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Abstract Atherosclerosis is a chronic inflammatory dis-
ease, the progression of which is associated with the
increased expression of cell adhesion molecules on vas-
cular smooth muscle cells (VSMCs). Lobastin is a new
pseudodepsidone isolated from Stereocaulon alpinum,
Antarctic lichen, which is known to have antioxidant and
antibacterial activities. However, the nature of the biolog-
ical effects of lobastin still remains unclear. In the present
study, we examine the effect of lobastin on the expression
of vascular cell adhesion molecules (VCAM-1) induced by
TNF-a in the cultured mouse VSMC cell line, MOVAS-1.
Pretreatment of VSMCs for 2 h with lobastin (0.1-10 pg/
ml) concentration-dependently inhibited TNF-o-induced
protein expression of VCAM-1. Lobastin also inhibited
TNF-a-induced production of intracellular reactive oxygen
species (ROS). Lobastin abrogated TNF-o-induced phos-
phorylation of p38 and ERK 1/2, but not JNK, and also
inhibited TNF-o-induced NK-kB activation. In addition,
lobastin suppressed TNF-a-induced IkB kinase activation,
subsequent degradation of IkBa and nuclear translocation
of p65 NF-xB. Our results indicate that lobastin down-
regulates the TNF-o-mediated induction of VCAM-1 in
VSMC by inhibiting the p38, ERK 1/2 and NF-xB sig-
naling pathways and intracellular ROS generation. Thus,
lobastin may be an important regulator of inflammation in
the atherosclerotic lesion and a novel therapeutic drug for
the treatment of atherosclerosis.
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Introduction

Atherosclerosis is a progressive, chronic inflammatory
disease characterized by the recruitment of leukocytes,
engulfment of lipid and accumulation of fibrous factors in
the large ateries, which is the fundamental cause of car-
diovascular disease (Lusis 2000). Several lines of evidence
indicate that vascular cell adhesion molecule-1 (VCAM-1)
expression is detected on vascular smooth muscle cells
(VSMCs) and 1is important in the progression of
atherosclerosis (Braun et al. 1999; Cybulsky et al. 2001;
Huo and Ley 2001). In addition, it has been known that
adhesion molecule expression on intimal VSMCs facili-
tates the migration of leukocytes such as monocytes and
inflammatory cytokines including TNF-o which can con-
tribute to the induction of VCAM-1 in VSMCs (Braun
et al. 1999; Cybulsky et al. 2001; Huo and Ley 2001;
Vazquez et al. 2012). Moreover, direct inhibition of
VCAM-1 expression could be a therapeutic avenue for
atherosclerosis compared with long-term intervention with
ICAM-1, because VCAM-1 is an inducible gene requiring
de novo protein synthesis and its expression is limited
primarily to specific inflammation sites (Saxena and
Medford 2000). Thus, direct inhibition of VCAM-1
expression, leading to suppression of the interaction of
leukocytes to the VSMCs, may provide a potential thera-
peutic strategy for the treatment of chronic inflammatory
diseases like atherosclerosis.

Many lichens have been used in folk medicine across the
world. It has been reported that some lichens have been
used in treatment of various inflammatory disorders such as
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bronchitis (Saklani and Upreti 1992). Nowadays, the
research and demand for lichens in human health applica-
tions are growing rapidly. The use of lichens as a medicine
is often related to the secondary metabolites. A variety of
bioactive metabolites has been isolated from lichen species
of Antarctic origin (Seo et al. 2009). Accumulated data
show that many biologically active lichen metabolites have
antibiotic, antimycobacterial, antiviral, analgesic, antioxi-
dant, and antipyretic properties (Kumar and Muller 1999).
In addition, recent studies have demonstrated that longis-
siminone isolated from Vsnea longissima and usnic acid
isolated from Roccella montagnei have anti-inflammatory
activities in vitro and in vivo, respectively (Choudhary and
Jalil 2005; Vijayakumar et al. 2000). Furthermore, our
previous study shows that stereocalpin A and ramalin
obtained from the Antarctic lichen Ramalina terebrate
inhibited TNF-o-induced adhesion molecule (Byeon et al.
2012; Park et al. 2014). Lobastin (Fig. 1), a structurally
new pseudodepsidone-type metabolite, was found from the
new collection batch of S.alpinum from Antarctica, which
is known to have antibacterial and antioxidant activities
(Bhattarai et al. 2013). However, other biological activities
of lobastin have not yet been fully clarified.

