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Abstract Vascular endothelial growth factor (VEGF) is

one of the major cytokines secreted by activated hepatic

stellate cells (HSCs). VEGF is involved in hepatic angio-

genesis and plays an important role in the development of

liver fibrosis. TNP-470, an angiogenic inhibitor, attenuates

the development of rat liver fibrosis with reduced angio-

genesis, as demonstrated in our previous study. HSCs were

prepared from specific pathogen-free Wister rat livers. The

isolated HSCs were activated and stimulated with platelet-

derived growth factor BB (PDGF-BB) or prostaglandin E2

with or without pretreatment with MAPK cascade inhibi-

tors (PD98059, which inhibits MEK activation), SB203580

(a selective pharmacologic inhibitor of p38 MAPK), and

SP600125 (a selective inhibitor of the c-Jun N-terminal

kinase, JNK). VEGF production and those of related

molecules were assayed at the protein and mRNA levels by

immunostaining, western blot analysis, and real-time

quantitative PCR. The activated HSCs produced more

VEGF than the quiescent ones. Those that received PDGF-

BB stimulation showed enhanced cyclooxygenase-2

(COX-2) expression and activation of phosphor-mitogen-

activated protein kinase (MAPK) p44/p42. Pretreatment

with PD98059 significantly inhibited COX-2 expression

and VEGF production within the PDGF-activated HSCs,

but the effect was nullified by exogenous prostaglandin E2.

pJNK and p38 inhibitors do not show similar inhibitory

effects on VEGF and COX-2 expression, and pJNK and

p38 MAPK signals are not involved in the COX-2/MAPK

signaling cascade. VEGF production in PDGF-stimulated

HSCs is dependent on the overexpression of COX-2 pro-

tein via the phospho-p42/44 MAP kinase activation, based

on PD98059 inhibition.
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Introduction

Hepatic stellate cells (HSCs) are a major regulator in liver

homeostasis and play a central role in the response to liver

injury. Activated HSCs proliferate and produce a large

amount of extracellular matrix materials, leading to liver

fibrosis [1]. Platelet-derived growth factor (PDGF) is the

most potent mitogen for HSCs in culture. The binding of

PDGF to PDGF receptor-b (PDGFR-b) recruits a signaling

molecule called Ras, which leads to the activation of the

mitogen-activated protein kinase (MAPK) cascade. Some

cytokines are then sequentially produced to modulate

metabolism and homeostasis in mesenchymal cells [2].

PDGF may increase the synthesis of cyclic adenosine

monophosphate (cAMP) to evoke prostaglandin (PG)/

cAMP signals, which leads to cyclooxygenase-2 (COX-2)

activation [3–6]. Therefore, the MAPK and COX-2/PG

pathways have major effects on the activation of HSCs.

Vascular endothelial growth factor (VEGF) is an

approximately 34- to 46-kDa homodimeric glycoprotein. It

has eight polypeptide-encoding exons and includes several
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splice variants with 121, 145, 165, 189, and 206 amino acid

residues [7–10]. VEGF121 is encoded by exons 1–5 and 8;

VEGF145 and VEGF165 are added by exons 6 and 7,

respectively; and VEGF189 and VEGF206 both contain

peptides encoded by exons 6 and 7 [11]. VEGF121,

VEGF145, and VEGF165 induce the proliferation of endo-

thelial cells and regulate blood vessel formation [12]. In the

liver, VEGF can be overexpressed in a variety of condi-

tions, such as injury, regeneration, and carcinoma [13–15].

It is probably due to the action of VEGF, which causes

highly vascularized, well-developed fibrous septa to form,

a salient pathologic characteristic of liver cirrhosis [16].

One of our previous studies demonstrated that TNP-470 (an

angiogenic inhibitor) attenuates the development of rat

liver fibrosis with reduced angiogenesis [17]. A recent

report revealed that the interaction between VEGF and its

receptor is a prerequisite for murine hepatic fibrogenesis

[18]. Another report showed that activated HSCs produce

VEGF protein and thereby play a proangiogenic role in

melanoma metastasis [15]. These results suggest that

VEGF is one of the major cytokines secreted by HSCs.

