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ABSTRACT: Highly electronegative low-density lipoprotein (LDL) L5
induces endothelial cell (EC) apoptosis, which leads to the development of
atherosclerosis. We examined the eﬀects of sesamol (1), a natural organic
component of sesame oil, on plasma L5 levels and atherosclerosis
development in a rodent model and on the L5-induced apoptosis of ECs.
Syrian hamsters, which have an LDL proﬁle similar to that of humans, were
fed a normal chow diet (control), a high-fat diet (HFD), or a HFD
supplemented with the administration of 50 or 100 mg/kg of 1 via oral gavage
(HFD+1) for 16 weeks (n = 8 per group). Hamsters in the HFD+1 groups
had reduced plasma L5 levels when compared with the HFD group. Oil Red
O staining showed that atherosclerotic lesion size was markedly reduced in
the aortic arch of hamsters in the HFD+1 groups when compared with that in
the HFD group. In human aortic ECs, 0.3−3 μM 1 blocked L5-induced
apoptosis in a dose-dependent manner. Further mechanistic studies showed that 1 inhibited the L5-induced lectin-like oxidized
LDL receptor-1 (LOX-1)−dependent phosphorylation of p38 MAPK and activation of caspase-3 and increased phosphorylation
of eNOS and Akt. Our ﬁndings suggest that sesamol (1) protects against atherosclerosis by reducing L5-induced atherogenicity.

L

believed to involve damage to vascular endothelial cells (ECs)
or the apoptosis of vascular ECs.11−14 Experimentally derived,
oxidized low-density lipoprotein (oxLDL) is a modiﬁed form of
LDL that exerts pro-atherogenic eﬀects in ECs by inducing
apoptosis.15 Notably, naturally occurring electronegative LDL
has also been found to be pro-inﬂammatory and cytotoxic to
cultured ECs.12,15 The most electronegative type of LDL, called
L5, is a subfraction of LDL that can be isolated by the
separation of LDL according to charge by using high-capacity
anion-exchange chromatography.12,16 Plasma L5 levels have
been shown to be elevated in patients with high cardiovascular
risks such as hypercholesterolemia, type 2 diabetes mellitus, and
smoking, as well as in patients with ST-elevation myocardial
infarction (STEMI).12,17,18 In addition, the accumulation of L5
in blood vessels has been reported to be involved in

ipid-lowering agents are used to treat dyslipidemia such as
hypercholesterolemia and to prevent the occurrence of
cardiovascular diseases.1 Statins are the most potent, welltolerated, and widely used cholesterol-lowering agents, but their
clinical use has been associated with acute liver injury and
muscle toxicity.2,3 Thus, the identiﬁcation of an alternative,
safer lipid-lowering agent is of great clinical importance.
Phenolic compounds, which are widely present in plants,
have recently received considerable attention because of their
antioxidant properties and ability to reduce blood cholesterol
levels.4,5 Sesamol (1), a derivative of phenol and a natural
organic compound, is a component of sesame oil and is an
antioxidant that may protect the body against damage from free
radicals.6,7 In addition to its antioxidant activity, 1 has
antimutagenic, antihepatotoxic, anti-inﬂammatory, antiaging,
and antiplatelet properties.7−10 However, it is not known what
eﬀects 1 has on the development of atherosclerosis.
Atherosclerosis leads to a wide variety of cardiovascular
diseases. The initiation and progression of atherosclerosis are
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atherosclerosis and cardiovascular disease.19,20 Recently, we
found that L5 isolated from patients with STEMI12,17 induced
EC apoptosis by reducing the phosphorylation of Akt and
inhibiting ﬁbroblast growth factor 2 transcription via the lectinlike oxidized LDL receptor-1 (LOX-1) pathway.12,15,21 Thus,
these ﬁndings have suggested that L5 participates in the
progression of atherosclerosis by inducing EC apoptosis.
The purpose of this study was to investigate the eﬀects of 1
on plasma L5 levels and the development of atherosclerosis in a
rodent model and to study the eﬀects of 1 on L5-induced
apoptosis in cultured ECs. In addition, we systematically
examined the signaling pathways through which 1 prevents L5induced apoptosis. Our ﬁndings suggest that treatment with 1
may be a novel approach to lowering the risk of or improving
cardiovascular function in atherosclerosis-related disorders.

