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Abstract—It has been known that benzimidazol-4,7-diones have antiproliferative activity against various cancer cell lines. Recently,
we have also reported that these compounds strongly inhibited the proliferation of vascular smooth muscle cell (SMC) and human
umbilical vein endothelial cells (HUVECsS). Although benzimidazol-4,7-diones have important biological activities, the molecular
mechanism of the compounds in these cells remains to be elucidated. In order to investigate the anti-proliferation mechanism of
the compounds in smooth muscle cell, we selected 6-anilino-6-chloro-5-chloro-1H-benzo{d}midazole-4,7-dione (BUD-0203) among
12 benzimidazol-4,7-dione derivatives and examined its antiproliferative effects. Phosphorylation of the extracellular-signal regu-
lated kinase (ERK) reached a maximal level at 1 h after treatment with BUD-0203 and was sustained during the examined period.
We also observed that phosphorylation of p38 reached a maximal level at 4 h and decreased to control levels after 8 h. These results
showed that BUD-0203 sustainedly activated MAP kinase pathways in SMC. However, this compound did not induce cell cycle
arrest in G1 or G2 phase in these cells. We also demonstrated that BUD-0203 not only induced apoptosis of SMC, but it also
strongly inhibited SMC migration induced by platelet-derived growth factor (PDGF) or serum.Taken together, our experiments
indicate that benzimidazol-4,7-diones induce apoptosis of smooth muscle cell via simultaneously prolonged activation of MAP
kinase pathways including ERK, p38, and JNK/SAPK, similar with the apoptosis mechanism reported previously.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction growth factor (bFGF), induce the proliferation and
migration of arterial SMCs.*>

The abnormal proliferation and migration of SMCs is
known to be involved in various pathogeneses of cardio-

vascular diseases such as atherosclerosis and restenosis

Extracellular signals are transmitted to intracellular
molecules to coordinate appropriate responses. Among

after angioplasty.! During restenosis after angioplasty,
the accumulation of SMCs is believed to be due to the
combined process of cell proliferation and directed
migration of quiescent cells from arterial media into
the intima.>? SMC migration and proliferation is an
important factor of the formation of atherosclerotic pla-
ques.>3 Several growth factors, including platelet-de-
rived growth factor (PDGF) and basic fibroblast
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the signal transduction pathways, mitogen-activated
protein kinase (MAPK) pathways play a critical role
in the proliferation of eukaryotic cells.® These cascades
consist of three kinase modules that include an MAPK,
which is activated by an MAPK/ERK kinase (MEK),
which, in turn, is activated by an MEK Kkinase
(MEKK).” Activation of MAPK pathways is observed
following the treatment of cells with growth factors, tu-
mor necrosis factor (TNF), interleukin-1, and upon
exposure to stresses (heat, UV).® A central function of
the MAPK pathways is the activation of gene expres-
sion, which is mediated through the phosphorylation
of transcription factors. ERK, p38, and JNK pathways
have dual functions. The activation of the pathways
leads to proliferation of SMCs,’ or to growth arrest
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and apoptosis of SMCs.!? It has been reported that tran-
sient activation of p38 and JNK leads to cell survival,
whereas persistent activation of those proteins induces
apoptosis of the cells.!!-!?

Compounds containing the heterocyclic quinone group
represent an important class of biologically active mole-
cules.!®> Some benzimidazole-4,7-dione derivatives have
been found to exhibit cytotoxic activities against human
lymphoblastic leukemia, non-Hodgkin lymphoma, and
other cancer cell lines.'*!> The compounds also showed
anti-fungal activities'® and inhibited protozoal purin
nucleoside phosphorylase.!”

We recently reported that some benzimidazole-4,7-dione
derivatives strongly inhibited the proliferation of
SMCs'® and HUVECs."

In this study, we chose 6-anilino-5-chloro-1H-
benzo[d]imidazole-4,7-dione (we mentioned this benz-
imidazole-4,7-dione derivative as BUD-0203) among
12 benzimidazole-4,7-dione derivatives as a model drug
for elucidating antiproliferative effects in SMCs because
it had potent anti-proliferation activity and showed low-
est cytotoxicity in HUVEC and NIH3T3 cell. We pro-
posed that the compounds would be candidates for
drugs that inhibit vascular SMCs. We further investi-
gated the effect of BUD-0203 on the migration of SMCs
induced by PDGF or serum and apoptosis of SMCs. We
also studied the effect of the compound on the MAPK
pathways, including ERK1/2 and p38 of SMCs, to verify
the mechanism of apoptosis induced by the compound.

