
Abstract Magnolol, an active component extracted from
Magnolia officinalis, has various pharmacological effects,
including potent antioxidant activity. In the present study,
we investigated the effect of magnolol on apoptosis in rat
vascular smooth muscle cells (VSMCs), using terminal-
deoxynucleotidyl-transferase-mediated deoxyuridine tri-
phosphate nick end labelling (TUNEL) and flow cytomet-
ric analysis. Magnolol (5–20 µM) concentration-depen-
dently induced significant VSMC apoptosis, this effect be-
ing blocked by the caspase inhibitor benzyloxycarbonyl-
Val-Ala-Asp-fluoromethylketone (z-VAD-fmk, 50 µM).
To study the molecular mechanism, the mitochondrial death
pathway was examined. Magnolol increased caspase-3 and
caspase-9 activities significantly and reduced the mito-
chondrial potential (∆ψm). The levels of B-cell leukaemia/
lymphoma-2 (Bcl-2), but not those of Bcl-2-associated 
X protein (Bax) or Bcl-xL, were down-regulated concen-
tration dependently by magnolol. In an animal model, bal-
loon angioplasty-induced neointima formation was inhib-
ited significantly by magnolol and Bcl-2 protein levels
were reduced. Taken together, these results show that mag-
nolol induces apoptosis in VSMCs via the mitochondrial
death pathway. This effect is mediated through down-reg-
ulation of Bcl-2 protein levels, both in vivo and in vitro.
Magnolol thus shows potential as a novel therapeutic
agent for the treatment of atherosclerosis and re-stenosis.
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Introduction

The increased potential for growth of vascular smooth
muscle cells (VSMCs) is a key abnormality in the devel-
opment of atherosclerosis and re-stenosis (Hanke et al.
1990; Pickering et al. 1993). Smooth muscle cells in nor-
mal vessels have a very low mitotic rate but start to pro-
liferate and migrate when exposed to a variety of stimuli,
including many growth factors (Deuel and Huang 1984).
The proliferative potential can be regulated by various
signals, e.g. signals blocking growth or inducing apopto-
sis (Libby et al. 1988).

Apoptosis (programmed cell death), which plays a crit-
ical role in both the normal development and pathology of
a wide variety of tissues, is characterized by cytoplasmic
shrinkage, nuclear condensation and DNA fragmentation
(Jacobson et al. 1997; Nagata 1997). In recent years, the
regulation of apoptosis has attracted much attention as a
possible means of eliminating excessively proliferating cells
(Mooberry et al. 1999; Kyprianou and Benning 2000). In
particular, apoptotic death of vascular cells is a prominent
feature of blood vessel remodelling, which occurs during
normal development and fibroproliferative disorders of
the vessel wall (Walsh and Isner 2000). Free radicals are
thought to play an important role in apoptosis, and induc-
tion of apoptosis by reactive oxygen species (ROS) and
ROS production by apoptotic cells have been described
(Sandstrom et al. 1994; Zamzami et al. 1995; Li et al.
1997b). Antioxidants, however, also cause apoptosis in
various cell types (Nobel et al. 1995; Chinery et al. 1997),
including VSMCs (Tsai et al. 1996).

Magnolol, an active component purified from Magno-
lia officinalis, is a commonly used Chinese medicinal herb,
and is reported to have various pharmacological activities,
including anti-inflammatory (Wang et al. 1995) and an-
tioxidant effects (Chiu et al. 1999) and inhibition of the
expression of monocyte chemoattractant protein-1(MCP-1)
(Chen et al. 2001) and vascular cell adhesion molecule
(VCAM) (Chen et al. 2002). It can also induce apoptosis
in cancer cells (Lin et al. 2001). The purpose of the pre-
sent study was to evaluate the effect of magnolol on apop-
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tosis in VSMC both in vitro and in vivo, and to study the
molecular mechanism.

