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The liver is the major site of pigment epithelium-de-
rived factor (PEDF) synthesis. Recent evidence suggests
a protective role of PEDF in liver cirrhosis. In the
present study, immunohistochemical analyses revealed
lower PEDF levels in liver tissues of patients with cir-
rhosis and in animals with chemically induced liver
fibrosis. Delivery of the PEDF gene into liver cells pro-
duced local PEDF synthesis and ameliorated liver fibro-
sis in animals treated with either carbon tetrachloride
or thioacetamide. In addition, suppression of peroxi-
some proliferator-activated receptor gamma expres-
sion, as well as nuclear translocation of nuclear factor-
kappa B was found in hepatic stellate cells (HSCs) from
fibrotic livers, and both changes were reversed by PEDF
gene delivery. In culture-activated HSCs, PEDF, through
the induction of peroxisome proliferator-activated re-
ceptor gamma, reduced the activity of nuclear factor-
kappa B and prevented the nuclear localization of JunD.
In conclusion, our observations that PEDF levels are
reduced during liver cirrhosis and that PEDF gene
delivery ameliorates cirrhosis suggest that PEDF is an
intrinsic protector against liver cirrhosis. Direct inac-
tivation of HSCs and the induction of apoptosis of
activated HSCs may be two of the mechanisms by
which PEDF suppresses liver cirrhosis. (Am J Pathol
2010, 177:1798–1811; DOI: 10.2353/ajpath.2010.091085)

Liver cirrhosis is the result of a prolonged repair process
in response to repeated hepatocyte damage of various
origins. It involves the activation of hepatic stellate cells

(HSCs), the production of extracellular matrix and
�-smooth muscle actin (�-SMA) by these cells, and even-
tual fibrosis and hepatic failure.1 In liver cirrhosis, three
cell types, activated HSCs, epithelial cells of regenerat-
ing bile ducts, and Kupffer cells, secrete monocyte che-
moattractant protein-1 (MCP-1), an inflammatory chemo-
kine that facilitates the recruitment of lymphocytes and
monocytes.2,3 MCP-1 produced by activated HSCs in-
creases hepatic injury and fibrosis by intensifying inflam-
mation.3,4 Identification of the intrinsic molecules that
modulate HSC activation can increase our understanding
of the mechanism by which liver cirrhosis develops and
can also lead to the development of new therapeutic
agents for the treatment of this condition.

Pigment epithelium-derived factor (PEDF) is a 50-kDa
secreted glycoprotein that performs several different bi-
ological functions. It is the most potent endogenous anti-
angiogenic factor involved in the prevention of retinal
neovascularization in mice.5 It is also a neuorotropic and
neuroprotective factor, protecting neurons against insults
such as glutamate toxicity and oxidative damage.6 The
binding of different domains of PEDF to different types of
receptor is probably the mechanism responsible for
these diverse functions.7

Liver is the major organ that synthesizes PEDF.5,8 Re-
cent findings indicate that PEDF may have play a role
during the development of liver cirrhosis. Serum PEDF
has been found to be decreased in the serum of cirrhosis
patients.8 PEDF null mice have been shown by perisinu-
soidal �-SMA labeling to have activated HSCs.9 These
findings suggest a potential role for PEDF as an intrinsic
protector against liver cirrhosis. The confirmation of this
hypothesis awaits experimental evidence of a reduction
of PEDF synthesis in fibrotic liver tissue, an ability of PEDF
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to counteract the cirrhosis process, and a possible mech-
anism for its effects on cirrhosis.

Peroxisome proliferator-activated receptor gamma
(PPAR�) is a transcription factor that heterodimerizes with
retinoid X receptor-� and activates genes involved in lipid
homeostasis.10 It can be activated by a variety of ligands,
including fatty acids and eicosanoids.10 PPAR� is ex-
pressed in quiescent HSCs, and its expression and activity
dramatically decrease in myofibroblast-like, activated HSCs
in vitro11,12 and in vivo.11,13 In culture-activated HSCs, the
expression of PPAR� via an adenoviral vector prevents cell
proliferation as well as the production of alpha1(I) collagen,
�-SMA, and transforming growth factor-beta1.12 The inhibi-
tion of transcription regulator JunD function has been impli-
cated as the mechanism of this effect.12 We have recently
shown that PEDF induces PPAR� expression in endothelial
cells and that this action is responsible for the anti-angio-
genesis action of PEDF.14,15 Whether PEDF induces PPAR�

in HSCs and affects the process of liver cirrhosis remains to
be determined.

Nuclear factor (NF)-�B is a nuclear transcription acti-
vator of genes controlling survival and inflammation.16

MCP-1 is one of the inflammatory factors induced partly
by NF-�B.17 Studies using NF-�B inhibitors demonstrate
that NF-�B protects HSCs from apoptotic stimuli such as
tumor necrosis factor-� (TNF-�) and gliotoxin.18,19 NF-�B
induces cellular FLICE-inhibitory protein (c-FLIP) and
Bcl-xL and is crucial for inhibition apoptosis induced by
TNF-related apoptosis-inducing ligand (TRAIL).20 NF-�B
is prevented from the nuclear translocation necessary for
its action by its association with cytoplasmic inhibitory
proteins, such as I�B�. In response to stimulation, I�B is
degraded, leading to the release and nuclear transloca-
tion of NF-�B.16

The current study provides two lines of evidence sup-
porting the notion that PEDF is an intrinsic protector
against liver cirrhosis. One line of evidence is that pro-
duction of PEDF by hepatocytes is reduced during cir-
rhosis and that exogenous PEDF results in partial ame-
lioration of cirrhosis. The other is that the mechanism of
this protective effect in an animal model appears to be
that PEDF induces HSC inactivation, and that PPAR�

participates in the signaling of PEDF through a complex
interaction involving the nuclear translocation of NF-�B
and JunD.

Materials and Methods

Animal Treatment

To induce liver fibrosis, 6-week-old BALB/c mice (six
mice per experimental condition) were injected intraperi-
toneally twice a week with either CCl4 solution (5 ml/kg
body weight as a 1:4 mixture with olive oil) or thioacet-
amide (TAA) (200 mg/kg) for 3 weeks. Experimental pro-
cedures were approved by the Mackay Memorial Hospi-
tal Review Board and conducted according to national
animal welfare regulations.

