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INTRODUCTION

Coronary heart disease (CHD) arising from athero-
sclerosis is the leading cause of death and morbidity 
worldwide [1]. The pathophysiology of CHD is com-
plex and not yet fully understood. The oxidative hy-
pothesis is a classical theory on atherosclerosis that oxi-

dative stress is a critical and final common mechanism 
[2]. Growing evidence indicates that inflammation also 
influences all stages of atherosclerosis [3].

Apoptosis is a form of programed cell death that oc-
curs in multicellular organisms and is involved in vari-
ous biologic processes including development, aging, 
and chemical-induced cell death. Inappropriate apop-
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Objectives: Coronary heart disease (CHD) risk increases in women after menopause, but menopausal hormone therapy (MHT) helps 
prevent CHD if started early after menopause. To explore the mechanism underlying the direct vascular actions of estrogen, the effects 
of 17β-estradiol (E2) on apoptosis of vascular smooth muscle cells (VSMCs) induced with lysophosphatidylcholine (lysoPC), an active 
component of oxidized low-density lipoprotein, were investigated in the present study.
Methods: VSMCs were isolated from rat aortas. Apoptosis and protein expression of caspases were assessed using propidium 
iodide staining and Western blot analysis, respectively. Intracellular formation of reactive oxygen species (ROS) was examined using 
dichlorofluorescein diacetate, a cell-permeable oxidation-sensitive probe, and quantitated with flow cytometry. Nuclear factor-κB (NF-κB) 
activation was determined after transfection with a reporter plasmid containing the luciferase reporter gene.
Results: After pre-treatment for 24 hours, 17β-E2 suppressed lysoPC-induced (15 mM) apoptotic cell death in a dose-dependent manner 
with statistical significance at near physiological concentration. 17β-E2 (10−6 M) also increased protein levels of caspase-9 and -8 
precursors and decreased the active form of caspase-3. Western blot analysis using subcellular fractions showed that 17β-E2 decreased 
mitochondrial Bax levels and concomitantly increased cytosolic Bax expression. Furthermore, intracellular production of ROS and NF-
κB-mediated transcriptional activity were reduced with 17β-E2. In addition, estrogen effects on apoptosis were partially blocked by ICI 
182,780, a specific estrogen receptor antagonist.
Conclusions: In cultured VSMCs treated with lysoPC, 17β-E2 reduced apoptotic cell death by down-regulating both extrinsic and 
intrinsic apoptosis pathways, contributing to the preventive action of MHT against CHD.
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tosis is associated with many human diseases such as 
neurodegenerative diseases, ischemic damage, autoim-
mune disorders, and cancers [4].

Vascular smooth muscle cells (VSMCs) are strongly 
implicated across all stages of CHD. Migration of 
VSMCs from the media into the subendothelial region 
and aberrant proliferation are characteristic findings in 
atheroma formation. Apoptosis is frequently associated 
with increased proliferation, which largely accounts for 
high rates of VSMC turnover [5]. Furthermore, VSMCs 
are predominant in the fibrous atheroma cap and 
lesional apoptosis of VSMC triggers plaque progres-
sion and its vulnerability to rupture [6]. In addition, 
the number of VSMCs in the media layer decreases 
through apoptosis in association with arterial aging 
[7,8]. 

Oxidatively modified low-density lipoprotein (LDL) 
contributes significantly to atherosclerosis by adversely 
affecting not only the monocytes, macrophages, and 
vascular endothelial cells (VECs), but also VSMCs [9]. 
We previously reported that lysophosphatidylcholine 
(lysoPC), an active component of oxidized LDL, exerts 
a cytotoxic effect mainly via apoptosis in VSMCs [10].

There is convincing evidence regarding a causal re-
lationship between estrogen deficiency and CHD in 
women. Women with early menopause have an in-
creased risk of CHD [11]. In addition, estrogen therapy, 
if initiated early after menopause, reduces CHD risk 
[12]. Estrogen has various action mechanisms underly-
ing its cardioprotective effects. In addition to the ben-
eficial systemic effects on lipid profiles, blood pressure, 
and glucose metabolism, the direct action of estrogen 
on arteries may be important [13].