In the present study, we examine the effect of lobastin
on the expression of VCAM-1 as well as the mechanism
involved in the anti-atherosclerotic effect of lobastin in
cultured vascular smooth muscle cells. The data from the
present study suggest that lobastin suppresses TNF-o-
stimulated VCAM-1 expression through the inhibition of
ERK 1/2, p38, and NF-kB signaling pathways and intra-
cellular ROS production.

Materials and methods
Plant material
Stereocaulon alpinum was collected from the Korean

Antarctic Research Station site on King George Island
(S62°13.3', W58°47.0'), Antarctica. The species was

OCH,

Fig. 1 Chemical structure of lobastin
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identified by Dr. Soon Gyu Hong by comparing morpho-
logical characteristics with those previously published
(@Dvstedal and Smith 2001). A voucher specimen was
deposited in the Polar Lichen Herbarium, Korea Polar
Research Institute, KOPRI, Incheon, Republic of Korea.

Extraction and isolation

The extraction of lobastin was performed using a modifi-
cation of the technique described previously (Bhattarai
et al. 2013). Briefly, a dried sample of Stereocaulon alpi-
num (100 g) was extracted with MeOH (1 1 x 2) for 24 h.
The resulting crude MeOH extract (10.2 g) was subjected
to C18 functionalized silica gel (5 x 30 cm) mild pressure
liquid chromatography (MPLC), eluting with a stepwise
gradient of MeOH in H,0. The gradient program was as
follows: 50 % methanol for 5 min, 75 % methanol in
5 min for 30 min, 85 % methanol in 5 min for 30 min,
95 % methanol in 5 min for 10 min. The flow rate was
fixed at 45 ml/min. The collected broad peak (tg = 43 min
to 60 min) yielded lobastin. The analysis indicated that the
lobastin was present in the crude extract as 16.3 % (w/w).

Reagents

Unless otherwise indicated, all chemicals used in this study
were purchased from Sigma Chemical Co. (St Louis, MO).
Anti-VCAM-1 antibody was purchased from R & D Sys-
tems, USA. DMEM medium and fetal bovine serum were
purchased from Life Technologies, Inc. (Carlsbad, CA).
The reporter plasmid pGL3-NF-«xB used in the luciferase
assay system was obtained from Promega (Madison, WI),
and pCMV-f-gal was obtained from Lonza (Walkersville,
MD). 3-Amino-1,2,4-triazole was purchased from Cal-
biochem (La Jolla, CA). Antibodies against IkBo, p65,
IJNK, phospho-JNK (p-JNK), ERK, phospho-ERK (p-
ERK), phospho-38, p38, lamin A, TNF-o receptor 1 and -
actin were purchased from Abcam Inc, USA.

Cell culture

Mouse vascular smooth muscle cell line MOVAS-1 was
purchased from ATCC (Rockville, MD) and grown in
DMEM medium supplemented with 0.2 mg/ml G418,
100 IU/ml penicillin, 100 mg/ml streptomycin, and 10 %
heat-inactivated fetal bovine serum (FBS) in a humidified
atmosphere containing 5 % CO, at 37 °C. For subculture,
the cells were detached using 0.125 % trypsin containing
0.01 M EDTA. Cells used in this study were from the first
to sixth passage. Primary human aortic smooth muscle cells
(HASMC) were purchased from Clonetics Corp. (San
Diego, CA). HASMC were cultured in MCDB 131 medium
supplemented with 5 % fetal calf serum, 10 ng/ml
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recombinant human epidermal growth factor, 2 ng/ml basic
fibroblast growth factor, and 5 pg/ml insulin. For subcul-
turing, the cells were detached using 0.125 % trypsin
containing 0.01 M EDTA. Cells were passaged every
3-5 days, and experiments were performed on cells five to
eight passages from primary culture.

Assessment of cell viability

The cell viability was determined by a MTT assay as
previously described (Nguyen et al. 2015). MOV AS-1 cells
were seeded at a concentration of 2 x 10* cells/well in
96-well tissue culture plates and pretreated with various
concentrations of lobastin (0.1, 1, 5, and 10 pg/ml) for
24 h. Cell viability was measured using a quantitative
colorimetric assay with MTT [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide], indicating the mito-
chondrial activity of living cells. The extent of reduction of
MTT to formazan within cells was quantified by measuring
the optical density at 550 nm using a Molecular Device
microplate reader (Menlo Park, CA). The blank control
only contained cell culture medium and the absorbance of
untreated cultures was set at 100 %. Cell viability was
expressed as a percentage of the untreated control. At least
three independent experiments were performed.