2. Results

2.1. 6-Anilino-5-chloro-1H-benzo|d]imidazole-4,7-dione
derivative (BUD-0203)

In the previous study, we reported that benzimidazole-
4,7-dione derivatives had anti-proliferative activity
against SMCs'® and HUVECs.!"” Among the benzimid-
azole-4,7-dione derivatives, we chose 6-anilino-5-
chloro-1H-benzo[d]imidazole-4,7-dione (Table 1) as a
test compound to study the mechanism because it had
potent and selective anti-proliferation activity as com-
pared to the other benzimidazole-4,7-dione derivatives.

2.2. Activation of ERK1/2, p38, JNK/SAPK pathways by
BUD-0203

To examine whether the BUD-0203 activates the
MAPK pathways, we measured the phosphorylation le-
vel of ERK1/2, p38 by using Western blotting. As shown
in Figure 1, BUD-0203 induced the phosphorylation of
ERK1/2. The phosphorylation of ERK1/2 was dramat-
ically increased at 5 min after the addition of the com-
pound to culture media, while the expression level of
ERK1/2 was not changed. The phosphorylation of p38
was increased at 2 h after exposure to the chemical,
and it reached the maximum level at 4 h (Fig. 1). Nota-
bly, the phosphorylation of p38 was retained for more
than 8 h. Together with our recent report that the com-

Table 1. Structures and ICs, values of the benzimidazole-4,7-dione
derivatives for inhibition of SMC, HUVEC, and NIH-3T3 cells
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Figure 1. Activation of ERK and p38 kinases in BUD-0203-treated rat
aortic smooth muscle cells. Cells treated with 1 uM of the compound
for the indicated period of time were immunoblotted with anti-ERK1/
2, anti-phospho ERK1/2, anti-p38, and anti-phospho-p38 antibody,
respectively.

pound activated the phosphorylation of JNK/SAPK,'®
the above data indicated that BUD-0203 activated all
MAPK pathways, including the ERK1/2, p38, and
JNK/SAPK pathways.

2.3. Induction of apoptosis by BUD-0203

To investigate whether BUD-0203 induces the apoptosis
of smooth muscle cells, the cells were treated with BUD-
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0203, and the activated form of caspase 3 was then de-
tected by Western blotting. As shown in Figure 2, the
cleaved form of caspase 3, of which the molecular
weight is 17 and 12 kDa, was increased in the presence
of the compound. This result revealed that the com-
pound induced the apoptosis of smooth muscle cells
via activation of caspase 3.

2.4. The effect of BUD-0203 on the cell cycle of SMC

To investigate the effect of BUD-0203 on the cell cycle of
SMCs, we analyzed the DNA contents of the cell by
flow cytometry. As shown in Figure 3, BUD-0203 de-
creased the percentage of the cells in G0/G1, but did
not change the percentage in G2/M, which indicated
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Figure 2. Induction of apoptosis by BUD-0203 in rat aortic smooth
muscle cells. Cells treated with 1 pM of the compound for 8 and 16 h
were immunoblotted with anti-caspase 3 antibody.
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that the compound did not arrest the cell cycle of SMCs
at G1 or G2 phase.

Next, to further confirm the result of flow cytometric
analysis, we examined the expression level of cyclin E
in the presence of BUD-0203. In this experiment, the
cells were pretreated with PDGF and 10% serum to fully
induce cell growth. As shown in Figure 4, the increase of
cyclin E expression induced by PDGF and serum was
not affected by the treatment of the compound. This re-
sult indicated that the compound did not arrest the cell
cycle at GO/G1 phase in SMCs.

2.5. Inhibition of SMC migration by BUD-0203

Together with SMC proliferation, migration of SMCs
across basement membrane to the intima is an impor-
tant step in restenosis. In order to investigate whether
BUD-0203 affects the migration of SMCs induced by
PDGF and serum, a Transwell plate migration assay
was performed as described in Section 4. As expected,
the migration of SMCs induced by PDGF and serum
was significantly reduced by the compounds (Fig. 5).