Generation of Adeno-Associated Virus PEDF

Adeno-associated virus PEDF (AAV-PEDF) was con-
structed and purified by the methods of Xiao X et al21 In
brief, human PEDF and enhanced green fluorescent pro-
tein (EGFP) cDNAs were obtained from plasmid pET-
15b-PEDF and p-EGFP-N1 (Clontech, Mountain View,
CA), respectively.22 The PEDF cDNA was subcloned into
the BamHI/NotI site of the AAV packaging plasmid
(pAAV-D�), allowing transcription of PEDF to be driven
by the cytomegalovirus promoter. For generation of re-
combinant AAV, pAAV-D (�)-hPEDF, and AAV helper
plasmids (pXR5 and pXX6) were cotransfected into hu-
man embryonic kidney 293T cells. This cloning proce-
dure was also used to generate AAV-EGFP. The expres-
sion of AAV-PEDF in 293T cells was confirmed by PCR
and immunoblotting. The AAV particles were produced
by multiple freeze/thaw cycles and cesium chloride density
gradient purification. Titers were determined by dot-blot
assay in the range of 1.0 to 3.0 � 1013 viral particles/ml. The
expression of AAV was examined by immunoblotting of liver
proteins from mice injected through the tail vein with AAV-
PEDF (2 � 1012 viral particles). Prominent human PEDF
expression was found 2 weeks after AAV infection.

Cell Isolation, Culture, and Treatment

Primary rat HSCs were isolated by in situ portal vein
perfusion with collagenases from livers of male Sprague-
Dawley rats (300 to 450 g). All procedures were per-
formed with the animals under sodium pentobarbital an-
esthesia. Rat livers were perfused with oxygenated PB-1
solution (4.7 mmol/L KCl, 1.2 mmol/L KH2PO4, 118
mmol/L NaCl, 25 mmol/L NaHCO3, 0.5 mmol/L EGTA, 5.5
mmol/L glucose, pH 7.4) at a flow rate of 35 ml/min for 15
minutes at 37°C, then with oxygenated PB-1 solution
containing 2 mmol/L CaCl2, collagenase type I and IV
(� 90 U/ml; Gibco BRL, Rockville, MD) and 0.001% DNase
I (10U/�L; Roche Molecular Biochemicals, Indianapolis,
IN) for 20 minutes, followed by oxygenated Ca2�-con-
taining PB-1 solution without collagenases for 5 minutes.
This suspension was filtered through nylon gauze (mesh
size: 106 �m) and centrifuged 2 times at 40 � g for 5
minutes at room temperature to remove the hepatocytes.
The supernatant was centrifuged at 800 � g for 10 min-
utes at 4°C and then cell pellet was resuspended in 5 ml
of PBS, and layered carefully over a 30 ml of 25%/50%
Percoll (Sigma, St. Louis, MO), and centrifuged at 800 �
g for 15 minutes at 4°C. The cell fraction in the 25%
Percoll was gently aspirated, mixed with PBS, and cen-
trifuged at 800 � g for 7 minutes at 4°C by a previously
described method.23 After PBS wash for two times, the
final cell pellet was resuspended in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 20% fetal
bovine serum (FBS) and 1% penicillin/streptomycin, and
plated on 100-mm plastic dishes. After plating for 24
hours, nonadherent cells and debris were removed by
PBS washing and cells were then cultured in 10% FBS-
DMEM. Cell purity was verified to be approximately 95%
to 98% by vitamin A fluorescence at day 2 after isolation
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(representative pictures are shown in supplemental Fig-
ure S1 at http://ajp.amjpathol.org). HSCs were activated
by culture on plastic for 10 days and then passaged by
trypsin-EDTA treatment. Subsequently, the activated
HSCs were incubated in 10% FBS-DMEM for 2 days and
then used for experiments.

HSC-T6 cells, a rat immortalized HSC cell line, retain all
features of activated HSCs and were kindly provided by
Dr. SL Friedman.24 Cells were grown in Waymouth me-
dium supplemented with 10% FBS at 37°C in a humidified
atmosphere of 5% CO2. Recombinant human PEDF de-
rived from stable baby hamster kidney cell transfectants
and preserved in 50 mmol/L sodium phosphate buffer
(solvent) was obtained from Chemicon (Temecula, CA).
Treatments with PEDF (200 ng/ml, unless differently
specified), TNF-�, G3335, GW9662, or SN50 (all from
Calbiochem, San Diego, CA) were performed after cells
were switched to serum-free medium.

Immunohistochemistry

Formalin-fixed, paraffin-embedded, liver tissue arrays
(LV805; Biomax, Inc., Rockville, MD) or mice liver spec-
imens were deparaffinized in xylene and rehydrated in a
graded series of ethanol concentrations. Slides were
blocked with 10% goat serum for 60 minutes and then
incubated with primary antibody against human PEDF
(1:200 dilution; sc-59641), mouse PEDF (1:200 dilution;
sc-74253; Santa Cruz Biotechnology, CA), or CD68 (1:
200 dilution; Abcam, Cambridge, MA) overnight at 4°C.
The slides were subsequently incubated with the appropri-
ate peroxidase-labeled goat immunoglobulin (1:500 dilu-
tion; Chemicon, Temecula, CA) for 20 minutes and then
incubated with chromogen substrate (3,3�-diaminobenzi-
dine) for 2 minutes before counterstaining with hematoxylin.
Quantification was estimated based on high quality images
(1208 � 960 pixels buffer) captured using a Nikon Eclipse
80i light microscope. The total PEDF density score (image
intensity/image area) was determined using Image-Pro Plus
4.5.1 software (Media Cybernetics).

Sirius-Red Staining

Deparaffinized liver tissue sections were stained for 1
hour in 0.1% (w/v) Sirius red (Sigma, St. Louis, MO) in a
saturated aqueous solution of picric acid, and then rinsed
for 30 minutes in 0.01 N acetic acid to remove unbound
dye. For semiquantitative analysis of liver fibrosis, 10
fields from each slide were randomly selected under a
light microscope, and the red-stained area per total area
(mm2/mm2) was measured using the Image-Pro Plus
4.5.1 system.

Immunofluorescence

Deparaffinized liver tissue sections or 4% paraformalde-
hyde-fixed HSCs were blocked with 10% goat serum and
5% bovine serum albumin for 1 hour. Dual staining was
done using primary antibodies against �-SMA (1:100
dilution; ab5694 or ab7817; Abcam), NF-�B p65 (1:200

dilution; #3034; Cell Signaling Technology, Beverly, MA),
PPAR� (1:200 dilution; sc-7273; Santa Cruz Biotechnol-
ogy, CA), or JunD (1:200 dilution; sc-74; Santa Cruz Bio-
technology, CA) at 37°C for 2 hours, followed by incubation
with the appropriate rhodamine- or fluorescein isothiocya-
nate-conjugated goat IgG (1:500 dilution; Chemicon, Te-
mecula, CA) for 1 hour at room temperature. Nuclei were
located by counterstaining with Hoechst 33258 for 7 min-
utes. Images were captured using a Zeiss epifluorescence
microscope with a CCD camera. To detect nuclear local-
ization of p65 in HSCs of CCl4-treated mice liver, images
were captured using a confocal microscope (SP5; Leica)
and processed using Advanced Fluorescence software
(Leica Application Suite, version 1.6.3).

