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TAK-733 inhibits inflammatory neointimal
formation by suppressing proliferation,
migration, and inflammation in vitro and
in vivo
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Abstract

As a potent and selective allosteric inhibitor of MEK, TAK-733 has been shown to exert anti-cancer effects for a wide
range of cancers both in vitro and in vivo. However, its effects on inhibiting growth have never been investigated in
the cardiovascular system, where regulation of abnormal vascular smooth muscle cell growth in neointimal
hyperplasia is an important area of focus. Angiotensin Il was used to mimic inflammatory neointimal hyperplasia in an
in vitro environment, and balloon catheter-induced injury with an infusion of angiotensin Il was used to generate an
in vivo rat restenosis model under inflammatory conditions. TAK-733 exerted anti-proliferative and anti-migratory
effects on human vascular smooth muscle cells. These multiple effects of TAK-733 were evaluated using various assays,
such as cell cycle analysis and wound healing. Interestingly, TAK-733 did not induce apoptosis in smooth muscle cells
but only reduced the proliferation rate; additionally, it did not affect EC viability. TAK-733 also exhibited anti-
inflammatory activity, as observed by attenuated monocyte adhesion to smooth muscle cells via inhibition of ICAM1
and VCAM1 overexpression. The in vivo study demonstrated that neointimal hyperplasia after balloon injury and
angiotensin Il stimulation was suppressed by TAK-733, and downregulation of the inflammatory signal and enhanced
re-endothelialization were observed. TAK-733 may have therapeutic potential for treating neointimal hyperplasia by
attenuating smooth muscle cell proliferation, migration, and inflammation. Thus, TAK-733 could be a promising drug
candidate for treating patients with restenosis.

Introduction

Vascular smooth muscle cells (vSMCs) are critical for
maintaining vascular homeostasis, particularly by reg-
ulating contraction and relaxation. Although vSMCs
remain in a quiescent state under normal conditions’,
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they can shift toward a proliferative state under patholo-
gical conditions via a phenomenon known as a pheno-
typing switch. Migration and proliferation of vSMCs into
the intimal area, which are mainly initiated by endothelial
cell (EC) damage caused by cardiovascular risk factors, are
critical steps for the initiation and progression of hyper-
tension, restenosis, and atherosclerosis®. In addition,
various growth factors and cytokines, such as PDGF-bb,
interleukin-1 (IL-1), interleukin-3 (IL-3), interleukin-6
(IL-6), TGE-bl, TNF-a, and angiotensin II (Ang II), are
released from vascular cells and are known to contribute
to the initiation and progression of these processes.
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Ang II, a factor in the renin—angiotensin—aldosterone
system, is known to regulate blood pressure. In addition,
Ang II has been reported to act as an atherosclerotic
stimulus due to its role in vascular cells, including ECs,
SMCs, and macrophages®. Under pathological conditions,
Ang II induces and augments the inflammatory response
via EC dysfunction and macrophage activation and sub-
sequently increases the proliferation, migration, and
inflammation of vSMCs. These activities contribute to
neointimal formation, followed by vascular injury and
atherosclerosis®. Moreover, several in vivo studies have
indicated that increased levels of endogenous Ang II are
correlated with plaque vulnerability®”’.

TAK-733 was recently discovered to be a potent, non-
ATP-competitive, and selective MEK allosteric inhibitor®,
and its inhibitory effects have been investigated in various
cancer cell lines and animal models for a wide range of
tumor types’ "', In addition, several early phase clinical
trials involving TAK-733 as an oral MEK inhibitor are
now underway in cancer patients. As an oral MEK inhi-
bitor, TAK-733 has been primarily investigated as an anti-
cancer therapeutic to inhibit the MAPK pathway'’. Fur-
thermore, MAPK is a highly critical kinase that regulates
cellular processes, such as proliferation and migration'?;
therefore, regulation of these phenomena is important to
maintain the role of vSMCs. In addition, MEK inhibition
is reportedly involved in the anti-inflammatory response
based on the results of various animal models of inflam-
mation'>'*, To date, based on their fundamental char-
acteristics, several MEK inhibitors have been applied to
inhibit neointimal formation. However, there have been
no successful reports regarding the clinical use of MEK
inhibitors for cardiovascular diseases, including rest-
enosis'®. Therefore, we hypothesized that TAK-733 can
modulate the proliferation and migration of vSMCs fol-
lowing vascular injury as well as inflammation; further-
more, we predicted that phenotype switching of vSMCs is
attenuated under a neoplastic stimulus and that vascular
repair is augmented by TAK-733.