Measurement of cell surface VCAM-1 expression

The cell surface expression of VCAM-1 on muscle cell
monolayers was determined by an ELISA assay as previ-
ously described (Ju et al. 2002) with slight modifications.
VSMCs (MOVAS-1) were seeded at a concentration of
2 x 10* cells/well in 96-well gelatin-coated plates, cul-
tured to confluence and pretreated with lobastin
(0.1-10 pg/ml) for 2 h at 37 °C. The cells were then
incubated with TNF-o (10 ng/ml) for 8 h. After incubation,
the cells were washed with phosphate-buffered saline
(PBS) pH 7.4 and fixed with 1.0 % glutaraldehyde for
30 min at 4 °C. Cells were blocked with 1 % bovine serum
albumin in PBS for 1 h, and subsequently incubated with
monoclonal antibodies against VCAM-1 or isotype mat-
ched control antibody (0.25 g/ml, diluted in blocking buf-
fer) overnight at 4 °C. After washing with PBS, cells were
incubated with alkaline phosphatase-conjugated goat anti-
mouse secondary antibody (1 pg/ml, diluted in PBS) for
1 h. After repeating the wash steps, fresh solution of per-
oxidase substrate (1 mg/ml p-nitrophenyl phosphate in
0.1 M glycine buffer, pH 10.4, containing 1 mM MgCl,
and 1 mM ZnCl,) was added, and the absorbance was
monitored at 405 nm using a Molecular Device microplate
reader (Menlo Park, CA). The absorbance values of the
isotype matched control antibody were taken as the blank,
and were subtracted from the experimental values.

Measurement of mRNA levels by quantitative real-
time polymerase chain reaction (qQRT-PCR)

Following exposure to lobastin or TNF-a, total RNA was
isolated using TRIzol (Life Technologies, Pioneer Valley,
WI) according to the manufacturer’s instructions. The yield
and purity of the RNA were confirmed by measuring the
ratio of the absorbance at 260 and 280 nm. RNA was
reverse transcribed to cDNA using 0.2 pg/ml random pri-
mers, 10 mM dNTP-mix and reverse transcriptase (Pro-
mega, Madison, W1). Nested PCR was performed in a
20 pl volume comprising 3 pl cDNA, 2 pl each primer,
and 2x QuantiTect SYBR Green PCR Master Mix and
the fluorescence was monitored at each cycle. The mouse
VCAM-1 RT-PCR primers were 5'-CCCAAGGATCCA
GAGATTCA-3" (sense) and 5'-TAAGGTGAGGGTGG
CATTTC-3' (antisense). The PCR primers for the mouse
GAPDH control were 5'-GGTCCTCAGTGTAGCCCA
AG-3 (sense) and 5'-AATGTGTCCGTCGTGGATCT-3'
(antisense).

Western blotting analysis

Western blotting analysis was performed as previously
described (Cho et al. 2003). The cells were pretreated with
lobastin (0.1-10 pg/ml) for 2 h and then incubated with
TNF-a (10 ng/ml) for 30 min or 8 h. Following treatment,
the cells were lysed in 70 pl ice-cold lysis buffer A
[10 mM  4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (pH 7.9), 1.5 mM MgCl,, 10 mM KCl,
0.5 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride
(PMSF), 0.5 % Nonidet P-40 and protease inhibitor cock-
tail], followed by vortexing for 10 s. Cytosolic cell extracts
were obtained after centrifugation at 1500x g for 10 min at
4 °C. The collected nuclei were resuspended in 50 pl
buffer C [20 mM HEPES (pH 7.9), 1.5 mM MgCl,,
420 mM NaCl, 0.2 mM EDTA, 25 % v/v glycerol, 0.5 mM
PMSF, and Protease Inhibitor Cocktail] and incubated on
ice for 20 min with intermittent agitation. Nuclear cell
extracts were recovered after centrifugation for 10 min at
13,000x g at 4 °C. Protein concentration was determined
using the Bio-Rad protein assay (Bio-Rad Lab, Hercules,
CA) with BSA as the standard. Whole cell lysates and
cytosolic and nuclear extracts (20 pg) were electrophoret-
ically resolved on a 7.5 % sodium dodecyl sulfate (SDS)-
polyacrylamide gel, followed by transfer onto an immo-
bilon polyvinylidene difluoride membrane (Amersham,
Arlington Heights, IL), and probed with the appropriate
antibodies. After extensive washing with TTBS (20 mM
Tris pH7.5, 150 mM NaCL, and 0.2 % Tween 20), a
Horseradish Peroxidase (HRP)-conjugated secondary anti-
body was applied. The blots were developed using an
enhanced chemiluminescence (ECL) kit (Amersham). In
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all immunoblotting experiments, the blots were reprobed
with an anti-B-actin antibody as a control for protein
loading.

