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The effect of ferulic acid ethyl ester on leptin-induced
proliferation and migration of aortic smooth
muscle cells
Yung-Chieh Tsai1,2,3, Yen-Mei Lee4, Chih-Hsiung Hsu5, Sy-Ying Leu6, Hsiao-Yen Chiang7, Mao-Hsiung Yen4
and Pao-Yun Cheng8
Leptin is a peptide hormone, which has a central role in the regulation of body weight; it also exerts many potentially
atherogenic effects. Ferulic acid ethyl ester (FAEE) has been approved for antioxidant properties. The aim of this study was to
investigate whether FAEE can inhibit the atherogenic effects of leptin and the possible molecular mechanism of its action.
Both of cell proliferation and migration were measured when the aortic smooth muscle cell (A10 cell) treated with leptin and/or
FAEE. Phosphorylated p44/42MAPK, cell cycle-regulatory protein (for example, cyclin D1, p21, p27), β-catenin and matrix
metalloproteinase-9 (MMP-9) proteins levels were also measured. Results demonstrated that leptin (10, 100 ng ml−1)
signiﬁcantly increased the proliferation of cells and the phosphorylation of p44/42MAPK in A10 cells. The proliferative effect
of leptin was signiﬁcantly reduced by the pretreatment of U0126 (0.5 μM), a MEK inhibitor, in A10 cells. Meanwhile, leptin
signiﬁcantly increased the protein expression of cyclin D1, p21, β-catenin and decreased the expression of p27 in A10 cells.
In addition, leptin (10 ng ml−1) signiﬁcantly increased the migration of A10 cells and the expression of MMP-9 protein. Above
effects of leptin were signiﬁcantly reduced by the pretreatment of FAEE (1 and 10 μM) in A10 cells. In conclusion, FAEE exerts
multiple effects on leptin-induced cell proliferation and migration, including the inhibition of p44/42MAPK phosphorylation, cell
cycle-regulatory proteins and MMP-9, thereby suggesting that FAEE may be a possible therapeutic approach to the inhibition of
obese vascular disease.
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INTRODUCTION
The pathogenesis of artery disease and its complications is
multifactorial, involving vasoconstriction, thromboembolism
and vascular smooth muscle cell proliferation.1 Risk factors
such as aging, obesity, diabetes mellitus and dyslipidemia
adversely regulate the disease process.2,3 Leptin, the obesity
gene (ob) product, participates in the control of body weight by
regulating food intake and energy expenditure.4,5 Several
studies have shown an independent interaction between high
leptin and atherosclerosis, myocardial infarction, stroke and
coronary artery intima-media thickness, suggesting that high
levels of leptin may increase cardiovascular risk.6–8 Leptin acts
through the leptin receptors, which are expressed in atherosclerotic plaque, injured neointima and the media and are
1

found in vascular smooth muscle cells.9 Leptin can promote
processes involved in atherogenesis, including platelet aggregation, inﬂammation, endothelial dysfunction and vascular
smooth muscle cells proliferation and migration.6
Ferulic acid (4-hydroxy-3-methoxycinnamic acid; FA) is a
phenolic compound largely present in plants and also in
vegetable foods, such as olives and olive oil. It has been shown
to possess some scavenging activity toward hydroxyl radical,
peroxynitrite and oxidized low-density lipoprotein in vitro.10–12
Ferulic acid ethyl ester (ethyl 4-hydroxy-3- methoxycinnamate;
FAEE) is the ethyl ester, derivative of FA. The ester group of
FAEE makes the compound more lipophilic when compared
with FA.13 FAEE has been shown to have both antiinﬂammatory and antioxidant properties as stated above for
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FA.10,11,14 Reactive oxygen species have been proposed to be
important signaling molecules in many biological events such
as cell proliferation, which is important in the pathogenesis of
intimal thickening in atherosclerosis and restenosis.15,16 Based
on the mechanisms by which FAEE scavenges free radicals, the
aim of the present study was to investigate the ability of FAEE
to provide anti-atherosclerostic effect against leptin-induced
smooth muscle cell proliferation and migration.
MATERIALS AND METHODS
Cell culture
Rat aortic smooth muscle A10 cells (derived from the American Type
Culture Collection) purchased from the Food Industry Research
and Development Institute, Hsinchu, Taiwan and were cultured
in Dulbecco's Modiﬁed Eagle's medium (DMEM) (Gibco Life
Technologies, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (Gibco Life Technologies) at 37 °C in a humidiﬁed
atmosphere of 5% CO2. The cell were fed every 2–3 days and
subcultured once they reached 90–100% conﬂuence.