Materials and methods
Materials

TAK-733 (ChemCruz®; Santa Cruz, Dallas, USA) is a
potent allosteric inhibitor of MEK1/2 and has an IC50 of
3.2nM. TAK-733 was dissolved using dimethyl sulfoxide
(DMSO) based on the manufacturer’s recommendation. A
final dilution of 1/1000 was included in the cell culture
media.

Cell culture

Primary aortic human smooth muscle cells were pur-
chased from ATCC (PCS-IOO-OIZTM; Manassas, VA,
USA), cultured according to the manufacturer’s protocol,
and used at passages 5-7 for all experiments. RAW?264.7
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cells were purchased from a Korean cell-line bank (Seoul,
Korea), and normal human umbilical vein endothelial
cells (HUVECs) were purchased from Lonza (Basel,
Switzerland). Each cell was cultured with fetal bovine
serum (FBS) and 100 U/mL penicillin/100 mg/mL strep-
tomycin (Welgene, Gyeongsangbuk-do, Republic of
Korea) at 37°C in a humidified atmosphere incubator
containing 5% CO,.

Assessment of cell proliferation
Cell viability assay (WST-8)

Cell viability was determined using a WST-8 (2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-dis-
ulfophenyl)-2H-tetrazolium) assay kit (CCK-8 assay kit;
Dojindo, Kumamoto, Japan). vSMCs were plated in tri-
plicate wells of 96-well plates at 2 x 10 cells per well. The
cells were pretreated with TAK-733 with 0.1% FBS
DMEM for 30 min and then treated with Ang II (500 nM)
for 24 h. The cells were then washed twice with medium,
and 100 pL of CCK-8 reagent was added to each well. The
samples were subsequently incubated for 2 h at 37 °C. The
absorbance of the each well was measured at 450 nm
against a background control using a microplate reader
(Bio-Rad, Hercules, CA, USA).

Cell counting assay

Twenty-four hours after the treatments, the cells were
harvested with 0.25% trypsin and 0.1% EDTA in
phosphate-buffered saline (PBS; pH 7.4) and resuspended
in 500 uL of serum-free medium. Cells were then diluted
1:1 in 0.2% trypan blue and counted in duplicate using an
Olympus microscope (Tokyo, Japan).

Cell cycle analysis

The distribution of vSMCs at different stages of the cell
cycle was estimated using flow cytometry. Briefly, the cells
were seeded in DMEM containing 10% FBS and then
starved with 0.1% FBS containing DMEM for 24 h. The
cells were pretreated with TAK-733 for 30 min and then
stimulated with Ang II (500nM) for 24 h. After the
treatment, the cells were harvested, washed with PBS, and
fixed with 70% ethanol diluted in PBS at 4 °C. Following
PBS washing, the pellet was dissolved in a RNase A
solution (20 mg/mL) and incubated at 37 °C for 15 min.
The cells were stained with propidium iodide (PI) for 30
min and analyzed using a BD Accuri'™ C6 flow cytometer
(Becton Dickinson, San Jose, CA, USA).

Western blot analysis

Cells were washed once with PBS and lysed in lysis
buffer (Cell Signaling Technology, Danvers, MA, USA)
containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM
Na,-EDTA, 1mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1mM  p-glycerophosphate, 1mM
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NazgVO,; 1mg/mL leupeptin, and 1mM phe-
nylmethylsulfonyl fluoride. The protein concentrations
were determined using the Bradford Protein Assay Kit
(BioRad, Hercules, CA, USA). Proteins were separated in
a 12% sodium dodecyl sulfate-polyacrylamide gel and
transferred to a polyvinylidene difluoride membrane
(Millipore, USA). After blocking the membrane with Tris-
buffered saline-Tween 20 (TBS-T, 0.1% Tween 20) and
5% nonfat dried milk for 1h at room temperature, the
membrane was washed twice with TBS-T and incubated
with primary antibody (ICAM1, VCAM1, MMP-2, MMP-
9, p-ERK, ERK, p-NF-kB, NF-kB, and B-actin (Santa Cruz
Biotechnology: Dallas, TX, USA; Abcam: Cambridge, UK;
Cell Signaling: Danvers, MA, USA)) overnight at 4°C.
Next, the membrane was washed three times with TBS-T
for 10 min and incubated for 1h at room temperature
with horseradish peroxidase-conjugated secondary anti-
bodies. After washing, the bands were detected with an
enhanced chemiluminescence reagent (Santa Cruz Bio-
technology). The band intensities were quantified using a
Photo-Image System (Molecular Dynamics, Caesarea,
Israel).

