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Abstract
Background and Aim: The plasminogen activator/plasmin system is known to regulate
the extracellular matrix turnover. The aim of this study was to detect the role of plasmi-
nogen activator inhibitor-1 (PAI-1) during liver fibrogenesis and investigate the functional
effects of PAI-1 gene silencing in rat hepatic stellate cells (HSCs) using small interfering
RNA (siRNA).
Methods: Hepatic fibrosis in rats was induced through serial subcutaneously injections of
CCl4 and the expression of PAI-1 was detected by immunohistochemistry and reverse
transcription–polymerase chain reaction (PCR). PAI-1 siRNA molecules were constructed
and transiently transfected into HSC-T6 using the cell suspension transfection method. The
pSUPER RNA interfering system was used to establish the HSC stable cell line pSUPER-
shPAI. Expression of alpha-smooth muscle actin, transforming growth factor-beta, tissue
inhibitor of metalloproteinases-1, and collagen types I and III were evaluated by real-time
PCR. Cell proliferation and the cell cycle were determined by the methyl thiazolyl tetra-
zolium (MTT) method and flow cytometry. Collagen content in HSCs supernatant was
evaluated by enzyme-linked immunosorbent assay.
Results: The results showed that PAI-1 was upregulated during liver fibrosis, and its
expression was closely correlated with the deposition of collagens. SiRNA molecules were
successfully transfected into HSCs and induced inhibition of PAI-1 expression time depen-
dently. Moreover, PAI-1 siRNA treatment downregulated alpha-smooth muscle actin,
transforming growth factor-beta, tissue inhibitor of metalloproteinases-1 expression,
and inhibited collagen types I and III synthesis both at the mRNA and protein level in
transiently and stably transfected HSCs.
Conclusions: This study suggests a significant functional role for PAI-1 in the develop-
ment of liver fibrosis and that downregulating PAI-1 expression might present as a potential
strategy to treat liver fibrosis.
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Introduction
Liver fibrosis is characterized by activation of hepatic stellate cells
(HSCs), which are then involved in synthesis of the extracellular
matrix (ECM) and regulating ECM degradation.1 Current evidence
supports the view that fibrosis of several solid organs, including
the liver, is a consequence of perturbation of the normal balance
between ECM synthesis and its degradation. Therefore, a critical
balance must be achieved between maintaining the proper amount
of ECM for homeostasis while at the same time providing a means
of ensuring that excess or improper accumulation does not occur.

Plasminogen activator inhibitor-1 (PAI-1) is thought to be the
major physiological inhibitor of both urokinase type plasminogen
activator (uPA) and tissue type plasminogen activator (tPA),

molecules that cleave plasminogen to plasmin.2 This inhibition
decreases both fibrinolysis and matrix proteolysis as uPA and
plamin can degrade ECM proteins directly and activate latent
matrix metalloproteinases (MMPs), enzymes that degrade
collagens.3 Several observations suggested that there was an
imbalance between PAs and PAI-1 and HSCs were an important
source of PAI-1 during hepatic fibrosis.4–6 At the early stage,
expression of uPA and its receptor was increased, while during the
fibrotic process, PAI-1 was highly expressed in HSCs and became
prominent in the cirrhotic stage. Increased expression of PAI-1
weakened the activity of uPA, thus inhibiting plasmin generation
and attenuating excess ECM degradation. Our previous study indi-
cated that delivery of exogenous uPA gene into HSC-T6 decreased
the amount of collagens accompanied with increased expression of
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MMP-2, and that treatment with uPA significantly ameliorated
ECM deposition in experimental hepatic fibrosis.7 In addition,
study by Bueno et al.8 also revealed that uPA gene administration
could induce cirrhosis regression and ameliorate hepatic dysfunc-
tion in experimental liver cirrhosis via downregulation of pro-
fibrogenic molecules (Col I, III, IV) and upregulation of collagen-
degrading enzymes such as MMP-13 and MMP-2. Furthermore, it
was recently reported that PAI-1 deficiency also reduced liver
injury and fibrogenesis after bile duct ligation, and that this change
correlated with increased tPA and MMP-9 activity.9 Therefore, we
postulated that inhibiting the upregulation of PAI-1 during liver
fibrogenesis could be a potential strategy to treat liver fibrosis.