VEGF is involved in hepatic angiogenesis and plays an

important part in the development of liver fibrosis.

The PI3K/Akt pathway is also activated following

PDGF stimulation of HSCs. Studies confirm that activation

of PI3K is important for HSC proliferation and chemotaxis.

Inhibition of PI3K by wortmannin blocks mitogenesis in

response to PDGF, supporting the involvement of this

pathway in HSC proliferation [29]. Inhibition of PI3K with

wortmannin also reduces ERK activity and c-Fos mRNA

levels, suggesting that cross-talk occurs between the PI3K

and MAPK pathways following PDGF stimulation in HSCs

[30]. So, we also investigated the effects of inhibitors of

PI3K/Akt pathway on the VEGF regulation by using a

more specific PI3K inhibitor, LY294002.

In the current study, to clarify the regulatory mechanism

of VEGF production in activated HSCs using a compara-

tive method, we measured PDGF-BB-stimulated VEGF

production with or without pretreatment with MAPK cas-

cade inhibitors (PD98059, which inhibits MEK activation),

SB203580 (a selective pharmacologic inhibitor of p38

MAPK), and SP600125 (selective inhibitor of c-Jun

N-terminal kinase, JNK) [19–21].

Materials and methods

Animals

Specific pathogen-free male Wister rats were purchased

from the Experimental Center of Liaoning Province Hos-

pital. They were fed a diet of standard chow pellets and

water ad libitum. All animals were handled in accordance

with the standard guidelines for animal experiments of

Experimental Center of Liaoning Province Hospital, China.

Isolation and culture of HSCs

Stellate cells were prepared from the rat liver as previously

described [17]. Under ether anesthesia, the abdomen was

opened. The liver was perfused via the portal vein first with

Krebs–Ringer solution, pH 7.3, for 10 min at 37�C and

then with Krebs–Ringer solution containing 0.08% pronase

E (Merk, Darmstadt, Germany) and 0.04% collagenase

(Wako Pure Chemical Co., Osaka, Japan) for 30 min at

37�C at the rate of 10 mL/min. The liver was taken out, cut

into small pieces, and incubated in Krebs–Ringer solution

containing 0.05% pronase E, 0.05% collagenase, and

20 lg/mL of deoxyribonuclease (Boehringer, Mannheim,

Germany) for 30 min at 37�C. Cell suspension was filtered

through a 150-lm mesh. After centrifugation in an 8.2%

Nycodenz cushion (Nycomed Pharma AS, Oslo, Norway)

at 1,400g for 20 min at 4�C, a stellate cell–enriched frac-

tion was obtained from an upper whitish layer. Cells were

washed by centrifugation (400g, 4�C, 10 min) and cultured

in RPMI 1640 (Gibco, Grand Island, NY) supplemented

with 5% fetal bovine serum (FBS; Gibco) and antibiotics

(105 U/L penicillin G and 100 mg/L streptomycin). The

purity was more than 95%.

The HSCs were obtained from livers and then isolated.

These cells were suspended in Dulbecco’s modified

Eagle’s medium (DMEM; Gibco Laboratories, Grand

Island, NY) with 10% fetal bovine serum (FBS; Gibco

Laboratories) at a cell density of 5 9 105 cells/mL with

antibiotics (0.035 g/L penicillin and 100 mg/L streptomy-

cin). The purity of HSCs was above 95% and the viability

was above 90%, which were evaluated with the Trypan

blue exclusion test [17].

The activated HSCs were obtained through a 1-week

culture of fresh isolated HSCs in 10% FBS–DMEM and

used after starvation for 24 h with 0.5% FBS–DMEM. a-

SMA and desmin immunostaining was performed to con-

firm that the cells are activated HSCs. They were then

incubated with 10 ng/mL PDGF-BB or 10 lmol of PGE2

for 0.25, 0.5, 3, 6, and 9 h with or without separate pre-

treatment with 12 lmol PD98059 (sc-3532; Santa Cruz

Biotechnology, Inc., Santa Cruz, CA), 10 lmol SB203580

(sc-3533; Santa Cruz Biotechnology), 50 lmol SP600125

(Sigma Chemical, Co.), and 20 lmol Ly294002 (Sigma

Chemical Co.) for 0.5 h in serum-free medium.