Materials and methods

Materials. Magnolol was synthesized by Professor A.-R. Lee (De-
partment of Pharmacy, National Defence Medical Centre, Tai-
wan). Leupeptin, phenylmethylsulphonyl fluoride, SDS and anti-
β-actin antibody were purchased from Sigma-Aldrich (St. Louis,
Mo., USA). Protein assay reagents were purchased from Bio-Rad
(Hercules, Calif., USA). DMEM, fetal bovine serum (FBS), peni-
cillin, and streptomycin were from Life Technologies (Gaithersburg,
Md., USA). The enhanced chemiluminescence kit was obtained
from Amersham Pharmacia Biotech (Arlington Heights, Il., USA).
Propidium iodide was from Molecular Probes (Port Gebouw, The
Netherlands). 3,3′-Dihexyloxacarbocyanine iodide (DiOC6) was
from Calbiochem (San Diego, CA, USA). Benzyloxycarbonyl-
Val-Ala-Asp-fluoromethylketone (z-VAD-fmk) was from BioVi-
sion (Mountain View, Calif., USA). The colourimetric assay kits
for caspase-3 and caspase-9 were from Clontech (Palo Alto, Calif.,
USA) and R and D Systems (Minneapolis, Minn., USA). The ter-
minal deoxynucleotidyl transferase-mediated dUTP nick end-la-
belling (TUNEL) kit was from Roche (Mannheim, Germany). The
rabbit anti-Bcl-associated X protein (Bax) antibodies were from
Santa Cruz Biotechnology (Santa Cruz, Calif., USA), and the
mouse anti-B-cell leukaemia/lymphoma-2 (Bcl-2) and anti-Bcl-XL
antibodies and horseradish peroxidase-conjugated anti-mouse
and anti-rabbit IgG antibodies were from Transduction Labora-
tories (Lexington, Ky., USA). All other chemicals were from
Sigma.

Cell culture. Rat aortic VSMCs were harvested from male Sprague-
Dawley rats (200–250 g) by enzymatic digestion as described pre-
viously (Pauly et al. 1997) and cultured in DMEM supplemented
with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin.
The cells were passaged every 5 days and used up to the eighth
passage.

Flow cytometry analysis. VSMCs were incubated for 18 h in
serum-free DMEM with various concentrations of magnolol, then
trypsinized. The trypsinized cells were washed with PBS and
stained in subdued light (30 min at 4 °C) with 0.1% Triton X-100
and 0.1% sodium citrate (pH 7.0) containing 50 µg/ml propidium
iodide. The stained cells were then analysed using a FACS Calibur
flow cytometer (Becton Dickinson, Calif., USA). The percentage
of hypodiploid cells was taken as the percentage of cells showing
DNA fragmentation.

The TUNEL assay for apoptosis. Apoptotic cells were detected by
the TUNEL method using an in situ cell death-detection kit (Roche,
Germany). In brief, VSMCs in serum-free DMEM were incubated
for 18 h with various concentrations of magnolol, and fixed for 
15 min in 4% paraformaldehyde in PBS. The cells were blocked
for 15 min with 0.3% H2O2 in methanol, washed, permeabilized
for 2 min with 0.1% sodium citrate in PBS then exposed sequen-
tially to the enzymatic reaction mixture (TdT enzyme plus Label-
ing Safe Buffer) for 60 min at 37 °C, fluorescein-conjugated dUTP
for 30 min at 37 °C and 0.05% diaminobenzidine in 1% nickel sul-
phate and 0.01% H2O2 and analysed using a FACS Calibur flow
cytometer.

