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Abstract

Suppression of activation or proliferation, or induction of apoptosis in hepatic stellate cells (HSCs)
have been proposed as therapeutic strategies against liver fibrosis. Salvia miltiorrhiza has been
reported to exert antifibrotic effects in rats with hepatic fibrosis, but its mechanisms of action remain
to be clarified. We have investigated the effects of salvianolic acid A (Sal A), an active principle from
S. miltiorrhiza, on the proliferation-related biomarkers in a cell line of rat HSCs (HSC-T6) stimulated
with platelet-derived growth factor-BB homodimer (PDGF-BB). DNA synthesis (bromodeoxyuridine
(BrdU) incorporation), cell cycle related proteins and apoptosis markers were determined to evaluate
the inhibitory effects of Sal A. The results showed that Sal A (1-10 um) concentration-dependently
attenuated PDGF-BB-stimulated proliferation (BrdU incorporation) in HSC-T6 cells. Sal A at 10 um
induced cell apoptosis in PDGF-BB-incubated HSCs, together with a reduction of Bcl-2 protein
expression, induction of cell cycle inhibitory proteins p21 and p27, and down-regulation of cyclins
D1 and E, suppression of Akt phosphorylation, reduction in PDGF receptor phosphorylation, and an
increase in caspase-3 activity. Sal A exerted no direct cytotoxicity on primary hepatocytes and HSC-T6
cells under experimental concentrations. Our results suggested that Sal A inhibited PDGF-BB-acti-
vated HSC proliferation, partially through apoptosis induction.

Introduction

Hepatic fibrosis is a wound-healing response of the liver to repeated injury (Friedman
2003; Bataller & Brenner 2005). Activation of hepatic stellate cells (HSCs) is a key feature
in the progression of liver fibrosis (Friedman 2003; Bataller & Brenner 2005; Lotersztajn
etal 2005). Activated HSCs are proliferative and fibrogenic, with accumulation of extra-
cellular matrix (ECM), including a-smooth muscle actin («-SMA) and type I collagen
(Friedman 2003; Bataller & Brenner 2005; Lotersztajn et al 2005). Platelet-derived growth
factor (PDGF) is reported to be the most potent mitogen for HSCs, and PDGF-BB
homodimer is the most potent ligand (compared with PDGF-AA or PDGF-AB dimers)
for the PDGF receptors to stimulate cell growth and proliferation (Pinzani & Marra 2001;
Friedman 2003; Bataller & Brenner 2005). Suppression of activation or proliferation, or
induction of apoptosis in HSCs have been proposed as therapeutic strategies against liver
fibrosis (Iredale 2001; Friedman 2003; Bataller & Brenner 2005; Lotersztajn et al 2005).
Salvia miltiorrhiza extracts have been reported to exert antiproliferative and pro-
apoptotic effects in HSCs (Chor etal 2005) and antifibrotic effects in rats with hepatic
fibrosis (Hsu etal 2005). Salvianolic acid B, the major polyphenol of S. miltiorrhiza,
has been demonstrated to exert protective effects against oxidative stress in hepato-
cytes and other cells (Kang et al 2004; Zhou et al 2005; Lin et al 2006b), and antifibro-
genic effects in both HSCs (Lin et al 2006b) and patients with chronic hepatitis B (Liu
etal 2002). Salvianolic acid A (Sal A, Figure 1) is an important bioactive polyphenol,
next to salvianolic acid B in content, from S. miltiorrhiza (Li etal 1984). It has been
shown to protect biomembranes and hepatocytes from lipid peroxidation (Liu etal
1992: Liu etal 2001). Sal A has been demonstrated to inhibit cell proliferation and
collagen synthesis in NIH/3T3 fibroblasts and HSCs (Liu et al 2000a, b). In addition, Sal
A has been reported to ameliorate oxidative stress in terms of malondialdehyde (MDA)
production and glutathione depletion in hepatocytes injured by CCl, (Hu etal 2000).

933



934 Yun-Lian Lin et al

COOH
0 |
Sc—o—cH
HO Z CH,
HO =
HO OH
OH
OH

Figure 1 Chemical structure of salvianolic acid A (Sal A).

However, how Sal A contributes to the antifibrotic effects
of S. miltiorrhiza remains unclear. This study aimed to
investigate whether Sal A was effective against activation
and proliferation of HSCs.