3. Discussion
Restenosis after angioplasty is a major limitation to the
long-term success of the procedure. It is known that

restenosis involves the migration of SMCs across the
basement membrane to the intima, where the cells pro-
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Figure 3. DNA content analysis in rat aortic smooth muscle cells by flow cytometry. Cells were treated with 1 pM of BUD-0203 for 16 h. Cells were
then collected and stained with propidium iodide (PI). The stained cells were analyzed by flow cytometry (Becton—Dickinson, Franklin Lakes, NJ).
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Figure 4. Effect of BUD-0203 on expression of cyclin E in rat aortic smooth muscle cells. SMCs treated with 1 pM of BUD-0203 for the indicated

period of time were immunoblotted with anti-cyclin E antibody.
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Figure 5. BUD-0203 inhibited the migration of rat aortic smooth muscle cells induced by bFGF and serum. The migration assay was performed by
using a Transwell plate assay as described in Section 4. SMCs in serum-free DMEM with 1% FBS were added to the upper compartment of a
Transwell. The lower compartment contained 600 ul of DMEM with 1% FBS and PDGF (10 ng/ml). After 12 h, cells on the upper surface of the
membrane were removed by gentle wiping. The inserts were incubated with hematoxylin for 5 min at room temperature. The membranes were then

mounted on glass slide and the number of migrating cells was counted.

liferate.?’ The migration process involves degradation of
the extracellular matrix, cell detachment, and new cell
adhesions. In the previous study, we showed that
BUD-0203 inhibited the proliferation of SMCs in the
presence of PDGF and serum. In this study, we exam-
ined whether the compounds also inhibited the migra-
tion of SMCs induced by PDGF and serum because
the migration is an important step of restenosis. Our
finding that the compound significantly inhibited migra-
tion of SMCs reveals the possibility of BUD-0203 as
lead compound for the development of more potent
anti-restenosis drugs.

To investigate the antiproliferative mechanism of BUD-
0203 in SMCs, we examined the effect of the compound
on the MAPK pathway. We found that BUD-0203 acti-
vated the ERK, p38, and INK/SAPK pathways in SMCs.
In general, ERK, p38, and INK/SAPK play a critical role
in cell proliferation. However, in many cases, the activa-
tion of the pathways leads to cell death.'!-2! It has been re-
ported that the duration of activation of ERK, p38, and
JNK/SAPK determined the fate of cells.!!-1>22 Persistent
activation of ERK, p38, and JNK/SAPK mediates
growth arrest or apoptosis,!*>!->?> whereas transient acti-
vation leads to proliferation.'> BUD-0203 induced pro-
longed activation of ERK, p38, and JNK/SAPK. On
the basis of our results, we suggest that BUD-0203 could
inhibit proliferation of SMCs through the persistent acti-
vation of ERK, p38, and INK/SAPK.

The result that BUD-0203 activated caspase 3 showed
that the compound induced apoptosis of SMCs. It has
been reported that several compounds such as taxol, can-
tharidin, and cisplatin induced apoptosis of cultured ani-
mal cells, and the apoptosis is closely related with the
activation of ERK, p38, and JNK/SAPK.?!2324 Qur re-
sults also show that BUD-0203 induced apoptosis of
SMCs through the activation of ERK, p38, and JNK/
SAPK.

On the other hand, a lot of compounds that inhibit cell
proliferation and induce apoptosis also arrest the cell cy-
cle at G1 or G2 phase. However, BUD-0203 failed to in-
duce cell cycle arrest at G1 or G2 phase. Interestingly,
the percentage of cells in S phase was increased by
10% after the compound was added. This result indi-
cates that the compound might affect DNA synthesis
for cell proliferation.

In conclusion, our results showed that a synthetic benz-
imidazole-4,7-dione derivative, BUD-0203, inhibited the
migration of SMCs and induced apoptosis of the cells.
ERK, p38, and JNK/SAPK play an important role in
mediating apoptotic signal transduction. The benzimid-
azole-4,7-dione derivatives, especially BUD-0203, might
be good candidates for restenosis therapy because they
strongly inhibit the proliferation and migration of SMCs.

4. Materials and methods
4.1. Materials

Antibodies to rat ERK, phospho-ERK, p38, and phos-
pho-p38 were purchased from Biosource International
Inc. (Camarillo, CA). The antibody to cleaved caspase 3
was obtained from Stressgen (Victoria, Canada). The
anti-cyclin E antibody was purchased from Upstate (Lake
Placid, NY).

