of the PDDF-BB-stimulated HSCs with
anti-angiogenic inhibitor TNP-470 was demonstrated to
suppress the phosphorylation of p44/42 MAPK (total p44/
42 MAPK proteins remained constant) and reduce the
expression of phosphorylated JNK as revealed by G7 anti-
body which recognized phosphorylated Thr-183 and Tyr-
185 residues. On the contrary, there was no apparent effect
on p38 MAPK. Blockage of the described signaling events
for VEGF production was observed in a dose- and time-de-
pendent manner with TNP-470 treatment (Figs. 1A and B).
Down-regulated expression and secretion of VEGF isoforms

by TNP-470

As shown by real-time RT-PCR (Fig. 2A), PDGF-BB
(10 ng/ml) remarkably upregulated the VEGF mRNA
transcription by about 800-fold at 6 h in activated HSCs
that could be inhibited by TNP-470 treatment in a dose-de-
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and p38; total p44/p42 MAPK, COX-2, and VEGF proteins. b-Actin
were activated by PDGF-BB (10 ng/ml) with (+), or without (�), 30-min
6, and 9 h). Immunoblotting was similarly performed as described above in
ere shown.
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Fig. 2. TNP-470 inhibited the synthesis of VEGF165 in PDGF-BB-activated HSCs. (A) TaqMAN real-time quantitative RT-PCR analysis of VEGF165

mRNA level from PDGF-BB-activated HSCs, with or without pretreatment of TNP-470 at increasing dosages (0.1, 1, and 10 lg/ml). HSCs without any
PDGF stimulation or TNP-470 treatment were used as the baseline control. Data are presented as means ± SEM. n = 3, **P 6 0.01 vs. treatment with
10 ng/ml PDGF for 6 h. (B) TNP-470 reduced VEGF secretion from PDGF-BB-activated HSCs. VEGF165 concentration was measured by ELISA in
HSC culture medium at designated time intervals: 3, 6, 9 or 12 h. PDGF-BB, HSC was stimulated with 10 ng/ml PDGF-BB; PDGF-BB + TNP470,
PDGF-BB-activated HSC was pretreated with 10 lg/ml TNP-470 for 30 min; Control, HSC culture without any PDGF stimulation or TNP-470
treatment. Data are presented as means ± SEM. n = 3, **P 6 0.01 vs. with PDGF-BB treatment only.
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pendent manner. Fig. 2B demonstrates the VEGF protein
level in culture medium as determined by ELISA. The
VEGF protein was detectable in culture medium obtained
from PDGF-BB-activation HSCs after 6-h incubation, and
the level remained at about 800–1000 pg/ml until 12 h.
Again, pretreatment with TNP-470 (10 lg/ml) could signif-
icantly attenuate the VEGF secretion from the activated
HSCs in cultures (P < 0.05, n = 3).
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Fig. 3. VEGF synthesis depends on COX-2/PGE2 expression via phospho-p44
COX-2 and VEGF proteins in PDGF-BB-activated HSCs for 3 h with the fo
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TNP-470 blockage of VEGF synthesis was dependent on
COX-2 and p44/42-MAPK signaling in activated HSCs

To investigate the signaling pathway of COX-2 and
MAPK kinases involved in VEGF production in activated
HSCs, we employed a panel of specific pharmacological
inhibitors in the study (Fig. 3A): Nimesulide (COX-2-specif-
ic inhibitor), PD98059 (selective inhibitor ofMAPKkinase),
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SB203580 (a selective pharmacologic inhibitor of p38
MAPK), and SP600125 (selective inhibitor of JNK). Among
them, only the Nimesulide and PD98059 compounds were
able to suppress the COX-2 and VEGF expression in the
PDGF-BB-activated HSCs. These results suggested that
COX-2 was the downstream target of phosphorylation of
p44/42 MAPK for VEGF production in activated HSCs
under the stimulation of PDGF signal transduction. On
the other hand, the JNK and p38 inhibitors did not demon-
strate the similar inhibitory effects on VEGF and/or COX-2
expression, and p-JNK and p38 MAPK signals were not
involved in COX-2/MAPK signaling cascade leading to
VEGF production in PDGF-BB-activated HSCs.

These COX-2-dependent inhibitory events could be
superseded by exogenous inoculation of PGE2, and VEGF
production was rapidly rescued (peak at 3 h) in a time-de-
pendent manner (Fig. 3B). Despite pretreatment with
TNP-470, there was no apparent inhibitory effect on the
production of VEGF proteins. In short, COX-2 was the
downstream target of TNP-470 via phosphorylation of
p44/42 MAPK signaling to initiate its anti-angiogenic
properties in activated HSCs.