In vitro cell migration and invasion assays
Transwell migration assay (Boyden chamber assay)

The effect of Ang II on the migration of cells was
examined by performing a modified Boyden chamber
assay with Transwell cell culture chambers (Nunc,
Rochester, NY, USA). vSMCs were pretreated with TAK-
733 for 1 h and then treated with Ang II for 12 h at 37 °C.
Cells that migrated beneath the filter were fixed in
methanol and stained with Coomassie blue solution. Five
randomly chosen fields were counted at x200 magnifica-
tion with an inverted microscope.

In vitro wound-healing assay

For the wound-healing assay, a rectangular lesion was
created using a cell scraper. vSMCs were plated at a
density of 2 x 10* cells per well in 6-well plates. After the
cells reached 80% confluence, they were incubated with
Ang II and TAK-733 for 9 h. After the designated times,
four selected fields at the lesion border were acquired
using a CCD camera (Olympus, Tokyo, Japan), and the
migrated areas were measured.

Reverse transcription polymerase chain reaction (RT-PCR)

Expression levels of various genes were analyzed using a
reverse transcription polymerase chain reaction (RT-
PCR). Total RNA was extracted from 60-mm plates using
500 pL of TRIzol reagent (Sigma-Aldrich, Inc., St. Louis,
MO) per the manufacturer’s protocol. The RNA quality
and quantity were determined based on the OD260/
OD280 using a DU 640 spectrophotometer (Eppendorf
AG, Hamburg, Germany). Complementary DNA (cDNA)
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was generated using the Promega Reverse Transcription
System (Fitchburg, WI, USA) according to the manu-
facturer’s instructions. The PCR mix contained 10 mM of
each primer, together with 200 mM Tri-HCl (pH 8.8),
100 mM KCl, 1.5 mM MgSOy, 1% Triton X-100, 0.1 mM
dNTP mix, and 1.25U of Taq polymerase in a total
volume of 25 pL. The PCR cycle consisted of denaturing
at 94 °C for 3 min, followed by 35 cycles of denaturation at
94.°C for 30, annealing at 94 °C for 30 s, and extension at
72 °C for 30 s before a final extension at 72 °C for 10 min.
RT-PCR products were separated by electrophoresis on a
1.2% agarose gel (Bio-Rad, Hercules, CA). A Gel-Doc
(Bio-Rad) was used to visualize the bands after staining
with ethidium bromide.

Monocyte adherence assay

SMCs (2 x 10*) were plated on a 4-well chamber slide
(Nunc® Lab-Tek® II chamber slide™ system) and were
preincubated with TAK-733 for 1h, followed by Ang II
stimulation for 24 h. Subsequently, RAW?264.7 cells (2 x
10° cells per well) were stained with PKH26 (Sigma-
Aldrich) per the manufacturer’s protocol, added to each
monolayer, and then incubated for 30min at
37°C. Non-adherent cells were washed, fixed with 4%
formalin, and then mounted after DAPI staining. Images
were obtained from ten fields of each slide using a con-
focal laser scanning microscope (LSM700, Zeiss). The
fluorescence intensities of the adherent monocytes were
analyzed using Image] software version 1.46r (NIH,
Bethesda, MD, USA).

