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Ca?" channel blocker benidipine promotes coronary
angiogenesis and reduces both left-ventricular diastolic
stiffness and mortality in hypertensive rats

Takao Nishizawa®, Xian Wu Cheng®*9, Zhehu Jin®f, Koji Obata®,

Kohzo Nagata®, Akihiro Hirashiki®, Takeshi Sasaki®,

Akiko Noda®,

Kyosuke Takeshita®, Hideo lzawa® Guo-Ping Shi®, Masafumi Kuzuya®,

Kenji Okumura® and Toyoaki Murohara®

Background The beneficial cardiac effects of some Ca*
channel blockers have been attributed to blood pressure
reduction, but these pleiotropic effects require further
investigation. We compared the effects of benidipine, which
has beneficial cardiac effects, and nitrendipine, which does

not, in an animal model of hypertensive diastolic heart
failure (DHF).

Methods and resuits Male Dahl salt-sensitive rats were fed
a high-salt diet from age 7 weeks to induce hypertension
and were either vehicle or orally administered benidipine
(3 mg/kg daily) or nitrendipine (10 mg/kg daily) from age 10
to 18 weeks. Control rats were maintained on a low-salt diet.
In vehicle-treated rats, left-ventricular (LV) fractional
shortening was preserved but LV end-diastolic pressure
was increased, indicative of DHF. Benidipine and
nitrendipine had similar antihypertensive effects and
reduced both LV weight and cardiomyocyte hypertrophy.
Benidipine reduced LV diastolic stiffness and mortality to a
greater extent than did nitrendipine. Benidipine, but not
nitrendipine, also reduced lung weight. The extent of
interstitial fibrosis and the abundance of mRNAs for
prahypertrophic, profibrotic, or proinflammatory genes in
the left ventricle were reduced by benidipine and
nitrendipine. Benidipine, but not nitrendipine, increased
capillary density and restored the expression of hypoxia-
inducible factor 1a, vascular endothelial growth factor, and
endothelial nitric oxide synthase in the left ventricle.

Conclusions Benidipine reduced LV diastolic stiffness and
increased survival, effects likely attributable predominantly
to promotion of coronary angiogenesis rather than to

Introduction

Chronic pressure overload due to hypertension results in
myocardial hypertrophy as an adaptive response to main-
tain cardiac function. However, persistent left-ventricular
hypertrophy (LVH) leads to diastolic heart failure (DHF)
[1,2], which accounts for 30-50% of all cases of heart
failure and has a poor prognosis [3,4]. DHFT is character-
ized by abnormal LV relaxation, impaired LV filling, and
increased LV diastolic stiffness, with LV systolic function
remaining largely unaffected.
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attenuation of interstitial fibrosis. Benidipine may thus
be more effective than purely L-type Ca2" channel
blockers in preventing hypertensive DHF. J Hypertens
28:1515-1526 © 2010 Wolters Kluwer Health | Lippincott
Williams & Wilkins.
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Given that increased interstitial fibrosis has been associ-
ated with the onset of DHF [5], agents that block the
renin-angiotensin—aldosterone system are used for the
treatment of this condition [6]. However, given that
treatment with a single antihypertensive angiotensin-
converting enzyme inhibitor (ACEI) or angiotensin-
receptor blocker (ARB) is often insufficient to normalize
blood pressure, calcium channel blockers (CCBs) are
often used in combination with ARBs or ACEIs in the
clinical setting [7]. In addition to ACEI and ARB, recent
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few studies in experimental animals have shown that
CCBs are also effective in preventing cardiac remodeling
and dysfunction [8]. In fact, it has been reported that
CCBs exert cardiovascular protective actions including
reduction of oxidative stress and proinflammatory
response [2,9]. However, the precise mechanisms under-
lying the cardioprotection afforded by a CCB in animals
or patients with hypertensive DHF remain largely
unknown.

The physiological role of T-type Ca?* channel is diverse,
and clinical advantages of T-type channel blockade were
assessed in late 1990s using mibefradil, another class
Ca®" channel antagonist. The drug had relatively selec-
tive blocking action on T-type Ca?" channel, and
beneficial effects were shown in the treatment of cardiac
hypertrophy, angina pectoris and renal failure [10-12].
However, mibefradil, which is known to block all three
subtypes of T-type Ca’* channel (a;¢;, a3y and o) [13],
was abandoned for clinical usage because of frequent
drug—drug interaction. In addition, some studies show
that some dihydropyridines (DHPs) have blocking action
T-type Ca** channels in native tissues [14,15]. As sub-
type-specific blocking action of DHPs was not assessed in
these studies, different expression levels of each T-type
channel subtype would result in different blocking action
in case that DHP had subtype-specific blocking action.

Recent study has indicated that DHP Ca®" antagonists
have a different profile in blocking T-type Ca?* channel
subtypes expressed in Xenopus oocytes [16,17]. Several
studies showed beneficial effect of efonidipine on renal
function, cardiac failure and aldosterone secretion as a
result of the T-type Ca®* channel-blocking action of the
drug [18-20). Accumulating evidence suggested that up-
regulation of T-type Ca®* channels has been associated
with both LVH and hypertensive DHF [21,22]. To
elucidate the cardiac protective effects as well as the
mechanism of action of benedipine against the activated
T-type Ca’* channel, we compared the effects of beni-
dipine, a blocker of T-type and L-type Ca?* channels,
with those of nitrendipine, a blocker of L-type Ca?*
channel, in a Dahl salt-sensitive rat model of hyper-
tensive DHF.

Methods

Animals

Male inbred Dahl salt-sensitive rats were obtained from
Japan SLC (Hamamatsu, Japan) and were handled in
accordance with the guidelines of Nagoya University
Graduate School of Medicine as well as with the Guide
for the Care and Use of Laboratory Animals (NIH pub-
lication no. 85-23, revised 1996). Weaning rats were fed
laboratory chow containing 0.3% NaCl until 7 weeks of
age. Animals on this latter diet served as models of
hypertensive LVH at 10 weeks of age and DHF at
18 weeks of age [1]. Both food and tap water were
provided ad /ibitum throughout the experiment. The rats

on the high-salt diet were divided into three groups: those
orally given benidipine (3mg/kg body weight daily;
Kyowa Hakko Kirin CO., Ltd, Tokyo, Japan) from
10 wo 18 weeks of age (» =10); those orally given nitren-
dipine (10 mg/kg daily; Sigma Aldrich) from 10 to 18
weeks of age (#=10); and those orally given vehicle
(0.5% carboxymethylcellulose) from 10 to 18 weeks of
age (# =10, untreated group). The benidipine, nitrendi-
pine, and vehicle were each given by oral gavage every
day. Rats maintained on the 0.3% NaCl diet until
18 weeks of age were studied as a control group
(n=10). At 18 weeks of age, rats were anesthetized by
intraperitoneal injection of ketamine (50mg/kg) and
xylazine (10 mg/kg) and were subjected to hemodynamic
and echocardiographic analyses. The heart and kidney
were subsequently excised, and LV and kidney tissues
were stored at —80°C for either molecular analyses, or fixed
with paraformaldehyde for pathological analysis.

Echocardiographic and hemodynamic analyses

Systolic blood pressure was measured weekly in con-
scious animals by tail-cuff plethysmography (BP-98A;
Softron, Tokyo, Japan) [23]. At 18 weeks of age, rats
were subjected to transthoracic echocardiography as pre-
viously described [23]. Echocardiography was performed
with a SONQOS 7500 ultrasound system and an ultraband
transducer of 5-12 MHz (Philips, Andover, Massachu-
setts, UUSA). LV end-diastolic (LVDd) and end-systolic
(LVDs) dimensions as well as the thickness of the inter-
ventricular septum (IVST) were measured. LV fractional
shortening was calculated as 100% x (LVDd —LVDs)/
LVDd. After echocardiography, a 2IF micromanometer-
tipped catheter (SPR-407; Millar Instruments, Houston,
Texas, UUSA) that had been calibrated relative to atmos-
pheric pressure was inserted through the right carotid
artery into the left ventricle. We evaluated the maximum
first derivative of LV pressure (LV @P/dt,,,) 2s an index
of contractility, minimal rate of LV pressure change (LV
dP[dt i), and the pressure half-time (T'y)2) as an index of
relaxation. Tracings of LV pressure and the electro-
cardiogram were digitized to determine the pressure

half-time and LV end-diastolic pressure as previous
described [2].