Cell proliferation assay
The cell proliferation assay was performed using the CellTiter 96
AQueous One Solution kit (Promega, Madison, WI, USA). In brief,
cells were seeded at a concentration of 4 × 103 cells per well in 96-well
plates. After cell attachment, the medium was replaced with DMEM
containing 2% fetal bovine serum. After incubated in 2% fetal bovine
serum DMEM for 48 h, cells were exposed to variable concentrations
(1–100 ng ml−1) of leptin (R&D Systems, Inc., Minneapolis, MN,
USA) for another 72 h, respectively. Cells were treated with leptin
alone or/and pretreated with FAEE (Sigma–Aldrich, St Louis, MO,
USA) for 1 h. Relative cell numbers were investigated by incubating
cells with 20 μl CellTiter 96 AQueous One Solution Reagent for 4 h at
37 °C and then record the absorbance at 490 nm using a 96-well plate
reader.

BrdU incorporation assay
The proliferation of cells was measured by DNA synthesis using
bromodeoxyuridine (BrdU) proliferation assay kit according to the
manufacturer’s instructions (Cell Signaling Technology, Danvers, MA,
USA). In brief, quiescent cells were pretreated with or without FAEE
for 1 h prior to stimulation with leptin (1–100 ng ml−1) for 72 h.
Subsequently, 10 μM BrdU was added to the cells and incubated for
another 24 h. The BrdU-labeled DNA has to be denatured to be
detected by the BrdU mouse monoclonal antibody used in this kit and
followed by incubation with the horseradish peroxidase-conjugated
secondary antibody. The immune complex was detected following the
addition of horseradish peroxidase substrate TMB and measured at
450 nm using an enzyme-linked immunosorbent assay reader. The
number of proliferating cells is represented by the level of BrdU
incorporation, which directly correlates to the color intensity and the
absorbance values. Cell proliferation was expressed as the percentage
of BrdU incorporation.

LDH release assay
Lactate dehydrogenase (LDH) release was determined using a LDH
cytotoxicity assay kit (BioChain, Thurmont, MD, USA) according to
the manufacturer’s instructions. Cells (2 × 104 cells per well) were
plated in 24-well plate with 500 μl of DMEM overnight before FAEE
treatment. After different doses of FAEE treatment for 24 h, the
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medium from each well was collected to measure the amount of
released LDH. Cells in adjacent wells were exposed to lysis buffer, and
the medium was collected to measure the amount of total cellular
LDH. The amount of LDH from each sample was measured at 490 nm
by the microplate reader. The percentage of released LDH vs total
cellular LDH was calculated as the LDH leaking ratio.

Cell migration assay
Cell migration was examined using Transwell Permeable Support
Culture Plate System (Corning Inc., Corning, NY, USA). Growtharrested cells were harvested, washed and resuspended in the media
(DMEM+0.1% fetal bovine serum). Approximately 1 × 105 cells were
placed in the upper chamber of a 24-well transwell. FAEE (1 and
10 μM) was added to both the upper and the lower compartments and
was present throughout the duration of the experiment. Migration was
induced by the addition of leptin (10 ng ml−1) to the lower chamber.
After incubation at 37 °C for 48 h, the non-migratory cells were
removed from the upper surface of the membrane by scraping them
with cotton swabs. The membrane was ﬁxed with 90% ethanol and
stained with 0.1% crystal. Migrated cells were counted at × 200
magniﬁcation in ﬁve randomly chosen microscope ﬁelds per ﬁlter.
The values obtained were calculated by averaging the total number of
cells from ﬁve ﬁlters and the migration index indicated the fold value
of cell migration.