4.2. Cell culture and proliferation assay

Rat aortic smooth muscle cells (RAoSMCs) were isolated
by a modification of the method of Chamley et al.?> The
thoracic aortas from 6- to 8-week-old Sprague-Dawley
rats were removed and transferred on ice in serum-free
Dulbecco’s modified Eagle’s medium (DMEM; Invitro-
gen Co., Carlsbad, CA) containing 100 U/ml of penicillin
and 100 pg/ml of streptomycin. The aorta was freed from
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connective tissue, transferred into a Petri dish containing
5ml of an enzyme dissociation mixture containing
DMEM with 1 mg/ml of collagenase type I (Sigma, St.
Louis, MO) and 0.5 pg/ml elastase (USB Bioscience,
Cleveland, OH), and incubated for 30 min at 37 °C. The
aorta was then transferred into DMEM, and the adventi-
tia was stripped off with forceps under a binocular micro-
scope. The aorta was transferred into a plastic tube
containing 5 ml of the enzyme dissociation mixture and
incubated for 2 h at 37 °C. The suspension was centri-
fuged (1500 rpm for 10 min), and the pellet was resus-
pended in DMEM containing 10% fetal bovine serum
(FBS). Cells were cultured over several passages (up to
10). RAoSMCs were cultured in DMEM supplemented
with 10% FBS, 100 TU/ml penicillin, and 100 pg/ml strep-
tomycin in 75-cm? flasks at 37 °C in a humidified atmo-
sphere of 95% air and 5% CO, (Forma Scientific, Inc.,
Marietta, OH).

HUVECs obtained from umbilical cord veins were cul-
tured in Medium 199 (Gibco BRL, Grand Island, NY,
USA) supplemented with 20% fetal bovine serum,
25 mM HEPES, 10 U/ml heparin, 100 U/ml penicillin,
100 pg/ml streptomycin, and 20 ng/ml bFGF. HUVECs
were plated at a density of 5x 10° cells/well in 100 pl
M199 containing 20% (v/v) fetal bovine serum in gela-
tin-coated 96-well plates (Costar, Corning, NY, USA).
After 24 h incubation, the cells were treated with test
compounds in 100 ul M199 containing 5% FBS and
10 ng/ml bFGF for 48 h.

Cell proliferation was determined using a colorimetric
assay kit based on the uptake of WST by viable cells
(Premix WST-1 cell proliferation assay system, Takara
Bio Inc., Otsu, Japan). The assay kit is dependent on
the reduction of tetrazolium salt WST-1, which results
in formation of a dark red formazan product, by various
mitochondrial dehydrogenase of viable cells.

4.3. SMC migration assay

SMCs were dissociated by treatment with trypsin—-EDTA,
washed three times in PBS, and resuspended in serum-free
DMEM with 1% FBS. SMCs (5 x 10* per 100 pl) in ser-
um-free DMEM with 1% FBS were added to the upper
compartment of a Transwell plate with 8-pm polycarbon-
ate membrane (Corning Costar, Cambridge, MA). The
lower compartment contained 600 pl of DMEM with
1% FBS and PDGF (10 ng/ml). The plates were incubated
at 37 °C, 5% CO; for 12 h. The upper compartment of the
chamber insert was rinsed with PBS, and the cells were
fixed in 4% paraformaldehyde at room temperature for
20 min. Cells on the upper surface of the membrane were
removed by gentle wiping. The inserts were incubated
with hematoxylin for 5 min at room temperature. The
membranes were then mounted on glass slides, and the
number of migrating cells was counted.

4.4. Western blotting

RA0SMCs were cultured for 72 h in DMEM containing
0.2% FBS and treated with the compound (1 pM). The
cells were pooled and homogenized in RIPA buffer

[150 mM NaCl, 50 mM Tris (pH 7.6), 1% Triton X-
100, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM
PMSF, 1 pg/ml aprotinin, 1 pg/ml leupeptin, and 1 pg/
ml pepstatin] at 4 °C. After incubation for 30 min on
ice, insoluble materials were removed by centrifugation
at 14,000 rpm for 15 min, and the protein lysate concen-
trations were measured by Bradford assay. The same
amounts and proportions of proteins from whole cell ly-
sates or precipitated immune complexes were resolved
on SDS-PAGE and blotted onto nitrocellulose mem-
branes. The membrane was incubated with primary
antibodies overnight at 4 °C, followed by incubation
with HRP-conjugated secondary antibodies for 50 min
at room temperature and detection with enhanced
chemiluminescence (ECL) reagent.

4.5. Analysis of cell cycle by flow cytometry

RA0SMCs (1 x 10° cells) were seeded in a 100-mm cul-
ture dish and incubated in DMEM with 10% FBS and
PDGF (10 ng/ml) for 24 h. The test compound was then
added to the cell. After 24 h of treatment, cells were col-
lected and fixed with 70% ice-cold ethanol, followed by
washing with PBS. Cells were stained with propidium io-
dide (PI) in the presence of RNase at 37 °C for 30 min.
The stained cells were analyzed by flow cytometry (Bec-
ton—Dickinson, Franklin Lakes, NJ).
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