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Azelnidipine, Not Amlodipine, Induces Secretion of Vascular
Endothelial Growth Factor From Smooth Muscle Cells and
Promotes Endothelial Tube Formation

Akira Kawamura?, Shin-ichiro Miura® ¢, Yoshino Matsuo?, Hiroyuki Tanigawa?, Keijiro Saku® ®

Abstract

Background: We previously reported that the calcium channel block-
er (CCB) nifedipine-induced secretion of vascular endothelial growth
factor (VEGF) from human coronary smooth muscle cells (HCSMCs)
promoted human coronary endothelial cell (HCEC) tube formation.
Therefore, we analyzed whether other CCBs, azelnidipine and am-
lodipine, also induced the secretion of VEGF and promoted HCEC
tube formation, and the underlying molecular mechanisms.

Methods: To evaluate the tube formation, HCECs were grown on
Matrigel for 18 hours in the supernatants from HCSMCs that had been
treated with different kinds of reagents. Concentrations of VEGF in
cultured HCSMCs were determined by specific enzyme immunoas-
says. Nuclear extracts from HCSMCs were prepared, and nuclear
factor-kappa B (NF-kB) activation was measured by EZ-Detect™
Transcription Factor Kits for NF-kB p50 or p65.

Results: Although azelnidipine dose-dependently stimulated the
significant secretion of VEGF from HCSMCs and this stimulation
was abolished by a protein kinase C inhibitor, amlodipine-induced
secretion of VEGF was significantly lower than that induced by azel-
nidipine. The medium derived from azelnidipine (at up to 2 pM)-
treated HCSMCs led to HCEC tube formation, whereas that obtained
with amlodipine did not. Azelnidipine-induced tube formation was
blocked by an inhibitor of kinase insert domain-containing receptor/
fetal liver kinase-1 tyrosine kinase. Azelnidipine at up to 2 uM in-
duced NF-«B activation.

Conclusions: Azelnidipine, but not amlodipine, stimulated the secre-
tion of VEGF from HCSMCs and induced HCEC tube formation.
This secretion is mediated at least in part via the activation of NF-«kB.
Azelnidipine may have a novel beneficial effect in improving coro-
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nary microvascular blood flow in addition to its main effect of lower-
ing blood pressure.
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Introduction

Calcium channel blockers (CCBs) are widely used for the
treatment of hypertension and coronary artery disease (CAD)
because these drugs induce effective vasodilation, including
in coronary arteries [1]. Most hypertensive patients require
two or more antihypertensive agents to reach their target blood
pressure (BP) [2]. A combination of angiotensin II type 1 re-
ceptor blockers (ARB)/CCB is currently the best therapy for
preventing cardiovascular disease. Such combinations include
many kinds of ARB and CCBs. Thus, differences in safety
and efficacy among ARB/CCBs depend on the kind of ARB
or CCB. Recent studies have shown that not all ARBs have the
same effects, and some benefits conferred by ARBs may not
be class (or common) effects, but rather molecular (or differ-
ential) effects [3]. Furthermore, CCBs also have molecular ef-
fects independent of BP-lowering. In fact, it has been reported
that CCBs exert cardiovascular protective actions, including
the reduction of oxidative stress and the proinflammatory re-
sponse, the upregulation of endothelial superoxide dismutase
expression, and the stimulation of nitric oxide (NO) [4-7].
Angiogenesis, the process of postnatal neovascularization,
is a critical component of several human diseases, including
CAD, cancer, diabetic microvascular disease and rheumatoid
arthritis [8]. We previously reported that nifedipine-induced
protein kinase C (PKC) activation occurs through bradykinin
(BK) B2 receptor, which then increases the secretion of vas-
cular endothelial growth factor (VEGF) from human coronary
artery smooth muscle cells (HCSMCs) [9]. This VEGF secre-
tion directly induced human coronary endothelial cell (HCEC)
tube formation via a VEGF receptor kinase insert domain-con-
taining receptor/fetal liver kinase-1 (KDR/Flk-1)/NO pathway.
Therefore, we analyzed whether the CCBs azelnidipine and
amlodipine have molecular effects with regard to angiogen-
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Figure 1. Cell proliferation in HCSMCs or HCECs with or without the indicated concentrations of azelnidipine (A) and amlodipine
(B) for 18 h as assessed by an MTS assay. Open and closed circles indicate HCECs and HCSMCs, respectively. Graph shows
the % cell proliferation compared with that in the untreated control sample (100%). *P < 0.05 vs. control.