Western blot analysis
Samples containing equal amounts of protein were loaded onto 10%
sodium dodecyl sulfate-polyacrylamide gels, subjected to electrophoresis and subsequently blotted onto nitrocellulose membrane (Millipore, Bedford, MA, USA). Membranes were blocked with tris-buffered
saline buffer, pH 7.4, containing 0.1% Tween 20 and 5% skim milk
and then incubated overnight at 4 °C with various primary antibodies
in tris-buffered saline containing 0.1% Tween 20. The antibodies
included mouse anti-p21 (1:2000 dilution, Santa Cruz Biotechnology,
Dallas, TX, USA), mouse anti-β-actin (1:2000 dilution; Sigma–
Aldrich), rabbit anti-cyclin D1 (1:2000 dilution, Santa Cruz Biotechnology), rabbit anti-phosphorylated p44/42MAPK (1:1000 dilution;
Cell Signaling Technology), rabbit anti-p27 (1:1000 dilution; Cell
Signaling), rabbit anti-β-catenin (1:1000 dilution; Cell Signaling) and
rabbit anti-MMP-9 (1:1000 dilution; Millipore, Temecula, CA, USA).
The membranes were incubated with horseradish peroxidaseconjugated secondary antibodies (1:1000 dilution; Cell Signaling).
The blots were detected with an enhanced chemiluminescence kit
(Pierce, Rockford, IL, USA) and a bio-imaging analyzer (Fujiﬁlm
LAS-4000). The density of the respective bands was quantiﬁed by
densitometric scanning of the blots using Image-Pro software (Media
Cybermetrics, Inc., Bethesda, MD, USA).

Gelatin zymography
Gelatinase activity in conditioned medium collected from cell cultures
was measured with zymography. Conditioned medium were electrophoresed on a Novex 10% gelatin zymogram gel (Invitrogen, Life
technologies, Carlsbad, CA, USA). After electrophoresis, the gel was
incubated at room temperature for 30 min with renaturing buffer
(Invitrogen) and placed overnight in developing buffer (Invitrogen).
The gel was stained with SimplyBlue SafeStain (Invitrogen) for 1 h and
destained in deionized water. Clear zones against a blue background
indicated the presence of gelatinolytic activity.
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Statistical analysis
All measurements are expressed as means ± standard errors. Statistical
evaluation was performed with one-way analysis of variance (ANOVA)
followed by the Newman–Keuls method. A P-value of o0.05 was
deemed statistically signiﬁcant.

RESULTS
FAEE inhibited leptin-stimulated A10 cell proliferation
First, A10 cells were cultured in medium supplemented with
leptin (1, 10 and 100 ng ml−1) for 72 h. As shown in Figure 1a,
the number of cells was signiﬁcantly increased after stimulation
with leptin in a concentration-dependent manner. Maximal
effect was observed after 72 h at a concentration of 10 ng ml−1
leptin. Therefore, the 10 ng ml−1 concentration of leptin was
selected for further studies. The concentrations used for FAEE
(1 ~ 50 μM) did not exhibit cytotoxic effects on cell viability
(Figure 1b). The absence of cytotoxicity was further conﬁrmed
with a LDH cytotoxicity assay (Figure 1c). As shown in
Figure 1d, proliferation of A10 cell incubated with leptin
(10 ng ml−1) was signiﬁcantly attenuated in the presence of
FAEE (1 and 10 μM; Po0.05) and suggesting that FAEE has a
potential antiproliferative effect on A10 cells stimulated by

