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Astrapterocarpan isolated from Astragalus membranaceus inhibits
proliferation of vascular smooth muscle cells
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Abstract

The inhibitory effects of astrapterocarpan, formononetin, and calycosin isolated from Astragalus membraneceus on platelet-derived growth
factor (PDGF)-BB-induced proliferative response in rat vascular smooth muscle cells (A10 cells) were investigated. Astrapterocarpan significantly
inhibited PDGF-BB-induced cell proliferation and DNA synthesis in a concentration-dependent manner. This inhibition was not attributed to
toxicity. In contrast, formononetin and calycosin had no effect. We next examined the effect of astrapterocarpan on PDGF-BB signal transduction.
Astrapterocarpan inhibited PDGF-BB-induced phosphorylation of extracellular signal-regulated kinase 1/2 (ERIC1/2) mitogen-activated protein
(MAP) kinase. However, this compound had no effect on phosphorylation of PDGF-β-receptor, Akt kinase and p38 MAP kinase. These results
indicated that astrapterocarpan inhibits PDGF-BB-induced vascular smooth muscle cell proliferation and that this effect may be mediated, at least
in part, by inhibition of the ERK1/2 MAP kinase cascade.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Medicinal plants have been used as traditional remedies for
hundreds of years. Astragalus membranaceus is a medicinal
herb that has been widely used for the treatment of inflamma-
tory disease (Yoshida et al., 1997), nephritis (Bensky and
Gamble, 1993), tumors (Lau et al., 1994), and various cardio-
vascular diseases (Sinclair, 1998; Miller, 1998) in East Asian.
Recent pharmacological studies have demonstrated that the
crude extract of this plant has anti-arterogenic effects, such as
inhibition of platelet aggregation (Huang et al., 1995), induc-
tion of prostacyclin (Deng et al., 1995), and radical scavenger
activity (Hong et al., 1994).
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Flavonoids are found in many foods and botanical medi-
cines, appearing fruits, flowers, leaves and roots. Epidemiology
studies have shown an association between dietary flavonoid
intake and reduced risk of cardiovascular disease (Hertog et al.,
1993). Astragahs membranaceus has been reported to contain
several kinds of flavonoids, including 7-hydroxy-4'-methoxy
isoflavane (formononetin), 3',7-dihydroxy-4'-methoxy isofla-
vone (Calycosin) and (6aR, 11 aR)-3-hydroxy-9,l O-dimethoxy
pterocarpan (Astrapterocarpan) (Lin et al., 2000). Recent ex-
perimental evidence suggests that these flavonoids are respon-
sible for the beneficial effects of the plant in the prevention of
cardiovascular disease (Yim et al., 2000). However, the under-
lying mechanisms responsible for these effects are not yet
completely understood.

Abnormal growth of vascular smooth muscle cell is a prom-
inent feature of cardiovascular diseases such as atherosclerosis,
myocardial infarction and restenosis after angioplasty (Ross,
1993). Furthermore, this process contributes to certain forms of
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vascular remodeling in hypertension (Pauletto et al., 1996).
Platelet-derived growth factor (PDGF)-BB released by the
damaged intimal surface and platelet is implicated as mediators
of these processes (Ferns et al., 1991). The effect of PDGF-BB
is exerted by binding to a protein–tyrosine kinase receptor
called β-receptor. Ligand binding can activate three major
signal transduction pathways: mitogen-activated protein
(MAP) kinase, phosphatidilinositol3(PI3) kinase, and phospho-
lipase C γ 1 (PLC γ 1). It has been reported that extracellular
signal-regulated kinasel/2 (EFK1/2), one of the MAP kinase
pathways, plays a critical role in the regulation of vascular
smooth muscle cell proliferation by PDGF-BB (Claesson-
Welsh, 1994). Besides treatment of malignant tumor (Strawn
et al., 1994; Buchdunger et al., 1995), which involve PDGF β-
receptor activation, PDGF β-receptor kinase blockers could
have therapeutic potential for the treatment of atherosclerosis
and restenosis processes (Hart and Clowes, 1997; Golomb et
al., 1997). Therefore, elucidation of the regulatory mechanism
of PDGF-BB-induced vascular smooth muscle cell prolifera-
tion is important to understand the pathogenesis of cardiovas-
cular disease.