Immunostaining of cultured cells

HSCs cultured with 10% FBS–DMEM were stained with

monoclonal antibodies against a-smooth muscle actin

(a-SMA; 1:100 dilution; Sigma Chemical, Co.), desmin
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(1:50 dilution; Dako, Osaka, Japan), and VEGF (1:200

dilution; Santa Cruz Biotechnology, Inc.,) [17]. Five

microscopic fields were counted. The percentage of posi-

tive cells was then calculated. The experiments were

repeated three times.

Western blot analysis

The activation of phospho-p44/42 MAPK was measured

using the MAPK assay kit (Cell Signaling Technology,

Inc., Beverly, MA) in line with the manufacturer’s proto-

col. The 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 or

phenol red) was added to the culture. The cells were

immediately scraped off the plate, and the extract was

transferred to a microcentrifuge tube and kept on ice. The

samples were denatured at 95�C for 5 min after 10–15 s of

sonication. The protein samples were fractionated through

5–10% SDS–polyacrylamide gel electrophoresis and

transferred onto polyvinylidene difluoride membranes.

After washing, the membrane was treated with 5% skim-

med milk at room temperature for 1 h and incubated

overnight with mouse monoclonal antibodies against

b-actin (1:5,000 dilution; Sigma Chemical, St. Louis, MO)

and pJNK (clone G7) (1:1,000 dilution; Santa Cruz

Biotechnology), rabbit polyclonal antibodies against

cyclooxygenase-2 (COX-2) (1:1,000 dilution; Santa

Cruz Biotechnology), VEGF (1:1,000 dilution; Santa Cruz

Biotechnology), and p38 (1:1,000 dilution; Santa Cruz

Biotechnology), rabbit polyclonal antibodies against

phospho-p44/42 MAPK (1:1,000 dilution) and p44/42

MAPK (1:1,000 dilution), respectively, at 4�C. The mem-

brane was then washed and incubated with horseradish

peroxidase–conjugated anti-rabbit antibodies (1:2,000

dilution; Dako) against VEGF, COX-2, p38, phospho-p44/

42 MAPK, and p44/42MAPK or anti-mouse antibodies

against b-actin at room temperature for 1 h. After the

second washing, the immunoreactive bands were visual-

ized on an X-ray film using ECL detection (Amersham

Bioscience, Arlington Heights, IL). The density of bands

was quantified through laser densitometer (ATTO densi-

tograph 4.0), and the mean value was calculated from three

independent experiments.

Real-time quantitative polymerase chain reaction

The RNA extracted from the fresh cellular samples was

used for first-strand complementary DNA synthesis (Roche

Molecular Systems, Inc., Alameda, CA). For real-time

qPCR, an ABI PRISMTM 7700 Sequence Detection Sys-

tem (Applied Biosystems) was used. The COX-2 primer

(50-FAM-CTTTGC CCAGCAC TTCACC CATCAG TT–

TAMRA-30), The sequences of the primer were

VEGF165(S) (50-AGCGGA GAAAGC ATTTGT TTG-30)
and VEGF165(AS) (50-CAACGC GAGTCT GTTTTG-30).
The VEGF probe (50-FAM-CCAAGATCCG CAGACGTG

TA AATGTTCC–TAMRA-30), the HPLC-graded sense

primer (50-AGCGGAGAAA GCATTTGTTTG-30), and the

antisense primer (50-CAACGCGAGT CTGTGTTTTG-30)
were designed by ABI PRISM� Primer Express Software

(Applied Biosystems) according to the manufacturer’s

instructions. The conditions were as follows: 50�C for

2 min, 95�C for 10 min, and 40 cycles of 95�C for 0.5 min

and 60�C for 1 min.