Materials and Methods

Cell culture and treatment

The HSC-T6 cell line, a generous gift from Professor S.
L. Friedman of the Mount Sinai School of Medicine
(NY), is immortalized rat HSCs transfected with lipo-
fectamine containing a cDNA in which the expression
of the large T-antigen of Simian virus 40 (SV40) is driven
by the Rous sarcoma virus promoter (Vogel etal 2000).
Bioassays of HSC-T6 activation had been established
previously and reported by our group (Hsu etal 2005;
Lin etal 2006a). HSC-T6 cells (1x 10> cells/mL/well)
were cultured in Waymouth’s medium (containing 10%
foetal bovine serum (FBS), pH 7.0) in 24 wells at 37°C in
5% CO,. After 24h, HSC-T6 cells were washed twice
with PBS and the medium was replaced by serum-free
medium. HSC-T6 cells (in serum-free medium) were
exposed to PDGF-BB (10ngmL™") in the absence or
presence of Sal A at the indicated concentrations
(I1~10um) and incubated for 48h to investigate cell
proliferation. N-Acetylcysteine was used as a positive
control of growth inhibitor (Takashima etal 2002).

Bromodeoxyuridine (BrdU) uptake

Pre-confluent HSC-T6 cells incubated in Waymouth’s MB
752/1 medium without FBS were treated with Sal A at the
indicated concentrations for 48 h. Two hours before harvest-
ing cells, BrdU was added at a final concentration of 10 uMm.
Cells were fixed and stained following the protocols provided
by the manufacturer and the method of Chen et al (2002).

Detection of apoptotic HSC-T6 cells by flow-
cytometric analysis and terminal transferase
deoxytidyl uridine end labelling (TUNEL)

HSC-T6 cells (2 x 10° cells) with or without Sal A treat-
ment for 24 h were prepared as a single cell suspension in
200-uL phosphate-buffered saline (PBS) and fixed with

70% ethanol at —20°C overnight. Cells were harvested
after centrifugation, 200 g for 10 min. The cell pellet was
resuspended in PBS containing 0.1% Triton X-100 and
propidium iodide (PI; 20 ugmL™") supplemented with
RNase A (200 ugmL™") at a concentration >1 x 10°
cellsmL™", and then incubated at 37°C for 30 min. The
red fluorescence of individual cells was measured with
CellQuest (CellQuest Inc., FL, USA) and the number of
apoptotic cells was counted by ModFit.LT software
(Verity Software House, ME, USA). For TUNEL stain,
pre-confluent HSC-T6 cells cultured in Waymouth’s MB
752/1 medium without FBS in slidewells were treated with
PDGF-BB and Sal A (10 um) for 24 h. Cells were washed
twice with PBS before fixation. Apoptotic HSCs were
detected using the DeadEnd fluorometric TUNEL System
kit, following the protocols provided by the manufacturer
and the method of Chen etal (2002).

Measurement of cellular activity of caspase-3

The activity of caspase-3, the main execution caspase, was
measured by the colorimetric assay as previously reported,
using acetyl-Asp-Glu-Val-Asp-pNA (Ac-DEVD-pNA) as
the specific substrate (Wanget al 2001). HSC-T6 cells treated
with PDGF-BB and Sal A were harvested in cell lysis buffer
(50mm HEPES, pH 7.4, 1.0mm dithiothreitol, 0.1 mm
EDTA, 0.1% 3-[(3-cholamidopropyl)dimethylammonio]-1-
propane sulfonate (CHAPS), and 0.1% Triton X-100). After
centrifugation at 12 000 g for 15 min, the supernatants were
collected and protein concentrations were determined by
BCA (bicinchoninic acid) kit. Proteins (100 ug) were incu-
bated for 30 min at 37°C with the reaction buffer (25 mm
HEPES, pH 7.5, 10% sucrose, 0.1% CHAPS, 5mwm dithio-
threitol, and Smm EDTA) in a total volume of 150 uL con-
taining 25mm of substrate Ac-DEVD-pNA. Enzyme-
catalysed release of pPNA was measured colorimetrically at
405nm. Absorption units were converted to pmol 4-pNA
released using a standard curve generated with 4-pNA.

Western blotting analyses

Whole cell protein extracts were prepared from HSC-T6 cells
treated with or without Sal A. SDS-PAGE with 10% resol-
ving gel (7% for PDGF receptor) was used to separate pro-
teins (30~ 50 ug/lane). The separated proteins were
transferred onto Immobilon-PVDF (Millipore, Bedford,
MA, USA) and detected using primary antibodies and horse-
radish peroxidase-conjugated secondary antibodies. Protein
bands were visualized on Kodax BioMax films (Eastman
Kodak Company, Rochester, NY, USA) using ECL
(enhanced chemiluminescence) detection reagent. To detect
Bcl-2, p21 and p27, the protocols by Chen etal (2002) were
followed. Tubulin was used as an internal control for equal
protein loading. The protocols of Borkham-Kamphorst et al
(2004) and Imanishi etal (2004) were followed to measure
phosphorylation of PDGF receptors-3 (PDGFR-() and Akt.