Measurement of intracellular reactive oxygen species
(ROS)

To examine intracellular ROS production in vSMCs and
paraffin sections of aorta tissue, we used flow cytometry
and immunohistochemistry, respectively. vSMCs (1 x 10°)
were seeded on a 60-mm flask culture plate and then
incubated under 5% CO, and 37 °C conditions. Twenty-
four hours after the TAK-733 and Ang II treatment, the
culture medium was removed, and adherent cells were
collected by trypsinization. Cell pellets were resuspended
in PBS containing 10 uM CM-H,DCFDA (Invitrogen,
Carlsbad, USA) and incubated under 5% CO, and 37 °C
conditions for 10 min. After centrifugation at 1800 rpm
for 3 min, the cell pellets were resuspended in serum-free
media and incubated under 5% CO,, 37 °C for 10 min.
Flow cytometry was performed using an Accuri' ™ C6
cytometer (BD Biosciences, San Jose, CA, USA), with
20,000 events recorded for each sample. Paraffin sections
were stained with anti-4 hydroxynonenal antibody (1:100;
Abcam; Cambridge, UK) and visualized using the Uni-
versal DAB Detection Kit (Vector Laboratory, Burlin-
game, CA, USA). Positive staining was evaluated with
light microscopy to assess the histological effects.
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Rat carotid balloon injury model

Male Sprague-Dawley rats, weighing 250-300g, were
randomly divided into 4 groups as follows: (i) Sham group
(n=5), (i) Sham group treated with TAK-733 (MCE’,
Monmouth Junction, NJ, USA) (n=5), (iii) Ang II + car-
otid injury group (n=6), and (iv) Ang II + carotid injury
group treated with TAK-733 (n=15). TAK-733 was orally
administered (5 mg/kg each, once daily). In vivo, the TAK-
733 dose was determined for each rat by converting the
mouse dose based on the FDA draft guidelines'®. In this
study, for inflammatory neointimal hyperplasia, an ALZET
osmotic pump (Model 2004; DURECT Corporation,
Cupertino, CA, USA) was subcutaneously implanted to
infuse Ang II (500 ng/kg/min) for 2 weeks. The sham group
was infused with saline. The animals were allowed free
access to Purina chow and water with a 12-h light/12-h
dark cycle. Balloon injury was performed under Zoletil (20
mg/kg) and Rompun (5 mg/kg) anesthesia. The left carotid
artery was isolated, into which a 2-Fr Fogarty balloon
catheter (Baxter Healthcare Corp., Deerfield, IL, USA) was
introduced through an external carotid arteriotomy inci-
sion, advanced to the aortic arch, inflated to produce
moderate resistance, and gradually withdrawn three times.
The rats were anesthetized, and the carotid arteries were
excised 14 days after balloon injury. All experimental pro-
cedures of our animal studies were approved by the Com-
mittee for the Care and Use of Laboratory Animals of
Catholic Kwandong University College of Medicine
(CKUO01-2015-003-1) and performed in accordance with
the committee’s Guidelines and Regulations for Animal
Care. To analyze neointimal proliferation and the neointi-
mal (I) and medial (M) areas, NIH Image] version 1.46r
software was used. From the area enclosed by the external
elastic lamina (EEL), internal elastic lamina (IEL), and vessel
lumen (VL), the neointimal (I) and medial (M) areas were
calculated from the (IEL-VL) and (EEL-IEL), respectively.

Histological analysis
Tissue sampling

Carotid arteries were excised 2 weeks after the balloon
injury. The heart was perfused with Krebs—Ringer bicar-
bonate buffer (KRBB: 120 mM NaCl, 25 mM NaHCOs3;, 5
mM KCl, 12mM KH,PO,, 12mM MgSO,; 2.5mM
CaCl,, and 20 mM MOPS) for 10 min to wash out the
blood and then fixed with 10% formalin. The carotid
artery was excised from the killed rats and sliced trans-
versely. After 24 h of additional fixation, each section was
embedded in paraffin. Serial carotid artery Section (5-pum
thick) were cut with a microtome and mounted on sili-
conized slides for various staining procedures.

Morphometric analysis (H&E)

Paraffin sections were stained with hematoxylin and
eosin (H&E) and evaluated with light microscopy to assess

Official journal of the Korean Society for Biochemistry and Molecular Biology

Page 4 of 12

the histological effects. Normal and neointimal areas were
measured using NIH Image] version 1.46r.