RNA interference (RNAi) is a sequence-specific, posttranscrip-
tional gene-silencing mechanism through double-stranded RNA
molecules homologous to the sequence of the target gene.10 It is
known as a powerful tool for post-transcriptional gene silencing11

and has opened new avenues in gene therapy. Herein, in this study
we induced hepatic fibrosis in rats through serial subcutaneously
injections of CCl4 for 8 weeks and evaluated the expression of
PAI-1 during hepatic fibrogenesis and the reversal process. Addi-
tionally, small interfering RNA (siRNA) molecules targeting the
sequences within rat PAI-1 gene were both transiently and stably
transfected into HSC-T6. The results showed that the expression of
PAI-1 was parallel with collagen deposition during hepatic fibrosis
and downregulating PAI-1 expression could prohibit collagen pro-
duction and enhance collagen degradation.

Methods

Animal models

Six-week-old male Sprague–Dawley rats (220–230 g) were pur-
chased from the Shanghai Laboratory Animal Center of Chinese
Academy of Sciences and fed with standard laboratory chow ad
libitum. All rats received humane care according to the Guide for
the Care and Use of Laboratory Animals by the Chinese Academy
of Sciences. Hepatic fibrosis was induced by subcutaneously injec-
tion of CCl4 (3 mL/kg body weight) dissolved in olive oil (2:3
ratio) twice a week for 8 weeks as previously described.7,12 Rats
were sacrificed at 2 weeks, 6 weeks, 8 weeks, 10 weeks, 12 weeks,
and 14 weeks from the first CCl4 injection. Liver tissues were
either snap-frozen in liquid nitrogen or fixed in 10% formalin for
histology and immunostaining.

Histological and immunohistochemical
examination

Liver tissue sections were stained with hematoxylin–eosin (HE)
for histopathological examination. Immunohistochemical exami-
nation was carried out to detect the expression of PAI-1, collagen
types I and III in liver tissues. Briefly, the paraffin sections of left
median hepatic lobes were incubated with 3% H2O2 in methanol at
37°C for 10 min to quench endogenous peoxidase activity. After
blocked at room temperature for 20 min, the sections were incu-
bated with antibodies against PAI-1 (America Diagnostica, Stam-
ford, CT, USA), collagen type I or collagen type III (Boster,
Wuhan, China) overnight at 4°C, followed by incubation with
horseradish peroxidase (HRP)–conjugated secondary antibody
(Daco, Kyoto, Japan) at 37°C for 20 min. Finally, the signals were

detected using the Diaminobenzidine Substrate Kit (Vector Labo-
ratories, Burlingame, CA, USA). For the semiquantitative analysis
of PAI-1 and collagen expression, the brown-stained tissues in
immunohistostaining sections were measured on an image ana-
lyzer by a technician blinded to the samples. Three fields were
selected randomly from each of two sections, and six rats from
each group were examined.

Cell culture and siRNA transfection

The rat hepatic stellate cell line, HSC-T6 (kindly provided by Dr
Scott L Friedman), was grown in Dulbecco’s modified Eagle’s
medium (DMEM) (Life Technologies, Grand Island, NY, USA)
with 10% fetal calf serum (Hyclone, Logan, UT, USA) in a
humidified atmosphere of 5% CO2 at 37°C. SiRNA transfection
method, which is named as cell suspension transfection method in
the present study, was a modification from the standard cationic
lipid-based protocol. Briefly, just before transfection, cells were
trypsinized, and diluted in fresh culture medium without antibiot-
ics to make a 6 ¥ 105 cells/mL cell suspension. SiRNA molecules
were prepared using the Lipofectamine 2000 transfection reagent
(Invitrogen, Carlsbad, CA, USA) in conjunction with opti-MEM
reagent (Invitrogen) according to the manufacturer’s instructions.
One mL cell suspension per well were added to 6-cm cell culture
dishes with the siRNA mixture. Transfection efficiency experi-
ments were carried out using fluorescein isothiocyanate (FITC)–
labeled siRNA (Invitrogen). The effect of siRNA treatment on cell
viability was determined by trypan blue exclusion. Cell growth
was determined by methyl thiazolyl tetrazolium (MTT) conversion
using the CellTiter 96 Aqueous Non-Radioactive Cell Proliferation
Assay System (Promega, Madison, WI, USA) according to the
manufacturer’s protocol. Cell cycle analysis was measured by flow
cytometry.