Cytotoxicity assay

Hepatotoxicity assay was performed to exclude the possi-
bility of cytotoxicity of Sal A to hepatocytes. Hepatocytes



Salvianolic acid A reduces proliferation of hepatic stellate cells

were isolated using the two-step collagenase perfusion
method mainly according to Cascales etal (1984).
Briefly, the digested liver from male Sprague-Dawley
rats (250-300 g) was cut into small pieces and the resulting
suspension was filtered through 80- and 100-mesh screens,
and centrifuged at 50g for 2min. After washing three
times by resuspension in the Krebs—Henseleit bicarbonate
buffer (in mm: NaCl 118, KH,PO,4 1.19, KCI1 4.76, MgSO,4
1.19, NaHCO; 24.9) and re-centrifuged at 25°C, the hepa-
tocytes were filtered through a 150-mesh screen and sus-
pended in Leibovitz L-15 medium containing 0.2% bovine
serum albumin (BSA), with approximately 5-10 x 10’
hepatocytes obtained. Cell viability was above 85% as
indicated by the trypan blue exclusion assay. The isolated
hepatocytes were cultured in Leibovitz L-15 medium sup-
plemented with 10% foetal calf serum, 45 ugmL™" ben-
zylpenicillin and 50 ugmL ™' streptomycin in collagen pre-
coated 24-well plates (1 x 10° cellsmL™!) and incubated
under 5% CO, in air at 37°C. After incubation with Sal A
for 48 h, MTT assay was used to evaluate the cell viability
of hepatocytes. During the last hour, the cells were incu-
bated with minimum essential medium containing
0.1 mg mL~! MTT. Asy absorption intensity was mea-
sured using enzyme-linked immunosorbent assay reader,
according to the method of Hansen et al (1989). Relative
cell viability was determined by the amount of MTT con-
verted to the insoluble formazan salt. The optical density
of the formazan formed in the control cells was taken as
100% viability. Measurement of cytotoxicity to HSC-T6
was mainly similar to the assay for hepatocytes.

Plant material

Sal A (Figure 1) was isolated from S. miltiorrhiza. Briefly, the
80% aqueous ethanolic extract of the rhizoma of S. miltior-
rhiza was concentrated with a vacuum rotary evaporator
(Buchi, Postfach, Switzerland) under reduced pressure to
yield the crude extract. For isolation and purification of Sal
A, the crude extract was further separated by Diaion HP-20
and Sephadex LH-20 column chromatography sequentially.
Repeated chromatography was required to obtain highly
purified Sal A. The structure of Sal A was identified by spectra
(IR, 1D-and 2D-NMR, and MS) analyses and also compared
with an authentic sample (Lin et al 2003). The purity of Sal A
was determined by reverse-phase high-pressure liquid chro-
matography (HPLC) with a phenyl column (250 x 4.6 mm
i.d.). Linear gradient elution was conducted with a mobile
phase consisting of acetonitile:methanol:20 mm monosodium
phosphoric acid (1:3:6) with 0.1 mm octanesulfonic acid (pH
2.80) for 20 min and at a flow rate of I mL min~"'. The wave-
length of the UV detector was set at 290 nm. The purity of Sal
A used in this study was 295%. Sal A was dissolved in
dimethyl sulfoxide (DMSO) and diluted with medium to
give a final DMSO concentration under 0.1% in cultured
medium.

Chemicals

Waymouth’s MB 752/1 medium and foetal bovine serum
(FBS) were from Gibco BRL (Gaithersburg, MD, USA).
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Recombinant PDGF-BB, 3-[4,5-dimethylthiazol-2—yl]-2,5-
diphenyltetrazolium bromide (MTT), and trypan blue were
purchased from Sigma Chemical (St Louis, MO, USA). The
antibodies against cyclins D1 and E, p21, p27, Akt and
PDGFR-3 were from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA). Antibodies against phospho-
PDGFR and phospho-Akt were from Biosource Inc
(Worcester, MA, USA). Western blotting detection reagents
and anti-mouse IgG antibody conjugated with horseradish
peroxidase and BrdU kit were obtained from Amersham
Pharmacia Biotech (Buckinghamshire, UK). DeadEnd
fluorometric TUNEL System kit was purchased from
Promega Co. (Madison, WI, USA). Protein assay kit was
from Pierce Co. (Rockford, IL, USA). Ac-DEVD-pNA was
purchased from Calbiochem (Darmstadt, Germany). All
other chemicals used were of analytical grade and purchased
from commercial suppliers.

Statistical analysis

Data are presented as mean +s.e.m. of three or more
independent experiments. Inter-group comparisons were
performed using non-parametric Kruskal-Wallis test, fol-
lowed by post hoc Dunn procedure. Statistical signifi-
cance was set at P < 0.05.