Immunohistochemistry (a-SMA, CD68, ICAM1, VCAM1, ERK,
p-ERK, NF-kB, p-NF-kB, and 4-HNE)

To examine inflammatory cells and markers in the
carotid artery, we measured CD68 as a macrophage
marker and a-smooth muscle actin (a-SMA) as a marker
of the synthetic SMC phenotype. Anti-CD68 (1:100) and
anti-a-SMA (1:100) antibodies were purchased from
Abcam (Cambridge, UK). Anti-ICAM1 and anti-VCAM1
(vascular adhesion molecules, 1:100), and anti-p-ERK1/2
(1:100) were purchased from Santa Cruz (Dallas, USA).
Anti-ERK1/2 (1:100), anti-p-NF-kB (1:100), and NF-kB
(1:100) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Immunohistochemical staining was
performed using antibodies in a slide stainer, and samples
were analyzed using a Universal DAB Detection Kit.

Immunohistochemistry (PCNA and CD31)

Proliferating cells were stained using PCNA (pro-
liferating cell nuclear antigen; Santa Cruz, Dallas, USA),
and CD31 (vascular adhesion molecules; Santa Cruz,
Dallas, USA). In brief, samples were blocked in 2.5%
normal horse serum and incubated overnight with anti-
PCNA and anti-CD31 antibodies in a 4 °C room. Texas
red-conjugated goat anti-rabbit IgG (Jackson ImmunoR-
esearch Laboratories, West Grove, PA, USA) was used as
the secondary antibody. A coverslip was placed on top of
each section, and the sections were observed using con-
focal laser scanning microscopy. Pictures were then
transferred to a  computer equipped  with
ZEN2009 software.

Statistical analysis

Data are expressed as the means + SEM from at least
five independent experiments. Comparisons of more than
two groups were completed by one-way ANOVA followed
by a Bonferroni test using GraphPad Prism software
version 2.01 (GraphPad Software, La Jolla, CA, USA). P<
0.05 was considered significant.

Results
TAK-733 reduces proliferation and migration in human
VvSMCs

To investigate the concentration-dependent effect of
TAK-733 on the proliferation of vSMCs, 1-1000 nM of
TAK-733 was treated for 24 h with or without Ang II.
TAK-733 at 1 and 10nM attenuated cell proliferation
without cell toxicity (Supplementary Figure SI1A).
Therefore, we further examined whether 10 nM TAK-733
regulates the proliferation and migration of vSMCs using
various assays. The CCK-8 and cell counting assays
showed that TAK-733 inhibited Ang II-stimulated vSMC
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proliferation (Fig. 1la, b). To further confirm whether
TAK-733 induce cell death of vSMCs, annexin V-PI
double staining was performed, and the results showed
that 10 nM TAK-733 did not influence vSMC viability in
the presence of a low-serum medium (Supplementary
Figure S1B). We also investigated the effects of 10 nM
TAK-733 on EC viability and proliferation and observed
no significant cell toxicity (Supplementary Figure S2). In
addition, cell cycle analysis indicated that TAK-733 led to
cell cycle arrest at the GO-G1 phase (Supplementary
Figure S3). The protein levels of cyclin D1 and pro-
liferating cell nuclear antigen (PCNA) are critical
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regulators of the GI1/S transition'”'%, and TAK-733
attenuated the Ang II-induced increases in cyclin D1
and PCNA protein expression (Fig. 1c, d). As ERK1/2 is a
well-known regulator of cell proliferation'?, we measured
the levels of phosphorylated Erk1/2 at Thr202/Tyr204
(Fig. 1le, f). Pretreatment with TAK-733 significantly
attenuated Ang II-induced ERK1/2 phosphorylation. The
anti-migratory effect of TAK-733 was evaluated using
wound healing and transwell migration assays. Ang II
significantly induced vSMC migration in a Boyden
chamber, whereas TAK-733 pretreatment attenuated this
migratory behavior (Fig. 2a, c). The wound-healing assay
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also showed a consistent tendency of TAK-733 to inhibit
Ang II-stimulated migration of vSMCs (Fig. 2b, d). Matrix
metalloproteinases (MMPs) are associated with vSMC
growth and neointimal formation®>?'; therefore, we
investigated the mRNA and protein levels of MMP-2,
MMP-9, and MMP13. Inhibition of MMP13 was recently
reported to contribute to increased plaque stability via
collagen accumulation®”. TAK-733 also suppressed Ang
[I-induced increases in MMP mRNA and protein
expression levels (Supplementary Figure S4).