Statistics

The data are presented as means ± standard error of means

(SEM). Analyses of the effects of various treatments were

conducted using one-way ANOVA and a two-tailed t test.

P values less than 0.05 were considered statistically

significant.

Results

VEGF overexpression in activated HSCs

The HSCs were isolated and cultured for 1 day (quiescent

cells) and 7 days (activated cells) with 10% FBS–DMEM.

The a-SMA-positive and desmin-positive HSCs were rep-

resentatives of activated cells, which has been demon-

strated in our previous study [17]. The results show that the

proportion of activated HSCs (7 days) positive for a-SMA,

desmin, and VEGF to the total HSCs increased compared

with the quiescent HSCs from 1.1, 5.8, and 4.5% (16 h) to

37.6, 48.9, and 19.6% (7 days), respectively (Fig. 1).

PDGF induces expression of COX-2 and phospho-

p44/42 MAPK, which precedes VEGF production

in activated HSCs

The kinetics after stimulation with PDGF-BB was inves-

tigated. The activated HSCs were cultured with PDGF-BB

(10 ng/mL) for 0.25, 0.5, 3, 6, and 9 h in serum-free

DMEM. The results show that PDGF-BB induced the

overexpression of COX-2 protein, which reached the peak

up to 11.2-fold at hour 3 compared with the control

(P \ 0.01, n = 3), and activation of phospho-p44/42

MAPK, which was concurrently enhanced up to the peak at

min 30, which preceded the VEGF peak at hour 6, reaching

6.96-fold (p44), 5.81-fold (p42), and 10.9-fold compared

with the MAPK or the control, respectively (Fig. 2)

(P \ 0.01, n = 3).
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PDGF induces pJNK and p38 upregulation

in activated HSCs

The activated HSCs were cultured with PDGF-BB (10 ng/

mL) for 0.25, 0.5, 3, 6, and 9 h in serum-free DMEM. The

expression of pJNK and p38 was detected with western blot

analysis and reverse transcriptase PCR. The results show

that PDGF-BB induced the upregulation of pJNK and p38,

which concurrently rose at min 30 and reached the peak at

up to 11.2-fold at hour 3 compared with the control (Fig. 3)

(P \ 0.01, n = 3).

VEGF is produced from activated HSCs by PDGF-BB

via COX-2/PGE2 pathway

To reveal the regulatory mechanism of VEGF production

by activated HSCs, we induced HSCs activation by 10 ng/

mL PDGF-BB, with or without pretreatment with 12 lmol

PD98059, 10 lmol SB203580, 50 lmol SP600125, and

20 lmol Ly294002. We measured VEGF and COX-2

expression with serum-free DMEM for 3 h by western blot

analysis (Fig. 4a) and real-time quantitative PCR (Fig. 4b).

Among them, only PD98059 compounds were able to

suppress COX-2 and VEGF expression in the PDGF-BB–

activated HSCs. These results suggested that COX-2 is the

downstream target of phospho-p44/42 MAPK for VEGF

production in activated HSCs stimulated by PDGF signal

transduction. In addition, pJNK and p38 inhibitors did not

demonstrate similar inhibitory effects on VEGF and COX-

2 expression. The pJNK and p38 MAPK signals were not

involved in the COX-2/MAPK signaling cascade, leading

to VEGF production in the PDGF-BB–activated HSCs, and

PI3K/Akt pathway did not interfere with the COX-2/VEGF

pathway in activated HSC (P \ 0.05, n = 3). Additionally,

the COX-2–dependent inhibitory events could be super-

seded by exogenous inoculation with PGE2, and VEGF

production could be rapidly rescued (peak at hour 3) in a

time-dependent manner. Despite pretreatment with

PD98059, there was no apparent inhibitory effect on VEGF

production (Fig. 4c). Our previous study has demonstrated

that directly blocked Cox-2 will reduce the expression of

VEGF in a dose-dependent manner [5].