Histology

The left ventricle was fixed with ice-cold 4% parafor-
maldehyde for 16—24 h, embedded in paraffin, sectioned
transversely (thickness 3 um), and stained either with
hematoxylin-cosin for evaluation of cardiomyocyte
hypertrophy or with Azan-Mallory solution for evaluation
of interstitial fibrosis. The cross-sectional areas of cardio-
myocytes and the areas of the fibrosis in the interstitial
region were calculated in 10 randomly chosen micro-
scopic fields from three different sections in each animal,
as previously described [24,25]. The sections of were
also immunostained with mouse monoclonal antibody
to rat CD31 (1:100 dilution; Pharmingen, San Diego,
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California, USA), and a Universal Immuno-Enzyme
Polymer kit (Nichirei Biosciences, Tokyo, Japan) was
used to visualize the coronary capillary endothelial cells.
The capillary endothelial cells were quantified by
measuring the number of CD31™ cells per high-power
field (400x). The number of capillaries was measured in
15 randomly chosen microscopic fields from three differ-
ent sections in each animal. The evaluation of capillary

diameter was also analyzed in each high-power field
(400 ).

Quantitation of gene expression

Total RNA was extracted from LV tissue, and the abun-
dance of specific mRNAs was determined by reverse
transcription and real-time polymerase chain reaction
(PCR) analysis with a Prism 7700 Sequence Detector
(Perkin-Elmer, Waltham, Massachusetts, USA). The
sequences of primers and TaqMan probes specific for
B-myosin heavy chain (B-MHC), angiotensin-converting
enzyme (ACE), transforming growth factor (TGF)-1,
or collagen types I or 1T have been described previously
[25], as have been those for vascular endothelial growth
factor (VEGF), VEGF receptor-1 (Flt-1), hypoxia-
inducible factor (HIF)-1a, and endothelial nitric oxide
synthase (eNOS) [24,25]. PCR was also performed
with oligonucleotides specific for the alG subunit of
T-type Ca**channels (5-CCTGCCTGTTGCCGA
GAG-3', 5-CTGTCTGTGTTACTGGATTCCTTC
C-¥, and 5-AGATTCCTGGTCGGCCTATATCTT
TCC-3' asthe forward primer, reverse primer, and TagMan
probe, respectively; GenBank accession no. AF027984).
TagMan rodent glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) control reagents (Applied Biosystems,
Foster City, California, USA) were used to detect GAPDH
mRNA as an internal standard.

Immunoblot analysis

Tissue samples (80 pg of protein) were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis on a 10% gel, and the separated proteins were trans-
ferred to a polyvinylidene difluoride membrane (Bio-Rad
Laboratories, Hercules, California, USA). The membrane
was incubated at room temperature, first for 1 h with Tris-
buffered saline containing 5% nonfat milk and 0.1%
Tween-20 and then overnight with rabbit polyclonal anti-
bodies to VEGF-A, to VEGF-C (Santa Cruz Biotechno-
logy, Inc., Santa Cruz, California, UJSA), to HIF-1o (Novus
Biologicals, Littleton, Colorado, USA), to Phosepho-eNOs
(p-eNOs, Ser-1177), orto eNOS (both from Cell Signaling,
Danvers, Massachusetts, UUSA), all at a 1: 1000 dilution in
the same solution. The membrane was washed and then
incubated at room temperature for 1h with a 1:1000
dilution of horseradish peroxidase-conjugated goat anti-
bodies to rabbit immunoglobulin G (MBL, Nagoya,
Japan), after which immune complexes were detected
and quantified as described previously [24]. The intensi-
ties of the VEGT, HIF-1a, and eNOS bands were quan-
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tified by densitometry with ATTO CS Analyzer (version
1.01) software, and the amount of each protein was normal-
ized against that of GAPDH determined with rabbit
antibodies to this protein (Santa Cruz Biotechnology, Inc.).

Statistics

Data are presented as means+SEM. Differences in
various parameters between the four groups were eval-
uated by analysis of variance (ANOVA) followed by
Dunnett’s post-hoc test. Survival rate was analyzed by
the standard Kaplan—-Meier method with a log-rank test.
A P value of less than 0.05 was considered statistically
significant.

Statement of responsibility

The authors had full access to the data and take respon-
sibility for data integrity. All authors have read and agree
to the manuscript as written.

Results

Systolic blood pressure

Dahl salt-sensitive rats fed a high-salt diet from 7 weeks
of age progressively developed hypertension [1,2]. Treat-
ment with benidipine or nitrendipine from 10 weeks of
age similarly lowered systolic blood pressure by approxi-
mately 15-20mmHg in the conscious state, with this
effect being apparent as early as 1 week after the
initiation of treatment (Fig. 1, Table 1).

Survival rate

Kaplan—-Meier analysis revealed that the survival rate of
rats in the untreated group up to 18 weeks of age was half
that of animals in the control group (no deaths). The
survival rate was increased slightly in the nitrendipine

Fig. 1

zer | Benidipine or nitrendipine

X
v

Start of

2 201 gy Nac

£

E

o 230}

5

w0

w

na’ 210 } —o— Control

B —e— Untreated
o —A= Benidipine
S 10} — Nitrendipine
g

@

S

%)

170

150 L
7 8 9 10 11 12 13 14 15 16 17 18

Age (weeks)

Time course of systolic blood pressure in Dahl salt-sensitive rats fed a
high-salt diet from 7 weeks of age and treated with vehicle (untreated
group), benidipine (3 mg/kg daily), or nitrendipine {10mg/kg daily) from
10 weeks of age, as well as in age-matched controls fed a low-salt diet
{control group). Data are means + SEM (n= 10 per group).

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



1518 Journal of Hypertension 2010, Vol 28 No 7

Table 1 Hemodynamic, echocardiographic, and pathological parameters in Dahl salt-sensitive rats of the four experimental groups at 18

weeks of age

Parameter Control Untreated Benidipine Nitrendipine
SBP (mmHg) 17243 263+ 5% 234 L g*H* 235 4 7H*
Heart rate (b.p.m.) 466+18 524412 450 4 13¥AH 51147

IVST {mm) 1.91+£0.05 2.50+0.12* 2.10 £ 0.06*** 2.20 +0.08***
LVDd (mm) 8.07+0.16 7.81+0.11 7.97+0.33 8.00 £ 0.40
LVFS (%) 447415 425436 440+28 442+38

LV dP/dtpa, (mmHg/s) 8271 +260 7890 4 156* 10234 £ 347+%* 10877 + 932::‘*
LV dP/dtmin (mmHg/s) 7654 +324 7022 4 108* 7634+ 4341*:* 8023 + 663"
T1s2 (ms) 38+02 6.2+0.3* 4.9+0.3% 5.1+0.3%
LVEDP {mmHg) 39+0.2 11.7+0.2* 3.8+ 0.4%FAx* 8.1+ o.a*':*
LV weight {(mg)/BW (g) 2.114+0.02 4.20+0.12* 2.94 + 0.07:':: ™ 3.05+0.1 e
Lung weight (mg)/BW (g) 2.76 £0.07 8.01+1.01* 3.51 L0125 6.11+1.06™

SBP, systolic blood pressure; IVST, interventricular septum thickness; LVDd, left-ventricular end-diastolic dimension; LVFS, left-ventricular fractional shortening; LV dP/
dtmax and LV dP/dtyn, first derivative of maximum or minimum left ventricular pressure, respectively, with respect to time; Ty, time constant of LV pressure decay; LVEDP,
left-ventricular end-diastolic pressure; LV weight, weight of the left ventricle; BW, body weight. Data are means + SEM (n =5 per group). * P< 0.05 versus control group.