In the present study, to elucidate the mechanism of cardio-
vascular protection by Astragalus membranaceus, we investi-
gated the effects of astrapterocarpan, formononetin, and
calycosin on PDGF-BB-induced vascular smooth muscle cell
proliferation.

2. Materials and methods

2.1. Materials

Pterocarpan [(6aR, 11 aR)-3-hydroxy-9,l0-dimethoxyl-
pterocarpan].

Pterocarpan was prepared from its glucoside by treatment
with β-glucosidase (from Almond, 36.8 U/mg). The glucoside
was isolated from methanol extract of Astraguk menbranaceus
(obtained from Hokkaido Experimental Station for Medicinal
Plants, National Institute of Health Sciences, Nayoro, Hok-
kaido, Japan in August 1998) by silica gel column chromato-
graphy using n-hexane and ethyl acetate as eluent. Pterocapan
was isolated from ethyl acetate soluble portion of the reaction
mixture by preparative HPLC and was recrystallized from
methanol. Purity of pterocarpan was confirmed by comparison
its physical data and spectral data with those of previous report
(Anetai et al., 1994; Katsura and Yamagishi, 1987). The high
performance liquid chromatography (HPLC) chromatogram of
the isolated sample showed one peak at 280 nm. Pterocarpan
was demonstated to be pure (N99% purity) as evidenced by
HPLC and Nuclear Magnetic Resonance (NMR) spectrum.

A colorless needle from MeOH, mpf 89–190.5 °C, [α]D
−220° (c=O.26, MeOH), UV: λ max (MeOH, nm, log ε) :
285.5 (3.78), 281 (3.80), ), Electron Impact Ionization Mass
Spectrometer (EI-MS) m/z : 300 (M+),285,267,253,225,
197,147. Hight Resolution Fast Atom Bomberdment Mass
Spectrometry (HR-FAB-MS) m/z : 300.1001 (calcd. for
C17H16O5 : 300.0998),

13C-NMR(δ,CDC13): 40.8, 56.7, 60.9,
67.0, 80.4, 103.9, 105.8, 110.5, 112.2 119.5 123.0 133.0 134.7
152.1 153.9 157.6 156.7. 1H-NMR(δ, CDC13): 4.23 (lH, dd,
J=1.0.1, 4.3), 3.54 (ddd, J=6.4, 10.4, 4.2), 3.61 (lH, dd,
J=10.4, lO.l), 3.82 (3H, s), 3.86 (3H, s), 6.31 (lH, d, J=2.5
Hz), 6.50(1H, dd, J=2.5,7.9), 6.53 (lH, d, J=8.2), 6.95 (lH, d,
J=7.9), 7.33 (lH, d, J=8.2).

Formononetion (7-hydroxy-4-methoxy isoflavone) and
Calycosin (7,3′-dihydroxy-4′-methoxyisoflavone) were pur-
chased from Calbiochem-Novabiochem Corporation.

2.2. Cell culture

Al0 cells derived from the rat thoracic aorta were obtained
from American Type Culture Collection. The cells were
cultured in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum,
and antibiotics (100 U/ml penicillin and 100 μg/ml strepto-
mycin: GIBCO BRL). Cells were grown to 70% confluence
at 37 °C in 5% CO2 on culture dishes and then cells were
deprived of serum by replacing with the DMEM with 0.2%
serum for 48 h before the addition of test agents for all
experiments.

2.3. DNA synthesis assay and cell counting

Quiescent Al 0 cells were stimulated with PDGF-BB (50 ng/
ml) combined with various concentrations of pterocarpan. Then
the cells were treated with the thymidine analogue 5-bromo-2′-
deoxyuridine (BrdU) for 2 h. BrdU incorporation into DNA
was measured by utilizing clorimetric reaction with peroxidase-
linked anti-BrdU antibody using a cell proliferation enzyme
linked immunosorbent assay (ELISA) kit (Roche Molecular
Biochemicals). For cell counting, A10 cells were seeded in
60-mm culture dishes (5×1O4 cells/plate) and cultured at 37
°C for 2 days. The medium was then replaced with serum-free
medium consisting of PDGF-BB (50 ng/ml). Cells were direct-
ly counted using a hemocytometer every 2 days.