Transfection and reporter assays

VSMCs (MOVAS-1) were chosen for its high transfection
efficiency. Cells (5 x 10° cells/ml) were plated into each
well of a 6-well plate. The cells were transiently co-
transfected with the plasmids, pGL3-NF-kB, pCMV-f3-gal
and pcDNA3.1 using Metafectene PRO according to the
manufacturer’s protocol. Briefly, a transfection mixture
containing 0.5 pg pGL3-NF-kB and 0.2 pg pCMV-B-gal
was mixed with the Metafectene PRO reagent and added to
the cells. For NF-kB luciferase, the cells were transfected
with 0.5 ng NF-xB luciferase reporter using Metafectene
PRO. After 4 h, the cells were pretreated with lobastin for
2 h followed by the addition of TNF-a (10 ng/ml) for 4 h,
and then lysed with 200 pl of lysis buffer (24 mM Tris—
HCl (pH 7.8), 2 mM dithiotreitol, 2 mM EDTA, 10 %
glycerol, and 1 % Triton X-100) and 10 pl of cell lysates
were used for luciferase activity assay. Luciferase activity
in the cells was determined. The values shown represent an
average of three independent transfections and each
transfection was carried out in triplicate.

ROS production assay

ROS production was determined as previously described
(Kim et al. 2012) with a minor modification. CMH,.
DCFDA  (5,6-chloromethyl-2’,7'-dichlorodihydrofluores-
cein diacetate; acetyl ester, Molecular Probes, Eugene,
OR), a redox-sensitive fluorescent dye, was used to analyze
the intracellular ROS level by flow cytometry. VSMCs
(2 x 10° cells/ml) were pretreated with a indicated con-
centration of lobastin for 2 h, followed by addition of
TNF-o (10 ng/ml) for 4 h. The cells were then stained for
30 min at 37 °C with 10 uM CMH,-DCFDA. The cells
were kept on ice in the dark and at least 5000 cells for each
sample were analyzed using a Becton-Dickinson
FACSCalibur (BD Biosciences, San Jose, CA), and data
were analyzed by FCS Express 5 Flow Cytometry software
(De Novo Software, CA, USA).

Statistical analysis

All experiments were performed at least three times (unless
otherwise indicated) and each result is reported as the
mean £+ SEM. For comparisons between two groups, the
Student’s ¢ test was used. Multi-group comparisons of
mean values were analyzed by a one-way ANOVA. The
significant values are represented by an asterisk
(*p < 0.05).
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Results
Effect of lobastin on VSMC viability

To examine the toxicity of lobastin on VSMCs in culture,
MOVAS-1 cells were cultured in the presence of various
concentrations (0—10 pg/ml) of lobastin for 24 h and cell
viability was subsequently determined using an MTT
assay. Cell viability was not influenced by lobastin up to a
concentration of 10 pg/ml (Fig. 2a). Similarly, combined
TNF-a and lobastin treatment did not affect cell viability at
used concentration (Fig. 2b). Thus, in subsequent experi-
ments, cells were treated with up to 10 pg/ml lobastin.

Effect of lobastin on the expression of VCAM-1
in VSMCs

We investigated the effect of lobastin on the expression of
TNF-a-induced VCAM-1 in VSMCs. MOVAS-1 cells
were pretreated with or without lobastin at the indicated
concentrations for 2 h and then stimulated with TNF-o
(10 ng/ml) for 8 h. As shown in Fig. 3a, VCAM-1 surface
protein expression in VSMCs induced by TNF-o was sig-
nificantly inhibited by lobastin at 1 and 10 pg/ml. Addi-
tionally, the expression of total cellular adhesion molecules
on VSMCs was suppressed by lobastin in a concentration-
dependent manner (Fig. 3b). Our data also shows that
lobastin blocked TNF-a stimulated VCAM-1 expression in
another smooth muscle cell line, HASMCs (Fig. 3d).