Results

Effect of Sal A on BrdU incorporation in HSC-T6
cells

PDGEF-BB (5-20 ngmL™") stimulated BrdU incorporation
in HSC-T6 cells, with a maximal level (168 4% of con-
trols) of stimulation at 10ngmL~'. We therefore chose
10ngmL ™' PDGF-BB to study the inhibitory effects of
Sal A further. As shown in Figure 2, Sal A at 1, 2, 5 and
10pum  reduced the PDGF-BB-stimulated ratio to
157+4%, 142+3%, 124+7%, 99+ 10%, respectively.
The IC50 value of Sal A against PDGF-BB-stimulated
BrdU incorporation was calculated to be 4.2+ 0.3 um.

Effects of Sal A on cell cycle distribution and
apoptosis of HSCs

Propidium iodide labelling was carried out to analyse the
effects of Sal A on cell cycle distribution. The percentages
of cells in G0/G1, S and G2/M phases in the PDGF-
treated HSC-T6 cells were altered by Sal A (10 um) treat-
ment. The percentage of DNA content in S phase at 24 h
was 25+ 3% in controls and was increased in cells treated
with  PDGF-BB (29+4%) or PDGF-BB+Sal A
(31 £3%). Moreover, the percentages of the sub-G0/G1
phase were 4+ 1% and 3+ 1% in controls and cells trea-
ted with PDGF-BB, respectively, whereas the percentage
was significantly increased to 12 £ 4% in cells treated with
PDGF-BB + Sal A. Significant increase of the sub-G0/G1
population suggested that Sal A might have induced
apoptosis in PDGF-BB-treated HSCs. A similar increase
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Figure 2 Inhibitory effects of Sal A on BrdU incorporation in HSC-

T6 cells stimulated by PDGF-BB. Passaged HSC-T6 cells (in serum-
free medium) were exposed to PDGF-BB in the absence or presence of
Sal A (1-10 um) and incubated for 48 h to investigate cell proliferation.
Data are from three independent experiments and expressed as mean
s.e.m. *P < 0.05 for PDGF-BB group vs control group; *P < 0.05 vs
PDGF-BB group. N-Acetylcysteine (NAC) was a positive control.

of the sub-G0/G1 population was observed for N-acetyl-
cysteine in the PDGF-BB-treated HSC-T6 cells (9 +2%).

Morphological assessment by microscope as well as
TUNEL staining is shown in Figure 3. Flow cytometric ana-
lysis showed that nuclear DNA was stained by 4’, 6-diami-
dino-2-phenylindole (DAPI) in all HSC-T6 cells, whereas
PDGF-BB plus Sal A (10 um) induced significant staining of
apoptotic nuclei in HSC-T6 cells, as revealed in the TUNEL
labelling. Moreover, PDGF-BB plus Sal A decreased the Bcl-
2 protein expression in HSC-T6 cells (Figure 4), which might
have contributed to induction of apoptosis.

Control PDGF-BB PDGF-BB +Sal A

Figure 3 Representative TUNEL-stained HSC-T6 cells treated
with solvent, PDGF-BB (10ngmL™'), or PDGF-BB+Sal A
(10 um). The green fluorescence, seen as bright spots in the lower
panel, indicates apoptosis induced by PDGF-BB + Sal A. For com-
parison, representative 4’-6-diamidino-2-phenylindole (DAPI)-
stained HSC-T6 cells treated with solvent, PDGF-BB (10ngmL™"),
or PDGF-BB+Sal A (10 um) are shown with bright spots in the
upper panel due to blue fluorescence.

DAPI

TUNEL stain
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Figure 4 Effect of Sal A on the expression of Bcl-2 in HSC-T6 cells.
Serum-starved HSC-T6 cells were stimulated with PDGF-BB
(10ngmL™") in the absence or presence of Sal A (10 um) for 24h.
Bcl-2 protein levels were detected by immunoblotting and expressed
as relative percentages of control. Data are from three independent
experiments and expressed as mean +s.e.m. Values are *P < 0.05 vs
control group; *P < 0.05 vs PDGF-BB group.

Effects of Sal A on the expression of cyclins D1
and E, and p21 and p27 proteins

Western blotting analyses demonstrated that PDGF-BB
(10ngmL™~") significantly increased cell cycle stimulat-
ing proteins cyclins DI and E by 279+35% and
213 £ 18%, respectively, in comparison with the con-
trols, in HSC-T6 cells. But these ratios were reduced by
Sal A (10 um) to 153+12 and 102 £9%, respectively
(Figure 5). In addition, PDGF-BB reduced the levels of
cell cycle inhibitory proteins p21 and p27 in a time-
dependent manner. The levels of p21 and p27 were
significantly increased after Sal A treatment in
PDGF-BB-stimulated HSC-T6 cells (Figure 6). For
example, Sal A markedly increased the p21 and p27
expressions by 332423 and 2234+9%, respectively,
after 48-h treatment. These results indicated that Sal
A modulated cell cycle regulatory proteins of activated
HSC-T6 cells.