**P<0.05 versus untreated group. *** P<0.05 versus nitrendipine group.

group (60%) compared with that in the untreated group
(50%), but no deaths were observed in the benidipine
group (Fig. 2).

Left-ventricular geometry and function

Heart rate was greater in the untreated group than in the
control group at 18 weeks of age, although this increase
was not significant. Heart rate was significantly reduced
by treatment with benidipine compared with that in the
untreated and nitrendipine groups (Table 1). Both the
thickness of the IVST and the ratio of LV weight to body
weight were significantly greater in the untreated group
than in the controls, indicative of LVH; both of these
effects were significantly reduced by nitrendipine or
benidipine. LV fractional shortening did not differ among
the four experimental groups. The LV @P/dt,,,. was lower
in the untreated group than in the control group; this
change was improved by benidipine and nitrendipine.
The LV @P/dt was smaller, whereas the 7'y, was greater in
the untreated group than in the controls. The changes in
these parameters were also improved by both treatments.
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Kaplan—Meier plots of survival rates of Dahl salt-sensitive rats in the
four experimental groups (n =10 per group).

The LV end-diastolic pressure and the ratio of lung
weight to body weight were greater in the untreated
group than in the control group. Nitrendipine signifi-
cantly reduced the extent of both parameters, whereas
benidipine prevented it. In addition, the weight of the
right-ventricular free wall was slightly increased in
the untreated rats (0.21 £0.04 versus 0.19£0.01g in
the controls; P> 0.05); this change was not improved
by either treatment (0.22+£0.04g with nitrendipine
and 0.20 £0.03 g with benidipine; P> 0.05). Given that
the LVDd assessed by echocardiography did not differ
among the four experimental groups (Table 1), LV
diastolic stiffness (LV end-diastolic pressure/LLVDd)
was significantly greater in the untreated group than in
the controls (I'ig. 3). Nitrendipine reduced this increase
in stiffness to a level significantly lower than in the
untreated group but still significantly higher than in
the controls, whereas benedipine prevented it comple-

tely (Fig. 3).

Cardiomyocyte hypertrophy and interstitial fibrosis
Both the cardiomyocyte cross-sectional area (Fig. 4)
and the level of interstitial fibrosis (Fig. 5) in the left
ventricle were significantly greater in untreated rats than
in control animals at 18 weeks of age. Benidipine or
nitrendipine reduced the extents of both cardiomyocyte
hypertrophy and interstitial fibrosis, but these para-
meters still remained significantly higher than the
control values.

Coronary capillary density and diameter

Immunostaning revealed that the ratio of the number of
coronary capillaries to that of cardiomyocytes was si gnifi-
cantly greater in the untreated than in the control group;
the ratio in the benedipine group was significantly greater
than in the untreated and nitrendipine groups (Fig. 6a, b).
Capillary density, however, was significantly lower in the
untreated group than in the control group as a result of the
cardiomyocyte hypertrophy evident in untreated animals
(Figs 4a and 6¢). Benidipine restored capillary density
to the level in the control group, despite the residual
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Left-ventricular (LV) pressure recordings and LV diastolic stiffness values in Dahl salt-sensitive rats of the four experimental groups at 18 weeks of
age. (a) Representative waveforms obtained from a pressure manometer inserted into the left ventricle. (b) LV diastolic stifiness (LV end-diastolic

?ressure/LV end-diastolic dimension). Data are means + SEM (n=5 per group). *P < 0.05 versus control group; TP < 0.05 versus untreated group;
P < 0.05 versus nitrendipine group.

cardiomyocyte hypertrophy in benidipine-treated rats. As ~ benidipine-treated animals. Indeed, quantitative analysis
indicated in the representative sections stained for CD31 revealed that the diameter of coronary capillaries was
(Fig. 6a), more coronary capillaries appeared to be dilated  significantly smaller in benidipine-treated rats than in
in untreated or nitrendipine-treated rats than in control or ~ animals of the other three experimental groups (Fig. 6d).

Fig. 4
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g B8 5§88 8
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Cardiomyocyte hypertrophy in Dahl salt-sensitive rats of the four experimental groups at 18 weeks of age. (a) Representative hematoxylin—eosin
staining of sections of the left ventricle. Scale bar, 100 pm. (b) Cross-sectional cardiomyocyte area, as measured in 10 randomly chosen microscopic
fields from three different sections in each tissue block, similar to those shown in (a). Data are means + SEM (n=5 per group). *P < 0.05 versus
control group; TP < 0.05 versus untreated group.
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Fig. 5
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Interstitial fibrosis in the left ventricle of Dahl salt-sensitive rats in the four experimental groups at 18 weeks of age. (a) Representative Azan-Mallory
staining of sections of the left ventricle. Scale bar, 200 um. (b) Percentage area of interstitial fibrosis measured in 10 randomly chosen microscopic
fields from three different sections in each tissue block, similar to those shown in (a). Data are means + SEM (n=5 per group). *P < 0.05 versus

control group; TP < 0.05 versus untreated group.

Gene expression

Hemodynamic overload resulted in up-regulation of
the expression of the genes encoding B-MHC, ACE,
TGF-B1, and collagen types I and III in the left ven-
tricles of untreated rats at 18 weeks of age (Table 2). It
also increased the ratio of the amount of collagen type 1
mRNA to that of collagen type 111 mRNA, an indicator of
LV stiffness [23,25]. These increases in gene expression,
with the exception of the increase in collagen type II1
mRNA abundance, were partly inhibited by treatment
with benidipine or nitrendipine. Expression of the gene
encoding the a1G subunit of T-type Ca®* channels was
also significantly higher in the untreated group than in
the controls; this increase was reduced to a greater extent
by treatment with benidipine than by that with nitren-
dipine (Table 2). The levels of VEGF, HIF-1a, eNOS,
and Flt-1 mRNAs were significantly lower in the left
ventricles of untreated-group rats than in the control-
group rats; these changes were improved by treatment
with benidipine but not with nitrendipine (Figs 7a—c and
8b). Similarly, benidipine, but not nitrendipine, signi-
ficantly increased the levels of VEGF, HIF-1a, and
p-eNOS proteins compared with those in the untreated
group (Fig. 7d—f). However, there were no differences in
the levels of eNOS protein among the four experimental
groups (Fig. 8a).

Renal fibrosis

Histological analysis showed that the level of interstitial
fibrosis was significantly greater in the kidneys of
untreated rats than in control animals at 18 weeks of

age; this change was improved by benidipine or nitren-
dipine, but these parameters remained significantly
higher than the control values (Fig. 8c and d). The level
of serum creatinine was higher in untreated rats than in
control rats (0.41 £ 0.04 versus 0.28 = 0.3 mg/dl, respec-
tively; 2 <0.05); this change was not improved by either
treatments  (0.41+0.10mg/dl with benidipine and
0.45 = 0.09 mg/dl with nitrendipine; P> 0.03).

Discussion

We showed that benidipine, but not nitrendipine, pro-
moted coronary angiogenesis, likely accounting for the
reduction in both LV diastolic stiffness and death rate
induced by treatment with this drug in our animal model
of hypertensive DHF.