leptin. We further examined the effect of FAEE or N-acetylcysteine (5–10 μM), a free radical scavenger, on DNA synthesis,
as induced by leptin in A10 cells using the BrdU incorporation
assay. BrdU incorporation was markedly increased in A10 cells
exposed to leptin (1–100 ng ml−1) for 72 h, indicating an
increase in DNA synthesis. However, this effect was attenuated
in A10 cells pretreated with FAEE (10 μM; Po0.05) or
N-acetylcysteine (5 and 10 μM; Po0.05) (Figure 1e).
The antiproliferative effect of FAEE was induced by
p44/42MAPK suppression
It is well known that p44/42MAPK activation has an
important role in cell proliferation. To conﬁrm leptin-induced
p44/42MAPK phosphorylation, we examined the phosphorylation of p44/42MAPK protein in A10 cells exposed to leptin
(1 and 10 ng ml−1) for 30 min. As shown in Figure 2a, leptin
signiﬁcantly induced the phosphorylation of p44/42MAPK in a
concentration-dependent manner (Po0.05), with a maximal
effect at 10 ng ml−1. In addition, the effect of FAEE on leptininduced p44/42MAPK phosphorylation was investigated. The
cells were stimulated with leptin (10 ng ml−1 ) for 30 min in the
presence of FAEE (1 and 10 μM). As shown in Figure 2b, FAEE

Figure 1 Effect of FAEE on leptin-induced proliferation of A10 cells. (a, d) Growth-arrested cells were stimulated with leptin (1–100 ng ml
−1) for 72 h in the presence or absence of FAEE (1 and 10 μM). Cell proliferation was assayed by the CellTiter 96A Queous One Solution
kit. Relative proliferation activities were expression using untreated control cells as a standard. Data represent as mean ± s.e. of six
independent observation with different cell passages and on different days. *Po0.05 vs control; #Po0.05 vs leptin alone. (b, c) Cells
were incubated with FAEE at increasing concentrations (1–100 μM) for 24 h; the toxic effects of FAEE were measure by the CellTiter 96A
Queous One Solution kit and LDH cytotoxicity assay kit, respectively. Data represent as mean ± s.e. of six independent observation with
different cell passages and on different days. *Po0.05 vs Control. (e) DNA synthesis was measured by BrdU incorporation assay. Growtharrested cells were stimulated with leptin (1–100 ng ml−1) for 72 h in the presence or absence of FAEE (1 and 10 μM) or NAC (5 and
10 μM). Data represent as mean ± s.e. of six independent observation with different cell passages and on different days. *Po0.05 vs
control; #Po0.05 vs leptin alone.
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signiﬁcantly attenuated the leptin-activated p44/42MAPK phosphorylation (Po0.05). Next, A10 cells pretreated with
MEK1/2 inhibitor U0126 (0.5 μM) for 1 h, and then stimulated
with leptin (10 ng ml−1) for 72 h. Leptin-stimulated A10 cell
proliferation was decreased by MEK1/2 inhibitor (Figure 2c;
Po0.05).
Effect of FAEE on the cyclin D1 expression in A10 cells
It is known that cyclins, cyclin-dependent kinases (CDKs) and
their inhibitors regulate cell cycle progression. Changes in the
expression of cyclin D1, for example, can either stop or
promote cell proliferation. To clarify whether inhibition by

FAEE involves the regulation of cell cycle-related proteins, the
effect of FAEE on the cyclin D1 protein expression were
assayed. As shown in Figure 3a, leptin (10 ng ml−1) signiﬁcantly
increased the expression of cyclin D1 in a time-dependent
manner, beginning after incubation for 3 h and reaching a
maximum after 6 h (Po0.05). However, FAEE (1 and 10 μM)
signiﬁcantly decreased the level of cyclin D1 elevated by leptin
(Figure 3b; Po0.05).
Effect of FAEE on the p27 and p21 expression in A10 cells
The effects of FAEE on the expression of CDK inhibitors
were further examined. The p27 protein level was rapidly

Figure 2 Effect of FAEE on leptin-induced p44/42MAPK phosphorylation in A10 cells. (a, b) Cells were stimulated with leptin
(1–100 ng ml−1) for 30 min in the presence or absence of FAEE (1 and 10 μM). The cells were lysed and proteins were analyzed by western
blotting. The β-actin was used for normalization. (c) Effect of MEK1/2 inhibitor (U0126) on the leptin-induced cell proliferation. Growtharrested cells were stimulated with leptin (10 ng ml−1) for 72 h in the presence or absence of U0126 (0.5 μM). Cell proliferation was
assayed by the CellTiter 96A Queous One Solution kit. Relative proliferation activities were expression using untreated control cells as a
standard. Data represent as mean ± s.e. of four independent observation with different cell passages and on different days. *Po0.05 vs
control; #Po0.05 vs leptin alone.