Effects of Sal A on the phosphorylation of Akt
and PDGF receptor

Akt (protein kinase B (PKB)) is a serine-threonine kinase
activated by phosphatidylinositol 3-kinase (PI3K), which is
stimulated by growth factors such as PDGF (Bonner 2004).
As shown in Figure 7A, phosphorylated Akt protein levels
were increased by PDGF-BB (182 + 5% of controls). After
addition of Sal A (10 uMm), the levels were reduced to
133+ 10% of controls. On the other hand, PDGF-BB
induced the protein levels of phosphorylated PDGFR
(250 £+ 11% of controls), which were reduced by the addi-
tion of Sal A (5 and 10 um) (Figure 7B).
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Figure 5 Expression of cell cycle regulatory proteins D1 and E in HSC-T6 cells treated with PDGF (P) or PDGF + Sal A (10 um; P + Sal A).
Whole cell protein extracts were prepared from HSC-T6 cells treated with PDGF-BB (10 ngmL ") or PDGF-BB + Sal A (10 um) for 48 h. Cell
cycle related proteins were detected by immunoblotting. Each result represented three independent experiments. Tubulin was used as an
internal control for equal protein loading. *P < 0.05 vs PDGF-BB group.
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Figure 6 Expression of cell cycle regulatory proteins p21 and p27 in
HSC-T6 cells treated with PDGF-BB or PDGF-BB + Sal A (10 um).
Whole cell protein extracts were prepared from HSC-T6 cells treated
with PDGF-BB (10 ngmL™") or PDGF-BB + Sal A (10 zum) for different
times. Cell cycle related proteins were detected by immunoblotting. Data
are from three independent experiments. *P < 0.05 vs PDGF-BB group.

Effects of Sal A on the caspase-3 activity in
HSC-T6 cells

Caspase-3 activity assay was measured by colorimetric
assay using acetyl-Asp-Glu-Val-Asp-pNA (Ac-DEVD-
pNA) as the specific substrate. As compared with the con-
trol group (183+3pmol pNAmin~' (ug protein) '),
PDGF-BB significantly decreased the percentage of cas-
pase-3 activity (122+ 5pmol pNAmin~' (ug protein)™")
by 33+3% in HSC-T6 cells. Sal A (10 um) reversed the
inhibitory effect of PDGF-BB, and significantly stimulated
caspase 3 activity (3504 12pmol pNAmin~' (ug pro-
tein) ") by 187 + 10% in HSC-T6 cells.

Cytotoxicity of Sal A on rat hepatocytes and
HSC-T6 cells

The possibility of hepatocytotoxicity was checked by incu-
bating primary cultured rat hepatocytes with different
concentrations of Sal A for two days. The MTT assay
showed that no significant cytotoxicity was observed with

A
PDGF-BB (hgmL") — 10 10
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Figure 7 Phosphorylation of Akt and PDGF receptors (PDGFR)
in HSC-T6 cells. Serum-starved HSC-T6 cells were stimulated with
PDGF-BB (10ngmL™") in the absence or presence of Sal A (10 um).
Phosphorylation of Akt (A) and PDGF receptors (B) were detected
by immunoblotting. Results were obtained from three independent
experiments and expressed as mean +s.e.m. Values are expressed as
relative percentages of control. *P < 0.05 for PDGF-BB group vs
control group; #P < 0.05 vs PDGF-BB group.
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Sal A (cell viability being 94+2% of controls at 5 um,
97 £4% at 10 um and 96 +2% at 20 um). Moreover, Sal A
did not inadvertently affect HSC-T6 cell viability (100 2%
of controls at 1 um, 95+4% at 2 um, 93 £ 3% at 5 um, and
91 £6% at 10 um) over the range of concentrations tested.

Discussion

We have demonstrated that Sal A inhibited PDGF-BB-
induced cell proliferation by reducing PDGFR and Akt
phosphorylation, and inducing apoptosis with caspase-3
activation in HSC-T6 cells.

Although the antiproliferative effects of Sal A on HSCs
have been reported (Liu et al 2000b), the molecular mechan-
ism underlying these effects had not been clarified. In this
study, we employed flow cytometry and measured cell cycle
related proteins, PDGF-BB-related signalling molecules and
apoptosis markers to provide some explanations for mole-
cular mechanisms of Sal A. In addition to this study, there
are other reports that herbal extracts such as Inchin-ko-to
(TJ-135) and polyphenol epigallocatechin-3-gallate (EGCG)
from green tea also inhibit PDGF-activated proliferation in
HSCs (Imanishi etal 2004; Sakata etal 2004). Taken
together, these studies indicated that the anti-PDGF-BB
effects of herbal extracts were partially mediated through
reducing PDGFR phosphorylation in HSCs. PDGF-BB is a
cell mitogen that binds to the PDGF receptor (PDGFR) and
triggers dimerization of PDGFRs, and induces receptor
autophosphorylation on the tyrosine residue to initiate mul-
tiple intracellular signalling pathways in HSCs, including
Ras-ERK (extracellular signal-regulated kinase) and PI3K-
Akt pathways (Heldin & Westermark 1999; Pinzani &
Marra 2001; Bonner 2004; Borkham-Kamphorst etal
2004). Our present results demonstrated that the amount
of phosphorylated Akt in HSC-T6 cells was significantly
enhanced by PDGF-BB, but such stimulation was attenu-
ated by co-treatment with Sal A (Figure 7A).