Discussion

During liver injury, HSCs were activated to increase
surface expression of PDGF receptors. Upon PDGF
stimulation, the PDGF receptors were dimerized and
RasG protein was being recruited to initiate downstream
signaling events for cell proliferation and differentiation
activities [1]. Our present findings demonstrated that: (i)
the growth factor PDGF-BB also induced VEGF produc-
tion in activated HSCs and secretion to the surrounding
medium, (ii) the PDGFR-mediated VEGF production
pathway was dependent on the phosphorylation of p44/
42 MAPK kinase and COX-2 expression, and (iii) exoge-
nous prostaglandin PGE2 could directly activate the
VEGF production without the requirement of PDGF-
mediated signaling. In our previous report, the COX-2
is required to catalyze arachidonic acid for the synthesis
of PGE2, and subsequently induce the expression of
hypoxia-inducible factor-1a that leads to the degradation
of von Hippel–Lindua protein, a negative regulator of
VEGF production [17]. Therefore, it is believed that the
PDGF-BB induces the VEGF synthesis in activated
HSCs is dependent on the MAPK-COX-2 signaling
pathway.

To further examine this hypothesis, we employed
TNP-470 (a known angiogenic inhibitor in cancer) to
inhibit VEGF production in PDGF-activated HSCs and
to determine whether it was mediated through the phos-
phorylation of p44/42 MAPK and increased expression
of COX-2 protein. Our data clearly supported this mod-
el, and the inhibitory effects of TNP-470 could be
reversed or rescued by addition of exogenous PGE2,
which is the downstream substrate of COX-2 target.
Therefore, the inhibitory effect of TNP-470 on VEGF
production attributes to the blockade of MAPK/COX-2
signaling pathway in activated HSCs.

Initially, TNP-470 is proved to be an effective anti-tu-
mor agent in both the in vitro and animal models, and
is currently in phase III clinical trials [10,18–20]. Fur-
ther studies have also shown that TNP-470 is even bet-
ter to suppress tumor growth when combined with
conventional chemotherapy [21,22]. Attributing to its
anti-angiogenic effect, TNP-470 inhibits endothelial cell
proliferation in the process of angiogenesis, thereby
reducing the synthesis of proangiogenic factors in tumor
microenvironment, such as VEGF and bFGF proteins
[13,14,20]. In addition, it could also suppress the forma-
tion of lymphatic capillaries around the tumor (i.e.,
lymphangiogenesis) and attenuate the proliferation of
fibroblast cells [23].

In liver fibrogenesis, activated HSCs secrete interleukin-
8, bFGF, and VEGF to promote endothelial cell growth
and proliferation [8,18]. In our earlier study, TNP-470
was shown to suppress the progression of hepatic fibrosis
in vitro. Proliferation and activation of HSCs were remark-
ably subdued, probably by blocking PDGF receptor-b sig-
naling and cyclin D1/cdk4 cell cycle arrest. We also
demonstrated that TNP-470 inhibited angiogenesis derived
from hypoxic tissue injury by CCl4-induced hepatic fibrosis
model [15].

Herein, pretreatment of TNP-470 in activated HSCs
reduced the phospho-p44/p42 MAPK activity and
COX-2 expression preceding the production of VEGF
derived from the PDGF-BB-mediated signaling pathway.
Likewise, treatment with PD98059 (MAPK inhibitor)
also suppressed the production of VEGF and COX-2
protein in PDGF-activated HSCs, implying the involve-
ment of MAPK-COX-2 signaling axis. We next exam-
ined the inhibitory effect of Nimesulide (COX-2
inhibitor) on VEGF expression under hypoxia and
PDGF-BB stimulation in activated HSCs. Our studies
strongly supported the fact that COX-2 could up-regu-
late the production of VEGF derived from activated
HSCs. Another piece of evidence is demonstrated by
exogenous PGE2 that could nullify the inhibitory effect
of TNP-470 and rescue the VEGF production in
PDGF-activated HSCs.

Evidently, p44/p42 MAPK plays a crucial role in regu-
lating the pro-angiogenic process by (i) activation and
phosphorylation of cytosolic phospholipase A2 in arachi-
donic acid metabolism [24] and/or (ii) having direct impact
on Sp1 transcriptional activity to enhance VEGF synthesis
[25]. Thus, TNP-470 blockage of the MAPK/COX-2 sig-
naling cascade in PDGF-activated HSCs may result in
attenuation of the angiogenesis during liver fibrogenic
events.
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