TAK-733 abolishes monocyte adhesion to smooth muscle
cells by inhibiting the induction of adhesion molecules
Because vSMCs are known to interact with monocytes
under inflammatory conditions, such as atherosclerosis™,
we sought to confirm whether monocytes could attach to
Ang II-stimulated vSMCs. The results showed that Ang II-
stimulated vSMCs had more than 1.5-fold bound mono-
cytes compared to control cells (Fig. 3a, b; Supplementary
Figure S5). In addition, as ICAM1 and VCAMI are
important vascular adhesion molecules that promote the
adherence of inflammatory cells, we examined this activity
in vSMCs. Ang II significantly increased the protein levels
of both adhesion molecules, whereas TAK-733 attenuated
ICAM1 and VCAM1 protein expression (Fig. 3c, d). The
mRNA expression level of these two adhesion molecules
was consistent under our experimental conditions (Sup-
plementary Figure S6). ICAM1 and VCAM1 expression is
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regulated by NF-kB activation in various cell types®**’;

thus, we examined the possible effect of TAK-733 on
NF-kB activation and observed the inhibition of Ang
II-induced NF-kB phosphorylation (Fig. 3e, f).

TAK-733 prevents neointimal formation in a rat carotid
artery balloon injury model

To determine the cardiovascular benefits of TAK-733,
we induced neointimal formation in vivo provoked via
Ang II with balloon injury-induced endothelial denuda-
tion. The neointimal region showed a larger cell popula-
tion (Fig. 4a) and statistically larger neointimal area
(Fig. 4b). TAK-733 treatment resulted in the recovery of
the neointima/media (N/M) ratio and lumen area to the
levels of control animals (Fig. 4c, d). In the neointimal
area, vSMC phenotype switching is an important phe-
nomenon. a-SMA is often used as a marker of the con-
tractile phenotype; thus, paraffin sections were prepared
to investigate whether TAK-733 can modulate vSMC
phenotype switching. Figure 4e shows that TAK-733
maintained nascent levels of a-SMA expression compared
to those observed in an injured aorta (upper panel), which
suggests that TAK-733 attenuated phenotype switching
from the contractile to synthetic phenotype. Next, PCNA
was used as a marker to confirm vSMC proliferation in
the neointimal area. The co-localization of PCNA-positive
and DAPI-positive cells was calculated in the neointimal
area of the injury group (Fig. 4e, lower panel, and Fig. 4f).
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As another marker for vSMC proliferation, ERK phos-
phorylation was also observed; we confirmed that ERK
phosphorylation had a similar trend as the in vitro results
(Fig. 4g). As we examined the anti-inflammatory effects of
TAK-733 in vitro, we attempted to detect CD68-positive
cells in the carotid artery sections. The CD68-positive
area in the neointimal region had a significantly higher
intensity than that of the other experimental groups
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(Fig. 5a, b). The ICAM1 and VCAMI protein expression
levels were also detected; the overexpression of both
proteins was detected in the neointimal area, and TAK-
733 attenuated this ICAM1 and VCAMI1 protein
expression pattern (Fig. 5¢). We also examined NF-kB
phosphorylation to confirm the effect of TAK-733 in vivo
in addition to the in vitro results, and Ang II-induced NF-
kB phosphorylation was attenuated in the TAK-733
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injection group (Fig. 5d). Moreover, we investigated
endothelial cells using CD31 staining in the carotid artery
after balloon injury in the presence or absence of TAK-
733. Animals treated with TAK-733 showed a higher
degree of positive endothelial staining than those not
treated with TAK-733 (Supplementary Figure S7).

Discussion

In this study, we demonstrated that TAK-733 was able
to block Ang II-induced vSMC proliferation and
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migration both in vitro and in vivo. We also investigated
the anti-inflammatory properties of TAK-733. Overall,
TAK-733 exhibited regulatory properties via down-
regulation of Ang II-stimulated cyclin D1, ICAM1/
VCAM1 expression, and MMP expression, all of which
were mediated by ERK and NF-kB downregulation
(Fig. 6). Because NF-«kB is a representative signaling
molecule, its activation as a key transcription factor is
critical to induce inflammatory responses in many
inflammatory diseases”. Several reports suggest that an
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Fig. 6 Schematic diagram showing the role of TAK-733 under an
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\ J