Cyclins D1 and D2 are proposed to mediate crucially cell
cycle progression at the G1 phase, and cyclins E and A are
involved in cell cycle progression at the S phase. On the
other hand, p21 and p27 are inhibitory proteins on cell cycle
progression (Sherr 2000; Murray 2004). Kawada etal
(1999) reported cyclins D1, D2 and E played a key role in
the cell cycle transition of HSCs from G1 to S phase. In this
study, we observed that Sal A not only reduced the expres-
sion of D1 and E, but also enhanced the expression of p21
and p27. Caspase-3 is a protease known to function as an
executive enzyme at late stages of cell apoptosis (Bratton &
Cohen 2001; Danial & Korsmeyer 2004). On the other
hand, Bcl-2 is involved in preventing cell apoptosis
(Danial & Korsmeyer 2004). Therefore, increased cas-
pase-3 activity and decreased Bcl-2 expression by Sal A
in PDGF-BB-activated HSCs might have contributed
to the antiproliferative effects of Sal A with induction
of apoptosis. It has been reported that an extract of
Kangen-karyu — a Chinese prescription formula com-
posed of six different herbs including S. miltiorrhiza —
protected human fibroblasts from oxidative stress and

dysfunction (Satoh etal 2005). In line with this finding,
our previous studies showed that both Sal A and Sal B
ameliorated oxidative stress in HSC-T6 cells (Lin etal
2006b; unpublished data). In this study, we have
demonstrated that Sal A inhibited PDGF-BB-induced
cell proliferation, together with reducing Bcl-2 expres-
sion and activating caspase-3. These results were con-
sistent with Chor etal (2005), showing that an extract
of S. miltiorrhiza exerted both antiproliferative and
pro-apoptotic activity in HSC-T6 cells.

Recently, it has been observed that resolution of
hepatic fibrosis in rats was associated with apoptosis
of HSCs, and some antifibrotic chemicals such as glio-
toxin have been proposed to act by the mechanism of
inducing HSC apoptosis (Issa etal 2001; Wright etal
2001). In our study, Sal A alone at 1-10 um did not
induce apoptosis in HSC-T6 cells, but it could facilitate
PDGF-BB-treated HSCs to undergo apoptosis, with
increase in caspase-3 activity. Similarly, Xu etal
(2003) reported that curcumin, a predominant yellow
pigment isolated from dietary turmeric Curcuma longa,
inhibited the proliferation of HSCs activated by 10%
FBS, with induction of apoptosis and caspase-3 activ-
ity. Engulfment of apoptotic hepatocytes by HSCs and
Kupffer cells has been shown to enhance expression of
pro-fibrogenic genes and death ligands during liver
fibrosis (Canbay etal 2004). Approaches to limiting
apoptosis in hepatocytes but promoting apoptosis of
HSCs have been proposed as therapeutic strategies
against hepatic fibrosis (Iredale 2001; Canbay etal
2004). To rule out the possibility of hepatocytotoxicity
due to Sal A, MTT assay and microscopic observations
were conducted. It was found that Sal A (0-20 um) did
not significantly influence cell viability of primary
hepatocytes. Moreover, Sal A (0-10 um) alone was not
cytotoxic to HSC-T6 cells.

Conclusions

Sal A inhibited PDGF-BB-induced cell proliferation in
HSC T6 cells, together with: a reduction of Bcl-2 protein
expression; induction of cell cycle inhibitory proteins p21
and p27, and down-regulation of cyclins D1 and E; sup-
pression of Akt phosphorylation; reduction in PDGF
receptor phosphorylation; and an increase in caspase-3
activity. Sal A exerted no direct cytotoxicity on primary
hepatocytes and HSC-T6 cells under our experimental
concentrations. The results suggested that Sal A inhibited
PDGF-BB-activated HSC proliferation, partially through
apoptosis induction.