Because the aortic arch is a lesion-prone area for atherosclerosis,25 we speciﬁcally examined lesion size from the aortic
root to the mid-descending thoracic aorta. In hamsters fed with
a HFD for 16 weeks, atherosclerotic lesion size was higher than
that in the control group (p < 0.001, Figure 3A and B).
However, the size of atherosclerotic lesions in hamsters fed a
HFD was reduced by supplementation with 50 mg/kg of 1
(31.5% reduction, p < 0.001) or 100 mg/kg of 1 (47.3%
reduction, p < 0.001) (Figure 3A and B). These results suggest
that supplementation with 1 corresponded with a decrease in
the size of atherosclerotic lesions.
Endothelial apoptosis is a very early step in atherogenesis.26−28 Because damage to ECs is prevented by
antioxidants, the use of sesamol (1)an antioxidant
agent7,29may be a possible preventive treatment against EC
damage that leads to atherosclerosis. To examine in vitro
whether 1 can block EC apoptosis induced by L5, we treated
human aortic endothelial cells (HAECs) with L5 (50 μg/mL)
and increasing concentrations of 1 (0.3−3 μM) and examined
apoptosis 24 h later by staining cells with Hoechst 33342 and
calcein-AM. The results of ﬂuorescence microscopy showed
that, whereas L5 alone induced cell apoptosis (p < 0.001), the
addition of 1 attenuated L5-induced cell apoptosis in a manner
dependent on the dose of 1 (0.3 μM, p < 0.01; 1 and 3 μM, p <
0.001, Figure 4A). Moreover, many signaling proteins are
involved in cell apoptosis, including caspases, which are
essential for apoptosis (programmed cell death).30 In cellular
apoptosis pathways, caspase-3 is a frequently activated death
protease that catalyzes the cleavage of several key cellular
proteins.31 In all cell types examined, caspase-3 is indispensable
for apoptotic chromatin condensation and DNA fragmentation,
which are hallmarks of apoptosis.32 In a previous study,
caspases were found to play a critical role in oxLDL-induced
apoptosis in HAECs.33 Using immunohistochemical analysis,
we found that the expression of active caspase-3 in aortic
sections from hamsters fed a HFD was reduced by
supplementation with 1 (50 or 100 mg/kg, data not shown).
Furthermore, when we examined caspase-3 activation in vitro,
we found that 1 inhibited L5-induced caspase-3 activation in
HAECs in a dose-dependent manner (p < 0.001, Figure 4B).
These data indicate that L5-induced HAEC apoptosis is
prevented by 1.
To further investigate the mechanisms underlying the
inhibitory eﬀects of 1 on L5-induced EC apoptosis, we studied
the eﬀects of 1 on the cellular internalization of L5. The
internalization of LDL is an early event in the apoptosis
cascade.21
LOX-1 is a receptor for L517,21 and ox-LDL.21 Although
chemically diﬀerent, L5 and oxLDL compete for entry into ECs
through LOX-1.21 The binding of ox-LDL to LOX-1 induces
several cellular events in ECs,34 such as the activation of nuclear
factor (NF)-κB, the upregulation of monocyte chemoattractant
protein-1 (MCP-1) levels, and the reduction of intracellular
nitric oxide levels.35,36 Accumulating evidence has indicated
that LOX-1 is involved in endothelial dysfunction, inﬂammation, atherogenesis, myocardial infarction, vascular lipid
retention under a hypertensive state, and intimal thickening
after balloon catheter injury.21,37−39 The LOX-1 receptor
internalizes L5 into ECs and macrophages, and increased
expression of this receptor has been found in thrombi removed
from the culprit coronary arteries of STEMI patients.40 To
monitor the internalization of L5 into ECs, we treated HAECs
with 50 μg/mL DiI-L5 and examined its uptake by using