Discussion

In liver injury associated with tissue remodeling, activated

stellate cells are accumulated by migrating to the sites of

necrotic damage, producing abundant extracellular matrix

materials that lead to post-necrotic fibrosis. Several factors

influence the proliferation and activation of HSCs [1, 22].

Among them, PDGF-BB, a potent mitogen for cultured

stellate cells, potentially augments stellate cell migration

and promotes HSCs to produce and secrete VEGF protein

[15, 16]. VEGF induces angiogenesis to restore the

microvascular network for the delivery of oxygen and

nutrients to the healing site [23, 24]. The VEGF protein

produced by activated HSCs is believed to play a key role

in angiogenesis and fibrogenesis in the injured liver [1]. In

our earlier study, TNP-470 antiangiogenesis factor was

shown to suppress HSC activation and subsequent vascu-

larization in injured liver [17]. A recent study also dem-

onstrated that specific neutralizing monoclonal antibodies

(R-1mAb and R-2mAb) that inhibit VEGF receptor-1 and

VEGF receptor-2 significantly attenuated the development

of fibrosis associated with suppression of neovasculariza-

tion in injured liver [11]. Recent reports also demonstrated

that COX-2 inhibitors attenuated hepatic fibrosis by

Fig. 1 VEGF production

consistent with HSC activation.

The percentage of a-SMA-

desmin-positive and VEGF-

positive HSCs to the total HSCs

cultured with 10% FBS–DMEM

for 16 h and 7 days,

respectively. The value

represents the activated HSCs

(7 days) compared with the

quiescent HSCs (16 h). Data

represent the mean ± SEM.

n = 3, **P \ 0.01
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reducing the production of VEGF protein from activated

HSCs probably via COX-2/PGE2 pathway [1, 25]. COX-2

inhibitors (nimesulide and indomethacin) significantly

modulated the production of VEGF in a dose- and time-

dependent manner in T6-HSCs in hypoxic environment [5].

However, the exact mechanism remains to be defined.

In the present study, we demonstrated that activated

HSCs produce more VEGF protein than quiescent HSCs,

which indicates that activated HSCs are responsible for

VEGF production, consistent with the expression of des-

min and a-SMA proteins. Exogenesis PDGF-BB promotes

activated HSCs to produce VEGF and COX-2 protein.

However, such an event could be inhibited by pretreatment

with PD98059. The suggested phospho-p44/42 MAPK

expression and COX-2 production induced the activated

HSCs to produce VEGF protein.

Treatment of the activated HSCs with recombinant

PDGF-BB caused tyrosine phosphorylation in endogenous

PDGFR-b, which activates the MAPK family to result in

numerous cellular responses, including the proliferation,

differentiation, and regulation of specific metabolic path-

ways in HSCs [25]. In injured liver models, the activated

HSCs significantly expressed PDGFR-b protein and phos-

phor-MAPK with VEGF overexpression, which leads to

angiogenesis in the healing site [17]. PDGF enhances the

synthesis of cAMP to evoke growth inhibitory PG/cAMP

signal, leading to the activation of COX-2 [6]. COX-2

expression induces the accumulation of hypoxia-inducible

factor-1 alpha (HiF-1a) and degrades the von Hippel–

Lindau (vHL) protein, which leads to VEGF production in

hypoxic T6-HSCs [5].

The study shows that PDGF-BB transiently induced

phospho-p44/42 MAPK expression, which peaked at min

30, and COX-2 production, which peaked at hour 3. This

preceded VEGF production, with the peak at hour 6 in

activated HSCs, in a time-dependent manner (P \ 0.01;