To explore the mechanism underlying direct vascular 
actions of estrogen in CHD, the effects of 17β-estradiol 
(E2) on lysoPC-induced apoptosis in cultured VSMCs 
were investigated in the present study.

MATERIALS AND METHODS

Materials

Sprague–Dawley rats were purchased from Charles 
River Japan (Hino, Japan). Dulbecco’s modified Eagle’s 
medium (DMEM) and Ham’s F-12 medium (DMEM/
F-12) without phenol red, fetal bovine serum (FBS), 
trypsin-ethylenediaminetetraacetic acid (EDTA), and 
penicillin-streptomycin were obtained from GIBCO 
BRL (Grand Island, NY, USA). 2’,7’-dichlorofluorescein 
diacetate (DCF-DA) was purchased from (Calbiochem, 

Darmstadt, Germany). LysoPC, 17β-E2, ICI 182,780, 
and all other chemicals were from Sigma Chemical 
Co. (St. Louis, MO, USA). Monoclonal antibody for 
α-smooth muscle actin was obtained from DAKO 
(Glostrup, Denmark), anti-β-actin antibody was from 
Sigma Chemical Co., and antibodies against Bax, Bcl-
2, precursors of caspase-9 and -8, active form of cas-
pase-3, and cytochrome c oxidase subunit IV were 
bought from Cell Signaling Technology, Inc. (Beverly, 
MA, USA). DCF-DA and ICI 182,780 were dissolved 
in dimethyl sulfoxide (DMSO) and 17β-E2 in ethanol 
(EtOH). All the other chemicals were resolved in dis-
tilled water.

Cell culture

The thoracic aortas from 3-month-old Sprague–Daw-
ley rats (160–180 g) were got rid of and the VSMCs 
were isolated with an enzymatic digestion method as 
previously described [14]. The VSMCs were cultured 
in DMEM/F-12 (50 : 50) containing 10% FBS without 
phenol red and antibiotics. The cells were positively 
stained for α-smooth muscle actin. Cells in a nearly 
confluent state were made quiescent by incubation for 
at least 48 hours in a defined serum-free medium in-
cluding insulin (0.5 µM), transferrin (5 mg/mL), and 
ascorbate (0.2 mM).

This study protocol was evaluated and approved by 
the Institutional Animal Care and Use Committee of 
Samsung Biomedical Research Institute (approval no. 
C-A3-220-2), which has been accredited by the Asso-
ciation for Assessment and Accreditation of Laboratory 
Animal Care International and abides by the guide of 
the Institute of Laboratory Animal Resources.

Propidium iodide staining

Adherent and detached cells were harvested, pooled, 
washed once in phosphate-buffered saline (PBS), and 
fixed in ice-cold 70% (vol/vol) EtOH in distilled water. 
After centrifugation, the cells were washed and resus-
pended in cold PBS containing RNase (5 mg/mL) and 
incubated at 37°C for 30 minutes. Finally, propidium 
iodide (PI, 1 mg/mL) was added and the cells incubat-
ed in the dark for 10 minutes and then analyzed for cell 
cycle distribution using flow cytometry and Cell Quest 
software (Becton-Dickinson, San Jose, CA, USA).

Western blot analysis

Cells were lysed in lysis buffer (50 mM Tris-HCl [pH, 
7.5], 200 mM NaCl, 1% Nonidet P-40, 0.5% sodium 
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deoxycholate, and 0.1% sodium dodecyl sulfate [SDS]) 
containing 1 mM phenylmethylsulfonyl fluoride on 
ice for 30 minutes. Proteins were separated employing 
SDS-polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes (Bio-Rad, Hercules, 
CA, USA). The membranes were incubated with pri-
mary antibodies at room temperature for 1 hour. Blots 
were developed with peroxidase-conjugated second-
ary antibody and proteins visualized with enhanced 
chemiluminescence methods (Amersham Biosciences, 
Piscataway, NJ, USA) following the manufacturer’s rec-
ommendations. β-actin was utilized as a control.