2.4. Western blotting and immunoprecipitation

Quiescent Al0 cells in 10 cm dishes were incubated in
serum-free DMEM in the presence and absence of pterocarpan
for 24 h. Al0 cells were then stimulated for 30 min with PDGF-
BB. After removal of the medium, cells were lysed with a cell
lysis buffer consisting of 10 Tris–HCl, pH 7.5, I50 mM NaCI, 1
mM EDTA, 1 mM EGTA, 1% NP40, 1 mM sodium pyrophos-
phate, 1 mM sodium orthovanadate, 1 mM dithiothreitol, 1 mM
sodium fluoride, 10 μg/ml aprotinin, 10 μg/ml leupeptin and 1
mM phenylmethylsulfonylfluoride. Lysed cells were sonicated
on ice for 15 s and were transferred to microcentrifuge tubes
and centrifuged at 15,000 g for 20 min at 4 °C. The protein
concentrations of the supernatants were measured using the
Bio-Rad protein assay according to the method of Bradford.
For irnmunoprecipitation, cell lysates were incubated with goat
anti-PDGF receptor-fl antibody for 1 h at 4 °C and then incu-
bated with 60 μ1 of proteinG-Sepharose for 2 h and washed 5
times with washing buffer (10 mM Tris–HCl, pH 7.8, 1%
NP40, 150 mM NaCl, 1 mM EDTA, 10 μg/ml aprotinin). For



Table 1
LDH release in the presence of PDGF-BB or Astrapterocarpan

LDH-release (%)

Control 12.1±0.7
PDGF-BB (25 ng/ml) 13.1±1.0
PDGF-BB (25 ng/mI)+Astrapterocarpan (1 μM) 12.9±0.9
PDGF-BB (25 ng/mI)+Astrapterocarpan (5 μM) 13.2±1.1
PDGF-BB (25 ng/mI)+Astrapterocarpan (10 μM) 12.3±0.6
PDGFnBB (25 ng/mI)+Astrapterocarpan (25 μM) 12.5±0.7
PDGF-BB (25 ng/ml)+Astrapterocarpan (50 μM) 12.1±0.8
Astrapterocarpan (50 μM) 12.3±0.9

A10 cells grownwere incubated for 48 h in serum-free DMEM in the presence of
astrapterocarpan (l–50 μM) or PDGF-BB (25 ng/ml). The medium was then
collected and the cells were lysed with 1% Triton X-100. The percentage of LDH
release was calculated from the ratio of LDH activity in the medium to the sum of
the LDH activity in the medium and in the cell lysate. Values are mean±S.E.M.
of four samples.
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Western blot analysis, cell lysates and immunoprecipitates were
subjected to sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS–PAGE), and proteins were transferred to
polyvinylidene fluoride (PVDF) membranes. The membranes
were blocked in a Tris buffered saline containing 0.l% Tween20
and 5% skim milk for 1 h at room temperature. The blots were
then incubated for 24 h at 4 °C with specified antibodies for 1
h with a secondary antibody (horseradish peroxidase conjugat-
ed). Immunoreactive bands were visualized using an enhanced
chemiluminescence detection system. Primary antibodies used
for Western blotting were as follows: anti-phospho-PDGF-
receptor banti-phospho-PDGF-receptor b. (Santa Cruz Bio-
technology), anti-Akt, anti-phospho-Akt, anti-p3 8 MAPK,
anti-phospho-p38 MAPK, anti-ENS and anti-phospho-ERK
(Cell Signaling Technology).

2.5. Cytotoxic assay

A10 cells grown in 96-well plates (5×103 cells/well) were
incubated for 48 h in serum-free DMEM in the presence of
astrapterocarpan (l–50 μM) or PDGF-BB (25 ng/ml). The
medium was then collected and the cells were lysed with 1%
Triton X-100. Lactate dehydrogenase (LDH) activity was mea-
sured using an LDH assay kit (Wako Chemical, Japan). The
percentage of LDH release was calculated from the ratio of
LDH activity in the medium to the sum of the LDH activity in
the medium and in the cell lysate.