■

RESULTS AND DISCUSSION
Lipids are an essential component in the pathogenesis of
atherosclerosis.22 The most electronegative subfraction of LDL,
L5, induces vascular EC apoptosis, which is believed to
promote the initiation and progression of atherosclerosis.12,15,21
We investigated the eﬀects of 1 on plasma levels of L5 in Syrian
hamsters, which develop atherosclerosis in a manner that
closely mimics human pathology.23,24 Hamsters were fed a
normal chow diet (control), a high-fat diet (HFD), or a HFD
supplemented with the administration of 50 or 100 mg/kg of 1
via oral gavage (HFD+1) for 16 weeks (n = 8 per group). All
hamsters in each group survived the entire length of the study
(22 weeks). No signiﬁcant diﬀerences were observed in body
weight before the treatment period or after the treatment
period at the end of the study (data not shown). We found that
hamsters fed a HFD for 16 weeks had more electronegative
LDL (Figure 1A) and a higher level of plasma L5 than did
control hamsters fed a normal chow diet (p < 0.01, n = 8;
Figure 1B and C). However, in hamsters fed a HFD in
combination with receiving 50 or 100 mg/kg of 1 for 16 weeks,
the electronegativity of LDL (Figure 1A) and the level of
plasma L5 (Figure 1B and C) were signiﬁcantly decreased in a
manner dependent on the dose of 1 (50 mg/kg of 1, p < 0.05;
100 mg/kg of 1, p < 0.01, n = 8), indicating that the intake of 1
corresponded with a reduction in plasma L5 levels.
When we examined the levels of other lipids in the plasma of
Syrian hamsters, we found that hamsters fed with a HFD had
higher plasma concentrations of very-low-density lipoprotein
cholesterol and triglyceride than did hamsters fed with a normal
chow diet. In hamsters that were fed a HFD and supplemented
with 50 or 100 mg/kg of 1, plasma levels of total cholesterol,
very-low-density lipoprotein cholesterol, LDL cholesterol, and
triglyceride were reduced when compared with those levels in
hamsters fed a HFD only (p < 0.001, Figure 2).
To study the eﬀects of 1 on the development of
atherosclerotic lesions in each group of hamsters, we used Oil
Red O staining to examine lesion size in hamster aortas.
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Figure 1. Inhibitory eﬀects of 1 on the plasma elevation of L5 in Syrian hamsters fed with a high-fat diet (HFD). (A) Results of agarose gel
electrophoresis showing the electronegativity of total LDL from hamsters fed a normal chow diet (control), a HFD, or a HFD supplemented with 50
or 100 mg/kg of 1 (50 1+HDF and 100 1+HDF, respectively). The arrow indicates the direction of electron ﬂow. (B) Representative results of fast
protein liquid chromatography showing the levels of plasma L5 (L5/LDL%) in hamsters fed a normal chow diet (control), a HFD, or a HFD
supplemented with 50 or 100 mg/kg of 1 (50 1+HDF and 100 1+HDF, respectively). The red circles indicate the peak for L5. (C) Mean levels of
plasma L5 (L5/LDL%) in the indicated groups of hamsters (n = 8). Bars represent standard deviation. **p < 0.01 vs control group; #p < 0.05, ##p <
0.01 vs the HFD group. p-Values were determined by using the Wilcoxon rank-sum test.

ﬂuorescence microscopy. At 30 min, DiI-L5 was visible in cells
treated with DiI-L5 alone (Figure 5A). However, in cells
pretreated with 3 μM 1 for 30 min, L5 endocytosis via LOX-1
was blocked (Figure 5A). In addition, we found that the
expression of LOX-1 was increased in HAECs treated with L5
(p < 0.01, Figure 5B) and not in cells treated with L1, but the
pretreatment of HAECs with 1 inhibited the L5-induced
expression of LOX-1 (p < 0.001, Figure 5B). These results
suggest that 1 may block L5-induced apoptosis by reducing the
internalization of L5 into ECs and attenuating the expression of
LOX-1.
MAPK proteins transduce a large variety of external signals
that lead to a wide range of cellular responses, including cell
apoptosis. In mammals, three major MAPK pathways have
been identiﬁed: ERK, JNK, and p38 MAPK. The p38 MAPK

pathway plays an essential role in cell apoptosis.41 The p38
MAPK protein provides a key signal that mediates the
apoptosis of ECs induced by oxLDL.42 Therefore, we examined
whether L5 also activates p38 MAPK and found that p38
MAPK phosphorylation was stimulated by the treatment of
HAECs with L5 but not L1 in a time-dependent manner during
the ﬁrst 120 min (p < 0.001, Figure 6A). Moreover, we found
that the pretreatment of cells with TS92 (a neutralizing
antibody against LOX-1, 10 μg/mL) blocked the L5-induced
phosphorylation of p38 MAPK and activation of casapase-3
(Figure 6B and C). In addition, the pretreatment of cells with
SB203580 (p38 MAPK inhibitor, 2 μM) arrested L5-induced
casapase-3 activation (Figure 6C). These results indicate that
L5 induces the apoptosis of ECs via LOX-1/p38 MAPK/
caspase-3 signaling. Importantly, in HAECs pretreated with 1
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Figure 2. Eﬀect of 1 on the concentration of plasma lipids in Syrian hamsters fed with various diets. Syrian hamsters were fed a normal chow diet
(control), a high-fat diet (HFD), or a HFD supplemented with 50 mg/kg of 1 (50 1+HFD) or 100 mg/kg of 1 (100 1+HFD). Results are expressed
as the mean ± standard deviation (n = 8). p-Values were determined by using Student’s t-test. *p < 0.05 vs the control group; ###p < 0.001 vs the
HFD group. TC, total cholesterol; VLDL-C, very-low-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, highdensity lipoprotein cholesterol; TG, trigylceride.