Preparation of subcellular fractions

The cells were collected by centrifugation and washed 
twice with PBS. The cells were resuspended in homoge-
nization buffer (250 mM sucrose, 10 mM KCl, 1.5 mM 
MgCl2, 1 mM EDTA, 1 mM ethyleneglycotetraacetic 
acid, 1 mM dithiothreitol, 0.1 mM phenylmethylsul-
fonylfluoride, 10 mM Tris-HCl, pH 7.4) containing a 
proteinase inhibitor cocktail (Roche, Indianapolis, IN, 
USA), incubated 10 minutes on ice, homogenized, and 
centrifuged at 700 ×g for 10 minutes. The supernatant 
was centrifuged again at 10,000 ×g for 30 minutes. The 
resulting supernatant contained the cytosolic fraction 
and the pellet the mitochondrial fraction.

Analysis of intracellular formation of reactive oxy-
gen species 

Production of intracellular reactive oxygen species 
(ROS) was determined using DCF-DA, a cell-perme-
able oxidation-sensitive probe. Cells were incubated in 
10 µM DCF-DA at 37°C for 30 minutes and harvested 
by trypsinization and washed three times with cold 
PBS solution. The median fluorescence intensity was 
measured using flow cytometry and CellQuest software 
(Becton-Dickinson). 

In vitro transient transfection and reporter assay

To examine the nuclear factor (NF)-κB activation, 
the VSMCs were transfected with a reporter plasmid 
containing the luciferase reporter gene linked to five 
repeats of the NF-κB binding sites, as previously de-
scribed [15]. Briefly, the VSMCs (1 × 105 cells/well) 
were cultured to approximately 70% confluence in 24-
well plates. Cells were then transiently co-transfected 
with 1 µg of NF-κB-luciferase reporter plasmid and 
1 µg of β-galactosidase plasmid using Lipofectamine 
plus (Invitrogen, Carlsbad, CA, USA). At 6 hours af-

ter transfection, cells were starved for 48 hours, and 
then exposed to 15 µM lysoPC for the indicated time 
periods. Luciferase activity was measured with a lu-
ciferase assay kit (Promega, Madison, WI, USA) with 
signal detection for 5 seconds in a luminometer (Pa-
nomics Inc., Fremont, CA, USA). A β-galactosidase 
enzyme assay (Promega) was applied to determine the 
β-galactosidase activity at 420 nm with a SmartSpec 
3000 spectrophotometer (Bio-Rad). The results are 
expressed relative to the NF-κB activity compared with 
controls after normalizing for β-galactosidase activity 
and protein concentration.

Data analysis and statistics

Data are expressed as means ± standard error of the 
mean. The Kruskal–Wallis test and Wilcoxon rank sum 
test were applied for statistical analysis using IBM Sta-
tistics Package for Social Sciences ver. 25.0 (IBM Corp., 
Armonk, NY, USA). A two-tailed P value < 0.05 was 
considered statistically significant.

RESULTS

17β-estradiol inhibited lysophosphatidylcholine-
induced apoptosis in cultured vascular smooth 
muscle cells 

We previously reported that lysoPC induced VSMC 
apoptosis in a dose-dependent manner at a concentra-
tion of 15 µM or higher [10]. Co-treatment of 17β-
E2 did not influence lysoPC-induced apoptotic cell 
death assessed using PI staining (data not shown). In 
the present study, the effects of 17β-E2 after 24 hours 
of pre-treatment were investigated. Time-course study 
showed that 10–6 M of 17β-E2 significantly decreased 
lysoPC-induced (15 mM) apoptosis after 12 hours 
(Fig. 1A). In a dose-response experiment at 18 hours 
of treatment (Fig. 1B), lysoPC significantly increased 
apoptosis and EtOH (0.1%), a vehicle, did not affect 
apoptosis. Compared with vehicle-treated controls, 
17β-E2 reduced apoptotic cell death in a dose-depen-
dent manner and significant reductions were observed 
at 10–7 M or higher concentration (Fig. 1B).