2.6. Statistics

Results were expressed as mean±S.E.M. Statistical analysis
was performed by using Dunnett's test.

3. Results

3.1. Effects of astrapterocarpan, formononetin and calycosin
on PDGF-BB-induced cell proliferation

We assessed the effects of astrapterocarpan, formononetin
and calycosin on cell proliferation in serum-free medium
Fig. 1. Chemical structure of flavonoids isolated from Astragalus
membranaceus.
stimulated by PDGF-BB by a direct cell count of trypsinized
cells. As shown in Fig. 1, incubation with PDGF-BB (25 ng/
ml) resulted in a 5-fold increase in cell number compared
with the basal value. Astrapterocarpan (l–50 μM) inhibited
PDGF-BB-stimulated cell proliferation in a concentration-de-
pendent manner with significant inhibition observed at 1 μM.
The IC50 value for the inhibitory effect of astrapterocarpan
was 10 μM. In contrast, formononetin and calycosin had no
effect.

The viability of A10 cells stimulated with PDGF-BB com-
bined with astrapterocarpan was confirmed by the quantity of
LDH released from A10 cells in serum-free medium. Table 1
shows the viabilities of A10 cells under the conditions used in
the present study. The viabilities of A10 cells in the control and
astrapterocarpan-treated groups were not different, suggesting
that the anti-proliferative effect of astrapterocarpan on A10
cells was not due to its cytotoxicity.

3.2. Effects of astrapterocarpan, formononetin and calycosin
on PDGF-BB-induced DNA synthesis

As shown in Fig. 2, exposure of quiescent cells in serum-
free medium to PDGF-BB (25 ng/ml) caused 8-fold increase in
BrdU incorporation compared with the basal value. Astrapter-
ocarpan (l–50 μM) inhibited PDGF-BB-stimulated BrdU incor-
poration in a concentration-dependent manner with significant
inhibition observed at 1 μM. The IC50 value for the inhibitory
effect of astrapterocarpan was 10 μM. In contrast, formononetin
and calycosin had no effect.

3.3. Effect of astrapterocarpan on PDGF-BB-induced tyrosine
phosphorylation of PDGF fl-receptor

The most proximal biological effect of PDGF-BB is activa-
tion of its receptor tyrosine kinase, which is essential for all of
its biological functions. Thus, the inhibitory effect of astrapter-
ocarpan on PDGF-BB-induced cell proliferation may have
resulted from inhibition of tyrosine kinase activity of PDGF
β-receptor. Therefore, we examined the effect of astrapterocar-
pan on PDGF-BB-induced tyrosine phosphorylation of the



Fig. 3. Effects of astrapterocarpan, formononetin, and calycosin on DNA
synthesis stimulated by PDGF-BB. Quiescent cells were continuously cultured
with PDGF-BB (25 ng/ml) for 24 h in the absence or presence of the indicated
concentrations of astrapterocarpan (A), formononetin (B), and calycosin (C).
Then the cells were treated with the thymidine analogue 5-bromo-2′-deoxyur-
idine (BrdU) for 2 h. BrdU incorporation into DNAwas measured by utilizing
clorimetric reaction with oxidase-linked anti-BrdU antibody using a cell prolif-
eration ELISA kit. Values are mean ± S.E.M. of four samples. *Significantly
different from the corresponding control (Pb0.05).