Semi-Quantitative Reverse Transcriptase PCR

Total RNA was extracted from cells using TRIzol (Invitrogen,
Carlsbad, CA). Synthesis of cDNA was performed with 1 �g
of total RNA at 50°C for 50 minutes using oligo (dT) primers
and reverse transcriptase (RT; Superscript III; Invitrogen)
following the manufacturer’s instructions. cDNA was equal-
ized in an 18- to 26-cycle amplification reaction (denatur-
ation, 20s, 94°C; annealing, 30s, 57°C; and polymerization,
40s, 72°C) with mouse PEDF primers 5�-CCTCTGTTACT-
GCCCCTGAG-3� (forward)/5�-GCCTGCACCCAGTTGT-
TAAT-3� (reverse) and rat PPAR� primers 5�-CCCTG-
GCAAAGCATTTGTAT-3� (forward)/5�- ACTGGCACC-
CTTGAAAAATG-3� (reverse) yielding 177-bp and 221-bp
products, respectively. For Bcl-xl and c-FLIP experiments,
rat Bcl-xl primers [5�- CCCCAGAAGAAACTGAACCA-3�
(forward)/5�-TGCAATCCGACTCACCAATA-3� (reverse)]
and rat c-FLIP primers [5�-CATTCACCAGGTGGAGGAGT-
3� (forward)/5�- CGGCCTGTGTAATCCTTTGT-3� (reverse)]
were used. The number of cycles for the primer set was
selected to be in the linear range of amplification. The PCR
products were electrophoresed in a 2% agarose gel con-
taining ethidium bromide and visualized by UV illumination.
The intensities of the PCR products were quantified using a
FUJI LAS-3000 densitometer and Multi Gauge Ver. 1.01
software (Fujifilm, Tokyo, Japan).

Immunoblot Analysis

Cells were scraped into lysis buffer (150 �l/35-mm well)
containing 20 mmol/L HEPES (pH 7.4), 1% SDS, 150
mmol/L NaCl, 1 mmol/L EGTA, 5 mmol/L �-glycerophos-
phate, 10 mmol/L sodium pyrophosphate, 10 mmol/L
sodium fluoride, 100 �mol/L sodium orthovanadate,10
�g/ml leupeptin, and 10 �g/ml aprotinin. The lysate was
incubated on ice for 15 minutes. Total cell lysate was also
separated into cytoplasmic and nuclear fractions using
the NE-PER nuclear and cytoplasmic extraction kit
(Pierce, Rockford, IL) according to the manufacturer’s
instructions. Each cellular fraction was then resolved by
SDS-polyacrylamide gel electrophoresis, electrotrans-
ferred to polyvinylidene difluoride membranes (Millipore,
Bedford, MA), and processed for immunoblot analysis.
Antibodies used in the immunoblot study included type I
collagen 1A1, histone HI, JunD, PGC-1, Bax, BclII, Bid,
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Bad, c-FLIP, Bcl-xL (1:1000 dilution; all from Santa Cruz
Biotechnology), p-p65 Ser536 (1:500 dilution; 93H1; Cell
Signaling Technology), and MCP-1 (1:1000 dilution; Ab-
cam Ltd). Proteins of interest were detected using the
appropriate IgG-HRP secondary antibody and enhanced
chemiluminescence reagent. X-ray films were scanned
on a Model GS-700 Imaging Densitometer (Bio-Rad Lab-
oratories, Hercules, CA) and analyzed using Labworks
4.0 software. For quantification, blots from at least three
independent experiments were used.

Actin Staining

After treatment, primary rat HSCs were fixed for 2 hours
with 4% paraformaldehyde, washed by PBS and then
permeabilized for 15 minutes with 0.1% Triton X-100.
Changes in F-actin structures were detected by 0.33
mmol/L rhodamine-conjugated phalloidin (Sigma) for 20
minutes at room temperature. Stained F-actin was visu-
alized using a Zeiss Axiovert 25 microscope.

PPAR� Small Interfering RNA Treatment

Subconfluent HSC-T6 cells were transfected with a rat
PPAR� small interfering (si)RNA (sense sequence: 5�-CAC-
CAUUUGUCAUCUACGAtt-3�) or a mixture of four rat
PPAR� siRNAs (SMART-pools; Dharmacon Research, Inc.,
Lafayette, CO) using INTERFERin siRNA transfection re-
agent (PolyPlus-Transfection, San Marcos, CA) according
to the manufacturer’s instructions. The final concentration of
siRNA was 10 nmol/L. A species-specific siCONTROL non-
targeting siRNA (Dharmacon) was used as a negative con-
trol. At 16 hours after siRNA transfection, cells were resus-
pended in new media for a 24-hour recovery period.

NF-�B Activity Assay

Activated HSCs (1 � 105/well of 6-well plate) were
treated with PEDF for 24 hours in serum-free DMEM. After
that, NF-�B p50/p65 transcription factor colorimetric as-
say (SGT510, Chemicon, Temecula, CA) was used to
measure the active NF-�B in nuclear extracts following
the manufacturer’s instructions. Briefly, nuclear extracts
from HSCs were prepared using the NE-PER Nuclear and
Cytoplasmic Extraction Kit (Pierce, Rockford, IL). Double-
stranded biotinylated oligonucleotides containing the
consensus sequence for NF-�B binding (5�-GGGACTT-
TCC-3�) were mixed with nuclear extract and assay
buffer. After incubation, the mixture was transferred to a
streptavidin-coated enzyme-linked immunosorbent as-
say kit, processed following manufacturer’s instructions,
and read at 450 nm using a Spectra MAX GEMINI Reader
(Molecular Devices). The specificity of binding was con-
firmed by competition with unlabeled oligonucleotides.

Evaluation of Apoptosis in Vitro and in Vivo

Activated HSCs (2 � 104/well of 12-well plate) were treated
with PEDF for 16 hours in serum-free DMEM and subse-
quently incubated for another 24 hours in the presence or

absence of TNF-� (10 ng/ml). The HSCs were then fixed in
4% (w/v) paraformaldehyde for 16 hours at 4°C and stained
using a TdT-mediated dUTP nick-end labeling (TUNEL)–
based kit (Roche Molecular Biochemicals, Indianapolis, IN)
according to the manufacturer’s instructions. The cell num-
ber was monitored by counterstaining with Hoechst 33258.
The number of nuclei was calculated in ten randomly se-
lected fields of the three different chambers by a Zeiss
epifluorescence microscope. To identify apoptosis of acti-
vated HSC in vivo, immunofluorescence staining of apopto-
tic cells was performed using a TUNEL–based kit (Roche).
Staining of �-SMA was performed as previously de-
scribed.25 Sections were observed under a Zeiss epifluo-
rescence microscope (� 200, 10 fields/sample). Images
were recorded on Zeiss software.