Caspase-3 and -9 activity assays. Caspase activity was measured
using colourimetric assay kits for caspase-3 or caspase-9. Briefly,
2×106 cells were collected and resuspended for 10 min on ice in ly-
sis buffer and the lysate centrifuged at 10,000 g for 5 min to pre-
cipitate cellular debris. The supernatant was reacted for 2 h at 37°C
with 5 µl of Asp-Glu-Val-Asp-p-nitroanaline (DEVD-pNA) or
Leu-Glu-His-Asp-p-nitroaniline (LEHD-pNA) (final concentra-
tion 50 µM), substrates for caspase-3 and -9, respectively, and the
absorbance at 405 nm read in a microplate reader.

Assessment of mitochondrial potential (∆ψm). To assess the mito-
chondrial potential, a fluorescent, cationic, cell-permeable, volt-
age-sensitive, lipophilic carbocyanine dye, DiOC6, was used. Its
fluorescence is a measure of mitochondrial membrane potential
(Srivastava et al. 1997). VSMCs (5×105 cells/ml; 2 ml) were incu-
bated for 18 h at 37 °C with various concentrations of magnolol.
During the last 15 min of incubation, the cells were labelled with
DiOC6 (40 nM) at 37 °C. After washing, cells were analysed by
flow cytometry.

Western blot analysis. Cells or homogenized rat aortas were lysed
by incubation for 30 min at 4 °C in lysis buffer: 1% SDS, 100 mM
NaCl, 62.5 mM TRIS, pH 7.6, 1 mM phenylmethylsulphonyl fluo-
ride and 10 µg/ml leupeptin. Insoluble material was removed by
centrifugation for 30 min at 10,000 g at 4 °C and the protein con-
centration of the supernatant determined using the Bio-Rad protein
assay system (http://library.ndmctsgh.edu.tw/cgi-bin/ovidweb/-49).
A sample of the material (40 µg protein) was then subjected to
SDS-PAGE on a 10% polyacrylamide gel and electroblotted onto
a polyvinylidene difluoride (PVDF) membrane (Millipore, Bed-
ford, Mass., USA). After blocking non-specific binding by incuba-
tion for 1 h at room temperature with 5% non-fat milk in 20 mM
TRIS-HCl, 137 mM NaCl, pH 7.4, containing 0.1% Tween 20
(TTBS), the membrane was incubated for 1 h at room temperature
with primary antibodies (1:1,000), washed 3 times with TTBS, in-
cubated for 10 min at room temperature with horseradish peroxi-
dase-conjugated anti-mouse or anti-rabbit IgG antibodies (1:2,000
dilution) and washed 3 times with TTBS. Bound antibody was 
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Fig. 1 Magnolol induces apoptosis in vascular smooth muscle cells
(VSMCs). VSMCs were treated for 18 h with magnolol (5–20 µM),
fixed, stained with terminal-deoxynucleotidyl-transferase-medi-
ated deoxyuridine triphosphate nick end labelling (TUNEL)
reagents, analysed flow cytometrically or photographed by fluo-
rescent microscopy (upper panel) and the percentage of TUNEL-
positive cells calculated (lower panel). Means±SEM, n=6, *P<
0.05 vs. untreated (0 µM)



visualized using an enhanced chemiluminescence detection kit 
and exposure to X-ray film and the bands quantified by densitom-
etry.

In vivo balloon angioplasty. All procedures complied with the
standards for care and use of animal subjects as stated in the Guide
for the Care and Use of Laboratory Animals (Department of Lab-
oratory Animal Science of the National Defence Medical Centre).
The study was approved by the local Institutional Review Board
according to the Helsinki recommendations and internationally ac-
cepted principles for the care and use of experimental animals.
Male Sprague-Dawley rats (350–400 g) were anaesthetized with
chloralhydrate (0.35 g/kg i.p.) and a 2F embolectomy balloon
catheter (Baxter Health Care, Irvine, Calif., USA) introduced into
the right common carotid artery via the external artery. The bal-
loon was inflated with sufficient saline to distend the common
carotid artery and was then withdrawn to the external artery. This
procedure was repeated 3 times, the catheter removed and the distal
external artery segment ligated. The animals were then randomly
allocated to one of three groups: (1) the no-magnolol treatment
group, (2) the low-dose magnolol treatment group (0.5 mg/kg/day
for 2 weeks) or (3) the high-dose magnolol treatment group (2 mg/