(0.3−3 μM), the L5-induced phosphorylation of p38 MAPK
was signiﬁcantly inhibited in a manner dependent on the dose
of 1 (p < 0.001, Figure 6D). These ﬁndings suggest that 1
blocks the pro-apoptotic activation of p38 MAPK induced by
L5 in HAECs. Furthermore, the inhibitory eﬀects of 1 on the
L5-induced phosphorylation of p38 MAPK and activation of
caspase-3 were blocked by the pretreatment of HAECs with
Wortmannin (PI3K inhibitor, 20 μM), Akt inhibitor (2 nM), or
L-NAME (inhibitor of nitric oxide synthase, 0.1 mM) (p < 0.01,
Figure 6D−F), suggesting that PI3K/Akt/eNOS signaling is
required for the inhibitory eﬀect of 1 on the L5-induced
phosphorylation of p38 MAPK and activation of caspase-3.
Akt and Akt-related serine-threonine kinases play important
roles in signaling cascades that regulate cell survival, and the
impairment of these signaling cascades has been implicated in
the pathogenesis of degenerative disease.43 Endothelial nitric
oxide synthase (eNOS) is a target downstream of activated
Akt44 and plays a critical role in vascular function, including
vascular signaling and remodeling, angiogenesis, and regulation
of vascular tone.45 When we examined the eﬀects of 1 on the
activation of eNOS and Akt, we found that 1 markedly
increased their phosphorylation between 10 and 30 min in a
time-dependent manner but decreased their phosphorylation
between 60 and 240 min (Figure 7A and B). The pretreatment
of HAECs with Wortmannin (20 nM) or Akt inhibitor (2 nM)
inhibited the 1-induced phosphorylation of Akt and eNOS at
30 min (Figure 7C and D), suggesting that 1 activates Akt/
eNOS signaling, which may inhibit the pro-apoptotic L5induced phosphorylation of p38 MAPK. In addition, using
immunoblotting analysis, we conﬁrmed our previously reported
ﬁnding21 that Akt is dephosphorylated in HAECs treated with
L5 (Figure 7E). However, when HAECs were pretreated with
1, we found that 1 signiﬁcantly reversed the dephosphorylation
of Akt induced by L5 (p < 0.01, Figure 7E). In HAECs treated
with a speciﬁc Akt inhibitor, we detected the activities of
multiple signal transduction pathway elements downstream of
the Akt pathway and found that 1 not only suppressed LOX-1mediated, pro-apoptotic p38 MAPK/caspase-3 activation but
also enhanced prosurvival PI3K/Akt/eNOS signaling. These
ﬁndings are consistent with those previously showing that
sesamol (1) upregulates eNOS signaling pathways.46

Figure 3. Reduction of atherosclerotic lesion size in Syrian hamsters
fed a high-fat diet (HFD) supplemented with 1. (A) Representative
Oil Red O staining showing the end face luminal aortic surface (from
the aortic root to the mid-descending thoracic aorta) in hamsters fed a
normal chow diet (Ctl), a HFD, or a HFD supplemented with 50 mg/
kg or 100 mg/kg of 1 (50 1+HDF and 100 1+HDF, respectively) for
16 weeks. Stained areas delineate lipid-rich lesions. Bar = 1 mm. (B)
The atheroma area at 16 weeks in the indicated groups of hamsters (n
= 8 per group). Data represent the mean ratio of plaque area over the
total aortic luminal area and are expressed as the mean ± standard
deviation. p-Values were determined by using Student’s t-test. ***p <
0.001 vs control group; ###p < 0.001 vs the HFD group.
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Figure 5. Inhibitory eﬀects of 1 on the internalization of L5 by LOX-1
and the L5-induced expression of LOX-1 on human aortic endothelial
cells (HAECs). (A) Fluorescence microscopy images showing the
internalization of DiI-L5 in HAECs pretreated with or without 3 μM 1
for 30 min, followed by treatment with DiI-L5 (50 μg/mL) for 8 h
(red = DiI-L5; blue = Hoechst 33342 nuclear staining; bar = 10 μm).
(B) Immunoblot analysis showing the expression of LOX-1 in HAECs
treated with or without the indicated concentration of 1 and L5 (50
μg/mL). Data are representative of 4 independent experiments. Data
were quantiﬁed by determining the optical density of bands. The bar
graph shows the ratio of the expression of LOX-1 to that of β-actin
relative to the untreated control, which was normalized to 1. Data are
presented as the mean ± standard deviation. p-Values were
determined by using Student’s t-test. **p < 0.01 vs the control
untreated group; ###p < 0.001 vs the L5-treated group.