To further clarify the inhibitory effect of lobastin on
TNF-o-stimulated VCAM-1 expression at the transcrip-
tional level, the level of VCAM-1 mRNA expression was
determined by qRT-PCR. As shown in Fig. 3c, the
expression of VCAM-1 was significantly inhibited by
lobastin in VSMCs stimulated with TNF-a for 4 h. Taken
together, these data suggest that lobastin treatment results
in the inhibition of VCAM-1 protein expression and causes
post-transcriptional modulation of VCAM-1 expression.

Inhibitory effect of lobastin on TNF-a-induced
activation of NF-kB

It is well known that the VCAM-1 gene contains two
adjacent NF-kB binding sites in the upstream promoter
region and these sites are key factors in TNF-o-induced
VCAM-1 expression (Iademarco et al. 1992; Shu et al.
1993). We therefore examined the effect of lobastin on
TNF-o-induced activation of NF-kB. The cells were pre-
incubated with various concentrations of lobastin for 2 h
prior to stimulation with TNF-a for 4 h. We measured
transcriptional activity to determine whether lobastin reg-
ulates NF-kB. As shown in Fig. 4a, stimulation of the cells
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Fig. 2 Effects of lobastin on the proliferation of MOVAS-1 cells. a MOVAS-1 cells were pre-incubated with the indicated concentrations of
lobastin (0.1, 1, 5 and 10 pg/ml) for 24 h and cell proliferation was determined by an MTT assay. b MOV AS-1 cells were cultured in the medium
containing indicated concentrations of lobastin (0.1, 1, 5 and 10 pg/ml) and TNF-a for 24 h and cell proliferation was determined by an MTT
assay. Cell viability was expressed as a percentage of the absorbance value obtained without lobastin treatment. Data were analyzed using one
way ANOVA with an appropriate post-test. *p < 0.05, significantly different from the untreated control

with TNF-o increased the luciferase activity and this
increased activity was significantly reduced by lobastin in a
concentration-dependent manner. By Western blotting
analysis, we also investigated the effects of lobastin on
TNF-o-induced nuclear translocation of NF-kB in
MOVAS-1 cells and HASMCs. As expected, lobastin
inhibited the expression of nuclear p65 protein which is the
subunit of NF-kB that regulates the transcription of genes
associated with inflammation in both cells (Fig. 4b, d).
These results suggest that lobastin reduced the TNF-o-in-
duced activation of NF-kB.

Next, to further explore the mechanism of NF-kB inhi-
bition by lobastin, we investigated the effect of lobastin on
the degradation of IxkBa. Western blotting showed that
there was significant degradation of IxBa after 30 min of
stimulation with TNF-o, whereas treatment of the cells
with lobastin resulted in the interruption of the TNF-o-
induced IxBo degradation (Fig. 4c). These results further
demonstrate that lobastin inhibits TNF-a-stimulated NF-kB
activation in VSMCs.

Effect of lobastin on MAP kinase and TNFR1
in TNF-a-stimulated smooth muscle cells

Since it has been reported that the expression of VCAM-1
is regulated through the mitogen activated protein kinase
(MAPK) pathway in various cell types (Lee et al. 2006;
Luo et al. 2010), we examined whether the inhibitory effect
of lobastin on VCAM-1 expression was mediated through
blocking the activation of the MAPK pathway. As shown
in Fig. 5a, lobastin significantly inhibited the phosphory-
lation of p38 and ERK 1/2, but not JNK, in TNF-o-stim-
ulated smooth muscle cells. Further support for this
conclusion comes from observation that pretreatment of

MAPK inhibitors (p38 MAPK inhibitor, SB203580 and
ERK1/2 inhibitor, PD98059) enhanced the inhibitory effect
of lobastin on VCAM-1 expression (Fig. 5b). These results
suggest that lobastin inhibits TNF-o-induced VCAM-1
expression via a decrease in the p38 and ERK 1/2 signaling
pathways.