References

Bataller, R., Brenner, D. A. (2005) Liver fibrosis. J. Clin. Invest.
115: 209-218

Bonner, J. C. (2004) Regulation of PDGF and its receptors in
fibrotic diseases. Cytokine Growth Factor Rev. 15: 255-273

Borkham-Kamphorst, E., Stoll, D., Gressner, A. M.,
Weiskirchen, R. (2004) Inhibitory effect of soluble PDGF-3



Salvianolic acid A reduces proliferation of hepatic stellate cells

receptor in culture-activated hepatic stellate cells. Biochem.
Biophys. Res. Commun. 317: 451-462

Bratton, S. B., Cohen, G. M. (2001) Apoptotic death sensor: an
organelle’s alter ego? Trends Pharmacol. Sci. 22: 306-315

Canbay, A., Friedman, S. L., Gores, G. J. (2004) Apoptosis: the
nexus of liver injury and fibrosis. Hepatology 39: 273-278

Cascales, C., Mangiapane, E. H., Brindley, D. N. (1984) Oleic
acid promotes the activation and translocation of phosphati-
date phosphydrolase from the cytosol to particulate fractions
of isolated rat hepatocytes. Biochem. J. 219: 911-916

Chen, A., Zhang, L., Xu, J., Tang, J. (2002) The antioxidant (-)-
epigallocatechin-3-gallate inhibits activated hepatic stellate cell
growth and suppresses acetaldehyde-induced gene expression.
Biochem. J. 368: 695-704

Chor, S. Y., Hui, A. Y., To, K. F., Chan, K. K., Go, Y. Y.,
Chan, H. L. Y., Leung, W. K., Sung, J. J. Y. (2005) Anti-
proliferative and pro-apoptotic effects of herbal medicine on
hepatic stellate cell. J. Ethnopharmacol. 100: 180-186

Danial, N. N., Korsmeyer, S. J. (2004) Cell death: critical control
points. Cell 116: 205-219

Friedman, S. L. (2003) Liver fibrosis: from bench to bedside. J.
Hepatol. 38: S38-S53

Hansen, M. B., Nielsen, S. E., Berg, K. (1989) Re-examination
and further development of a precise and rapid dye method
for measuring cell growth/cell kill. J. Immunol. Methods 119:
203-210

Heldin, C.-H., Westermark, B. (1999) Mechanism of action and
in vivo role of platelet-derived growth factor. Physiol. Rev. 9:
1283-1316

Hsu, Y.-C., Lin, Y.-L., Chiu, Y.-T., Shiao, M.-S., Lee, C.-Y.,
Huang, Y.-T. (2005) Anti-fibrotic effects of Salvia miltiorrhiza
on dimethylnitrosamine-intoxicated rats. J. Biomed. Sci. 12:
185-195

Hu,Y.Y.,Liu, C. H., Wang, R. P., Liu, C., Liu, P., Zhu, D. Y. (2000)
Protective actions of salvianolic acid A on hepatocyte injured by
peroxidation in vitro. World J. Gastroenterol. 6: 402-404

Imanishi, Y., Maeda, N., Otogawa, K., Seki, S., Matsui, H.,
Kawada, N. (2004) Herb medicine Inchin-ko-to (TJ-135) reg-
ulates PDGF-BB-dependent signaling pathways of hepatic
stellate cells in primary culture and attenuates development
of liver fibrosis induced by thioacetamide administration in
rats. J. Hepatol. 41: 242-250

Iredale, J. P. (2001) Hepatic stellate cell behavior during resolu-
tion of liver injury. Semin. Liver Dis. 21: 427-436

Issa, R., Williams, E., Trim, N., Kendall, T., Arthur, M. J.,
Reichen, J., Benyon, R. C., Iredale, J. P. (2001) Apoptosis of
hepatic stellate cells: involvement in resolution of biliary fibro-
sis and regulation by soluble growth factors. Gut 48: 548-557

Kang, D. G.,Oh, H. C., Sohn, E. J., Hur, T. Y., Lee, K. C., Kim,
K. J., Kim, T. Y., Lee, H. S. (2004) Lithospermic acid B
isolated from Salvia miltiorrhiza ameliorates ischemia/reperfu-
sion-induced renal injury in rats. Life Sci. 75: 1801-1816

Kawada, N., Ikeda, K., Seki, S., Kuroki, T. (1999) Expression of
cyclin D1, D2, and E correlates with proliferation of rat stel-
late cells in culture. J. Hepatol. 30: 1057-1064

Li, L. N., Tan, R., Chen, W. M. (1984) Salvianolic acid A, a new
depside from roots of Salvia multiorrhiza. Planta Med. 50: 227

Lin, Y. L, Wang, C. N., Liu, T. Y., Wang, W. Y. (2003)
Benzoliganoid and polyphenols from Origanum vulgare. J.
Chin. Chem. Soc. 50: 1079-1083

Lin, Y.-L., Lee, T.-F., Huang, Y.-J., Huang, Y.-T. (2006a)
Inhibitory effects of Ligusticum chuanxiong on the proliferation
of rat hepatic stellate cell. J. Gastroenterol. Hepatol. In press

Lin, Y.-L., Wu, C.-H., Luo, M.-H., Huang, Y.-J., Wang, C.-N.,
Shiao, M.-S., Huang, Y.-T. (2006b) Effect of salvianolic acid B