Figure 4. Eﬀect of 1 on L5-induced apoptosis in human aortic
endothelial cells (HAECs). HAECs were pretreated with vehicle (0.1%
DMSO) or 1 (0.3, 1, or 3 μM) for 30 min and then incubated with or
without 50 μg/mL L1 (control) or L5 for 24 h. (A) Epiﬂuorescence
microscopy images showing Hoechst 33342 staining (to assess nuclear
morphology) and calcein-AM staining (to assess membrane integrity).
HAECs with condensed, fragmented nuclei were considered to be
undergoing apoptosis. Results are expressed as the mean percentage of
cells undergoing apoptosis, evaluated in 6 samples of cells. Bars
represent standard deviation. p-Values were determined by using
Student’s t-test. ***p < 0.001 vs vehicle-treated group; ##p < 0.01, ###p
< 0.001 vs L5-treated group. (B) Immunoblot analysis of activated
caspase-3. Data were quantiﬁed by determining the optical density of
bands. The bar graph shows the ratio of the expression of activated
caspase-3 to that of β-actin (n = 4) relative to the vehicle-treated
group, which was normalized to 1. Data are presented as the mean ±
standard deviation. p-Values were determined by using Student’s t-test.
***p < 0.001 vs the vehicle-treated group; ###p < 0.001 vs the L5treated group.

only an antioxidant, antiapoptotic, and lipid-lowering agent but
also an antithrombotic and cardioprotective compound.
In summary, we have presented in vivo data showing that
plasma L5 levels are reduced in Syrian hamsters administered
with 1 and that atherogenic changes in the aortas of Syrian
hamsters can be prevented by 1. Furthermore, our in vitro data
indicated that this antiatherogenic activity of 1 may be partly
attributed to its ability to inhibit the L5-induced apoptosis of
ECs, a key event in the development of atherosclerosis. These
ﬁndings provide novel insight into a preventive role of 1 in the
development of atherosclerosis and warrant additional studies
regarding its potential use as a therapeutic agent.

The major eﬀect of lipid-lowering drugs is the reduction of
elevated serum LDL cholesterol levels, which are believed to
predispose individuals to atherosclerosis and its complications,
acute myocardial infarction, cerebrovascular ischemic stroke,
and peripheral disease. Given that 1 is a natural compound, it
may be safer than lipid-lowering agents currently in clinical
application. Moreover, recent studies have shown that a novel
modiﬁed derivative of 1 (INV-430) can potently inhibit
atherosclerotic plaque progression by reducing systemic and
vascular oxidative stress and by reducing NF-κB activation via
IKK2 inhibition.29 In addition, 1 in the concentration range
2.5−100 μM inhibits platelet aggregation by increasing the rate
of cyclic adenosine monophosphate (cAMP) formation and by
attenuating NF-κB signaling events.10,47 Thus, 1 may be not

■

EXPERIMENTAL SECTION

Chemicals and Antibodies. Sesamol (1) (5-hydroxy-1,3benzodioxole; purity: 99.9% by GC) and Oil Red O were purchased
from Sigma (St. Louis, MO, USA). Complete medium was purchased
from Promo Cell (Heidelberg, Germany). Hoechst 33342 and calcein
acetoxymethyl ester (calcein-AM) were purchased from Molecular
Probes (Eugene, OR, USA). BCA protein assay reagents and
SuperBlock blocking buﬀer were purchased from Pierce Biotechnology, Inc. (Rockford, IL, USA). Hybond-PVDF membrane was
purchased from GE Healthcare Amersham (Buckinghamshire, UK).
The monoclonal mouse antibody against phosphorylated p38 MAPK,
monoclonal mouse antibody against p38 MAPK, polyclonal rabbit
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Figure 6. Eﬀects of 1 on the L5-induced phosphorylation of p38
MAPK in human aortic endothelial cells (HAECs). (A) Levels of
phosphorylated p38 (p-p38) MAPK are shown for HAECs treated
with vehicle (0.1% DMSO) or with L5 (50 μg/mL) or L1 (50 μg/mL,
control) for the indicated times (10, 30, 60, 120, or 240 min). The bar
graph shows the expression of p-p38 MAPK at the indicated time
point normalized to that in the vehicle-treated group. (B, D, E)
Protein levels of p38 MAPK are shown for HAECs that were
pretreated for 30 min with vehicle (0.1% DMSO), Wortmannin (20
nM), Akt inhibitor (Akt-I; 2 nM), or L-NAME (0.1 mM) before
treatment with or without 1 (0.3, 1, or 3 μM) for 30 min or that were
pretreated with TS92 (10 μg/mL) or SB2030580 (2 μM) for 30 min
before treatment with or without L5 (50 μg/mL) or L1 (50 μg/mL;
control) for 120 min. (C, F) Immunoblot analysis of activated caspase3. HAECs were pretreated for 30 min with vehicle (0.1% DMSO) or LNAME (0.1 mM) before treatment with or without 1 (3 μM) for 30
min or were pretreated with TS92 (10 μg/mL) or SB2030580 (2 μM)
for 30 min, before treatment with or without L5 (50 μg/mL) for 24 h.
Immunoblotting data are representative of 4 independent experiments.
Data were quantiﬁed by determining the optical density of bands. The
bar graph shows the ratio of the expression of p-p38 MAPK or active
caspase-3 to that of p38 MAPK or β-actin, respectively, relative to the
vehicle-treated control, which was normalized to 1. Data are expressed
as the mean ± standard deviation and were compared by using
Student’s t-test. **p < 0.01, ***p < 0.001 vs the vehicle-treated
control group; ###p < 0.001 vs the L5-treated group; $$p < 0.01 vs the 1
(3 μM)- and L5-treated group.