Figure 3 Effect of FAEE on leptin-induced cyclin D1 protein expression in A10 cells. (a) Cells were stimulated with leptin (10 ng ml−1) for
0.5–6 h. (b) Cells were stimulated with leptin (10 ng ml−1) for 3 h in the presence or absence of FAEE (1 and 10 μM). The cells were lysed
and proteins were analyzed by western blotting. The β-actin was used for normalization. Data represent as mean ± s.e. of ﬁve independent
observation with different cell passages and on different days. *Po0.05 vs control; #Po0.05 vs leptin alone.
Experimental & Molecular Medicine
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downregulated by leptin (10 ng ml−1) stimulation for 3 h
(Po0.05), whereas the level of p27 protein was reversed and
further increased by FAEE (1 and 10 μM) pretreatment
(Figure 4a; Po0.05). In contrast, leptin lead to an increase in
p21 expression after stimulation for 3 h in A10 cells. FAEE (1
and 10 μM) treatment signiﬁcantly decreased the expression of
p21 induced by leptin (Figure 4b; Po0.05).

fate determination.17 The effects of FAEE on the expression of
β-catenin were further examined. As shown in Figure 5a, the
β-catenin protein level was rapidly upregulated by leptin (10
ng ml−1) stimulated after 3 h, whereas the level of β-catenin
protein was signiﬁcantly attenuated by FAEE (10 μM) pretreatment (Figure 5b).

Effect of FAEE on the β-catenin expression in A10 cells
It has been reported that β-catenin accumulation is a key
step for its role in cell cycle control, proliferation and cell

FAEE inhibited leptin-induced migration of A10 cells
As shown in Figure 6a, leptin signiﬁcantly increase the A10 cells
migration activity at 10 ng ml−1. Addition of FAEE (1 and

Figure 4 Effect of FAEE on leptin-induced P27 and p21 protein expression in A10 cells. (a, b) Cells were stimulated with leptin
(10 ng ml−1) for 3 h in the presence or absence of FAEE (1 and 10 μM). The cells were lysed and proteins were analyzed by western
blotting. The β-actin was used for normalization. After densitometric quantiﬁcation, data represent as mean ± s.e. of six independent
observation with different cell passages and on different days. *Po0.05 vs control; #Po0.05 vs leptin alone.

Figure 5 Effect of FAEE on leptin-induced β-catenin protein expression in A10 cells. (a) Cells were stimulated with leptin (10 ng ml−1) for
0.5–6 h. (b) Cells were stimulated with leptin (10 ng ml−1) for 3 h in the presence or absence of FAEE (1 and 10 μM). The cells were lysed
and proteins were analyzed by western blotting. The β-actin was used for normalization. Data represent as mean ± s.e. of six independent
observation with different cell passages and on different days. *Po0.05 vs control; #Po0.05 vs leptin alone.
Experimental & Molecular Medicine
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Figure 6 Effects of FAEE on leptin-induced VSMC migration as well as MMP-9 expression in A10 cells. (a) VSMCs migration was
examined using Transwell Permeable Support Culture Plate System. After incubation at 37 °C for 48 h, migrated cells were counted at
× 200 magniﬁcation in ﬁve randomly chosen microscope ﬁelds per ﬁlter. Lower panel indicated the fold value of cell migration. Data
represent as mean ± s.e. of four independent observation with different cell passages and on different days. (b) Cells were stimulated with
leptin (10 ng ml−1) for 3 h in the presence or absence of FAEE (1 and 10 μM). The cells were lysed and MMP-9 protein was analyzed by
western blotting. The β-actin was used for normalization. After densitometric quantiﬁcation, data represent as mean ± s.e. of ﬁve
independent observation with different cell passages and on different days. *Po0.05 vs control; #Po0.05 vs leptin alone. (c) Gelatin
zymography analysis was performed with conditioned media collected from A10 cells cultured in the presence or absence of FAEE and
leptin (10 ng ml−1).