kg/day for 2 weeks). A mini-osmotic pump (model 2001; Alza, Palo
Alto, Calif., USA) with a pump rate of 1 µl/h containing sufficient
solution for 7 days (replaced after 7 days) was filled with magnolol
in alcohol or vehicle and implanted subcutaneously at the back of
the neck. Fourteen days after balloon angioplasty, the rats were
anaesthetized and perfused with saline through the ascending aorta.
The right common carotid artery was isolated, then either homog-
enized in a homogenizer (PRO 200, PRO Scientific, Monroe, Conn.,
USA) for Western blotting, or fixed overnight with 4% parafor-
maldehyde, frozen, cut into 20-µm sections, stained with haema-
toxylin and eosin, photographed through a microscope and the
neointimal areas measured.

Statistical analysis. Values are expressed as means±SEM for n
samples. Data were analysed using one-way ANOVA followed by
Dunnett’s test. P<0.05 was regarded as significant.

Results

Magnolol induces cell apoptosis in VSMCs

The TUNEL procedure stains nuclei containing nicked
DNA, a characteristic of cells in apoptosis. Flow cytome-
try showed that magnolol increased the percentage of
TUNEL-positive cells concentration dependently (Fig. 1).
In addition, flow cytometry of propidium iodide-stained
VSMCs showed that magnolol increased the sub-G0/G1
ratio (DNA fragmentation) concentration dependently
(Fig. 2). The EC50 for magnolol-induced VSMC apoptosis
was about 6 µM.

Magnolol activates caspase-3 and -9

The caspase inhibitor, z-VAD-fmk (50 µM) completely
blocked the DNA fragmentation induced by magnolol
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Fig. 2 Magnolol induces apoptosis in VSMCs. VSMCs were treated
for 18 h with magnolol (5–20 µM), fixed, stained with propidium
iodide, analysed flow cytometrically (upper panels) and the per-
centage of hypodiploid cells calculated (bottom panel). Means±
SEM, n=6, *P<0.05 vs. untreated

Fig. 3 Magnolol-induced cell death is caspase dependent. VSMCs
were incubated for 30 min with the caspase inhibitor benzyloxy-
carbonyl-Val-Ala-Asp-fluoromethylketone (z-VAD-fmk, 50 µM),
and then treated with magnolol (5–30 µM) for 18 h. After fixing,
staining with propidium iodide and flow cytometric analysis the
percentage of hypodiploid cells calculated. Means±SEM, n=4,
*P<0.05 vs. no magnolol
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Fig. 4a–c Magnolol activates
caspase-3/caspase-9 and re-
duces the mitochondrial mem-
brane potential (Ψ∆m). VSMCs
were incubated for 18 h with
magnolol (5–20 µM) caspase-3
(a) and -9 (b) activity assayed
colourimetrically. c The mito-
chondrial membrane potential
was also assessed using 3,3′-
dihexyloxacarbocyanine iodide
(DiOC6). Left: representative
fluorescent images; right: 
summary. Means±SEM, n=4,
*P<0.05 vs. untreated

Fig. 5a–d Effect of magnolol
on B-cell leukaemia/lym-
phoma-2 (Bcl-2), Bcl-xL and
Bcl-2-assocaited X protein
(Bax) expression in VSMCs.
VSMCs were incubated for 
18 h with or without magnolol
(5–20 µM) and the expression
of Bcl-2, Bcl-xL and Bax de-
termined by Western blotting.
a Representative blots.
b–d Densitometric results for
Bcl-2 (b), Bcl-XL (c) and Bax
(d). Means±SEM, n=4. Equal
loading in each lane was
demonstrated by the amounts
of β-actin. *P<0.05 vs. control



(5–20 µM), but only partially blocked that induced by 30 µM
magnolol (Fig. 3). Colorimetric assays of caspase-3 and
caspase-9 activity showed both to be increased concentra-
tion dependently by magnolol (Fig. 4a, b).