Figure 7. 1-induced phosphorylation of eNOS and Akt in human
aortic endothelial cells (HAECs). Time-course analysis of the eﬀects of
1 (3 μM) on the phosphorylation of eNOS (A) and Akt (B) in
HAECs. The supernatants of cell lysates were collected at diﬀerent
time points after treatment with vehicle (0.1% DMSO) or 1 (10, 30,
60, 120, and 240 min); the time course and treatments shown in A
also apply to B. The eﬀects of pretreating cells with vehicle,
Wortmannin, or Akt-I on 1-induced changes in eNOS (C) and Akt
(D) phosphorylation. HAECs were pretreated for 30 min with vehicle
(0.1% DMSO), 20 nM Wortmannin, or 2 nM Akt-I, followed by
treatment with or without 3 μM of 1 for 30 min. (E) 1 signiﬁcantly
reversed the dephosphorylation of Akt by L5 in HAECs. HAECs were
pretreated for 30 min with vehicle (0.1% DMSO) or 3 μM of 1,
followed by treatment with or without L5 (50 μg/mL) for 24 h.
Western blot data are representative of 4 independent experiments.
Data were quantiﬁed by determining the optical density of bands. The
bar graphs show the ratio of the expression of p-eNOS to that of
eNOS (A) or β-actin (C) and the ratio of the expression of p-Akt to
that of Akt (B) or β-actin (D, E) relative to the respective vehicletreated control, which was normalized to 1. Data are expressed as the
mean ± standard deviation. p-Values were determined by using
Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001 vs the vehicletreated control group; ##p < 0.01 vs the L5-treated group; ###p < 0.001
vs the 1-treated group.

antimouse IgG antibodies, Wortmannin, Akt inhibitor (Akt-I),
SB2030580, and L-NAME were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). ECL reagent was purchased from
Millipore (Billerica, MA, USA). The lipophilic dye 1,1′-dioctadecyl3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) was purchased from Invitrogen (Carlsbad, CA, USA). TS92 (human
monoclonal antibody against LOX-1) was provided by the laboratory
of Dr. Tatsuya Sawamura (National Cerebral and Cardiovascular
Center, Japan).