Immunoprecipitation

HSC-T6 cells (2 � 105/well in 6-well plates) were incubated
for 1 day in 10% FBS- Waymouth medium, and then treated
with PEDF for 24 hours in serum-free Waymouth medium.
After this treatment, cells were lysed in buffer A (10 mmol/L
HEPES pH 7.9, 1.5 mmol/L MgCl2, 10 mmol/L KCl, 0.5%
Nonidet P-40 and protease inhibitor cocktail). After 15 min-
utes on ice, nuclei were cleared by centrifugation and agi-
tated with Protein G Sepharose 4B (Sigma) for 1 hour at
4°C. Pre-cleared lysates were incubated with anti-PPAR�
antibody (20 �g; sc-7273; Santa Cruz Biotechnology) or
NF-�B p65 (5 �g; #3034; Cell Signaling Technology), and
Protein G Sepharose at 4°C for 4 hours. Immunoprecipitates
were washed five times with buffer A and processed for
SDS-polyacrylamide gel electrophoresis.

Statistics

Results are mean � SEM, analysis of variance, and linear
regression were used for statistical comparisons. P �
0.05 was considered significant.

Results

Reduction of PEDF Protein in Human Cirrhotic
Liver

To investigate PEDF expression in cirrhotic liver, tissue array
slides from 25 samples of normal liver tissue (NL), 23 sam-
ples of cirrhotic tissue (LC), and 7 liver tissue samples from
patients infected by hepatitis B virus (HL) were analyzed by
immunohistochemistry using anti-human PEDF antibody.
Results showed that the PEDF signal was clearly stronger in
NL than in LC (Figure 1A, cases 1 and 2, as compared to
cases 3 and 4). The intensity of the PEDF signal in NL, LC,
and HL was 5.3 � 1.0, 2.3 � 1.3, and 4.0 � 1.8, respec-
tively (Figure 1B). All LC showed prominent collagen dep-
osition in the portal area, as confirmed by Sirius-red stain-
ing. Two LC were from patients with hepatitis B virus
infection, and their PEDF intensity was 3.3.�0.4 and 3.1 �
0.5. Of the 25 NL cases, the six showing no Sirius-red
staining (Figure 1A, case 1) had a higher average PEDF
signal (� 5.3 � 1.0) than the rest of the NL cases, which

PEDF Prevents Liver Cirrhosis 1801
AJP October 2010, Vol. 177, No. 4



showed sporadic Sirius-red staining (Figure 1A, case 2).
However, the small case number limits statistical analysis of
this trend. PEDF intensity in 5 out of the 7 HL was lower than
those of NL, although the degree of Sirius-red staining was
similar to NL. There was no difference in PEDF protein levels
when tissues were compared according to age and sex.

PPAR� Levels in HSC Correlate with Levels of
Hepatic PEDF Protein

To investigate the expression of PPAR� in HSCs of cirrhotic
liver, the same tissue array slides were examined by dual-

immunofluorescent staining for PPAR� (green) and �-SMA
(red). As shown in Figure 1A, �-SMA-positive HSCs that
exhibited typically elongated cytoplasm and the numbers
were increased in LC had an obvious reduction of PPAR�

content (cases 3 and 4) compared to that seen in NL slices
(cases 1 and 2). In addition, PPAR� was expressed mainly
in HSCs and only rarely in hepatocytes or other sinusoid
cells. The percentage of PPAR�-positive HSCs in NL was
88 � 12%, whereas in LC andHL it was 32 � 26%and 59 �
34%, respectively (Figure 1C). These data indicate that
PPAR� expression in HSC is reduced in human cirrhotic
liver. Paired correlation analysis showed a positive correla-

Figure 1. Expression of PEDF and PPAR� in human liver specimens. A: Consecutive sections of liver specimens from normal livers (cases 1 and 2) and cirrhosis livers
(cases 3 and 4) are shown in horizontal rows. Immunohistochemical staining of PEDF (brown) and morphometric analyses of liver fibrosis by staining for collagen using
Sirius-red are shown (original magnification, �100). HSCs (�-SMA, red) and PPAR� (green) were detected by immunofluorescence microscopy (original magnification,
�400). PPAR�-positive HSCs (yellow; merge) identified as nuclei stained blue with Hoechst 33258 and cytoplasm stained red with �-SMA were counted using the
Image-Pro Plus 4.5.1 computer program. Percentages of PPAR�-positive HSCs of representative pictures are shown. Case 4 shows negative staining for hepatic PEDF and
faint staining for HSC PPAR�. B: Relative levels of PEDF in normal liver (NL) were higher than those seen in either HBV-induced inflammatory liver (HL) or cirrhotic liver
(LC). Results of anti-PEDF-stained liver sections are expressed as the surface density. “�” represents median and a vertical bar represents SD (SD). C: The percentage
of PPAR�-positive HSCs in NL was higher than in HL and LC. Three different researchers, blind to the experimental procedures, determined PPAR�-positive HSCs, which
were used as the mean for analysis. D: Correlation between hepatic PEDF protein and PPAR�-positive HSCs in human liver specimens.
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tion between hepatic PEDF levels and the fraction of
PPAR�-positive HSCs (Figure 1D, r 	 0.895).

Carbon Tetrachloride-Induced Liver Damage
Reduces PEDF Levels

To verify the change of PEDF expression in liver cir-
rhosis, a CCl4–induced mouse liver fibrosis model was
used. Immunoblotting combined with RT-PCR analyses
showed that immediately after the first intraperitoneal
injection with CCl4, hepatic PEDF levels decreased
markedly compared to control levels. PEDF levels were
partially recovered 7 days later (Figure 2A). We also
noted that the initiation of the recovery of PEDF mRNA
levels (at day 2) occurred earlier than recovery of
protein levels (at day 7) (compare Figure 2A to 2B), a
finding suggesting that PEDF protein expression was
also regulated in some way at the post-transcriptional
level. Moreover, immunoblotting and immunohisto-
chemistry showed that PPAR� levels declined along
with the reduction in PEDF when mice were exposed to
CCl4 for 1 to 5 days and recovered partially at day 7
after CCl4 injection (Figure 2, A and C).