Preparation of siRNA and construction of
siRNA expression vector

The siRNAs for rat PAI-1 mRNA were designed and synthesized
by Invitrogen Life Technologies. We prepared four siRNAs and
the most effective one was selected for construction of siRNA
expression vector. The siRNA sequences used were shown in
Table 1. Negative control siRNA (NCsiRNA) was used to assess
non-specific gene silencing effects. The mammalian expression
vector pSUPER (OligoEngine, Seattle, WA, USA) was used to

Table 1 Design of small interfering RNA sequences for plasminogen
activator inhibitor-1 (PAI-1) silencing

219siRNA Sense 5′-GCCACCAACUUCGGAGUAATT-3′
Antisense 5′-UUACUCCGAAGUUGGUGGCCT-3′

559siRNA Sense 5′-GGACUUCUCAGAGGUGGAATT-3′
Antisense 5′-UUCCACCUCUGAGAAGUCCTT-3′

1061siRNA Sense 5′-GCUGGGCAUGACUGACAUCTT-3′
Antisense 5′-GAUGUCAGUCAUGCCCAGCTT-3′

2665siRNA Sense 5′-CCACCUUAGUUAGAUAAUCTT-3′
Antisense 5′-GAUUAUCUAACUAAGGUGGTT-3′

NCsiRNA Sense 5′-UUCUCCGAACGUGUCACGUTT-3′
Antisense 5′-ACGUGACACGUUCGGAGAATT-3′
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express shRNAs in HSC-T6. The PAI-1 specific pSUPER vector,
referred as pSUPER-shPAI, and the control plasmid pSUPER-NC
was generated as previously described.13

Total RNA extraction, reverse transcription and
quantitative real-time polymerase chain
reaction (PCR)

Total RNA was extracted at different time points after siRNA
transfection using the Trizol kit (Gibco/Life Technologies) accord-
ing to the manufacturer’s protocol. Quantitative real-time PCR
was performed on a LightCycler PCR instrument (Roche Diag-
nostics, Penzberg, Germany), using SYBR Green as the detection
fluorophore. Primer sequences were summarized in Table 2. The
specificity of the amplification product was confirmed by melting
curve analysis of the reaction products using SYBR Green as well
as by visualization on ethidium bromide stained 1.5% agarose gels
to confirm a single band of the expected size. The housekeeping
gene beta-actin was used as an internal control, and gene-specific
mRNA expression was normalized against beta-actin expression.

Enzyme-linked immunosorbent assay (ELISA)

ELISAs were performed using commercial kits which were used
for quantitative determination of collagen types I and III (Sigma,
St. Louis, MO, USA) in HSCs culture supernatant at different time
points after siRNA transfection.

Statistical analysis

Results were presented as means of three independent experiments
(� SD). Statistical analysis of values was performed using the
unpaired Student’s t-test, with a P value < 0.05 considered
significant.

Results

Histological and immunohistochemical
assessment

To investigate the expression of PAI-1 during liver fibrosis, liver
sections were analyzed by HE staining and immunohistochemis-
try. Histologically, livers of rats treated with CCl4 for 6 weeks
showed connective tissue fibers extending from the central vein
and massive hepatocytes showed ballooning degeneration. Early
septal formation was established in livers of rats treated with CCl4

for 8 weeks, and these changes were reversible after CCl4 injection
stopped as previously described.12 We also localized PAI-1, col-
lagen types I and III, in liver specimens by immunohistochemistry,
finding them to be only faintly present in control rat livers
(Fig. 1a). In fibrotic rat livers, PAI-1 was markedly increased
during liver fibrogenesis, correlated with the expression of col-
lagen types I and III, and then decreased after the termination of
CCl4 injection (Fig. 1h). Immunohistochemistry indicated that
PAI-1 protein was mainly located at nonparenchymal cells such as
HSCs, sinusoidal endothelial cells, and vessels (Fig. 1a–g). The
mRNA level of PAI-1 in liver tissue was also in line with protein
level in the process of hepatic fibrogenesis (Fig. 1i,j).