NF-«B binding site exists in the promoters of cyclin D1
and MMPs, which can lead to increased proliferation and
migration upon NF-kB activation®”*®, In addition, leu-
kocyte adhesion and transmigration were shown to be
attenuated by NF-«B inhibition via downregulation of
ICAM1, VCAMI, and E-selectin®. In addition, we
examined intracellular ROS production in vitro and
in vivo because Ang II is well-known to active MAPK and
NF-kB-mediated signaling through NADPH oxidase-
mediated ROS production in various types of cells,
including vSMCs**3!, In vSMCs, intracellular ROS pro-
duction was significantly increased, with Ang II and TAK-
733 showing protective effects against Ang II-induced
intracellular ROS production in vitro. In addition, we
further confirmed a similar tendency in the in vivo groups
(Supplementary Figure S8). In Fig. 3, we confirmed that
TAK-733 reduced the inflammatory response in vSMCs
subjected to inflammatory stimuli. Although inhibitors of
the MEK-ERK signaling pathway have been shown to
exhibit anti-inflammatory effects in inflammatory dis-
eases'>* there are no existing studies of how anti-
inflammatory effects influence vSMC activity. Therefore,
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we examined monocyte adhesion to vSMCs, which may
be mediated by ICAM1 and VCAM1 overexpression via
NE-«B activation. Marx et al.** reported that ICAM1 but
not VCAM1 mediate monocyte adhesion to human aortic
vSMCs upon IL-1fB stimulation, as demonstrated using
monoclonal antibodies targeting ICAM1 and VCAMI.
However, other groups showed that both ICAM1 and
VCAM1 are associated with monocyte binding to vSMCs
in response to various inflammatory cytokines®>**,
Overall, most studies suggested the critical roles and
correlation of ICAM1 and VCAMI expression in acti-
vated vSMCs with vascular diseases, especially restenosis
and atherosclerosis®®®. Using both in vivo and in vitro
models, we also confirmed that the neointimal area from
the BI + Ang II group exhibited increased expression of
adhesion molecules and elevated monocyte infiltration
and that TAK-733 ameliorated this inflammatory activity
(Fig. 5).

Most of the potent drugs targeting vSMCs are primarily
tested based on their ability to inhibit proliferation and
migration, and these developed drugs are useful for
treating patients with stents. Although coronary angio-
plasty using a drug-eluting stent can significantly
attenuate neointimal proliferation and restenosis®®, this
procedure has multiple adverse effects (including
inflammation, thrombosis, and delayed re-endothelializa-
tion) that must be addressed®”. Therefore, regulation of
inflammation is considered important because it con-
tributes to the pathophysiology of restenosis (e.g., early
vascular injury and leukocyte recruitment), Moreover,
accumulating data suggest a correlation between chronic
inflammation and restenosis occurrence®”*°. In this study,
TAK-733 partially inhibited inflammation by attenuating
vSMC inflammation (Figs. 3 and 5). We also investigated
ECs in vitro and in vivo and found that TAK-733 did not
affect cell viability (Supplementary Figure S2A) but
increased the number of ECs in the intima area after
injury, compared to the injury group (Supplementary
Figure S7). It is unclear how an MEK inhibitor
could affect EC regeneration, proliferation or migration.
Supplementary Figure 2B shows that TAK-733 did not
affect EC proliferation. A recent study demonstrated that
human peripheral blood mononuclear cells can differ-
entiate into cells of the endothelial lineage by regulating
protein kinase, such as protein kinase G*'. Another study
showed that MEK inhibitors are partially involved with
the differentiation of human pluripotent stem cells to
endothelial progenitors*?, and a large amount of evidence
supports that MAPK/ERK signaling is critical for med-
iating EC differentiation®>. To date, it is unclear whether
MEK inhibition affects platelet aggregation; however, it
has been demonstrated that the MAPK/ERK pathway is
necessary for platelet activation and adhesion™. Thus,
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future studies should focus on whether TAK-733 affects
platelet aggregation as well as EC differentiation.

In conclusion, we discovered a new application of TAK-
733 in vSMCs regarding inflammatory neointimal for-
mation. TAK-733 has been investigated as a drug for its
anti-proliferation, anti-migration, and anti-inflammatory
properties against an inflammatory stimulus. As TAK-733
is currently in clinical trials for various cancers (among
which the data for the pharmacokinetic/pharmacody-
namic profile with once daily oral dosing in humans are
also well supported), it is worth investigating this com-
pound as a new candidate drug for the prevention of
restenosis.
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