esis.

Methods

Materials

The following reagents were purchased: a specific inhibitor of
VEGF receptor, KDR/FIk-1 tyrosine kinase (4-[(4’-chloro-2’-
fluoro)phenylaminol]-6,7-dimethoxy-quinazoline; Tki), an
inhibitor of PKC, Go6980 (3-[1-(3-dimethylaminopropyl)-
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5-methoxyindol-3-yl]-3-(1H-indol-3-yl) maleimide) from

Calbiochem, and BK from Peptide Institute Inc.

Cell culture

HCSMCs and HCECs were purchased from Clonetics. HC-
SMCs and HCECs were cultured and used from three to six
passages in media supplemented with 5% fetal bovine se-
rum (FBS), penicillin/streptomycin, and smooth muscle cell-
growth or endothelial cell-growth supplement (Takara Co.,
Osaka, Japan) at 37 °C under 5% CO,. HCSMCs and HCECs
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Figure 2. (A) VEGF secretion from HCSMCs with or without the indicated concentrations of azelnidipine (closed circle) and am-
lodipine (open circles). *P < 0.05 vs. no treatment. #P < 0.05 vs. amlodipine. (B) VEGF secretion from HCSMCs with or without

bradykinin, azelnidipine or Go6983. *P < 0.05 vs. no treatment.
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Figure 3. NF-kB activation using azelnidipine. *P < 0.05 vs. 0 uM azel-
nidipine.

without cell-growth supplement were used in the experiments.

Cell proliferation assay

HCSMCs and HCECs were plated on a 96-well plate and cul-
tured under 5% serum conditions. After 48 h, the cells were
cultured for 18 h in the presence or absence of different kinds
of CCBs in medium supplemented with 0.2% FBS and with-
out cell-growth supplement at 37 °C under 5% CO,. The cells
were stained with CellTiter 96 One Solution Reagent (a novel
tetrazolium compound  (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt; MTS assay) (Promega) for 4 h at 37 °C under 5%
CO,, and absorbance at 490 nm was recorded with 96-well
plate reader.

Angiogenesis assay on Matrigel

An angiogenesis assay on Matrigel was performed as described
previously [9, 10]. Briefly, the matrix gels (Chemicon Interna-
tional, Inc., Temecula, CA, USA) were allowed to polymerize
in the plate. ECs were seeded and grown on Matrigel for 18 h
in a humidified 37 °C under 5% CO, incubator in the superna-
tants from SMCs that had been treated with different kinds of
reagents in medium supplemented with 0.5% FBS and without
growth supplement. After washing, tube formation was ob-
served using a light microscope, and pictures were captured
with a computer system. We performed a “pixel analysis” of
the area of tube formation according to a procedure described
previously [9, 10].

Enzyme immunoassay

Concentrations of VEGF in cultured HCSMCs that had been

Articles © The authors | Journal compilation © Cardiol Res and Elmer Press Inc™

treated with different kinds of reagents in medium supple-
mented with 0.5% FBS and without growth supplement for
18 h in a humidified at 37 °C were determined as described
previously [11] in duplicate by specific enzyme immunoassays
(R&D Systems) according to the manufacturer’s instructions.