Magnolol reduces mitochondrial membrane potential (∆ψm)

Dissipation of the mitochondrial potential is a characteris-
tic of apoptosis. Staining VSMCs with DiOC6 showed
that magnolol reduced the mitochondrial membrane po-
tential concentration dependently (Fig. 4c).

Effects of magnolol on Bcl-2, Bcl-XL, 
and Bax protein expression

The Bcl family of mitochondrial-associated proteins plays
an important role in cell apoptosis. Immunoblotting stud-
ies showed that magnolol treatment decreased the expres-
sion of Bcl-2 concentration dependently, while having no
effect on Bcl-xL and Bax expression (Fig. 5).

Beneficial effects of magnolol in animals 
with re-stenosis

Two weeks after balloon angioplasty, vehicle-treated op-
erated animals showed marked neointimal formation with
extracellular matrix deposition (Fig. 6b) compared with
sham-operated animals (Fig. 6a). In contrast, the injured
right common carotid arteries in the low-dose magnolol
(0.5 mg/kg per day) group showed significant suppression
of neointimal formation (Fig. 6c), while those in the group
treated with high-dose magnolol (2 mg/kg per day) were
almost indistinguishable from controls (Fig. 6d). Bcl-2
protein expression in the carotid arteries was reduced con-
centration dependently by magnolol (Fig. 7), as in the in
vitro studies.

Discussion

Atherosclerosis and post-angioplasty re-stenosis are char-
acterized by the abnormal accumulation of VSMCs, in-
flammatory cells and extracellular matrix proteins (Hanke
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Fig. 6a–e Magnolol reduces
angioplasty-induced neointima
formation. a–d Haematoxylin
and eosin-stained cross-sec-
tions of rat carotid arteries
(×200). a Untreated control, no
angioplasty, b balloon angio-
plasty, no magnolol, c balloon
angioplasty, low-dose mag-
nolol (0.5 mg/kg per day),
d balloon angioplasty, high-
dose magnolol (2 mg/kg per
day. e Quantification of the
neointimal area. Means±SEM,
n=4, *P<0.05 vs. balloon an-
gioplasty/no magnolol



et al. 1990; Pickering et al. 1993). Neointimal thickening
is mainly due to smooth muscle cells, which proliferate
and migrate from the media. Excessive proliferative po-
tential can be regulated by apoptosis (Perlman et al.
2000). Since our results demonstrated that magnolol in-
duced apoptosis of VSMCs (Figs. 1 and 2), it is possible
that magnolol could reduce the proliferative potential of
VSMCs.

To clarify the involvement of caspases in magnolol-in-
duced apoptosis in VSMCs, the effect of the caspase in-
hibitor z-VAD-fmk was examined. z-VAD-fmk blocked
the cell death induced by 5–20 µM magnolol completely,
indicating that the magnolol-induced cell death is caspase
dependent (Fig. 3). The cell death induced by a higher
concentration of magnolol (30 µM) was only partly blocked
by z-VAD-fmk, suggesting that high concentrations may
induce caspase-independent cell death or non-specific cy-
totoxicity. However, since the aim of this study was to ex-
amine apoptosis, these other possible effects of high-dose
magnolol were not studied in detail.

Induction of apoptosis often involves activation of the
caspase family of cysteine proteases. One principal mech-
anism of caspase activation requires the release of cyto-
chrome c from mitochondria; this then associates with
apoptotic protease activating factor-1 (Apaf-1) to form a
complex termed the apoptosome (Li et al. 1997a), which
recruits and activates caspase-9, which, in turn, activates
other caspases, such as caspase-3 (Loeffler and Kroemer
2000). Colourimetric assays showed that magnolol increased
both caspase-3 and caspase-9 activities (Fig. 4a, b), sug-
gesting that caspase-3 and caspase-9 mediate magnolol-
induced VSMC apoptosis.