Effects of benidipine on diastolic dysfunction and
mortality

We inspected the general condition of Dahl salt-sensitive
rats in each experimental group every day, and we found
that high-salt diet rats developed rapid and labored
respiration. All animals that died were immediately sub-
jected to postmortem examination, including macro-
scopic inspection of the intracranial, thoracic, and
abdominal cavities. Cerebral hemorrhage or infarction,
aortic rupture, or colonic ischemia was not detected, but
all animals that died before 18 weeks of age manifested
marked pulmonary congestion (as evidenced by an
increase in the ratio of lung weight to body weight),
indicating that congestive heart failure — not stroke —
was the major cause of death.
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The diastolic dysfunction that develops in this animal
model has been well characterized [5]. The time constant
of LV pressure decay increases in association with the
development of compensatory LVH. This time constant
does not increase further with the development of DHF,
which is accompanied instead by an increase in LV end-

diastolic pressure. The relaxation delay is thus not likely
to be a major contributor to the increase in end-diastolic
pressure [26]. Our untreated group exhibited significant
increases in both the time constant of LV pressure decay
and LV end-diastolic pressure. Although benidipine and
nitrendipine improved relaxation properties to similar

Table 2 Expression of prohypertrophic, profibrotic, or proinflammatory genes in the left ventricles of Dahl salt-sensitive rats in the four
experimental groups at 18 weeks of age

Gene Control Untreated Benidipine Nitrendipine
B-MHC 1.0+02 3.7+0.7* 1.9 +£0.2%4* 1.9 £0.0%**
TGF-p1 1.0+0.1 20+0.3* 1.2+0.1% 1.2 +0.2%
ACE 1.0+0.2 1.7+0.1* 1.1+£0.1% 1.0 +£0.1%*
Collagen type | 1.0+0.2 40+0.7* 2.6 +0.4%%F 2.540.3%**
Collagen type Ill 1.0+0.2 30+0.5* 2.6+0.3*% 25+0.2*
Collagen type I/lll ratio 1.0+0.1 1.440.2% 1.1+0.1% 1.1+£0.1**
TCC «1G 1.0+0.1 3.2+0.6* 1.2 £ 0, QF¥+kkx 2.4+ 0.3%**

The amount of each mRNA in the left ventricle was determined by RT and real-time PCR analysis, normalized by that of GAPDH mRNA, and expressed relative to the
normalized value for the control group. TCC a1G, a«1G subunit of T-type Ca®* channels. Data are means + SEM (n=5 per group). * P< 0.05 versus control group.
**P<0.05 versus untreated group. *** P<0.05 versus nitrendipine group.
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panels. The amount of each protein was normalized by that of GAPDH and

then expressed relative to the normalized value for the control group. *P < 0.05 versus control group; TP < 0.05 versus untreated group; 'P<0.05
versus nitrendipine group (n=5 per group). eNOS, endothelial nitric oxide synthase; GADPH, glyceraldehyde-3-phosphate dehydrogenase; HIF-1,

hypoxia-inducible factor-1; VEGF, vascular endothelial growth factor.

extents, benidipine induced a greater reduction in the
acute pressure increase from the end of relaxation to late
diastole (I'ig. 3a), resulting in prevention of DHF and
improved survival.

Effect of benidipine on left-ventricular diastolic stiffness
Excess interstitial fibrosis or collagen deposition is associ-
ated with increased diastolic stiffness and pulmonary
edema or congestive heart failure [27,28]. Among various
mechanisms that contribute to LV diastolic stiffness [26],
abnormalities in the transcriptional or post-transcriptional
regulation of collagen genes result in the disproportionate
accumulation of fibrous tissue during the development of
LVH. Increased LV diastolic stiffness during the devel-
opment of DHF has been associated with increased
interstitial fibrosis in hypertensive Dahl salt-sensitive
rats [2,5]. However, although we found that benidipine
reduced LV diastolic stiffness to a greater extent than did
nitrendipine, the inhibitory effects of the two drugs on
both interstitial fibrosis and the expression of profibrotic
genes were similar. These results thus suggested that the
superior effect of benidipine on LV diastolic stiffness was

attributable to an action other than inhibition of inter-
stitial fibrosis.

Effect of benidipine on coronary angiogenesis

In this study, we observed that the capillary-to-cardio-
myocyte ratio was increased by 14%, and the capillary
density was decreased by 18%, in the left ventricles of
Dahl salt-sensitive rats in the untreated group, compared
with the corresponding values in control animals. Beni-
dipine induced a further increase in the capillary-to-
cardiomyocyte ratio (40% increase compared with the
control group), resulting in complete restoration of capil-
lary density; nitrendipine had no such effects. Coronary
capillaries were significantly smaller in the benidipine
group than in the other three groups; most of the capil-
laries in the untreated and nitrendipine groups appeared
dilated. These observations suggest that the decreased
capillary ratio and density present in the untreated and
nitrendipine groups may dilate fully to maximize blood
flow, whereas the coronary reserve is sufficient in the
benidipine group. Alternatively, the large capillaries
observed in the untreated and nitrendipine groups may
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be mature, whereas the small vessels in the benidipine
group may be newly generated. Given that angiogenesis
results in degradation of surrounding interstitial fibrosis,
benidipine might have been expected to reduce inter-
stitial fibrosis to a greater extent that did nitrendipine;
however, the two drugs had similar effects on cardiac
fibrosis.

Effects of benidipine on vascular endothelial growth
factor, hypoxia-inducible factor-1«, and endothelial
nitric oxide synthase expression

Cardiomyocyte hypertrophy is thought to increase diffu-
sion distance, contributing to a reduction in oxygen
supply to the myocardium. Neovascularization associated
with cardiac hypertrophy may be attributable to up-
regulation of the expression of angiogenic factors in
cardiomyocytes. HIF-la is a transcription factor that
induces expression of the VEGF gene in response to

hypoxia—ischemia [29]. Angiogenesis in the vicinity of
hypertrophic cardiomyocytes played an important role in
preventing the transition from cardiac hypertrophy to LV
systolic dysfunction in a mouse model of LVH [30]. In our
model, coronary angiogenesis associated with cardiomyo-
cyte hypertrophy was also implicated in preventing the
transition from cardiac hypertrophy to DHF. When car-
diac hypertrophy reaches a certain extent, even if ische-
mia persists, HIF-1a synthesis is down-regulated, with
the result that the production of VEGF and angiogenesis
also cease [30]. The VEGF-induced activation of protein
kinase AKT and consequent phosphorylation of eNOS
play a central role in angiogenesis [31,32]. Up-regulation
of eNOS has also been found to modify angiogenesis in
ischemic tssues [33]. It has previously been reported
that the drug had relatively selective blocking action
on T-type Ca®" channel, and favorable actions were
shown in cardiovascular system [10,19]. Here, we have
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demonstrated that benidipine (but not nitrendipine)
increased the levels of HIF-1a,, VEGF, and eNOS mRNAs
and proteins in the LV tissues of DHF rats. Taken
together, these findings suggested that the blockade of
cardiac T-type Ca®* channel promotes ischemia-induced
angiogenic response by enhancing HIF-la-mediated
VEGF and eNOS expressions in the myocardium of
DHEF rats. It should be noted that there was a discrepancy
in cardiac T-type Ca®" channel blockade-mediated angio-
genic action associated with HIF-1a/eNOS/VEGF signal-
ing pathway activation and morphological and functional
improvement with the two drug interventions. Dihydro-
pyridine nitrendipine has been shown to inhibit miner-
alocorticoid receptor activation iz witro and/or in vive [34].
Recent studies have demonstrated that mineralocorticoid
receptor blockade by antagonists results in attenuation of
LV hypertrophy and heart failure in humans and in the
Dahl salt-sensitive rat model [35,36]. Taken together,
these findings suggest that the nitrendipine-mediated
improvements in L.V hypertrophy, fibrosis, and function
are not attributable to the angiogenic action-linked HII -
1a/eNOS/VEGT signaling pathway activation by T-type
Ca®* channel blockade, but rather to the inhibition of
mineralocorticoid receptor activation.