Transfection efficiency was improved using
cell-suspension method

HSC-T6 is one of the hard-to-transfect cell types. When we used
the routine method as previously described,14 the transfection effi-
ciency was less than 20% which may be due to the large amount of
ECM secreted by HSC. To enhance the transfection efficiency, we
used the cell-suspension transfection method, which significantly
increased the transfection efficiency to more than 90% 24 h after
transfection as determined by fluorescence microscope using
FITC-labeled siRNA (Fig. 2). Meanwhile, trypan blue exclusion
demonstrated that this transfection method had little effect on cell
viability.

Selection of PAI-1 mRNA sequence target

As shown in Table 1, a total of four candidate siRNA sequences
were chosen to be complementary to various regions at rat PAI-1
gene. In a set of preliminary experiments designed to identify the
most appropriate sequence for further study, these sequences
were transfected into HSC-T6 using the cell-suspension transfec-
tion method. PAI-1 mRNA expression were analyzed by real-time
PCR 24 h and 48 h after transfection. Western blotting was used
to analyze the protein level 48 h later. As shown in Figure 3,
219siRNA led to a reduction of PAI-1 mRNA expression by
73.76 � 8.14% and 30.66 � 4.67% 24 h and 48 h after transfec-
tion, respectively, and reduced the protein expression up to 85%;
559siRNA and 2665siRNA also suppressed PAI-1 protein expres-
sion by 57% and 63%, respectively; whereas 1061siRNA seemed
to have no effect on PAI-1 expression. Accordingly, we chose
219siRNA and 559siRNA in the subsequent experiments because
2665siRNA targeted at the untranslated region (UTR) of the
PAI-1 gene which would increase the possibility of off-target
effects.15

Table 2 Primer sequences for real-time polymerase chain reaction

PAI-1 Forward 5′-CCTTCCAGAGTCCCATACA-3′
Reverse 5′-CTGGCTCTTTCCACCTCT-3′

TIMP-1 Forward 5′-TCCCCAGAAATCATCGAGAC-3′
Reverse 5′-TCAGATTATGCCAGGGAACC-3′

TGF-b Forward 5′-ATACGCCTGAGTGGCTGTCT-3′
Reverse 5′-TGGGACTGATCCCATTGATT-3′

a-SMA Forward 5′-CCGAGATCTCACCGACTACC-3′
Reverse 5′-TCCAGAGCGACATAGCACAG-3′

collagen I Forward 5′-GGTGGTTATGACTTCAGCTTCC-3′
Reverse 5′-CATGTAGGCTACGCTGTTCTTG-3′

collagen III Forward 5′-GTCTTATCAGCCCTGATGGTTC-3′
Reverse 5′-GCTCCATTCACCAGTGTGTTTA-3′

b-actin Forward 5′-CCATTGAACACGGCATTGTC-3′
Reverse 5′-TCATAGATGGGCACACAGTG-3′

b-actin, beta-actin; PAI-1, plasminogen activator inhibitor-1; a-SMA,
alpha-smooth muscle actin; TGF-b, transforming growth factor-beta;
TIMP-1, tissue inhibitor of metalloproteinases-1.
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Figure 1 Plasminogen activator inhibitor-1
(PAI-1) was upregulated after CCl4 injection.
Hepatic fibrosis was induced by subcutane-
ously injection of CCl4 twice a week for
8 weeks. Immunohistochemical analysis
showed PAI-1 expression in normal liver
tissue (a), and 2 weeks (b), 6 weeks (c), 8
weeks (d), 10 weeks (e), 12 weeks (f), and 14
weeks (g) after the first CCl4 injection. Original
magnification was 200 ¥. Arrows indicate
hepatic stellate cells (HSCs), arrowheads indi-
cate vessels. (h) The amount of PAI-1, col-
lagen types I and III staining in liver tissue was
measured using an image analyzer during liver
fibrosis. (i) Total RNA was extracted from liver
tissues at normal (lane 1), 2 weeks (lane 2), 6
weeks (lane 3), 8 weeks (lane 4), 10 weeks
(lane 5), 12 weeks (lane 6), and 14 weeks
(lane 7) after the first CCl4 injection. Reverse
transcription–polymerase chain reaction (RT-
PCR) also showed upregulation of PAI-1
during liver fibrogennesis and then decreased
after CCl4 injection stopped. (j) Semiquantita-
tive analysis of the RT-PCR result.
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PAI-1 siRNA downregulated mRNA expression
of alpha-smooth muscle actin (a-SMA),
transforming growth factor-beta (TGF-b), tissue
inhibitor of metalloproteinases-1 (TIMP-1),
collagen types I and III in HSC-T6