Since the above results suggested the involvement of the
mitochondrial death pathway in magnolol-induced VSMCs
apoptosis, we examined the effect of magnolol on the mi-
tochondrial membrane potential using DiOC6. Magnolol
reduced the mitochondrial membrane potential concentra-
tion dependently (Fig. 4c), thus implying that magnolol-
induced apoptosis results from activation of the mitochon-
drial death pathway, with subsequent activation of the
downstream caspases 3 and 9.

The expression of the mitochondrion-associated pro-
teins, Bcl-2, Bcl-XL, and Bax, was examined by Western
blotting. Magnolol treatment of cells resulted in down-reg-
ulation of Bcl-2 expression, but had no effect on Bcl-XL
and Bax levels. This suggests that the magnolol-induced
apoptosis is mediated by down-regulation of Bcl-2 protein
expression.

Interestingly, several studies have shown that antioxi-
dants can rescue various types of cell from programmed
cell death and magnolol is reported to have a high antiox-
idant potential (Chiu et al. 1999). However, in contrast,
other antioxidants, pyrrolidinedithiocarbamate (Tsai et al.
1996, Erl et al. 2000), N-acetylcysteine (Tsai et al. 1996)
and catalase (Brown et al. 1999), reportedly induce cell
apoptosis in VSMCs, but the intracellular mechanism is
not clear. Thus, the association between antioxidant activ-
ity and apoptosis is not clearly defined in VSMCs. It is
possible that magnolol causes apoptosis by a mechanism
independent of its antioxidant activity; however this re-
quires further study.

Magnolol inhibits the expression of VCAM (Chen et al.
2002) and MCP-1 (Chen et al. 2001) and, as shown above,
also induces cell apoptosis in VSMCs, effects which
could be useful in the treatment of atherosclerosis and re-
stenosis. We examined the in vivo therapeutic effect of
magnolol in a balloon angioplasty model. Neointima for-
mation was inhibited dose dependently by magnolol. In-
duction of VSMC apoptosis in vivo, either by forced over-
expression of p53 (Yonemitsu et al. 1998) or down-regu-
lation of Bcl-2 protein levels (Perlman et al. 2000), in-
hibits neointima formation. Other authors have shown
that magnolol can reduce neointima formation (Chen et
al. 2001) and concluded that the therapeutic effect is me-
diated by inhibition of MCP-1 expression. Our results
showed that magnolol down-regulated Bcl-2 expression
in vivo (Fig. 7). Although antioxidant activity or inhibi-
tion of MCP-1 or VACM expression may explain the re-
duction of neointima formation by magnolol, induction of
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Fig. 7a, b Magnolol reduces Bcl-2 expression in vivo. After bal-
loon angioplasty, the rats were treated with vehicle or magnolol
(0–2 mg/kg per day) for 14 days. a Western blot analysis of Bcl-2
protein expression in the carotid arteries. Equal loading of each
lane is shown by the amount of β-actin. b Densitometric results.
Means±SEM, n=4, *P<0.05 vs. balloon angioplasty/no magnolol



apoptosis (or down-regulation of Bcl-2 expression) may
also play an important role in prevention of intimal thick-
ening. However, the detailed mechanism by which mag-
nolol down-regulates Bcl-2 requires further study.

In summary, we have shown that magnolol induces cell
apoptosis in rat aortic smooth muscle cells. The apoptotic
effect of magnolol on VSMCs may be due to down-regu-
lation of Bcl-2 protein expression. In addition, magnolol
had a therapeutic effect in animals in which a balloon an-
gioplasty had been established, suggesting its potential as
a therapeutic agent for the treatment of atherosclerosis or
re-stenosis.
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