Relationship between cardiomyocyte hypertrophy-
associated angiogenesis and left-ventricular diastolic
stiffness

A mismatch between the number of capillaries and the size
of cardiomyocytes, resulting in myocardial hypoxia, is
thought to arise during the development of cardiac hyper-
trophy [37,38]. A relationship between cardiac angiogen-
esis, cardiac hypertrophy, and cardiac systolic function is
also thought to exist [39-41]. With regard to diastolic
function, the hypertrophic myocardium appears especially
susceptible to nitric oxide donors; this resulted in a marked
reduction in LV end-diastolic pressure in one clinical study
[42]. Our present results suggest that benidipine reduces
diastolic stiffness and prevents the transition from
compensatory LVH to DHF, not only by inhibiting the
development of interstitial fibrosis but also by promoting
coronary angiogenesis. Improved blood flow and function
are associated with evidence of angiogenesis in an ischemic
regionofheart[43]. Because benidipine promoted coronary
angiogenesis and improved LV diastolic stiffness, it is
plausible that benidipine increases myocardial blood flow
and myocardial function in a genomic and/or nongenomic
way. Hypoxia increases isovolumic resting tension in the
isolated guinea pig heart [44] and raises the diastolic PV
curve in humans during balloon coronary angioplasty [45].
Further studies to clarify the influence of ischemia on
cardiomyocyte resting tension or cardiomyocyte distensi-
bility in hypertensive DHF are warranted.

Study limitations
Up-regulation of T-type Ca®* channels has been associ-
ated with both hypertensive LVH [21] and DHF [12]. We

compared the cffccts of benidipine, a blocker of T-type
and L-type Ca®" channcls with those of nitrendipine, a
blocker of L-type Ca*" channel [22], in a rat model of
hypertensive DHF. Inhibition of T-type Ca®" channels
by benidipine may underlie the promotion of angiogen-
esis by this drug. Current through these channels and
expression of their al1G subunit are increased in associ-
ation with the development of LVH [12,37]. Here, we
could not measure T-type Ca?* channel current in iso-
lated cardiomyocytes from rats in the four experimental
groups. Whereas benidipine and nitrendipine each inhib-
ited the progression of LVH to similar extents, benidi-
pine inhibited the increase in abundance of the alG
subunit mRNA apparent in the left ventricle of untreated
Dahl salt-sensitive rats to a greater extent than did
nitrendipine, suggesting that current through these chan-
nels was reduced by benidipine treatment. Further
studies are warranted to clarnfy the relationship between
inhibition of T-type Ca*" channel current and coronary
angiogenesis during the development of DHF. In
addition, it is better to calculate peak flow velocities at
the mitral level during rapid filling (£) and during atrial
contraction (4), as well as the E/A ratio, the deceleration
time, and the isovolumic relaxation time, from the pulsed
Doppler echocardiographic data for assessment of LV
diastolic function. Our study did not include an evalu-
ation of these cardiac diastolic function indices.

Clinical implications

We have demonstrated that benidipine reduced LV
diastolic stiffness and increased survival in hypertensive
Dahl salt-sensitive rats to a greater extent than did
nitrendipine. The prevention of DHF by benidipine
appeared to be due predominantly to the promotion
of angiogenesis rather than to inhibition of interstitial
fibrosis, and this effect on angiogenesis appeared to be
mediated by up-regulation of the production of HIF-1a,
VEGFT, and eNOS. Benidipine may thus be more effec-
tive than purely L-type Ca®" channel blockers in pre-
venting hypertensive DHF. Given that ARBs and ACEIs
are widely used and are more effective than CCBs for the
treatment of LVH, the latter drugs are considered to be
potential second-line agents in combination therapy. The
effects of combinations of ARBs or ACETs with different
typcs of CCBs, including a blocker of T-type and L- -type
Ca®" channels benidipine, thus warrant testing in clinical
trials.
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Although it has been suggested that the renin-angiotensin (RA) system and cathepsins contribute to the
development and vulnerability of atherosclerotic plaque, the interaction of the RA system and cathepsins
is unclear. Thus, we investigated the effects of an angiotensin II type 1 receptor (AT1) antagonist, olme-
sartan, on the levels of cathepsins in brachiocephalic atherosclerotic plaque and plaque stabilization in
apolipoprotein E (apoE)-deficient mice receiving a high-fat diet.

Under a high fat diet, treatment with olmesartan (3 mg/kg per day) maintained collagen and elastin
at high levels and attenuated the plaque development and cathepsin S (Cat S) level in the atheroscle-
rotic plaque of apoE-deficient mice. The administration of olmesartan suppressed the accumulation
of macrophages in plaque. Immunoreactivities of Cat S and AT1 were observed in macrophages. The
amount of Cat S mRNA and the macrophage-mediated collagenolytic and elastolytic activities in cultured
macrophages were increased by exposure to angiotensin I (Ang II), and these effects were diminished by
olmesartan and the NADPH-oxidase inhibitor apocynin. These results suggested that Cat S derived from
macrophages is involved in the mechanisms of atherosclerotic plaque vulnerability, and AT1 blocker

maintained the plaque stabilization alongside the suppression of Cat S and macrophage activities.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Atherosclerosis is a major contributor to the development of
cardiovascular disease, a leading cause of coronary heart disease
and central vascular disease in developed countries [1]. It is widely
accepted that proteolytic systems have a role in the development
of atherosclerosis and plaque vulnerability through the proteolytic
degradation of the extracellular matrix (ECM) [2-5]. Cathepsin
S (Cat S) and K (Cat K), members of the cysteine protease fam-
ily, have potent elastolytic and collagenolytic activities [6-9]. The
importance of cathepsins in the progression of atherosclerosis and
plaque destabilization in concert with extracellular matrix degra-
dation has been suggested. Increased levels of Cat S, Cat K and
elastolytic activity have been observed in atherosclerotic plaque
[10] and in the neointima following balloon angioplasty [11]. In
addition, the pathophysiological importance of Cat S and Cat K
in atherosclerosis has been demonstrated using double-knockout
mice, Cat S-deficient mice crossbred with LDL receptor-deficient

* Corresponding author. Tel.: +81 52 744 2364; fax: +81 52 744 2371.
E-mail address: kuzuya@med.nagoya-u.ac.jp (M. Kuzuya).

0021-9150/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.atherosclerosis.2009.12.031

mice [12], or apolipoprotein E (apoE)-deficient mice [13], and Cat
K-deficient with apoE-deficient mice [14].

Angiotensin Il (Ang II), which is the main effector of the
renin-angiotensin (RA) system, plays an important role in vascular
homeostasis via two plasma membrane receptors, Ang Il receptor
type 1(AT1)and type 2(AT2)[15]. Itis suggested that the RA system
contributes not only to hypertension but also to the development
and vulnerability of atherosclerotic plaque. In clinical studies, it has
been demonstrated that the inhibition of the RA system by either
an angiotensin-converting enzyme-inhibitor or an AT1 antagonist
reduces cardiovascular disease [16-18]. In experimental studies,
Ang Il has been shown to accelerate atherogenesis [19], and genetic
disruption of the AT1 receptor in apoE-deficient mice has led to the
inhibition of atherogenesis [20]. It has been demonstrated that Ang
Il increases MMP expression and induces the activation of MMP
through AT1 in vascular smooth muscle cells [21-23]. Furthermore,
the administration of AT1 antagonists resulted in plaque stabiliza-
tion with the attenuation of MMPs [24-27]; thus, it is suggested
that AT1 antagonists have beneficial effects on atherosclerotic pro-
gression and plaque stability through the attenuation of MMPs.
Although these pleiotropic effects of AT1 antagonists for vascular
protection have been noted recently, the effect of AT1 antag-
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onist on another important proteinase, the cathepsins, remains
unclear,