To investigate the effect of PAI-1 siRNA on HSCs and its potential
molecular mechanisms, we detected the mRNA expression of
some profibrogenic markers including a-SMA, TGF-b, TIMP-1,
collagen types I and III in both transiently and stably transfected
HSCs. As shown in Figure 4, PAI-1 siRNA reduced a-SMA,
TGF-b, TIMP-1, collagen types I and III mRNA level both in the
cell-suspension transfection study and the stable cell line. In addi-
tion, 219siRNA and 559siRNA seemed to have similar effects on
HSCs, which would further confirm these results and probably
exclude the off-target effects of siRNA. Moreover, to examine
whether downregulating PAI-1 affected gene expression of the
plasminogen activator/plasmin system, the mRNA levels of tPA,
uPA, and uPAR in the transfected HSC were also evaluated and the
results revealed that PAI-1 siRNA had no effect on them (data not
shown).

PAI-1 siRNA reduced collagen content in HSCs

To further confirm the effect of PAI-1 siRNA on collagen secretion
and degradation, we examined the amount of collagen types I and
III in HSC transfected with 219siRNA 48 h and 72 h after by
ELISA. The results revealed that both collagen types I and III
contents were decreased after PAI-1 siRNA transfection. Com-
pared with the negative control (NC) group, collagen types I and
III contents reduced to 64% and 67% respectively 48 h after
219siRNA transfection (Fig. 5).

PAI-1 siRNA inhibited HSC-T6 proliferation

It has been demonstrated that other than inhibiting uPA and tPA,
PAI-1 also exerts plasmin-independent functions on cell attach-
ment, proliferation, and migration.16 In the present study, we found
that PAI-1 siRNA inhibited HSC-T6 attaching and spreading from
the plastic disc (data not shown). Compared with the control
group, PAI-1 siRNA significantly inhibited HSC proliferation
(Fig. 6). Cell cycle study also indicated that cells were arrested at
the G0/G1 phase and cells at the S phase were significantly reduced
after downregulating PAI-1 in HSCs (Table 3).

Discussion
Liver fibrosis is traditionally viewed as a progressive pathological
process involving multiple cellular and molecular events that lead
ultimately to the deposition of excess matrix proteins in the extra-
cellular space.17 The reversible nature of experimental hepatic
fibrosis18 and the striking decrease in collagenolytic activity
observed in liver fibrosis models3,4 suggest a crucial role for
impaired matrix degradation in hepatic fibrogenesis. Lots of
studies suggest that enhancement of matrix degradation may prove
particularly valuable when matrix deposition in response to injury
is already extensive,19–23 especially in clinical events. Plasminogen
activators regulate generation of plasmin from plasminogen and
initiate a proteolytic cascade that is important in tissue remodeling
associated with liver regeneration or fibrosis. Thus, conversion of
plasminogen to plasmin is a key early step in protein degradation.

Increased expression of PAI-1 has been reported in several liver
diseases, including liver fibrosis or cirrhosis,24 nonalcoholic ste-
atohepatitis,25 alcoholic steatohepatitis,26 and hepatectomy.27 Nev-
ertheless, there were some other reports suggested that PAI-1 was