Next, we investigated the effect of lobastin on the TNF-
o receptor 1 (TNFR1) which is the main receptor through
which TNF-a activates the NF-xB signaling pathway and
adhesion molecules (Kitagaki et al. 2012; Sawa et al. 2007,
Zhang et al. 2007). Our results show that TNF-a treatment
resulted in an increase in TNFR1 expression and lobastin
did not affect the total cellular protein expression of
TNFRI1 (Fig. 5¢), suggesting that the inhibitory effects of
lobastin are not mediated through direct inhibition of
TNFRI1 surface expression in muscle cells.

Effect of lobastin on the production of ROS in TNF-
a-stimulated smooth muscle cells

It has been known that oxidative milieu induced by
cytokines (IL-1f and TNF-o) leads to an enhanced
expression of adhesion molecules via activation of various
transcription factors including NF-kB (Kunsch and Med-
ford 1999). Additionally, it was reported that lobastin
shows antioxidant activity (Bhattarai et al. 2013). Thus, we
examined the effect of lobastin on the production of TNF-
a-induced ROS. MOVAS-1 cells and HASMCs were pre-
treated with lobastin for 2 h and then stimulated with TNF-
o for 4 h. Lobastin significantly attenuated the level of
ROS production in TNF-o-stimulated VSMCs (Fig. 6).
This suggests that lobastin has an antioxidant activity
which is involved in the inhibition of TNF-a-induced
VCAM-1.
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Fig. 3 Effect of lobastin on TNF-a-induced VCAM-1 protein and mRNA expression in VSMCs. a MOVAS-1 cells were pretreated with the
indicated concentrations of lobastin for 2 h and stimulated with TNF-o (10 ng/ml) for 8 h. VCAM-1 surface protein expression was measured by
ELISA. The data are expressed as a percentage of TNF-a-induced VCAM-1 expression. b The total cellular VCAM-1 protein levels were
determined in MOVAS-1 cells by Western blotting. The B-actin protein level was considered as an internal control. The results illustrated are
representative of three separate experiments. The intensity of the bands was quantitated by densitometry. The levels of VCAM-1 expression are
in arbitrary units, and data are normalized to the respective amount of B-actin protein. ¢ MOVAS-1 cells were pre-incubated with the indicated
concentrations of lobastin for 2 h and stimulated with TNF-o (10 ng/ml) for 4 h. The mRNA level of VCAM-1 was determined by qRT-PCR.
GAPDH served as the internal control. One of the three separate experiments is shown. The levels of VCAM-1 mRNA expression are in arbitrary
units, and data are normalized to the respective amount of GAPDH mRNA. Data are expressed using one way ANOVA with an appropriate post-
test. *Significantly different from TNF-o-stimulated cells not treated with lobastin (p < 0.05)

Discussion

Adhesion molecules participate in inflammatory processes
such as atheroscleroisis and VCAM-1 expression is
induced by inflammatory cytokines such as TNF-o in
vascular smooth muscle cells at the base of atherosclerotic
lesions. Modulation of VCAM-1 expression may be a
promising strategy to prevent and treat chronic inflamma-
tory diseases like atherosclerosis. Here, we addressed the

@ Springer

question of pharmacological modulation of VCAM-1
expression upon treatment of VSMCs with TNF-a.
TNF-a is one of the pro-inflammatory cytokines that
induce the proliferation of smooth muscle cells and con-
tribute to the development of atheroma via the induction of
pro-inflammatory mediators such as VCAM-1 (Dzau et al.
2002; Lee et al. 2006; Warner and Libby 1989). Addi-
tionally, VCAM-1 expression is strongly implicated in the
development of atherosclerosis. In the present study, our
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Fig. 4 Influence of lobastin on NF-kB activation and IkBa degradation in TNF-a-stimulated VSMCs. NE nuclear extracts, CE cytoplasmic
extracts. a MOVAS-1 cells were transfected with a pGL3-NFxB-Luc reporter plasmid and pPCMV-f-gal, pretreated with various concentrations
of lobastin for 2 h, and then induced with TNF-a (10 ng/ml) for 4 h. The results are the mean £ SEM (one-way ANOVA followed by post test;
p < 0.05;n = 3). b, d VSMCs were preincubated with or without various concentrations of lobastin for 2 h and then treated with TNF-o (10 ng/
ml) for 4 h in MOVAS-1 (b) and HASMCs (d). Cytoplasmic and nuclear levels of NF-kB p65 were detected by Western blotting to analyze the
translocation of NF-kB. o-Tubulin and Lamin A were used as loading controls for cytosolic and nuclear protein fractions, respectively.
¢ MOVAS-1 cells were pre-incubated with or without lobastin (10 pg/ml) for 2 h and then stimulated with TNF-o0 (10 ng/ml) for the indicated
times. The whole cell lysates were analyzed by Western blotting with an anti-IkBa antibody. The B-actin protein level was considered as an
internal control. The results illustrated are representative of three separate experiments