Measurement of nuclear factor-kappa B (NF-kB) activa-
tion

HCSMCs were grown under serum-free conditions for 24 h
and stimulated with 50 ng/mL interleukin (IL)-1p with the
indicated concentration of CCB. Nuclear extracts from HC-
SMCs were prepared and NF-«kB activation was measured by
EZ-Detect™ Transcription Factor Kits for NF-xB p50 or p63
(Pierce).

Statistical analysis

The results are expressed as the mean + standard deviation of
three or more independent determinations. Significant differ-
ences in measured values were evaluated with an analysis of
variance using the paired or unpaired Student’s #-test, as appro-
priate. Statistical significance was set at P < 0.05. Data were
analyzed using commercially available statistical software
(Statview-J 5.0; Abacus Concepts Inc.).

Results

Cell proliferation in HCSMCs or HCECs using CCBs

To analyze whether CCB might stimulate or suppress cell pro-
liferation, we analyzed whether CCB induced the proliferation
of HCSMCs and HCECs (Fig. 1). Since the concentration of
nifedipine used in our previous report was from 0.1 to 5 uM
[9], we used the same concentration range for the CCBs. Al-
though azelnidipine at up to 2 uM did not affect the prolifera-
tion of HCSMCs or HCECs, at 5 uM it significantly inhibited
the proliferation of HCSMCs and HCECs. On the other hand,
amlodipine at up to 5 uM did not affect the proliferation of
either type of cell.

VEGF secretion from HCSMCs using CCBs

We examined whether CCBs increased the release of VEGF
from HCSMCs. As shown in Fig. 2A, azelnidipine induced a
significant increase in the release of VEGF from HCSMCs:
concentration-dependent increases in VEGF secretion were
observed, whereas amlodipine did not increase VEGF secre-
tion.

Since stretching and bradykinin increased the secretion of
VEGF through PKC activation [12, 13], we determined wheth-
er azelnidipine induces the secretion of VEGF through a PKC
pathway (Fig. 2B). We preincubated cells for 1 h with the se-
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Figure 4. HCEC tube formation with or without the indicated concentrations of azelnidipine (A) and amlodipine (B). Representa-
tive pictures of HCECs plated on Matrigel are shown. Data show the % tube formation compared with that under no treatment

(100%). *P < 0.05 vs. no treatment.

lective PKC inhibitor Go6983. This inhibitor blocked the azel-
nidipine (2 uM)-induced secretion of VEGF from HCSMCs.

NF-xB activation using azelnidipine

In addition, to analyze the mechanism of the azelnidipine-in-
duced secretion of VEGF, we analyzed whether azelnidipine
activated NF-xB in HCSMCs. Azelnidipine induced a signifi-
cant activation of NF-«B in a dose-dependent manner (Fig. 3).

HCEC tube formation using a cell culture medium de-
rived from CCB-treated or untreated HCSMCs

Next, we analyzed the ability of CCBs to stimulate and stabi-
lize tube formation, with ECs cultured on Matrigel. As shown
in Fig. 4, we examined whether a cell culture medium derived
from CCB-treated or untreated HCSMCs could inhibit HCEC
tube formation. The medium derived from azelnidipine-treated
HCSMCs dose-dependently led to the formation of a capillary-
like structure on the Matrigel surface, whereas amlodipine-
treated HCSMCs did not promote the formation of a capillary-
like structure. When 2 pmol/L of azelnidipine was incubated
with HCECs on a Matrigel surface for 18 h, tube formation
was not observed.

To analyze the mechanism of this finding, we analyzed
whether azelnidipine-induced tube formation in HCECs was
blocked by Tki (Fig. 5). Tube formation induced by 2 pmol/L
amlodipine was blocked by Tki.
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Discussion

In the present study, in an in vitro model of HCEC tube forma-
tion on a matrix gel, we showed that an increase in VEGF pro-
duction from azelnidipine-treated, but not amlodipine-treated,
HCSMCs through PKC may be a potent signal for inducing
tube formation through the KDR/Flk-1 pathway in HCECs
(Fig. 6). Azelnidipine, but not amlodipine, promoted HCEC
tube formation as a molecular effect.