10 μM) signiﬁcantly attenuated the migration activity of A10
cells induced by leptin (Figure 6a; Po0.05).
Effect of FAEE on the expression of MMP-9 in A10 cells
Vascular smooth muscle cell migration requires the breakdown
of the extracellular matrix. It was reported that MMP-9 was
important for the migration of vascular smooth muscle cell.
The effect of FAEE on the expression of MMP-9 was further
examined. As shown in Figure 6b, FAEE signiﬁcantly attenuated the upregulation of MMP-9 protein expression induced by
leptin (10 ng ml−1) in A10 cells (Po0.05). The result of gelatin
zymography also showed that, in a leptin culture medium,
MMP-9 proteolytic activity was increased. FAEE pretreatment
resulted in reduced in MMP-9 activity (Figure 6c).
DISCUSSION
This is a ﬁrst study to demonstrate that FAEE inhibited the
proliferative and migratory effects on aortic smooth muscle
cells by leptin stimulation. To elucidate this mechanism, the
Experimental & Molecular Medicine

effect of FAEE on p44/42MAPK phosphorylation as well as
β-catenin, cyclin D1, p21 and p27 proteins expression were
examined in A10 cells. In parallel, the effect of FAEE on leptininduced migration of A10 cell and the expression of MMP-9
were also investigated. Results demonstrated that the inhibition
of FAEE on leptin-induced cell proliferation might be due to
the downregulation of p44/42MAPK, β-catenin, cyclin D1 and
p21 expression as well as the upregulation of p27 expression.
Meanwhile, FAEE could inhibit A10 cells migration induced by
leptin in associated with downregulation of MMP-9. These
results suggest that FAEE may prove to be a potential
therapeutic agent for the prevention, possibly, treatment of
vascular diseases.
In mammals, the hormone leptin is physiologically secreted
in response to increased body fat mass and acts at the
hypothalamus to decrease appetite and increase energy
expenditure.4 In humans, obesity, particularly abdominal
obesity, is associated with high circulating leptin levels, which
may be explained by hypothalamic leptin resistance.18,19 Leptin
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has been suggested to participate in vascular remodeling, as it
induces the proliferation of rat vascular smooth muscle cells
and promotes neointimal growth of vascular smooth muscle
cells after injury in mice.20,21 Similar to these reports, in the
present study leptin can induce the proliferation and migration
of A10 cells in a concentration-dependent manner (Figure 1a
and 6a). Meanwhile, FAEE potently inhibited this pattern of
cells induced by leptin, and the antiproliferative effect of FAEE
was not due to cytotoxicity (Figures 1b and c). These results
suggested that FAEE may have therapeutic effects in the
prevention of atherosclerosis and neointimal hyperplasia.
The mitogen-activated protein kinase (MAPK)-mediated
signal transduction pathway has been implicated in the control
of vascular smooth muscle cells proliferation and migration.22
Activating p44/42MAPK is one of the major pathways for the
regulation of proliferation and cell growth in various cultured
cells.23 The present study had showed that phosphorylation of
p44/42MAPK was signiﬁcantly elevated when A10 cells exposure to leptin. Moreover, using speciﬁc inhibitors of MEK1/2
conﬁrmed the involvement of p44/42MAPK in the cell proliferation induced by leptin (Figure 2c). This result was in
agreement with other study that leptin stimulated vascular
smooth muscle cells proliferation by p44/42MAPK activation.24
Furthermore, FAEE inhibited the leptin-induced p44/42MAPK
activation, indicating that the p44/42MAPK protein may be
related to the antiproliferative activity of FAEE.
Cell cycle control is a highly regulated process that involves a
complex cascade of events. Cyclin levels have been shown to be
rate-limiting factors for G1 progression in mammalian cells,
and many studies had showed that synthesis of cyclin D1 may
be the target of physiological signals that control cell
proliferation.25 To further investigate the antiproliferative effect
of FAEE, cell cycle-regulatory proteins assay was performed. As
shown in Figure 3, FAEE signiﬁcantly inhibits the expression of
cyclin D1 induced by leptin. In addition, the CDK inhibitors,
p21 and p27, are important regulators of cyclin-CDK complexes. They can tightly bind and inhibit the kinase activities of
several cyclin-CDK complexes and arrest cell growth. In the
present study, FAEE prevented the downregulation of p27 after
leptin stimulation (Figure 4a). This result agreed with other
study that had showed upregulation of p27 expression exhibit
antiproliferative effect in vascular smooth muscle cells.26 The
present study had also showed that FAEE upregulated p27
expression is consistent with its inhibitory effect on cyclin D1
(Figure 3). Taken together, these data suggested that FAEE
reduced A10 cells proliferation by blocking cell cycle progression. It is noteworthy that p21 acting via its assembly factor
role is inhibiting the effect of cyclin D1 on its downstream
effectors.27 However, in the present study, the expression of
p21 was elevated after leptin stimulation; it was correlated with
the cell proliferation induced by leptin in A10 cells. FAEE
treatment attenuated the expression of p21 elevated by leptin
stimulation (Figure 4b). This may be explained by the fact that
p21 could function as a positive regulator of cell cycle.28,29 In
addition to the function in the cell cycle, p21 has also been
suggested to have a role in enhancing cell survival.30 Further