In the present study, we focused on the effects of an AT1 antago-
nist, olmesartan, on plaque stabilization and the levels of cathepsins
in brachiocephalic atherosclerotic lesions in apoE-deficient mice
on a high fat diet. Here we show that treatment with olmesar-
tan maintained high collagen and elastin levels and attenuated
the Cat S level in the atherosclerotic plaque. In addition, olme-
sartan suppressed the accumnulation of macrophages in plaque
which expressed Cat S and AT1. These results suggested that Cat
S derived from macrophages is involved in the mechanisms of
atherosclerotic plaque vulnerability, and AT1 blocker maintained
the plaque stabilization through the suppression of Cat S expression
and macrophage activities,

2. Materials and methods

2.1. Animals and the experimental protocol

All animal studies were conducted in accordance with the
animal care guidelines of Nagoya University Graduate School of
Medicine. Male Apoe—/- mice with the C57BL/6 genetic back-
ground were bred and maintained in the Laboratory of Animal
Experiments at Nagoya University after being originally obtained
from Jackson Laboratory. The mice were provided with a standard
diet (Oriental Yeast) and tap water ad libitum, and the Apoe~/—
mice were started at 8 weeks of age on a Western-type diet (WD)
containing 21% fat from lard and 0.15% (wtfwt) cholesterol, and
they were maintained on this diet for 8 weeks, Male Apoe—/— mice
were used for monocytes isolation from blood at 9 weeks of age.

2.2, Experimental design and measurements of blood pressure
(BP) and heart rate (HR)

The Apoe—/— mice were randomly assigned to one of two
groups: the control group (0.5% carboxymethylcellulose) and the
olmesartan group (donated by Daiichi-Sankyo Pharmaceutical Co.,
3 mg/kg per day), The dose of olmesartan was established by refer-
ence to a previous report [28]. The treatments were given by oral
gavage every day starting the same day that WD was begun,

Systemic BP and HR were determined using a tail-cuff pres-
sure analysis system (Softron BP-98A, Softron) in conscious mice.
After 8 weeks of WD, mice underwent trial recordings to warm
up, and then three reliable recordings were taken and used for the
determination of BP and HR.

2.3, Tissue collection and processing

After measurements of BP and HR, mice were anesthetized
by intraperitoneal (ip) pentobarbital injection, and blood sam-
ples were collected in heparinized syringes, Mice were perfused
through the left cardiac ventricle with isotonic saline and 4%
paraformaldehyde in 0.01 mol/L phosphate buffer, pH 7.4, under
physiological pressure, The brachiocephalic arteries were removed
and immersed in fixative for 16h (4°C). For histological and
immunohistochemical staining, samples were embedded in paraf-
fin, and 3 um sections were cut and mounted onto MAS-coated
slides (Matsunami).

2.4. Histological and immunohistochemical staining

Paraffin sections were deparaffinized in xylene, rehydrated in
decreasing alcohol solutions and stained routinely with hema-
toxylin and eosin (HE), Elastica van Gieson (EVG) staining for
elastin, and picrosirius red (PSR} for collagen. The corresponding

sections on separate slides were used for the immunohistochem-
ical staining using goat polyclonal antibodies against Cat S (1:50,
Santa Cruz Biotechnology) and Cat K (1:50, Santa Cruz Biotechnol-
ogy), rabbit polyclonal antibody against a-smooth muscle cell actin
{ASMA; 1:100, Neo Marker) and AT1 (1:100, Santa Cruz Biotechnol-
ogy), and using rat monoclonal antibody against macrophage (Mac
3; 1:40, BD Pharmingen), For Cat S-, Cat K- and AT1 -staining, sec-
tions were subjected to autoclaving while immersed in Tris-EDTA
buffer (pH 9.0) for 1 min at 105°C before the procedures for antigen
retrieval. The sections were preincubated with 5% normal serum
andthen incubated with primary antibodies for 16 hat4°C, The sec-
tions were then reacted with alkaline phosphatase (AP)-co njugated
secondary antibody against goat, rabbit or mouse IgG (1:200, all
from Vector Laboratories) for 2 h at 4°C, These sections were visu-
alized with an AP substrate kit (Vector Laboratories} according to
the manufacturer's instructions, Levamisole (Vector Laboratories)
was used as the inhibitor of endogenous AP, The counterstaining for
the nucleus was performed with Mayer's hemataxylin or methyl
green.

2.5. Plague morphometry

Collagen and elastin contents were evaluated using the PSR-
and EVG-stained positive areas, respectively. Images of sections
stained for collagen, elastin, Cat S, Cat K, Mac 3, ASMA and AT1 were
analyzed with Scion Image software (Scion Corp.). Three cross-
sections of vessels were quantified and averaged per mouse. We
set a threshold to automatically compute the positive areas for each
stain and then computed the ratio of the positive area to the intimal
area,

2.6, Double immunofluorescence

Colocalization studies were performed with double immunofiu-
orescence staining methods, The sections were preincubated with
5% normal serum and incubated with primary antibodies against
Cat S, Cat K, Mac 3 and AT1 for 16h at 4°C. Immunoreactivity
was visualized using Alexa Fluor 488-conjugated anti-rat IgG/Alexa
Fluor 594-conjugated anti-goat IgG, or Alexa Fluor 488-conjugated
anti-goat IgG/Alexa Fluor 594-conjugated anti-rabbit IgG. All Alexa
Fluor-conjugated secondary antibodies (Molecular Probes) were
diluted 200-fold for use, Double immunofluoresence of AT1 and
ASMA was performed using rabbit polyclonal anti-AT1 antibody
and biotinylated mouse monoclonal anti-ASMA antibody (1:100),
and this section was visualized using Alexa Fluor 594-conjugated
anti-rabbit IgG/Auorescein-conjugated streptavidin (1:50; Vector
Laboratories). The slides were mounted in glycerol-based Vec-
tashield medium (Vector Laboratories) containing the nucleus stain
4 6-diamidino-2-phenylindole (DAPI),

2.7. Cell isolation and culture and stimulation

Monocytes (MNCs) were isolated from Apoe~/— mice (9 weeks
of age) peripheral blood by Histopaque solution (Histopaque 1083,
Sigma-Aldrich). The collected cell was washed 3 times with
phosphate-buffered saline and re-suspended at 1.5 x 106 cells/mL
in a conditioned medium consisting of RPMI 1640 (GIBCO) medium
supplemented with 2mmol/L glutamine, 10% heat-inactivated
(56°C, 30 min) fetal bovine serum (FBS), and antibiotics, Cells were
seeded in 24-well plates at 2 mLjwell (Iwaki Glass) and allowed
to adhere to tissue culture plates for 2h at 37°C before gentle
rinsing to remove nonadherent cells, Following differentiation to
macrophages which was confirmed by expression of CD68 (Chemi-
con International, Inc., Temecula, CA) by immunofluorescence,
differentiation to foam cells was induced by addition of acety-
lated low-density lipoprotein (80g/mL, Harbor Bio-Products,
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Fig. 1. The effect of olmesartan on atherosclerotic plaque progression (A-C) and intimal levels of collagen (D-F) and elastin (G-I) in the brachiocephalic artery of apoE-
deficient mice. ApoE-deficient mice were given a high-cholesterol diet for 8 weeks, and cross-sections of the brachiocephalic artery were prepared. Collagen was stained
by PSR and visualized by polarized microscopy. Elastin contents were evaluated using the EVG-stained positive area. Olmesartan administration significantly decreased
atherosclerotic lesion formation and maintained high levels of collagen and elastin. Values are means + SD, n=8. *P<0.05, **P<0.01 versus control.
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Fig. 2. Effect of olmesartan on the expression of Cat S (A-C) and Cat K (D-F) in the brachiocephalic artery of apoE-deficient mice. Olmesartan administration significantly
attenuated the Cat S immunostaining but not that of Cat K. Values are means +SD, n=8. *P<0.01 versus control. Double staining of macrophage (Mac 3) and Cat S (D-1)
or Cat K (J-L) in the brachiocephalic artery of apoE-deficient control mice. Colocalization of Cat S and Mac 3 was observed in the shoulder region (I), a vulnerable site of
atherosclerotic plaque. Cat K colocalized with Mac 3 in atheroslerotic plaque (L).
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Norwood, MA) for 48 h, and were cultured serum-free RPMI 1640
for overnight for using cell stimulation assays.