results reveal that lobastin has the ability to modulate
VCAM-1 expression in TNF-o-stimulated VSMCs. Treat-
ment with lobastin is associated with the inhibition of the
NF-xB and ERK/p38 pathways, resulting in a decrease in
VCAM-1 promoter activity, the level of mRNA and protein
expression. This could lead to reduced monocyte adhesion
to VSMCs and may be the mechanism by which lobastin
regulates monocyte recruitment during atherosclerotic
lesion formation.

It is well known that TNF-a stimulates the activation of
MAPKSs which correspond to a family of serine/threonine
kinases that is divided into p38 MAPK, ERK 1/2 and JNK
which relay, amplify and integrate signals from various
stimuli and elicit an appropriate physiological response

including inflammatory responses (Ho et al. 2008; Manzoor
and Koh 2012). Furthermore, several lines of evidence
including us have suggested that the expression of VCAM-1
is mainly regulated by MAPKSs in various cell types (Goetze
etal. 1999; Kim et al. 2012; Luo et al. 2010). Cells may use
diverse MAPK signaling pathways for TNF-a-induced
expression of adhesion molecules and the MAPK signaling
pathways are differently involved in response to anti-in-
flammatory compounds (Ho et al. 2008; Hoshiya and
Awazu 1998; Law et al. 1996; Rao et al. 1995). Addition-
ally, inhibition of MAPK pathway has been successfully
used in treating inflammation. Therefore, in this study, we
evaluated the effect of lobastin on the p38 MAPK, ERK 1/2
and JNK pathways in TNF-o-stimulated VSMCs. The
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Fig. 5 Effect of lobastin on the activation of MAP kinases and TNFR1 expression in TNF-a-stimulated VSMCs. a MOVAS-1 cells were pre-
treated with the indicated concentrations of lobastin for 2 h and then incubated with TNF-a (10 ng/ml) for 15 min. The whole cell lysates were
analyzed by Western blotting. The relative intensities were expressed as the ratio of phospho-MAPK to total MAPK. A typical result from three
independent experiments is shown. b MOVAS-1 cells were pretreated with MAPK inhibitors (p38 inhibitor, SB203580, ERK1/2 inhibitor and
PD98059) for 2 h and then incubated in the presence of lobastin (10 pg/ml) for 2 h followed by the stimulation of TNF-o (10 ng/ml) for 8 h. Cell
lysates were harvested and subjected to Western blotting analysis ¢ MOV AS-1 cells were pretreated with or without the indicated concentrations
of lobastin for 2 h and then treated with TNF-o (10 ng/ml) for 4 h. The expression of TNFR1 was detected by Western blotting with an anti-
TNFR1 antibody. The B-actin protein level was considered as an internal control. A typical result from three independent experiments is shown.
The intensity of the bands was quantitated by densitometry. The levels of TNFR1 expression are in arbitrary units, and data are normalized to the
respective amount of B-actin protein. The data are analyzed as mean = SEM (one-way ANOVA followed by post test; p < 0.05; n = 3). Results
are representative of at least three independent experiments

present data show that lobastin significantly reduced phos-
phorylation of p38 MAPK and ERK 1/2, but not JNK,

proliferation (Sawa et al. 2007; Zhang et al. 2007) and the
numerous biological effects of TNF-a are signaled via

Moreover, the inhibitory effect of lobastin on VCAM-1
expression was enhanced by MAPK inhibitors. These
results suggest that lobastin treatment results in a decrease
in TNF-o-induced VCAM-1 expression via the inhibition of
the p38 MAPK and ERK 1/2 pathways. Additionally, we
examined the effect of lobastin on the expression of TNFR1
in VSMCs due to the fact that TNFR1 is involved in

adhesion molecule expression as well as VSMC

@ Springer

TNFRI1, the major signaling receptor in most cells (McCoy
and Tansey 2008). Interestingly, TNFR1 expression in
cells treated with lobastin was not altered compared with
TNF-a-stimulated cells, suggesting that the inhibitory
effect of lobastin on VCAM-1 expression is not related to
TNF-o-induced TNFR1 surface expression in muscle cells.