PEDF Prevents CCl4- and
Thioacetamide-Induced Hepatic Fibrosis

To increase PEDF in the liver, human PEDF gene was
delivered into liver cells by an AAV vector. In control
experiments, the same vector was used to deliver the
EGFP gene. After mice were given intraperitoneal CCl4
injections twice per week for 3 weeks, Sirius red and
hematoxylin-stained liver slices from these animals
showed marked parenchymal injury and bridging fibro-
sis (Figure 3A). When mice were injected with AAV-
PEDF for 1 week before an additional 3 weeks of CCl4

treatment, immunofluorescence staining using an anti-
human PEDF antibody showed PEDF gene delivery by
this method to achieve local synthesis of PEDF (green)
in hepatocytes(Figure 3B). At the same time, reduced
parenchymal injury and smaller areas of fibrosis were
observed compared to that seen in the CCl4�AAV-
EGFP control group (Figure 3C; 1.1 � 0.5% versus
6.9 � 0.9%).

To determine whether the reduced fibrosis seen in
mice infected with AAV-PEDF represented suppressed
HSC activation, we evaluated the levels of �-SMA and
MCP-1 in liver protein extracts (Figure 3, D and E). AAV-
PEDF injection diminished �-SMA and MCP-1 levels by a
factor of 3.1 and 5, respectively, compared to the levels
seen in the CCl4�AAV-EGFP group. AAV-PEDF pretreat-
ment also significantly prevented the decline in PPAR�
levels seen in CCl4-treated mice.

The protective effect of AAV-PEDF was also reproduc-
ible in TAA-induced liver fibrosis, as indicated by the
reduced Sirius-red staining and partial repression of
TAA-induced �-SMA and MCP-1 expression seen in liver
sections from TAA-treated mice (supplemental Figure S2
at http://ajp.amjpathol.org).

It has been established that mice treated with CCl4
over 4 weeks show a higher grade of inflammation,
accompanied by macrophage infiltration.26,27 Immuno-
histochemistry analysis, using anti-CD68 antibody, of
liver sections from mice that had received CCl4 injec-
tions for 5 weeks showed an obvious macrophage
infiltration in the injured area (supplemental Figure S3
at http://ajp.amjpathol.org). However, liver sections of
mice that had received AAV-PEDF displayed a reduc-
tion in macrophage infiltration in the injured area com-
pared with the CCl4 or CCl4�AAV-EGFP groups. This
observation is consistent with an inhibitory effect of
AAV-PEDF on CCl4-induced parenchymal injury and
MCP-1 protein expression (Figure 3, A and D). These

Figure 2. Time-course analysis of liver PEDF and PPAR� protein expression levels in mice treated with CCl4.
Mice were injected once with CCl4 and euthanized after one to seven days as indicated. Olive oil treatment
was used as a control (Cont). A: Representative immunoblots and densitometric analyses with SD are shown.
�-actin was used as a loading control. B: RT-PCR analysis of PEDF. Representative results and quantification
of PEDF RNA bands normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are shown. *P �
0.005 versus control. C: Representative images from consecutive sections of a liver specimen show mouse
PEDF (brown) and PPAR�-positive HSCs (yellow) stained by �-SMA (red) and PPAR� (green), respectively.
Original magnification, �400.
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data suggest that AAV-PEDF may ameliorate inflamma-
tion and fibrosis.

PEDF Suppresses the Activation of
Cultured HSCs

The protective effect of PEDF against liver fibrosis
described above suggests that PEDF prevents the ac-
tivation of HSCs. This was indeed observed in culture-
activated primary rat HSCs, where PEDF treatment for
48 hours significantly reduced �-SMA, Col1a1, and
MCP-1 expression compared to solvent treatment alone
(Figure 4A).

When the cell morphology of HSCs with and without
PEDF exposure was compared, culture-activated HSCs
assumed an enlarged, flattened morphology, whereas
PEDF exposure resulted in HSCs with dendritic-like mor-
phology and retracted cytoplasm (Figure 4B). We further
examined stress fiber architecture, a characteristic fea-
ture of HSC activation,28 by rhodamine-phalloidin stain-
ing of filamentous (F-) actin and immunofluorescent stain-
ing of �-SMA (Figure 4, B and C). Culture-activated HSCs
displayed prominent stress fibers and �-SMA staining,
whereas PEDF exposure reduced stress fiber and �-SMA
formation, an indication of suppression of the activation
of HSCs.12

PPAR� Mediates the Suppression of HSCs
by PEDF

We investigated whether PEDF could induce PPAR� ex-
pression in culture-activated HSCs. Immunoblot analyses

revealed that PEDF induced PPAR� expression, but had
no such effect on the expression of PPAR� or PPAR�
(Figure 4A).

In immortalized HSC-T6 cells, PEDF induced mRNA
and protein expression of PPAR� in a time- and dose-
dependent manner (supplemental Figure S4 at http://ajp.
amjpathol.org). PPAR� siRNA pretreatment significantly
reduced the suppressive effects of PEDF on HSC activa-
tion markers (Figure 4D), indicating that the induction of
PPAR� by PEDF is crucial for these effects.

AAV-PEDF Prevents CCl4- and TAA-Induced
HSC PPAR� Down-Regulation

To verify that the PEDF signaling described above in
cultured HSCs also exists in vivo, we compares changes
in PPAR� in cirrhotic liver in the presence and absence of
PEDF gene delivery. Immunohistochemistry showed that
control animals receiving AAV-EGFP after CCl4 exposure
had few PPAR�-positive HSCs, many fewer than animals
receiving AAV-PEDF after CCl4 exposure (Figure 4, E and
F; 27 � 5% versus 70 � 8%) or TAA treatment (34 � 4%
versus 77 � 5%).

AAV-PEDF Suppresses the Development of
Fibrosis in CCl4-Treated Mouse Liver

In a protocol designed to mimic therapy for cirrhosis,
mice were injected with CCl4 twice a week for 3 weeks to
establish hepatic fibrosis. Then, mice received AAV-
PEDF via the tail vein and were continuously injected with
CCl4 for further 4 weeks (Figure 5A). The fibrotic area in

Figure 3. AAV-PEDF protects mice from CCl4-
induced hepatic fibrosis. Mice were injected
with AAV-PEDF for 1 week and then treated
with CCl4 twice per week for 3 weeks. A: There
are fewer fibrotic septa, stained by Sirius-red and
hematoxylin, in the livers of AAV-PEDF-infected
mice (original magnification, �40). B: Immuno-
fluorescence analysis of liver tissue shows the
expression of PEDF in AAV-PEDF-injected ani-
mals (original magnification, �200). C: The av-
erage percentages of the areas stained positive
with Sirius-red in AAV-PEDF-injected animals
are lower than those of the control group. *P �
0.05 versus AAV-EGFP. D and E: AAV-PEDF
reduced the accumulation of cirrhosis-related
proteins in CCl4-treated mice as evident from the
immunoblot analysis of liver lysates with indi-
cated antibodies (D). Representative blots (D)
and densitometric analyses (E) from four inde-
pendent experiments are shown. *P � 0.001
versus control; **P � 0.001 versus AAV-EGFP.
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the liver, quantified by Sirius red staining, was signifi-
cantly increased (3.3-fold) in mice treated with CCl4 for 7
weeks compared to mice treated for only 3 weeks (Figure
5, B and C). And mice who received AAV-PEDF had a
significantly decreased in fibrotic area at week 7 com-
pared to those who received AAV-EGFP (Figure 5C;
16.5 � 1.6% versus 27.0 � 3.1%).