2.8. Real-time reverse transcription-polymerase chain reaction

Total RNA was extracted from cell extracts using a Qiagen
RNeasy Micro Kit (Qiagen Inc.) following the manufacturer's
instructions, and the abundance of specific mRNAs was deter-
mined by reverse-transcription (RT) and real-time quantitative
polymerase chain reaction (PCR) analysis as described previ-
ously [11]. The sequences of the primers and probes for mouse
Cat S are (forward) 5-GTGGCCACTAAAGGGCCTG-3’, (reverse)
5'-ACCGCTTTTGTAGAAGAAGAAGGAG-3/, and (probe) 5'-TCTGTG-
GGCATCGACGCCAGC-3’; and Cat K are (forward) 5'-AGCAGGCTG-
GAGGACTAAGGT-3', (reverse) 5'-TTIGTGCATCTCAGTGGAAGACT-
3, and (probe) 5-ACCTTCCCGAGCCCCTGTCTTCGTA-3’; glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) was measured
in parallel with genes of interest and used as an internal
standard.

2.9. Elastase and collagenase assays

Differentiation of macrophage to foam cells were cultured in
24-well plates until confluent. After overnight starvation in FBS
free Hanks's balanced salt solution (GIBCO), the cells were pre-
treatment with or without apocynin (100 p.mol/L, Sigma-Aldrich),
or olmesartan (1 wmol/L), and then were cultured in the presence
or absence of Ang II (0.1 wmol/L, Sigma-Aldrich) in serum-free
medium containing either BODIPY® fluorescein-conjugated DQTM
elastin from bovine neck ligament (300 pg/well, Molecular Probes,
Eugene, OR) or water-insoluble nondenatured fluorescein-labeled
collagen-type I (300 pg/well, Calbiochem, Darmstadt, Germany).
After 24 h of incubation, culture media were analyzed for degraded
elastin or collagen by Fluoroskan Ascent CF (Labsystems, Helsinki,
Finland; excitation/emission: 485/530) [29]. To evaluate the role
of Cat S, the reactions were also performed in presence or
absence of a specific inhibitor of Cat S, morpholinerea-leucine-
homophenylalanine-vinylsulfone-phenyl (LHVS, 5 pmol/L). Data
were presented as relative units after adjustment for background
levels. Data were representative of at least four independent exper-
iments.

2.10. Statistical analysis

Data were shown as means + SD. Differences were analyzed by
Student's t-test or by one-way analysis of variance with the F-test
followed by Scheffe’s multiple comparison test. A P-value of <0.05
was considered statistically significant,

3. Results

3.1. The effect of olmesartan on plaque morphology and
cathepsins expression in brachiocephalic artery of apoE-deficient
mice

Olmesartan at 3 mg/kg per day did not significantly affect
arterial BP, HR, or body weight (control and olmesartan-treated
apoE-deficient mice, mean arterial BP: 77.3+5.4mmHg and
73.0+54mmHg, HR: 5974 +41.2bpm and 616.5+32.4bpm,
body weight: 25.8 +4.5 g and 26.1 4.5 g, respectively; mean =+ SD,
n=8). Olmesartan administration significantly decreased
atherosclerotic lesion formation in the brachinocephalic artery
of apoE-deficient mice after 8 weeks WD diet supplementation
(P<0.05; Fig. 1A-C). In the histological analysis of the collagen by
PSR-staining visualized with polarized light, significantly higher

collagen content was observed in olmesartan-treated mice com-
pared with controls (P<0.01; Fig. 1D-F). In addition, the elastin
levels determined by EVG-staining remained significantly higher
in olmesartan-treated mice compared with control mice (P<0.01;
Fig. 1G-I). Although the intense immunoreactivity of Cat S was
observed in atherosclerotic lesions in the brachinocephalic artery
in control mice, mainly in atheromatous plaque and in peripheral
fibrous cap with weaker immunoreactivity than atheromatous
plaque, the treatment with olmesartan significantly attenuated the
Cat S immunostaining (P<0.01; Fig. 2A-C), whereas olmesartan
administration did not affect the expression of Cat K (Fig. 2D-F).
Double immunofluorescence staining in the brachiocephalic artery
of apoE-deficient control mice demonstrated that Cat S colocalized
with the macrophage marker Mac 3 in the shoulder region of the
plaque, a vulnerable site of atherosclerotic plaque (Fig. 2G-I). In
addition, colocalization of Cat K and Mac 3 was also detected in
atherosclerotic plaque (Fig. 2J-L).

3.2. The effect of olmesartan on macrophage and smooth muscle
cell accumulation in brachiocephalic atherosclerotic legion of
apoE-deficient mice

Extensive immunostaining of Mac 3 for macrophages in the
intima of atherosclerotic plaque was detected in control apoE-
deficient mice, while this Mac 3-positive area was significantly
diminished by olmesartan administration (P< 0,05, Fig. 3A-C). The
immunoreactivity of ASMA was mainly observed in the media and
intimal fibrous cap of atherosclerotic lesions (Fig. 3D). No signif-
icant difference in the intimal ASMA-positive area was observed
between olmesartan-treated mice and control mice (Fig. 3E and F).
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Fig.3. Effect of olmesartan on macrophage (A-C)and smooth muscle cell accumula-
tion (D-F) in the brachiocephalic artery of apoE-deficient control mice. Olmesartan
administration significantly diminished the immunostaining area of Mac 3, but did
not significantly affect the immunostaining area of ASMA. Values are means£SD,
n=_8. "P<0.05 versus control.
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Fig. 4. Effect of olmesartan on the expression of AT1 receptor (A-C) in the brachiocephalic artery of apoE-deficient mice. Strong immunoreactivity of the AT1 receptor was
observed in foam cells. Treatment with olmesartan did not significantly change the immunostaining of AT1 receptor. Values are means + SD, n = 8. Double staining of AT1
receptor and macrophage (Mac 3; D-I) or smooth muscle cell actin (ASMA; J-L) in the brachiocephalic artery of apoE-deficient control mice. Colocalization of AT1 receptor
and Mac 3 was detected in intimal lesions (1). Colocalization of AT1 receptor and ASMA was mainly observed in the fibrous cap and media (L).

3.3. Expression of AT1 receptor in brachiocephalic artery of
apoE-deficient mice

Immunohistochemical analysis revealed that wide and intense
AT1 immunostaining was observed at the intimal and medial
regions (Fig. 4A and B). There is no significant difference in the
AT1-positive area in atheromatous lesions between the control and
olmesartan-treated groups (Fig, 4C). Double immunofluorescence
of brachiocephalic artery sections with antibodies to the smooth
muscle cell- or macrophage-specific markers and AT1 revealed that
AT1 was localized both in smooth muscle cells and macrophages
(Fig. 4D-F and H-], respectively).