Fig. 2 PDGF induces the expression of VEGF and related molecules

in activated HSCs. Activated hepatic stellate cells (HSCs) were

obtained using a 1-week culture of freshly isolated HSCs in the dishes

with 10% fetal bovine serum–Dulbecco’s modified Eagle’s medium

(FBS–DMEM) and used after starvation for 24 h with 0.5% FBS–

DMEM. The experiments show that PDGF-BB treatment (10 ng/mL)

for 15, 30 min, 3, 6, and 9 h in serum-free DMEM. Cyclooxygenase

(COX-2) protein. Phospho-mitogen-activated protein (phospho-

MAPK) (upper) and MAPK (lower). Vascular endothelial growth

factor (VEGF). The values show that the expression of COX-2 and

phospho-MAPK were concurrently enhanced to peak at hour 3 and

minute 30, respectively, preceding the VEGF peak at hour 6. Data

represent mean ± SEM. n = 3, *P \ 0.05, **P \ 0.01 versus control

P38

ββ-actin

0

2

4

6

8

0.25 0.5 3 6 9 h0

PDGF-BB 10ng/ml

Upregulation of pJNK and P38

pJNK

Fig. 3 PDGF induces the expression of pJNK and p38 in activated

HSCs. Activated hepatic stellate cells (HSCs) were obtained through

a 1-week culture of freshly isolated HSCs in the dishes with 10% fetal

bovine serum–Dulbecco’s modified Eagle’s medium (FBS–DMEM)

and used after starvation for 24 h with 0.5% FBS–DMEM. The

experiments show that PDGF-BB treatment (10 ng/mL) for 15,

30 min, 3, 6, and 9 h in serum-free DMEM. c-Jun N-terminal kinase

protein (pJNK) and p38 MAPK protein. The values show that

expression of pJNK and p38 are concurrently enhanced up to their

peak at hour 3 and minute 30, respectively. The data represent

mean ± SEM. n = 3, *P \ 0.05, **P \ 0.01 versus control
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n = 3). Therefore, we examined whether PDGF-induced

VEGF expression by activated HSCs resulted from the

MAPK signal cascade using an MEK inhibitor PD98059, a

selective pharmacologic p38 MAPK inhibitor SB203580,

and a selective pJNK inhibitor SP600125. MAP kinases

p44 and p42 (ERK 1 and ERK 2) are praline-directed

kinases activated through concomitant phosphorylation of

tyrosine and threonine residues (Tyr204 and Thr202). The

upstream MAP kinase regulators include MAP kinase

kinase (MEK), MEK kinase, and Raf-1. JNK is phos-

phorylated by JNK-activating kinase and distantly related

to the MAPK family, members of which are activated by

dual phosphorylation at a Thr-Pro-Tyr motif, specifically at

the Thr-183 and Tyr-185 residues. P38 represents a mem-

ber of the MAP kinase family, with a particular feature that

induces tyrosine phosphorylation of a 38-kDa protein

kinase [26, 27]. The results proved that pretreatment with

PD98059 suppressed PDGF-induced VEGF production and

COX-2 expression in activated HSCs, but pretreatment

with SB203580 and SP600125 inhibitors did not demon-

strate similar inhibitory effects on VEGF or COX-2

expression. These findings suggest that p44/42 MAPK

phosphorylation has a key effect on VEGF production in

activated HSCs through PDGF-BB. Prostaglandins are a

diverse group of autocrine and paracrine hormones that

mediate many cellular and physiologic processes. In our

previous report, the COX-2 is required to catalyze arachi-

donic 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 [28]. Therefore, it

is believed that the PDGF-BB induces the VEGF synthesis

in activated HSCs, which is dependent on the MAPK-

COX-2 signaling pathway. COX-2 catalyzes the formation

of prostaglandins from arachidonic acid (AA) [28]. This

can also be supported by the fact that exogenous PGE2

could nullify the inhibitory effect of PD98059 and could

rescue VEGF production in PDGF-activated HSCs, which

suggests that COX-2 expression is a major approach in the

event.

Conclusion

In conclusion, in injured liver, HSCs were transdifferenti-

ated into myofibroblast-like cells, which produced VEGF

protein with COX-2 overexpression. Exogenous PDGF-BB

activates HSCs to produce VEGF protein by evoking COX-

2 overexpression via the phospho-p44/42 MAPK pathway.

Blockage of COX-2 accumulation significantly prevents

VEGF production, thereby modulating hepatic fibrogenic

and angiogenic events, as previously observed in experi-

mentally induced cirrhosis.
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