Fig. 2. Effects of astrapterocarpan, forrnononetin, and calycosin on cell proli-
felation stimulated by PDGF-BB. Subconfluent cells were continuously cul-
tured with PDGF-BB (25 25 ng/ml) in the absence or presence of the indicated
concentrations of astrapterocarpan (A), formononetin (B), and calycosin (C).
After 48 h in culture, the cells in triplicate dishes were trypsinized and counted
as described in Methods. Values are mean ±S.E.M. of four samples. *Signifi-
cantly different from the corresponding control (Pb05).
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PDGF P-receptor (Fig. 3). A10 cells in serum-free medium
were treated with astrapterocarpan and then incubated with
PDGF-BB (25 ng/ml). The cell lysates were immunoprecipitat-
ed with a PDGF β-receptor antibody, and phosphotyrosine-
specific antibodies were used for immunoblotting to detect
phosphorylated tyrosine on PDGF β-receptor. Treatment with
PDGF-BB induced an increase in tyrosine–phosphorylated
PDGF β-receptor, which was not affected by preincubation
with astarapterocarpan. The inhibitory effect of astrapterocar-
pan on PDGF-BB-induced proliferation of A10 cells is not due
to inhibition of the tyrosine phosphorylation of the PDGF β-
receptor. Rather, the inhibition of cell proliferation by astrapter-
ocarpan is likely to be due to post-PDGF β-receptor events
(Fig. 4).

3.4. Effect of astrapterocarpan on PDGF-BB-induced ERK1/2
activation

We next examined whether astrapterocarpan inhibits cell
proliferation by targeting the PI3K/Akt, ERKl/2 MAPK or
p38 MAPK pathway. Al0 cells in serum-free medium were
stimulated with PDGF-BB (25 ng/ml) for 20 min to examine
the action of astrapterocarpan on PDGF-BB-induced activation
and phosphorylation of Akt, ERK1/2 and p38 MAPK.



Fig. 4. Effect of astrapterocarpan on tyrosine phosphorylation of PDGF β-receptor. Quiescent Al0 cells were incubated with astrapterocarpan at the indicated
concentration for 24 h. The cells were then stimulated briefly with 25 ng/ml PDGF-BB for 20 min. Equal amounts of lysates were immunoprecipitated with a PDGF
β-receptor-specific antibody, and immunoprecipitates were subjected to SDS–PAGE and analyzed by immunoblotting with an anti-phosphotyrosine antibody. The
amounts of phosphorylated PDGF β-receptor (−R) are expressed as ratios of the densitometric measurements of the samples. Values are mean±S.E.M. of three
samples.
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Astrapterocarpan pretreatment inhibited ERK1/2 MAP kinase
activation in a concentration-dependent manner with significant
inhibition at 1 μM. The IC50 value for the inhibitory effect of
astrapterocarpan was 10 μM. Surprisingly, the phosphorylation
of other pathway, p38 MAP kinase and Akt, was not inhibited
by astrapterocarpan except at a high concentration (50 μM). It
is noteworthy that the concentration of astrapterocarpan neces-
sary for inhibition of the ERK1/2 pathway was almost the same
as that of astrapterocarpan for inhibition of A10 cell
proliferation.

4. Disscussion

Pterocarpan derivatives, the main constituents of the legume
have been reported to possess several pharmacological activi-
ties, such as antimicroviral activity (Bojase et al., 2002), anti-
inflammatory activity (Miller et al., 1989) and antiplatelet
aggregation activity (Goda et al., 1992). In the present study,
astrapterocarpan, a pterocarpan derivative isolated from Astra-
gahs membranaceus, was shown to inhibit rat vascular smooth
muscle cell proliferation and DNA synthesis in response to
PDGF-BB. The inhibitory actions of astrapterocarpan do not
appear to result from nonspecific cellular toxicity, because the
quantity of LDH released in the medium was not significantly
affected by astrapterocarpan (Table 1) and the inhibitory effects
of astrapterocarpan on growth were rapidly reversed when the
compound was removed from the culture medium (data not
shown). Therefore, in addition to the above-stated biological
effects of pterocarpan derivatives, the present study provides
new evidence that astrapterocarpan has antiprolifelative activity
in vascular smooth muscle cells.

Prominent flavonoids, quercetin, genistein and gallates,
have been reported to be tyrosine kinase inhibitors that
block signal transduction pathways mediated by MAPK and
P13K in various cells (Nicosia et al., 2003). Therefore, we
speculate that astrapterocarpan inhibits vascular smooth mus-
cle cell proliferation to modify the protein kinase-mediated
intracellular signal pathway(s). Tyrosine phosphorylation of
PDGF β-receptor creates a binding site for SH-2 domain-
containing signaling proteins such as phospho1ipase Cγ,
PI3-kinase p85 subunit, SOS and the adaptor molecule She
or Grb2 (Heldin et al., 1998). Among these signaling proteins,
binding of Grb2/sos or She in turn activates the small GTP-
binding protein RAS that couples to the Raf/MEKl/z/EM or
Rac/MEK3kYp38 cascade, which is considered to be a critical
step for proliferation of vascular smooth muscle cells (Mar-
shall, 1995). In our study, astrapterocarpan had no effect on
tyrosine phosphorylation of PDGF-receptor, suggesting that
the site of action for astrapterocarpan is downstream from
these signaling proteins.