Human PEDF protein in mouse liver infected with AAV-
PEDF was shown by immunoblotting (Figure 5D). The
immunoblots also showed significantly higher expressed
PPAR� and mouse PEDF in AAV-PEDF-infected mice
compared to AAV-EGFP-infected mice, while at week 7
�-SMA and MCP-1 protein expression in the AAV-PEDF
group was decreased by a factor of 1.8-fold and 3.4-fold,
respectively, compared to expression of these proteins in
the AAV-EGFP group (Figure 5E). The reduced �-SMA
protein levels seen in AAV-PEDF-infected mice were cor-
related to a milder collagen deposition, suggesting that
the development of fibrosis is suppressed by AAV-PEDF
infection.

PEDF Induces HSC Apoptosis in Vivo

Apoptosis of activated HSC during tissue repair is a
known mechanism for termination of HSC prolifera-
tion.29,30 We therefore analyzed whether AAV-PEDF
could induce HSC apoptosis. Mice were injected with
CCl4 for 3 weeks, after which AAV-PEDF was injected for
2 weeks without further CCl4 treatment. We observed
prominent HSC apoptosis 2 weeks later (Figure 6A).
These HSCs were activated HSC since they could be
stained with �-SMA antibody (red). Quantitatively, AAV-
PEDF-treated liver had greatly higher numbers of TUNEL-
positive HSCs (yellow) compared to the AAV-EGFP-in-
jected controls (Figure 6B; 38.2 � 7.3% versus 4.9 �
3.1%). The expression of AAV was confirmed by immu-
noblot analysis of liver proteins. As shown in Figure 6C,
prominent human PEDF expression was found at week 2
after AAV-PEDF infection.

There was a significant reduction of PPAR� protein
levels induced by CCl4 (36.7 � 5.3%) in AAV-EGFP-

Figure 4. PEDF suppresses primary rat HSC activation. A: Immunoblot analysis of HSC lysates with antibodies as indicated. B: Left panels: Representative
phase-contrast micrographs show the modification of culture-activated HSC morphology after PEDF treatment for 48 hours. Right panels: The filamentous actin
of cells corresponding to those shown in the left panels was stained with rhodamine-conjugated phalloidin. Original magnification, �200. C: Immunofluorescence
analysis of the expression of �-SMA (green) in HSCs. DNA was visualized with Hoechst 33258 staining. Representative PEDF panels show that PEDF treatment
causes a reversal of the activated HSC morphology. D: The inhibitory effect of PEDF on HSC activation is reversed by PPAR� siRNA (P� siRNA). HSC-T6 cells were
pretreated with siRNAs (C siRNA, control) for 16 hours before exposure to PEDF (P) for an additional 48 hours, and cells were then processed for RT-PCR analysis
(blots 1 and 2) and immunoblot analyses (blots 3 to 7). “Mock” indicates transfection reagent-treated cells. E and F: AAV-PEDF prevents CCl4- and TAA-induced
HSC PPAR� down-regulation. Mice were injected with AAV-PEDF or AAV-EGFP for 1 week and then treated with CCl4 or TAA twice per week for 3 weeks. E:
Representative pictures of four independent experiments show dual immunofluorescence staining of HSCs by �-SMA (red), PPAR� (green), and merged (yellow;
PPAR�-positive HSCs). Original magnification, �400. F: Percentage of PPAR�-positive HSCs. *P � 0.002 versus control mice; **P � 0.05 versus AAV-EGFP.
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injected controls 2 weeks after termination of CCl4 treat-
ment compared to those treated with olive oil instead of
CCl4 (100 � 7.5%). AAV-PEDF infection reversed the
PPAR� reduction to142 � 12.8%. We also noted that, at
1 and 2 weeks after the termination of CCl4 treatment,
endogenous PPAR� levels experienced a spontaneous
partial recovery from 10.2 � 2.1% to 24.5 � 2.7% at week
1, and 37.1 � 4.3% at week 2.

PEDF Alters the Intrinsic Anti-Apoptotic
Property of HSCs

We also tested whether PEDF could induce apoptosis in
HSCs in cell culture. Although PEDF treatment alone did
not induce apoptosis of primary culture-activated rat
HSCs, PEDF pretreatment for 16 hours increased TNF-�-
induced HSC apoptosis from 8 � 2.1% to 21 � 3.3%
(TUNEL; green, Figure 7A). TNF-� alone (10 ng/ml) did
not induce cell apoptosis. This shows the capability of

PEDF to induce cultured HSCs into a pro-apoptotic sta-
tus. The requirement for TNF-� for PEDF-induced apo-
ptosis does not exclude cultured HSC as a valid model
system for cirrhosis since TNF-� levels are high in cir-
rhotic liver.31

It has been reported that the down-regulation of NF-�B
sensitizes culture-activated rat HSCs to apoptotic death
via TNF-�.18,19,30 We investigated the influence of PEDF
on NF-�B activity in cultured HSCs. The DNA-binding
activity of NF-�B was significantly decreased by �75%
after PEDF treatment for 24 hours (Figure 7B). Culture-
activated HSC treatment with PEDF or an inhibitor of
NF-�B nuclear translocation (SN50) for 24 hours reduced
the mRNA and protein levels of the NF-�B-responsive
genes Bcl-xL and c-FLIP (supplemental Figure S5 at
http://ajp.amjpathol.org and Figure 7C and 7D). Culture-
activated HSCs also showed a significant increase in
Bcl-2 protein and Bax protein by 4.1-fold and 2.7-fold,
respectively, comparing to solvent-stimulated cells. In

Figure 5. Suppression of CCl4-induced liver fibrosis by PEDF. A: Model of liver fibrosis. Liver fibrosis was induced by intraperitoneal injection of CCl4 twice
a week for 3 weeks. Then, mice received a single administration of AAV (2 � 1012 viral particles per mouse) via the tail vein and were continuously injected
with CCl4 for an additional 4 weeks. B: Representative Sirius red-stained liver sections. Compared to AAV-EGFP infection, AAV-PEDF infection results in
a significant reduction of fibrosis (original magnification, �100). Representative images of at least three different experiments with six mice in each
subgroup are shown. C: Estimation of liver fibrosis by the area of hepatic fibrosis detected by Sirius-red staining shown in B. Data were assessed by
analyzing 24 Sirius red-stained liver sections per animal with a computerized image-plus system. D and E: AAV-PEDF prevents the accumulation of
cirrhosis-related proteins in CCl4-treated mice. Whole liver protein lysates were extracted for immunoblot analysis with the indicated antibodies.
Representative blots (D) and densitometric analyses (E) from three independent experiments are shown. *P � 0.005 versus control; **P � 0.002 versus
AAV-EGFP.
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contrast, PEDF did not affect protein levels of Bad and
Bid. These observations suggest that the suppression of
NF-�B activity by PEDF may render HSCs sensitive to
TNF-�-mediated apoptosis.