studies are needed to clarify the mechanism via which leptin
regulates the expression of p21.
The canonical Wnt/β-catenin signaling pathway controls
many cellular processes including proliferation and
differentiation.31 β-catenin activation and cell proliferation
have been linked in arterial and vascular smooth muscle cells
in vitro and in vivo after balloon injury of the rat carotid
artery.32,33 A number of β-catenin target genes had been
identiﬁed. Among them, cyclin D1 is an important protein
that has a key role in cell cycle control and cell
proliferation.34,35 In this study, the expression of β-catenin
was upregulated by the stimulation of leptin, and the level
of β-catenin was attenuated by the pretreatment of FAEE
(Figure 5). Meanwhile, leptin-upregulated β-catenin expression
is consistent with its enhanced action on cyclin D1 (Figure 3).
Taken together, these ﬁnding further corroborated that FAEE
reduced cells proliferation by blocking cell cycle progression. In
addition, β-catenin protein is the primary substrate of GSK-3β.
GSK-3β can be negatively regulated by phosphorylation of an
N-terminal serine (Ser 9), leading to the accumulation of
β-catenin protein and promoted its nuclear translocation,
where it activated transcription of target genes.36,37 In the
present study, leptin has been shown to stimulate the phosphorylation of p44/42MAPK in A10 cells. Although we have no
direct evidence of the modulation of leptin on the expression of
β-catenin via p44/42MAPK, it had shown that leptin-induced
phosphorylatioin of GSK-3β at Ser 9 and subsequent stabilization of β-catenin was mediated by p44/42MAPK in hepatic
stellate cells.38 Further studies are required to clarify the
mechanism of leptin on the β-catenin expression in vascular
smooth muscle cells.
It was reported that leptin increased neointimal hyperplasia
after vascular injury in mice.39 When injury occurs, vascular
smooth muscle cells migrate from the tunica media to the
intima, which leads to neointima formation. The present study
indicated that FAEE signiﬁcantly inhibited leptin-induced cells
migration (Figure 6a). Vascular smooth muscle cells migration
required the breakdown of the extracellular matrix. One
possible mechanism by which vascular smooth muscle cells
break down the extracellular matrix is by secreting MMPs.
Previous study had reported that MMP-9 was important for
the migration of vascular smooth muscle cells.40 Leptin has
been shown to upregulate MMPs via p44/42MAPK signaling.41
In this study, leptin increased MMP-9 protein expression and
activity, whereas FAEE attenuated this effect (Figures 6b and c).
Although these results do not present a direct correlation
between the increased MMP-9 protein levels, the increased
MMP-9 activities and the change in migration properties,
previous reports from other groups, MMP-9 can be activated
by reactive oxygen species, and their expression appears to be
regulated by oxidative stress.42 We assume that FAEE inhibited
leptin-induced cell migration by attenuating MMP-9 activities.
In support of this hypothesis, it has been shown that leptininduced intracellular reactive oxygen species production in
human vascular smooth muscle cells.41 However, further
studies are needed to determine whether or not the inhibitory
Experimental & Molecular Medicine
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effect of FAEE on A10 cell migration is due to MMPs
downregulation.
Several studies have indicated that reactive oxygen species