Many studies have shown that MAPKs activate many
transcription factors that are important molecular targets



Inhibition of VCAM-1 expression on mouse vascular smooth muscle cells by lobastin... 91

(A)
100
=== Untreated
== TNF-«
75 == TNF-a + Lobastin
<8
o8
63
g o
T
£
10° 10
Green-B Fluorescence (GRN-B-HLog)
(B)
30
=== Untreated
== TNF-a
23 4 == TNF-a + Lobastin ~
T
£ 58
8§ 83
T
£

10' 10° 10° 10°
Green-B Fluorescence (GRN-B-HLog)

25

20

0.5

0.0

TNF-a (10 ng/ml)
lobastin (10 pg/ml)

0.8

0.6

0.4

0.2

0.0
TNF-a (10 ng/ml)
lobastin (10 pg/ml)

- +
- - +

Fig. 6 Effect of lobastin on the production of ROS in TNF-a-stimulated VSMCs. VSMCs were pretreated with lobastin (10 pg/ml) for 2 h and
then induced with TNF-o (10 ng/ml) for 4 h in MOVAS-1 cells (a) and HASMCs (b). The level of ROS generation was measured as described in

“Materials and methods”

for therapeutic intervention, because they are central to the
control of many genes involved in the regulation of
inflammation and immunity. It is widely accepted that NF-
kB plays a dominant role in the transcription of cell
adhesion molecule genes in TNF-o-treated cells (Beg et al.
1993; Collins et al. 1995) and the 5'-regulatory region of
the VCAM-1 gene contains the NF-xB binding site
(Iademarco et al. 1992; Shu et al. 1993). In addition, it has
been suggested that inducible NF-kB activation requires
the phosphorylation and degradation of IkBo and the
nuclear translocation of p65 (Tak and Firestein 2001).
Therefore, we examined the effect of lobastin on NF-xB
activation. In the present study, the activation of NF-xB
was concentration-dependently inhibited by lobastin
through the repression of IkBo degradation and subsequent
p65 nuclear translocation in VSMCs stimulated with
TNF-o. Thus, this inhibitory mechanism appears to be
involved in the suppressive effect of lobastin on VCAM-1
expression. We cannot formally rule out the possibility that
VCAM-1 expression induced by TNF-a is mediated via
other transcription factors such as Nrf2, IRF-land SP-1
which are known to be associated with the gene expression

of adhesion molecules (Chen et al. 2009; Neish et al.
1995a, b). Nevertheless, the simplest interpretation of our
data is that the MAPK and NF-kB pathways represent a
novel insight into the mechanism of lobastin effects on
VCAM-1 expression in VSMCs.

Oxidative stress plays an important in the regulation of
VCAM-1 expression. Inflammatory cytokines including
TNF-o and IL-1 induce the cellular synthesis of reactive
oxygen species, which results in atherosclerotic plaque
development via endothelial VCAM-1 expression and sub-
sequence accumulation of monocyte (Cybulsky and Gim-
brone 1991; Li et al. 1993; Meier et al. 1989). Our results
reveal that lobastin blocked the production of TNF-a-stim-
ulated ROS, suggesting that lobastin has an antioxidant
activity in VSMCs. It has been known that the regulation of
vascular gene expression by ROS is mediated through sev-
eral transcriptional signaling pathways such as MAPK and
NF-xB activation (Kunsch and Medford 1999). Further-
more, previous studies demonstrated that antioxidant, NAC,
significantly inhibits TNF-a-induced VCAM-1 expression
(Kim et al. 2012; Park et al. 2014). Based on these findings,
it is possible that the inhibitory effect of lobastin on the
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TNF-o-induced expression of VCAM-1 and activation of
MAPK and NF-xB may be due to its antioxidant properties.

In conclusion, the data in the present study indicate that
lobastin suppresses the expression of VCAM-1 through the
inhibition of the ROS production, p38 MAPK, ERK 1/2
and NF-kB signaling pathways in TNF-a treated VSMCs.
Thus, the inhibitory activity of lobastin on VCAM-1 in
vascular smooth muscle cells implies the possibility of
pharmacological intervention specifically directed towards
inflammatory diseases including atherosclerosis. Further
investigation including in vivo studies using animal mod-
els, will contribute to the elucidation of the clinical use of
lobastin for the treatment of atherosclerosis.
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