939

on oxidative damage in primary hepatocytes and hepatic stel-
late cells. J. Ethnopharmacol. 105: 215-222

Liu, C. H., Hu, Y. Y., Wang, X. L., Liu, P., Xu, L. M. (2000a)
Effects of salvianolic acid-A on NIH/3T3 fibroblast prolifera-
tion, collagen synthesis and gene expression. World J.
Gastroenterol. 6: 361-364

Liu, C.-H., Liu, P., Hu, Y.-Y., Xu, L.-M., Tan, Y.-Z., Wang,
Z.-N., Liu, C. (2000b) Effects of salvianolic acid-A on rat
hepatic stellate cell proliferation and collagen production in
culture. Acta Pharmacol. Sin. 21: 721-726

Liu, G. T., Zhang, T. M., Wang, B. E., Wang, Y. W. (1992)
Protective action of seven natural phenolic compounds against
peroxidative damage to biomembranes. Biochem. Pharmacol.
43: 147-152

Liu, P., Hu, Y., Liu, C., Zhu, D. (2001) Effects of salvianolic acid
A (SA-A) on liver injury: SA-A action on hepatic peroxida-
tion. Liver 21: 384-390

Liu, P., Hu, Y. Y., Liu, C., Zhu, D. Y., Xue, H. M., Xu, Z. Q.,
Xu, L. M., Liu, C. H., Gu, H. T., Zhang, Z. Q. (2002) Clinical
observation of salvianolic acid B in treatment of liver fibrosis
in chronic hepatitis B. World J. Gastroenterol. 8: 679-685

Lotersztajn, S., Julien, B., Teixeira-Clerc, F., Grenard, P.,
Mallat, A. (2005) Hepatic fibrosis: molecular mechanism and
drug targets. Annu. Rev. Pharmacol. Toxicol. 45: 605-628

Murray, A. W. (2004) Recycling the cell cycle: cyclins revisited.
Cell 116: 221-234

Pinzani, M., Marra, F. (2001) Cytokine receptors and signaling
in hepatic stellate cells. Semin. Liver Dis. 21:397-416

Sakata, R., Ueno, T., Nakamura, T., Sakamoto, M., Torimura, T.,
Sata, M. (2004) Green tea polyphenol epigallocatechin-3-gallate
inhibits platelet-derived growth factor-induced proliferation of
human hepatic stellate cell line L190. J. Hepatol. 40: 52-59

Satoh, A., Yokozawa, T., Kim, Y. A., Cho, E. J., Okamoto, T.,
Sei, Y. (2005) The mechanisms underlying the anti-aging activ-
ity of the Chinese prescription Kangen-karyu in hydrogen
peroxide-induced human fibroblasts. J. Pharm. Pharmacol.
57: 1335-1343

Sherr, C. J. (2000) The Pezcoller lecture: cancer cell cycles revis-
ited. Cancer Res. 60: 3689-3695

Takashima, T., Kawada, N., Maeda, N., Okuyama, H., Uyama, N.,
Seki, S., Arakawa, T. (2002) Pepstatin A attenuates the inhibitory
effect of N-acetyl-L-cysteine on proliferation of hepatic myofibro-
blasts (stellate cells). Eur. J. Pharmacol. 451: 265-270

Vogel, S., Piantedosi, R., Frnak, J., Lalazar, A., Rockey, D. C.,
Friedman, S. L., Blaner, W. S. (2000) An immortalized rat
liver stellate cell (HSC-T6): a new cell model for the study of
retinoid metabolism in vitro. J. Lipid Res. 41: 882-893

Wang, N., Chi, C. W., Lin, Y. L., Chen, C. F., Shiao, Y. J. (2001)
The neuroprotective effects of phytoestrogens on amyloid (3
protein-induced toxicity are mediated by abrogating the acti-
vation of caspase cascade in rat cortical neurons. J. Biol.
Chem. 276: 5287-5295

Wright, M. C., Issa, R., Smart, D. E., Trim, N., Murray, G. 1.,
Primrose, J. N., Arthur, M. J., Iredale, J. P., Mann, D. A.
(2001) Gliotoxin stimulates the apoptosis of human and rat
hepatic stellate cells and enhances the resolution of liver fibro-
sis in rats. Gastroenterology 121: 685-698

Xu, J., Fu, Y., Chen, A. (2003) Activation of peroxisome pro-
liferator-activated receptor-gamma contributes to the inhibi-
tory effects of curcumin on rat hepatic stellate cell growth. Am.
J. Physiol. Gastrointest. Liver Physiol. 285: G20-G30

Zhou, Z., Liu, Y., Miao, A. D., Wang, S. Q. (2005) Salvianolic acid B
attenuates plasminogen activator inhibitor type 1 production in
TNF-« treated human umbilical vein endothelial cells. J. Cell
Biochem. 96: 109-116