Figure 2 SiRNA transfection efficiency.
Fluorescein isothiocyanate (FITC)–labeled
siRNAs were transfected into HSC-T6 using
the cell-suspension method. The efficiency is
shown 24 h and 48 h after transfection (a,c:
under phase-contrast microscope, 200 ¥; b,d:
under fluorescence microscope, 200 ¥).
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decreased in hepatic fibrosis.28,29 Furthermore, there have been
debates on the sources of PAI-1 from liver tissue during liver
fibrosis. Some studies have indicated that hepatocytes were the
major cells expressing PAI-1,29 while others suggested that non-
parenchymal cells especially activated HSC were an important
source of PAI-1.4,30 In the present study, we also evaluated PAI-1
expression in the CCl4 rat model. We found that both the gene and
protein level of PAI-1 was upregulated during CCl4 injection,
whereas the levels decreased along with the resolution of fibrosis.
Moreover, PAI-1 level was closely correlated with the expression
of collagen types I and III, and mainly stained among the non-
parenchymal cells, especially HSCs, sinusoidal endothelial cells,
and vessels. These results suggest that PAI-1 is involved in hepatic
fibrogenesis and may play a critical role in the reversal process of
liver fibrosis.

RNAi gives information about gene function quickly, easily, and
inexpensively.31–34 Lots of studies have shown that it was more
powerful than other antisense strategies.35–37 The interfering effect
is propotional with the siRNA oligos and transfection efficiency
when used in vitro. Unfortunately, transfection efficiency is not

satisfactory to some hard-to-transfect cells.38 This is especially
true for HSCs, which are surrounded by large amounts of viscous
ECM. Electroporation may achieve better transfection efficiency,
but has a detrimental effect on cell viability according to our
previous experiment.39 In the present study, we used the cell-
suspension transfection method to successfully transfect PAI-1
siRNA into HSC-T6, and the transfection efficiency was improved
up to 90% 24 h after transfection, whereas it was less than 20%
when using the standard cationic lipid-based protocol. The method
involved incubation of freshly trypsinized cells suspension with
transfection complexes which excluded the inhibition effect of
ECM and enlarged the contact area between target cells and
siRNA molecules. The method was simple, time-saving, and can
be applied to both DNA (transfection efficiency was up to 95%,
data not shown) and siRNA transfection, and may be a novel way
to deal with some hard-to-transfect cells. This method was also
recently described to transfect mouse brain neuroblasts N2a cells,
human nasopharyngeal carcinoma KB cells, mouse embryonic
stem cells and human placental fibroblasts by Zhang et al.40

Previous studies indicated that PAI-1 could potentially influence
collagen production as well as collagen degradation. Plasmin is a
prominent TGF-b1 activator41 and TGF-b1 could stimulate HSC
activation and collagen production, while PAI-1 could inhibit
plasmin formation from plasminogen and thus has a protection
effect from fibrosis. On the other hand, PAI-1 also has been shown
to regulate the adhesion and migration of a variety of cells in vitro
and in vivo,16,42 stimulating the migration of leukocytes and
collagen-producing cells into the damaged tissue. This signifies
that PAI-1 in itself or by secondary mediators might also promote
ECM synthesis. In this regard, PAI-1 is a paradoxical protein in
fibrosis. However, it is now widely accepted that elevated PAI-1
promotes fibrosis43 and decreased PAI-1 reduces it,9,24,44,45 whereas
the mechanisms of these effects have not been fully elucidated.
Bergheim et al.24 reported that the protection of PAI-1 deficiency
mice from cholestatic liver injury and fibrosis correlated with an
elevation in hepatic activities of PAs and MMPs (MMP2 and
MMP9), while independent of ECM production. However, a
recent study by Wang et al.9 using the same model revealed that
PAI-1 deficiency reduced hepatic fibrosis mainly through the acti-
vation of tPA. On the contrary, Oda and his colleagues demon-
strated that PAI-1 deficiency mice attenuated the fibrogenic
response to ureteral obstruction through downregulation of
TGF-b, collagen types I and III mRNA expression, but had no
effect on PAs or plasmin activity.44 They concluded that one impor-
tant fibrosis-promoting function of PAI-1 was its role in the
recruitment of fibrosis-inducing cells, including myofibroblasts
and macrophages. The discrepancies in these studies may be
attributed to their differences in animal genetic background, types
of injury, organ affected, or detection methods they used. In the
present study, we found that after PAI-1 was downregulated in
HSC by siRNA, there was an inhibitory effect on a-SMA, TGF-b,
collagen types I and III mRNA expression, suggesting that inhibi-
tion of PAI-1 could directly result in suppression of HSCs activa-
tion and collagen production. Moreover, increased expression of
PAI-1 was reported to be associated with greater proliferation of
vascular smooth muscle cells,46 neoplastic cells,47 and was a poor
prognostic marker for malignant tumors.48 Therefore, we postu-
lated that PAI-1 siRNA might have a suppression effect on cell
growth. In the present study, we discovered that PAI-1 siRNA