In addition, the effects of 17β-E2 on the apoptosis 
pathway were investigated. As previously reported [10], 
Western blot analysis (Fig. 2A) showed that 15 µM of 
lysoPC decreased caspase-9 and -8 precursors and in-
creased the active form of caspase-3; EtOH (0.1%) had 
no influence on caspase expression. After 24 hours of 
pre-treatment, 17β-E2 (10–6 M) reversed the changes 
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in all three caspases compared with vehicle-treated 
controls (Fig. 2A). We previously showed that although 
protein levels of Bax and Bcl2 were unchanged, ly-
soPC treatment increased Bax translocation from the 
cytosol to mitochondria [10]. In the present study, 
Bax and Bcl2 expression under lysoPC treatment was 
not altered with 17β-E2 based on Western blot analy-
sis (data not shown). However, lysoPC-induced Bax 
translocation was not changed with EtOH (0.1%). Pre-
treatment with17β-E2 (10–6 M) for 24 hours significant-
ly decreased mitochondrial Bax and simultaneously 
increased cytosolic Bax compared with vehicle-treated 
controls (Fig. 2B). The results indicate 17β-E2 inhibits 
apoptotic cell death in VSMCs treated with lysoPC by 
down-regulating both extrinsic and intrinsic apoptosis 
pathways. 

Mechanisms of 17β-estradiol action

Mechanisms underlying estrogen actions were fur-
ther investigated. In our previous study [10], lysoPC 
induced VSMC apoptosis via an oxidant mechanism. 
Changes in intracellular ROS production in VSMCs 
are shown in Figure 3A. LysoPC (15 µM) increased 
ROS 1 hour after treatment and EtOH (0.1%) did not 
affect ROS production. Compared with vehicle-treated 
controls, 17β-E2 (10–6 M) significantly decreased ROS 
production after 24 hours of pre-treatment. LysoPC-
induced apoptosis was also reported to be NF-κB-
dependent [10]. The NF-κB activity was increased in 

response to 15 mM lysoPC treatment for 1 hour and 
did not change with EtOH (0.1%), as shown in Figure 
3B. Pre-treatment with 17β-E2 (10–6 M) for 24 hours 
significantly suppressed NF-κB activity compared with 
vehicle-treated controls. In addition, we previously re-
ported that estrogen receptor (ER) was expressed in rat 
VSMCs [16]. PI staining showed that DMSO (0.1%), 
a vehicle, did not affect VMSC apoptosis, and ICI 
182,780 (10–6 M), a specific ER antagonist, significantly 
blocked estrogen effects (Fig. 3C). The results indicate 
17β-E2 reduces apoptosis via receptor-mediated mech-
anism and antioxidant activity including NF-κB inhibi-
tion.

DISCUSSION

In the present study, direct effects of estrogen on 
apoptotic cell death of lysoPC-induced VSMCs were 
investigated. 17β-E2 significantly suppressed apopto-
sis via an antioxidant activity and receptor-mediated 
mechanism.

VSMC apoptosis is induced by various stimuli and 
stressors including pro-inflammatory cytokines, oxi-
dized LDL, high levels of nitric oxide, and mechanical 
injury [17]. We previously showed that cytotoxic effects 
of lysoPC are mediated by apoptosis and not by necro-
sis [10]. VSMCs treated with oxidized LDL undergo 
apoptosis via both death receptor (extrinsic) and mi-
tochondrial (intrinsic) pathways [17]. Consistently, ly-
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soPC activated caspase-3 and -8, markers of a common 
and death receptor pathway, respectively, and increased 
Bax translocation from the cytosol to mitochondria 
[10]. An increase in mitochondrial Bax would enhance 
release of cytochrome c from mitochondria and then 
activation of caspase-9, a marker of the mitochondrial 
pathway. These observations support an involvement of 
dual pathways in lysoPC-induced apoptosis. 