We found that azelnidipine promoted EC tube formation
as a molecular effect. Even though the hypotensive effects of
amlodipine and azelnidipine were similar throughout a 24-h
administration period [14], some basic and clinical reports
have suggested that the molecular effects of azelnidipine, in-
dependent of BP-lowering, are different from those of amlodi-
pine. For example, azelnidipine, but not amlodipine, appeared
to decrease intraglomerular pressure by suppressing sympa-
thetic nerve activity in Dahl salt-sensitive rats [15]. Treatment
with azelnidipine, but not amlodipine, decreased circulating
advanced glycation end-products and their receptor in a BP-
lowering-independent manner [16]. The number of circulating
hematopoietic progenitor cells was significantly increased af-
ter the administration of azelnidipine in non-diabetic patients
with essential hypertension [17]. In addition, mortality with
azelnidipine was significantly lower than that with amlodipine
immediately after ischemia/reperfusion in dogs [18]. Further-
more, the decreases in the left ventricular mass index with ol-
mesartan/azelnidipine therapy were significantly greater than
those with olmesartan/amlodipine therapy in hypertensive pa-
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Figure 5. HCEC tube formation with or without 2 pM azelnidipine or
5 pM Tki. Representative pictures of HCECs plated on Matrigel are
shown. Data show the % tube formation compared with that under no
treatment (100%). *P < 0.05 vs. no treatment.

tients [19]. The increases in hematopoietic progenitor cells, a
beneficial effect after ischemia/reperfusion, and the decreases
in left ventricular mass by azelnidipine might be related to
azelnidipine-induced endothelial protection, including the pro-
motion of EC tube formation.

We found that a PKC inhibitor blocked the azelnidipine-
induced secretion of VEGF in HCSMCs, which suggests that
PKC plays a role in VEGF secretion. Our results are consistent
with those of previous studies which have shown that PKC
plays a role in VEGF production in response to stretching and
cytokines in other biological systems [13, 20]. In addition,
azelnidipine induced NF-«kB activation in HCSMCs, and this
activation may be involved in the azelnidipine-induced secre-
tion of VEGF. Tong et al indicated that VEGF is upregulated
by hypoxia-induced mitogenic factor (HIMF) via the PI-3Ki-
nase/Akt-NF-kB signaling pathway in mouse lung epithelial
cells [21]. In addition, HIMF induces the release of intracellu-
lar Ca?" in human pulmonary artery SMCs [22]. Azelnidipine
decreases intracellular Ca%*, and then compensatory upregu-
lated HIMF might induce the secretion of VEGF.

Although the azelnidipine-induced secretion of VEGF
promoted HCEC tube formation at up to 2 uM, a higher con-
centration of azelnidipine had different effects. Although 5
UM azelnidipine increased VEGF secretion from HCSMCs,
this 5 uM azelnidipine-induced increase in VEGF secretion
did not induce HCEC tube formation. Since 5 uM azelnidi-
pine blocked the proliferation of HCSMCs, tube formation
caused by the 5 pM azelnidipine-induced increase in VEGF
secretion may be blocked by the anti-proliferative effect of 5
uM azelnidipine on HCECs. On the other hand, 5 uM amlodi-
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Figure 6. Proposed mechanisms of the effects of azelnidipine on en-
dothelial tube formation.

pine did not increase VEGF secretion and did not induce an
anti-proliferative effect in HCSMCs. The effects of higher or
lower concentrations of CCBs may be quite different. More
detailed investigations will be required to determine the details
of CCB-induced effects.

In conclusion, azelnidipine, but not amlodipine, stimulat-
ed the secretion of VEGF from HCSMCs and induced HCEC
tube formation. This secretion is mediated at least in part via
the activation of NF-kB. Azelnidipine may have a novel ben-
eficial effect in improving coronary microvascular blood flow
in addition to its main effect of lowering blood pressure.
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