Matsumoto et al. (1999) reported that expression of domi-
nant-negative Ras inhibited PDGF-BB-induced migration in



Fig. 5. Effects of astrapterocarpan on phosphorylation of ERK1/2, p38 MAP
kinase and Akt. Quiescent A10 cells were incubated with astrapterocarpan at the
indicated concentration for 24 h. The cells were then stimulated briefly with 25
ng/ml PDGF-BB for 20 min. The cell lysates were subjected to SDS–PAGE and
analyzed by immunoblotting with an anti-phospho-ERK1/2 antibody (A), anti-
phospho-p38 MAP kinase antibody (B), and anti-phospho-Akt antibody (C).
The amounts of phosphorylated kinases are expressed as ratios of the densito-
metric measurements of the samples. Values are mean±S.E.M. of four to five
samples. *Significantly different from the corresponding control (Pb0.05).
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endothelial cells expressing wild-type PDGF β-receptor. They
demonstrated that dominant-negative Ras inhibited PDGF-BB-
induced activation of p38 MAP kinase as well as ERKl/2 map
kinase. In the present study, since astrapterocarpan did not
inhibit PDGF-BB-induced p38 phosphorylation, it is likely
that astrapterocarpan did not interfere with thepathway from
the PDGF P-receptor, via Ras, to p38 map kinase. These find-
ings suggest that the site of astrapterocarpan action may be
between Ras and ERK1/2. Further studies, including an inves-
tigation of the effects of astrapterocarpan on Raf and MEIW2 of
vascular smooth muscle cells are needed to determine the exact
target site of astrapterocarpan.

It has been reported that gallates block the signal transduc-
tion pathways by MAPK and PI3K in human smooth muscle
cells (Ahn et al., 1999). In addition, it has been shown that
quercetin selectively inhibits PI3K in rat aortic smooth muscle
cells (Yoshizumi et al., 2001). Kinetic analysis has indicated
that these flavonoids do not compete with ATP binding to
signaling protein and most likely elicit their inhibitory effects
through an allosteric mechanism (Dudley et al., 1995). Studies
to elucidate the structure-activity relationship of the inhibitory
effect of astrapterocarpan on ERIC activity are in progress in
our laboratory.

Moreover, this compound significantly inhibited the tyrosine
phosphorylation of ERKl/2 MAPK without having any effect
on PDGF β-receptor tyrosine kinase activity, p38 MAP kinase
or Akt kinase activity. The concentration of astrapterocarpan
necessary for the inhibition of this ERK1/2 MAP kinase activ-
ity was similar to that for the inhibition of vascular smooth
muscle cell proliferation (Fig. 5). Pyles et al. (1997) reported
that MAPK was activated in response to balloon overstretch
injury in porcine carotid arteries. Moreover, in a recent study
using carotid artery ballooning injury, it has been demonstrated
that MAPK signaling, particularly ERK ctivity, was increased
and that medial cell replication following injury was reduced by
D098059, an ERK/MAPK pathway inhibitor (Koyama et al.,
1998). The above results imply that the ERIC/MAP pathway
may be crucial in neosintimal thickening progression. Our
results suggest that astrapterocarpan has preventative effects
on vessel restenosis in addition to cardiovascular diseases
such as atherosclerosis and myocardial infarction.

In summary, we have demonstrated for the first time that
astraprotecarpan has an inhibitory effect on vascular smooth
muscle cell proliferation and that its mechanism of action
appears to be ediated, at least in part, by inhibition of
ERKl/2 activation. The results suggest that astrapterocarpan
is an attractive candidate for the protection of cardiovascular
disease.
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