To seek in vivo evidence of PEDF on NF-�B, we
investigated, by double immunostaining for p65 (a
NF-�B subunit) and HSC marker �-SMA, whether AAV-
PEDF treatment is able to block CCl4–induced NF-�B
nuclear translocation in hepatic HSCs. As shown in
Figure 7E, nuclear localization of p65 was detected in
HSCs of CCl4-treated mice, while AAV-PEDF-infected
mice showed weak nuclear but stronger cytoplasmic
staining of p65 in HSCs, an indication that translocation
of p65 into HSC nuclei was blocked. Infection with
AAV-PEDF significantly reduced the CCl4-induced p65
nuclear translocation from 62 � 8% to 12 � 5% com-
pared to the AAV-EGFP-treated group (Figure 7F). Our
in vivo observation supports the existence of a potential
role of NF-�B in PEDF-induced apoptosis.

PEDF Suppresses JunD and NF-�B Nuclear
Translocation in HSCs via a PPAR�-Dependent
Mechanism

To elucidate the molecular mechanism involved in
PEDF signaling in inactivation of HSCs, we investi-
gated the influence of PEDF on nuclear translocation of
JunD. Immunofluorescence analysis of JunD showed a
prominent nuclear accumulation in solvent-treated
cells and barely detectable PPAR� (Figure 8A). In con-
trast, PEDF treatment for 48 hours prevented the nu-
clear localization of JunD and increased both nuclear
and cytoplasmic PPAR� levels. GW9662, a PPAR� an-

tagonist, blocked this action of PEDF as was evident
from the increase seen in nuclear JunD. Immunoblot-
ting of nuclear extracts of HSC-T6 cells showed that
JunD was dramatically decreased in PEDF-treated
cells (Figure 8B). siRNA targeting of PPAR� abolished
the inhibitory effect of PEDF on nuclear localization of
JunD. These findings indicate that PEDF, through
PPAR�, prevents the nuclear localization of JunD. We
also found that PEDF caused a decrease in nuclear
localization of NF-�B, evidence supporting an inhibi-
tory effect of PEDF on DNA-binding activity of NF-�B
(Figure 7B).

PPAR� Sequestrates p65-I�B Complex and
JunD in Cytoplasm

One possible explanation of the reduced JunD and p65
observed in the nuclei is that cytoplasmic PPAR� may
directly associate with JunD and p65 and in this way
prevent their nuclear translocation. Indeed, JunD and
p65 could be precipitated using an anti-PPAR� antibody
from PEDF-treated HSC-T6 cells (Figure 8C). Exposure to
PPAR� antagonists (GW9662 or G3335, 20 �mol/L) for 24
hours abolished PPAR� binding to JunD and PGC-1 (a
well-documented PPAR� cofactor) but did not affect the
interaction between PPAR� and the p65-I�B complex.
The PEDF-induced increase in the p65-I�B complex in
cytoplasm was further confirmed by an immunoprecipi-
tation assay using anti-p65 antibody (Figure 8D). These
observations support a model in which PPAR� directly
promotes the sequestration of JunD and NF-�B in the
cytoplasm.

Figure 6. AAV-PEDF induces HSC apoptosis in
CCl4-treated mice. Mice were treated with CCl4
twice per week for three weeks and were then
injected with AAV (2 � 1012 viral particles per
mouse) via the tail vein for two weeks without
further CCl4 treatment. A: Liver sections were
double-stained with TUNEL to identify apoptotic
cells (green) and �-SMA to identify activated
HSCs (red). Apoptotic HSCs (yellow) on the su-
perimposed images were quantified under a mi-
croscope (�200, 10 fields/liver section) using a
digital program. Insets are images before super-
imposition. B: Percentages of TUNEL-positive
HSCs. *P � 0.05 versus AAV-EGFP. C: Immuno-
blot analyses of liver lysates with antibodies as
indicated. Representative blots (top panels)
from three independent experiments and six
mice per group are shown. Intensities of PPAR�
on the immunoblot were determined by densi-
tometry and normalized to �-actin (bottom
panels). Cont 	 olive oil-treated control mice.
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Discussion

In this study, we found a significant reduction in PEDF
levels in all human cirrhotic tissues. This observation,
obtained from clinical specimens, was also seen in a
mouse model of liver fibrosis. When exogenous PEDF
was supplied by gene delivery, the degree of pathology
of the liver cirrhosis was reduced, as evident from the
reduced area of fibrosis and decreased levels of cirrhosis
marker proteins. It has been proposed that the suppres-
sion of HSC activation is important for the prevention and
resolution of liver fibrosis11–13; however, few endogenous
factors have the ability to suppress HSC activation. Our
study has demonstrated, both in vitro and in vivo, that
PEDF can prevent HSC activation via induction of PPAR�.

In addition to directly suppressing HSC activation,
PEDF may also suppress HSC indirectly through sup-

pression of inflammation. Recent animal studies have
shown PEDF to have an anti-inflammatory action. PEDF
can decrease inflammatory injury from occurring in retina
and kidney in a rat model of diabetes via a decrease in
the levels of inflammatory factors such as MCP-1.32,33 A
suppression of inflammation after CCl4 exposure is evi-
dent from the reduced expression of MCP-1 and the
reduction of macrophage infiltration caused by PEDF
treatment. Interestingly, suppression of inflammation by
PEDF may be an effect rather than a cause of HSC
inactivation since HSC is one of the major sources of
inflammatory cytokines in the liver.1–3

Regarding the mechanism responsible for PEDF de-
pletion after CCl4 treatment, our finding of a reduction in
PEDF mRNA levels suggests that an inhibition of PEDF
transcription is responsible. However, a recent experi-

Figure 7. A: PEDF facilitates HSC apoptosis induced by TNF-�. Cells were pretreated with PEDF for 16 hours before exposure to 10 ng/ml TNF-� for an additional
24 hours. TUNEL staining and Hoechst 33258 were used to mark apoptotic cells (green) and nuclei (blue), respectively. A representative image of three
independent experiments is shown. The percentages of apoptotic cells were calculated (�200, 10 fields/sample). B: PEDF reduces NF-�B binding to DNA. Nuclear
extracts from 1 � 105 primary rat HSCs were measured for NF-�B DNA-binding activity by enzyme-linked immunosorbent assay. *P � 0.05 versus untreated cells.
C and D: PEDF affects the expression of apoptosis-related protein. Primary rat HSCs were treated with PEDF or PEDF solvent for 24 hours and then processed
for immunoblotting (C). Representative blots (C) and densitometric analyses (D) from three independent results are shown. *P � 0.001 versus control. E and F:
PEDF prevents the nuclear translocation of the NF-�B subunit p65/RelA in HSCs in vivo. Mouse treatments were performed as described in the legend of Figure
3. Liver tissues were assayed by dual immunofluorescence staining for �-SMA (red) and p65 (green). Nuclei were stained by Hoechst 33258 (shown in blue).
Representative images are from three independent experiments and six mice per group (E). Percentages of p65-positive HSC nuclei were quantified using confocal
spectral microscopy (�400, 10 fields/liver section, F). Insets in E from left to right are superimpositions of nucleus and �-SMA, p65 and �-SMA, and p65 alone,
respectively. *P � 0.002 versus control mice. **P � 0.001 versus AAV-EGFP.