In the present study, 17β-E2 significantly suppressed 
apoptotic cell death of VSMCs treated with lysoPC in 
a dose-dependent manner based on PI staining. The 
effects of estrogen occurred at an approximate physi-
ologic concentration of 10–7 M. 17β-E2 inhibited cas-
pase-3 activation. Furthermore, estrogen treatment 
attenuated activation of caspase-8 and -9 and decreased 
Bax translocation to the mitochondria. To the best of 
our knowledge, this is the first study in which 17β-E2 
down-regulated lysoPC-induced VSMC apoptosis by 
inhibiting both apoptosis pathways.

In the present study, the mechanism of estrogen ac-
tion against apoptosis was investigated. 17β-E2 rapidly 
mitigated ROS production at 1 hour of lysoPC treat-
ment. Furthermore, 17β-E2 suppressed NF-κB activity, 
a major redox-sensitive signaling pathway [18]. The 
results support the antioxidant effects of estrogen. In 
addition, estrogen effects against apoptosis were signifi-
cantly, but not fully, blocked by ICI 182,780, indicating 
partial contribution of an ER-mediated mechanism. 

Chronic apoptosis of VSMCs accelerates atheroscle-
rosis [19]. Furthermore, plaque rupture in early lesions 
is frequently subclinical because VSMCs repair the 
rupture and reorganize the associated thrombus. Sub-
sequently, this may lead to an obstructive lesion later 
[1]. In advanced plaques, VSMC apoptosis contributes 
to plaque thrombogeneity and incites plaque micro-
calcification [17]. Furthermore, insufficient clearance 
of apoptotic VSMCs causes plaque inflammation [20]. 
These actions account, at least in part, for plaque insta-
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bility, rupture, and ensuing acute coronary syndrome. 
Inhibition of apoptotic cell death of VSMCs due to 
17β-E2 could be a key mechanism for direct estrogen 
actions on arteries.

Post hoc analysis of Women’s Health Initiative data 
revealed a significant time trend in CHD risk with 
menopausal hormone therapy (MHT) and the risk was 
significantly increased by 28% in women 20 years and 
longer since menopause [12]. Even though the under-
lying mechanism is not fully known, arterial status with 
aging would be attributed considerably to the contrast-
ing effects by timing of MHT. In younger menopausal 
women with early atherosclerosis, MHT is beneficial. 
The present study reporting an anti-apoptotic effect of 
estrogen on VSMCs would provide additional mecha-
nism for MHT benefit. In contrast, beginning MHT 
in late postmenopausal women with established ath-
erosclerosis might be harmful by decreased number of 
functional ER and vasodilation, and increased inflam-
matory activation and plaque instability [13].

Oxidative stress also causes apoptosis of VECs and 
cardiomyocytes [21]. Estrogen prevented VEC apopto-
sis induced with hydrogen peroxide [22] and attenuat-
ed cardiomyocyte apoptosis induced with hypoxia [23]. 
Anti-apoptotic actions of estrogen via these mecha-
nisms further contribute to the prevention of CHD.

VSMC apoptosis is a notable feature in arterial ag-
ing [7] and increased oxidative stress in VSMCs is a 
causative factor of aortic stiffening [24]. Estrogen could 
have a favorable impact on arterial aging by suppressing 
VSMC apoptosis via an antioxidant activity as shown in 
the present study. Estrogen therapy in postmenopausal 
women might improve pulse-wave velocity, a common 
measurement of arterial stiffness [25].

Although using VSMCs derived from rat aortas is an 
established in vitro model for CHD, cells from human 
coronary arteries might be more appropriate for further 
experiments. In addition, caspase-independent path-
ways of apoptosis, including apoptosis-inducing factor 
and endoplasmic reticulum stress, have been reported 
[21]. Additional studies are needed to further elucidate 
the mechanism of estrogen action on VSMC apoptosis.

In conclusion, 17β-E2 inhibits lysoPC-stimulated 
apoptotic cell death in cultured VSMCs mediated by an 
antioxidant activity and receptor-mediated mechanism. 
This action of estrogen would contribute to the preven-
tion of CHD with MHT in early menopausal women.
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