Figure 3 Screening the most effective plasminogen activator
inhibitor-1 (PAI-1) siRNA sequence. Total RNA and protein were obtained
from HSC-T6 transfected with NCsiRNA (NC) and four different PAI-1
siRNA molecules (219siRNA, 559siRNA, 1061siRNA, and 2665siRNA).
(a) Real-time polymerase chain reaction for four different PAI-1 siRNA
molecules on PAI-1 mRNA level 24 h and 48 h after transfection. The
expression was normalized against beta-actin. (b) Western-blot analyzed
PAI-1 protein expression 48 h after transfection. (c) Semiquantitative
analysis of the western results.
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could prohibit HSCs proliferation, and cell cycle analysis revealed
that downregulation of PAI-1 could arrest cells at G0/G1 phase,
which would confirm the effect of PAI-1 on cell proliferation; but
the definite mechanism responsible for this has been uncertain
until now as PAI-1 seemed to be multifunctional and had multiple
molecular interactions.49,50 According to our cell cycle analysis, we
presumed that PAI-1 might have an effect on cyclins and then
affect cell growth. However, the mRNA levels of tPA, uPA, or
uPAR had no change, which was consistent with previous stud-
ies.44,45 Furthermore, the expression of TIMP-1 was also decreased
after transfection with 219siRNA, indicating that downregulation
of PAI-1 might alter the balance between MMPs and TIMPs,
which will eventually promote collagen degradation. Based on
these results, we postulated that the effect of PAI-1 in fibrosis may
involve in both reducing ECM production and increasing ECM
degradation.

Considering this reduction in gene expression was transient, to
further confirm the transient transfection results, here we used the
pSUPER RNAi system to establish the stable cell line as well. It
provides a mammalian expression vector that directs intracellular
synthesis of siRNA-like transcripts and would stably suppress
PAI-1 gene expression. In the present study, the stable cells,
pSUPER-shPAI, reduced PAI-1 mRNA expression to 55% com-
pared with the control cells, and the effects on the biological
characters of HSCs were similar with transient transfection.

In conclusion, PAI-1 was upregulated during liver fibrogenesis,
and downregulating PAI-1 expression in HSCs by siRNA could
prohibit collagen synthesis and enhance collagen degradation. The
results of our study indicated a significant functional role for PAI-1
in the development of liver fibrosis, and downregulating PAI-1
expression with siRNA could be an effective way to treat liver
fibrosis.

Figure 4 PAI-1 siRNA inhibited alpha-
smooth muscle actin (a-SMA), transforming
growth factor-beta (TGF-b), TIMP-1, collagen
types I and III mRNA expression in HSC-T6.
Total RNA from HSCs transfected with
219siRNA (219-24H, 219-48H) and 559siRNA
(559-24H, 559-48H) using the cell-suspension
transfection method 24h and 48h after and
stable cell line (pSUPER-shPAI and pSUPER-
NC) were evaluated by real-time polymerase
chain reaction on the mRNA expression of
collagen I (a), collagen III (b), a-SMA (c), TGF-b
(d), and TIMP-1 (e). The expression was nor-
malized against beta-actin. Negative controls
(NC) represented with HSC-T6 transfected
with NCsiRNA. **Compared with NC or
pSUPER-NC, P < 0.05.

Figure 5 Effect of 219siRNA on collagen deposition. Enzyme-linked
immunosorbent assays were used for quantitative determination of
collagen types I (a) and III (b) contents in hepatic stellate cells (HSCs)
culture supernatant at 48 h and 72 h after 219siRNA transfection
using cell-suspension transfection method. Values are presented as
mean � standard deviation. **Compared with negative controls (NC)
and HSC group, P < 0.05.
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