1808 Ho et al
AJP October 2010, Vol. 177, No. 4



mental report in rat hepatic steatosis provides persuasive
evidence that matrix metalloproteinase (MMP)-2/9 can
degrade PEDF, and this action represents another pos-
sible mechanism for PEDF reduction in CCl4-induced
liver fibrosis.9 The question then, however, is how the
exogenous PEDF in our experiments was able to escape
degradation by MMPs. As shown via immunofluores-
cence assay, exogenous human PEDF was detected
throughout liver tissue. Moreover, immunoblotting indi-
cates the presence of PEDF of the proper size in liver
extracts. This suggests that the MMPs are likely to be
overwhelmed by the efficient expression of PEDF driven
by CMV promoter. Additionally, since tissue inhibitor of
metalloproteinase is reportedly also synthesized in the
liver along with MMPs after CCl4 treatment, there may be
a fine balance between MMPs and tissue inhibitor of
metalloproteinase.34,35

Our data have also shown that the majority of PEDF-
induced PPAR� in HSCs remains in the cytoplasm, rather
than the nucleus. Similar subcellular retention of PPAR�
has been reported by others in macrophage-like RAW
264 cells, differentiating 3T3-L1 preadipocytes, and nor-
mal human urothelial cells, and this cytoplasmic retention
is related to the nitration, lipid droplet interaction, and
tyrosine phosphorylation of PPAR�.36–38 However, our
previous studies demonstrated PEDF-induced nuclear
accumulation of PPAR� in endothelial cells.14 These ob-
servations suggest that although PEDF can induce
PPAR� expression in different types of cells, the subcel-
lular partition of PPAR� is cell type-dependent.

The expression of �-SMA, Col1a1, and MCP-1 is up-
regulated in part by JunD during the development of cir-
rhosis or glomerulonephritis.12,17,39 The JunD null mouse
is protected against CCl4-induced HSC activation and
fibrosis.40 Our in vitro studies have demonstrated that
cytoplasmic PPAR� regulates JunD function by causing
the retention of JunD in the cytoplasm. This might be the
mechanism by which PPAR� arrests HSC activation. In-
terestingly, the association between JunD and PPAR� is
abolished by PPAR� antagonists, suggesting that endog-
enous PPAR� ligands are required for this physical
interaction.

PPAR� is considered to be a therapeutic target for the
treatment of liver fibrosis.11–13 However, PPAR� levels
are depleted in activated HSCs.11,12 A recent study using
an adenoviral vector delivering PPAR� to rat livers found
that PPAR� overexpression attenuates both HSC activa-
tion and the fibrosis induced by bile duct ligation.13 This
suggests that a critical level of PPAR� is required to
prevent the activation of HSCs and supports our model
that PEDF can protect against liver cirrhosis by maintain-
ing PPAR� levels.

Induction of apoptosis of activated HSC during tissue
repair is as an important mechanism for termination of
HSC proliferation.29,30 Our result is the first to show that
PEDF can induce apoptosis of activated HSCs in vivo.
Our studies also show that PEDF suppresses the expres-
sion of the NF-�B-responsive genes, Bcl-xl and c-FLIP, in
cultured HSCs, and the nuclear translocation of NF-�B in
activated HSCs in vivo. These actions may be the reason

Figure 8. A and B: PEDF prevents JunD and
NF-�B nuclear translocation in a PPAR�-depen-
dent manner. A: Primary rat HSCs were assayed
by dual immunofluorescence staining for PPAR�
(red) and JunD (green). Cells were pretreated
with 10 �mol/L PPAR� antagonist (GW9662) for
1 hour and then with or without PEDF for an
additional 48 hours. Nuclei were stained with
4�,6-diamidino-2-phenylindinole. B: The inhibi-
tory effect of PEDF on the nuclear translocation
of JunD and NF-�B in HSC-T6 cells is blocked by
PPAR� siRNA pretreatment. Nuclear and cyto-
plasmic fractions of HSC-T6 cells were prepared
and subjected to immunoblot analysis with anti-
bodies as indicated. Antibodies against histone
H1 were used to validate the fractionation pro-
cedure. C and D: PPAR� associates with JunD
and p65/I�B�. HSC-T6 cells were pretreated
with 20 �mol/L PPAR� antagonist (GW9662 or
G3335) or DMSO solvent as indicated for 1 hour
and then with or without PEDF for an additional
24 hours before the preparation of cell lysates.
Immunoblotting with various antibodies as indi-
cated was performed on respective anti-PPAR�
(C) or anti-p65 (D) immunoprecipitates. Lysates
were also analyzed for total JunD, I�B�, and
�-actin before immunoprecipitation (input).
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that PEDF gene delivery leads activated HSCs to become
susceptible to toxic cytokines such as TNF-�.31

Our immunoprecipitation assay showed that PPAR�
binds NF-�B and prevents its translocation into the nu-
cleus. Interestingly, this binding is not abolished by
PPAR� antagonists, suggesting that the biologically ac-
tive site of PPAR� is not required for the physical inter-
action between of PPAR� and NF-�B. A novel finding by
the immunoprecipitation assay is that the level of I�B� is
markedly increased in the complex containing PPAR�
and NF-�B. It seems PPAR�, when included into I�B-
NF-�B complex, stabilizes this complex. Our finding pro-
vides an alternative PPAR�-mediated transcription re-
pression mechanism occurring before NF-�B associates
with its promoter.

In summary, we have made the novel observation that
exogenous PEDF can prevent chemically-induced liver
fibrosis in mice. Culture-activated HSCs are PEDF re-
sponsive cells, as shown by a PEDF-induced increase in
PPAR� expression and reduction in activation markers
and NF-�B-responsive anti-apoptosis proteins. We sug-
gest that PEDF represents a potential antifibrotic factor in
the liver.
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