3.4. Regulation of Cat S and Cat K expression and activity in
cultured macrophages

Real-time RT-PCR revealed that the amount of Cat S mRNA
in cultured macrophages was increased by exposure to Ang Il
(P<0.01), and this effect was inhibited again by olmesartan and
apocynin, a NADPH-oxidase inhibitor (P<0.01; Fig. 5A), whereas,
no significant difference of Cat K mRNA was observed among
these groups (Fig. 5B). Furthermore, Ang Il enhanced macrophage-
mediated collagenolytic and elastolytic activities (P<0.01), and
these effects were inhibited by the administration of olmesartan
(P<0.01), apocynin (P<0.01), and LHVS, a specific inhibitor of Cat S
(collagenolytic activity: P<0.05, elastolytic activity: P<0.01: Fig. 5C
and D).

4. Discussion

In this study, we demonstrated that treatment with AT1
antagonist olmesartan resulted in stabilization of atherosclerotic

plaque by higher levels of elastin and collagen in the plaque.
Concomitantly, the expression of Cat S that is elastolytic and col-
lagenolytic protease was suppressed in the intima by treatment
with olmesartan. In addition, an in vitro experiment indicated
that the expression of Cat S and elastolytic or collagenolytic activ-
ity induced by Ang II in cultured macrophages was attenuated
by the administration of olmesartan. Furthermore, the accumula-
tion of macrophages was inhibited by olmesartan administration.
The colocalization of macrophages and Cat S was observed in
atherosclerotic plaque. Taken together, our data suggest that Cat
S derived from macrophages is involved in the mechanisms of
atherosclerotic plaque vulnerability via ECM degradation, and that
AT1 blocker maintained plaque stabilization through the suppres-
sion of both macrophage accumulation and the Cat S expression of
macrophages.

In advanced atherosclerotic lesions, Ang II stimulates expres-
sion of MMPs [30-32], leading to destabilization of atherosclerotic
plaque. Moreover, a previous report suggested that an AT1 recep-
tor antagonist, irbesartan, contributes to plaque stabilization by
the inhibition of MMPs in humans [24]. We also confirmed the
high immunoreactivities of MMP-8 and MMP-9 in atherosclerotic
lesions of WD-fed apoE-deficient mice, and the administration
of olmesartan attenuated the expression of both MMP-8 and
MMP-9 (data not shown). Moreover, these MMPs colocalized with
the macrophage marker Mac 3 (data not shown). Therefore, the
suppression of notonly Cat S but also MMPs by olmesartan adminis-
tration contributes to the maintenance of high levels of collagen and
elastin in atherosclerotic plaque and helps to stabilize the plaque
in apoE-deficient mice.

The treatment with olmesartan resulted in stable plaque in
apoE-deficient mice in this study. Olmesartan administration was
simultaneously commenced with WD feeding, therefore, it is sug-
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Fig. 5. Regulation of Cat S (A) and Cat K (B) expression and collagenolytic (C) and elastolytic (D) activity in cultured macrophages. Following pretreatment with olmesartan
(OLM; 1 wmol/L), apocynin (APO; 100 wmol/L) and morpholinerea-leucine-homophenylalanine-vinylsulfone-phenyl (LHVS; 5 pmol/L), respectively, for 30 min, the cells were
cultured in the presence or absence of angiotensin 1l (Ang II; 0.1 wmol/L) for 24 h. They were then subjected to quantitative real-time PCR analysis of Cat S (A) and Cat K (B)
mRNA or to assay of collagenolytic activity (C) and elastolytic activity (D). Quantitative data are means + SD (n=6). *P< 0.01 versus corresponding controls; 'P<0.05, {P<0.01

versus cells treated with Ang 1l alone.

gested that olmesartan might affect not only the matrix proteolysis
in atherosclerotic plaque but also the plaque composition which
was configured and altered at initiation and early-stage of plaque
formation, Further investigations will be required to clarify these
issues.

The mechanisms of olmesartan-induced Cat S suppression still
remain unclear. Recently, Cheng et al. reported that AT1 receptor
is involved in the activation of Cat S depending on the superox-
ide production during hypertensive myocardial remodeling [33].
It is well-known that the RA system contributes to superoxide
production through NADPH-oxidase [28,34]; therefore, olmesartan
may suppress Cat S levels via AT1 receptor-mediated superox-
ide production systems. Indeed, the expression of Cat S and
the activity of extracellular matrix catabolism induced by Ang
Il in cultured macrophages were attenuated by the administra-
tion of apocynin, a NADPH-oxidase inhibitor. Furthermore, we
observed the colocalization of the immunoreactivities of AT1 recep-
tor and N(epsilon)-(hexanoyl)lysine (unpublished data), which is
an oxidative stress biomarker [35,36]. On the other hand, daily
administration of olmesartan did not affect BP, but maintained
the high contents of collagen and elastin in atherosclerotic plaque,
which were indices of plaque stabilization, in apoE-deficient mice
in this study. This result supported the hypothesis that atheroscle-
rotic plaque was stabilized not through BP suppression but through
another pleiotropic effect of olmesartan. In our mouse model,
we still have not determined whether the effect of olmesartan

on plaque stabilization is only mediated by the attenuation of
free-radical-induced Cat S expression in macrophages. Further
investigations will be required. Treatment of olmesartan had no
effect on Cat K expression in atherosclerotic plaque. In cultured
macrophages experiment, administration of olmesartan did not
affect the levels of Cat K mRNA. From these results, it is suggested
that AT1 receptor may not be involved in regulation of Cat K expres-
sion.

Previous reports revealed the expression of Cat S and Cat K in
macrophages and smooth muscle cells in atherosclerotic plaque
[10,12,37]. In the present study we also found that the strong
expression of Cat S and AT1 was observed in intimal lesions.
Immunofluorescent studies also showed the expression of AT1
on macrophages. Furthermore, the expression of Cat S and elas-
tase activity in cultured macrophages was stimulated by treatment
with Ang IL The elastolytic and collagenolytic activity induced by
Ang Il was inhibited by LHVS, a specific inhibitor of Cat S, sug-
gesting a possible role for Cat S in Ang Il-induced proteolysis of
ECMs. Therefore, Cat S released from macrophages may partici-
pate in the mechanisms of atherosclerotic plaque vulnerability via
catabolization of the ECMs including elastin and collagen. How-
ever, since the expression of Cat S and Cat K was detected in the
fibrous cap of atherosclerotic plaque in our experiment, it is possi-
ble that Cat S and Cat K derived from smooth muscle cells may also
be involved in the progression of atherosclerotic plaque vulnera-
bility.
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The immunoreactive Mac 3-positive area that was thought to
be macrophage accumulation was significantly reduced in brachio-
cephalic atherosclerotic plaque of apoE-deficient mice by means
of olmesartan administration. It has been reported that the AT1
antagonist irbesartan strongly decreased the levels of monocyte
chemoattractant protein-1 mRNA and immunostaining in the
lesion area, which are involved in macrophage infiltration into the
lesion area [38]. In addition, Ang II upregulates the expression of
adhesion molecules [39,40] thought to participate in monocyte
accumulation in the vessel wall and to contribute to the devel-
opment of atherosclerotic lesions. Therefore, olmesartan might
suppress the accumulation of macrophages in plaque through the
moderation of several chemokines and adhesion molecules as well
as another AT1 antagonist.

Finally, the RA system and ECM proteases including cathep-
sins and MMPs may be greatly involved in the mechanisms of
atherosclerotic plaque vulnerability, and inhibition of the RA Sys-
temn and these proteases by the AT1 antagonist might be beneficial
in a treatment strategy for atherosclerosis and may stabilize
plaques.

4.1. Perspectives

Our results demonstrated that treatment with olmesartan
resulted in stabilization of atherosclerotic plaque alongside the
suppression of Cat S and macrophage activities. Our findings sup-
port that an interventional treatment with olmesartan is expected
to contribute to the inhibition of cardiovascular events. In future
investigations, it will be of interest to elucidate the molecular
mechanisms of the suppression of Cat S and macrophage activity
by olmesartan.
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