antibody against cleaved (active) caspase-3, monoclonal mouse
antibody against phosphorylated Akt, monoclonal mouse antibody
against Akt, monoclonal rabbit antibody against phosphorylated
eNOS, and polyclonal rabbit antibody against eNOS were purchased
from Cell Signaling Technology (Beverly, MA, USA). The polyclonal
rabbit antibody against LOX-1 was purchased from Biorbyt
(Cambridgeshire, UK). The monoclonal mouse antibody against βactin was purchased from Sigma. The secondary antirabbit or
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warmed to 55 °C and passed through a 0.22 μm ﬁlter. Tissues were
then washed in running tap water for 2 min. For cross-sectional
analysis, tissues were treated with hematoxylin for 1 min, and excess
stain was removed with water. Images were obtained by using a
stereoscope and were analyzed by using Image-Pro Plus software
(Media Cybernetics, Rockville, MD, USA).22,49
Cell Culture. Primary human aortic endothelial cells (PromoCell)
were used for experiments after 3 or 4 passages and were maintained
in complete medium (PromoCell) containing 2% fetal bovine serum
with growth factor cocktail.
Apoptosis Assays. Subconﬂuent HAECs were pretreated with
vehicle (0.1% DMSO) or 1 (0.3, 1, or 3 μM) for 30 min and incubated
with or without L5 (50 μg/mL) for 24 h. L1 (50 μg/mL) was used as
a negative control. Treated cells were stained for 10 min with 1 μM
Hoechst 33342 (Molecular Probes) to assess nuclear morphology and
with calcein acetoxymethyl ester (calcein-AM) (Molecular Probes) to
assess membrane intensity. Fluorescence imaging was performed with
an Olympus IX70 inverted microscope, and apoptotic cells were
quantiﬁed as previously described.12
Labeling of L5 with 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine Perchlorate. The lipophilic dye DiI (Invitrogen) was used to label L5 as described by Pitas and colleagues.50
Brieﬂy, L5 was diluted to 1 mg/mL with PBS and incubated with 80
μM DiI at 37 °C overnight. DiI-labeled L5 (DiI-L5) was then puriﬁed
by using ultracentrifugation (density = 1.063 g/mL) and was
subsequently dialyzed against PBS-EDTA (0.5 μM). During all
steps, the mixture was protected from light. DiI-L5 was freshly
prepared before use.
Monitoring of L5 Internalization by Using Fluorescence
Microscopy. HAECs were pretreated with or without 3 μM 1 for 30
min, followed by the addition of DiI-L5 (50 μg/mL). To monitor the
cellular internalization of DiI-L5, a Zeiss Axiovert 200 ﬂuorescence
microscope (Göttingen, Germany) was used to record the positions of
DiI-L5 with respect to bright-ﬁeld images in overlay.21
Signaling Pathway Analysis. Subconﬂuent HAECs were pretreated with vehicle (0.1% DMSO) or 1 (0.3, 1, or 3 μM) for 10, 30,
60, 120, or 240 min (for time-course analysis) or for 30 min and were
then incubated with or without L5 (50 μg/mL) for 10, 30, 60, 120,
and 240 min (for time-course analysis) or for 24 h. L1 (50 μg/mL)
was used as a negative control. For experiments involving signaling
pathway inhibitors, cells were pretreated for 30 min with Wortmannin
(PI3K inhibitor, 20 nM), Akt inhibitor (2 nM), SB2030580 (2 μM;
p38 MAPK inhibitor), L-NAME (nitric oxide synthase inhibitor, 0.1
mM), or TS92 (10 μg/mL, human monoclonal antibody against LOX1). HAECs were analyzed by using Western blot analysis, as described
below.
Western Blot Analysis. Cells were solubilized in NETN lysis
buﬀer, and protein levels were measured by using the BCA protein
assay (Pierce Biotechnology, Inc.). Cell lysates (50 μg each) were
loaded onto a 10% sodium dodecyl sulfate (SDS) polyacrylamide gel,
and proteins were separated by means of SDS polyacrylamide gel
electrophoresis (SDS-PAGE). The separated proteins were transferred
to a Hybond-P VDF membrane (GE Healthcare Amersham), followed
by blocking with SuperBlock (Pierce Biotechnology, Inc.). For
immunoblotting before and after treatments, membranes were
incubated overnight at 4 °C with one of the following primary
antibodies at a 1:1000 dilution: monoclonal mouse antibody against
phosphorylated p38 MAPK, monoclonal mouse antibody against p38
MAPK, polyclonal rabbit antibody against cleaved (active) caspase-3,
monoclonal mouse antibody against phosphorylated Akt, monoclonal
mouse antibody against Akt, monoclonal rabbit antibody against
phosphorylated eNOS, polyclonal rabbit antibody against eNOS (Cell
Signaling Technology), polyclonal rabbit antibody against LOX-1
(Biorbyt), and monoclonal mouse antibody against β-actin (Sigma).
Membranes were then incubated at room temperature for 30 min with
secondary anti-rabbit or anti-mouse IgG antibodies conjugated to
horseradish peroxidase at a 1:5000 dilution (Santa Cruz Biotechnology). Immunoreactive bands were detected by using ECL reagents
(Millipore). Quantitative results were obtained by scanning reactive