and MAPK are involved in vascular remodeling under various
pathological conditions.43 Reactive oxygen species generation
has been shown to be related to the activation of MAPK, which
are key transducers of extracellular signals that promote cellular
growth and movement.43,44 Leptin induced intracellular reactive oxygen species production in human vascular smooth
muscle cells and that antioxidant inhibited the proliferative
effect of leptin on these cells.41 This evidence supported the
possibility that reactive oxygen species may act as second
messengers in leptin-induced smooth muscle cell
proliferation.45 Previous studies had demonstrated that FAEE
had antioxidant properties.10,12 Meanwhile, N-acetylcysteine
(reactive oxygen specie scavenger) mimicked the effects of
FAEE that inhibiting the cell proliferation induced by leptin
(Figure 1e). These results together with our observations that it
does not rule out the possibility that antioxidant effect of FAEE
may be related to inhibit the effect of leptin on smooth muscle
cell growth. In addition, this study demonstrated MAPK as the
regulator through which FAEE exerted its antiproliferation and
antimigration effects, it is not possible to rule out other
regulators involved in the proliferation and migration of
vascular smooth muscle cells, such as nuclear factor-κB,41
heme oxygenase-1.13,46 Further studies are needed to clarify
the relationship of reactive oxygen species and the antiatherogenic effect of FAEE.
Previous study had shown that FA exhibited antiproliferative
effects on angiotensin II-stimulated vascular smooth muscle
cells.47 In another study, however, FA was shown to enhance
proliferation of MCF7 and BT20 human breast cancer cells as
well as neural progenitor cell in vivo and in vitro,48,49 indicating
the possibility that FA might exhibit different biological effects
depending on cell types it interacts with. Like FA, FAEE has
also been shown to exhibit the antioxidant effects in vitro.13
Studies in melanocytes and neuronal cells have shown that
FAEE has a cytoprotective function related to its ability to
induce the vitagene family such as heme oxygenase-1 and heat
shock protein 70.50–53 However, the antioxidant activity of
identiﬁed FAEE in vascular smooth muscle cell model and
in vivo has not yet to be reported. To our best knowledge, this
is the ﬁrst research demonstration that FAEE attenuated the
proliferation and migration of vascular smooth muscle cells
induced by leptin. These results may illustrate a potential
clinical application for FAEE in vascular diseases. Regarding
possible future in vivo applications, the different effects on cell
types other than vascular smooth muscle cells cannot be
excluded and that the relevance of the tested dosage for
in vivo applications is unknown. Thus, many more detailed
studies remain to be carried out before FAEE can be
recommended in the treatment of vascular diseases.
In conclusion, the present study demonstrated that FAEE
exerted multiple effects against the proliferation and migration
of A10 cells induced by leptin in association with the downregulation of p44/42MAPK activation and the expression of
Experimental & Molecular Medicine

β-catenin, cyclin D1, p21 and MMP-9 protein and the
upregulation of p27. This beneﬁcial property of FAEE may
make it a potential candidate for preventing or treating vascular
diseases after obesity.
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