Animal Experimental Protocol. Experiments involving hamsters
were performed in accordance with the Guide for the Care and Use of
Laboratory Animals, published by the U.S. National Institutes of
Health (NIH Publication No. 85-23, revised 1996), and were
performed as humanely as possible. All aspects of the animal care
and animal procedures performed for this study were approved
(permit no. CMU-102−263-C) by the China Medical University
Animal Care and Use Committee (IACUC).
Thirty-two 6-week-old male Syrian hamsters were purchased from
the National Laboratory Animal Center (NARLabs, Taipei, Taiwan)
and individually housed in stainless-steel cages at 22 ± 4 °C on a 12 h
light−dark cycle with free access to regular rodent chow and water.
After 1 week of acclimatization, the hamsters were randomly divided
into 4 experimental treatment groups (n = 8 hamsters each). For 16
weeks, group 1 was maintained on a normal chow diet only (control);
group 2 was maintained on a high-fat diet only; and groups 3 and 4
were maintained on a HFD supplemented with 50 or 100 mg/kg of 1
(in 0.5% carboxymethyl cellulose [CMC] buﬀer solution; Sigma) per
kg of body weight per day. The normal chow diet was a puriﬁed
version of the AIN-93G diet with slight modiﬁcations and contained
13.9% (cal) fat. The HFD was a normal diet supplemented with 10%
lard and 0.3% cholesterol and contained 60.0% (cal) fat. Diets were
freshly mixed weekly in small amounts and stored at 0−4 °C to avoid
spoilage. Sesamol (1) (Sigma) was administered by means of gavage in
0.5% CMC buﬀer solution. Hamsters in the HFD and control groups
were administered 0.5% CMC buﬀer only. Food consumption and
weight gain were measured daily and weekly, respectively. After the 16week study period ended, the hamsters were anesthetized following a
12 h fast by inhalation of a mixture of 75% air and 25% O2 gases
containing 4% isoﬂurane. Blood samples were drawn from the inferior
vena cava. Aortas and heart tissues were excised, rinsed with
physiological saline, weighed, ﬂash-frozen in liquid nitrogen, and
stored at −80 °C until additional experiments were performed.
Biochemical Evaluation of Serum. Serum was separated from
the blood by centrifugation at 3000g for 10 min. Serum levels of total
cholesterol, triglyceride, very-low-density lipoprotein cholesterol, lowdensity lipoprotein cholesterol, and high-density lipoprotein cholesterol were determined by using commercial enzymatic kits with the
SPOTCHEMTM EZ SP-4430 automated analyzer (ARKRAY, Inc.,
Kyoto, Japan).
LDL Isolation. To prevent contamination, blood samples were
treated with 50 mU/mL aprotinin, 1% ampicillin/streptomycin, and 5
mM EDTA immediately after collection. Serum was obtained from
whole blood by centrifugation at 1500 rpm for 15 min at 4 °C. LDL
was isolated by using sequential potassium bromide density
centrifugation to remove chylomicrons, very-low-density lipoprotein,
and intermediate-density lipoprotein fractions, yielding LDL at a ﬁnal
density of 1.019 to 1.063 g/mL.12 LDL was treated with 5 mM EDTA
and nitrogen to avoid ex vivo oxidation.
Agarose Gel Electrophoresis. LDL samples (2.5 μg in 9 μL)
were analyzed by using gel electrophoresis in 0.7% agarose (90 mM
Tris and 90 mM boric acid, pH 8.2) at 100 V for 1.4 h, as previously
described.48
Subfractionation of LDL. Whole LDL was equilibrated by dialysis
in a column loaded with buﬀer A (20 mM Tris-HCl [pH 8.0], 0.5 mM
EDTA, 0.01% NaN3). LDL was further divided into subfractions L1,
L2, L3, L4, and L5 against a graded salt gradient by using anionexchange columns (Uno-Q6; Bio-Rad Laboratories, Inc., Hercules,
CA, USA) with the Ä KTA fast protein liquid chromatography system
(GE Healthcare Life Science, Pittsburgh, PA, USA) as previously
described.48 The eﬄuent was monitored at 280 nm and protected
from ex vivo oxidation with 5 mM EDTA.17
Oil Red O Staining. We examined the presence of lipids in the
aortic root to the mid-descending thoracic aorta. Tissues were stained
with Oil Red O and counterstained with hematoxylin. Brieﬂy, tissues
were ﬁxed with 4% paraformaldehyde for 10 min and washed twice
with phosphate-buﬀered saline (PBS) at room temperature. The
tissues were pretreated with 60% isopropyl alcohol for 5 min and then
incubated with 0.6% (w/v) Oil Red O (Sigma) solution in 60%
isopropyl alcohol for 30 min. Before use, the Oil Red O solution was
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bands and quantifying the optical density by using video densitometry
(G-box Image System, Syngene, Frederick, MD, USA).51
Data Analysis and Statistical Procedures. The signiﬁcance of
the diﬀerences observed between groups was assessed by using
Student’s t-test. Probability values of p < 0.05 were considered
signiﬁcant. Results are expressed as the mean ± standard deviation.
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