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serum cortisol level is involved in the increased risk of CAD
in stressful environments.

Limitations of the Study

Several limitations should be mentioned for the present study.
First, we did not directly examine the effects of stress on
coronary artery responsiveness. In a preliminary study, we
actually attempted to induce a long-lasting. stress in pigs;
however, continuous restraint in a small cage did not cause
sustained elevation of cortisol, indicating that the animals
adapted to the restraint stress. In addition, intermittent re-
straint stress caused elevation of cortisol level; however, this
elevation also declined in several days. This point should be
examined in a future study. Second, because we only exam-
ined the coronary vasomotor responses in pigs, the vascular
responsiveness in different organs, different species, and
different stage of vascular disease remain to be examined.
Third, the detailed molecular mechanisms for the cortisol-
induced Rho-kinase activation remain to be examined.
Fourth, the effects of cortisol on coronary vascular responses
to agonists other than serotonin remain to be examined.
However, the use of serotonin was justified as a vasoconstric-
tor of the coronary arteries in humans.*® Moreover, because
we have previously demonstrated that serotonin and many
other vasoconstrictors use Rho-kinase pathway for their
vasoconstrictor effects,!®?8 it is possible that coronary vaso-
constricting responses to many other agonists also are en-
hanced when serum cortisol level is chronically elevated.

Clinical Implications

The present study provides the direct evidence for the role of
sustained elevation of serum cortisol level in the pathogenesis
of coronary vasospasm through activation of Rho-kinase.
Importantly, the cessation of the cortisol administration
normalized both the coronary vasoconstricting responses and
Rho-kinase activity. Thus, the present results suggest that
effective management of stress is crucial for the prevention of
coronary vasospasm and that a specific Rho-kinase inhibitor
may be useful to inhibit the stress-induced ischemic cardio-
vascular events in humans.
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Angiotensin IT Type 1 Receptor Blockade Attenuates
In-Stent Restenosis by Inhibiting Inflammation
and Progenitor Cells

Kisho Ohtani, Kensuke Egashira, Yoshiko IThara, Kaku Nakano, Kouta Funakoshi, Gang Zhao,
Masataka Sata, Kenji Sunagawa

Abstract—The precise mechanism by which angiotensin II type 1 receptor blocker reduces in-stent restenosis in clinical
trials is unclear. We, therefore, investigated the mechanism of in-stent neointima formation. Male cynomolgus monkeys
and rabbits were fed a high-cholesterol diet and were allocated to untreated control and type 1 receptor blocker groups.
Five days after grouping, multilink stents were implanted in the iliac artery. The type 1 receptor blocker reduced the
development of in-stent neointima formation by ~30% in rabbits and monkeys. To investigate potential mechanisms,
we examined the expression of renin-angiotensin system markers, all of which increased in monocytes and smooth
muscle-like cells in the neointima and media within 7 days. The type 1 receptor blocker attenuated increased oxidative
stress, the enhanced expression of markers of the rennin—angiotensin system and monocyte chemoattractant protein-1,
and macrophage infiltration. The effects of type 1 receptor blocker on the differentiation of peripheral blood
mononuclear cells into vascular progenitor cells were also examined. Treatment with type 1 receptor blocker suppressed
the enhanced differentiation to smooth muscle progenitor cells induced by stenting. The type 1 receptor blocker
attenuated in-stent neointima formation by inhibiting redox-sensitive inflammatory changes and by reducing recruitment
of the progenitor cells. These potential actions of type 1 receptor blocker on inflammation and progenitor cells constitute
a novel mechanism of suppression of in-stent restenosis by type 1 receptor blocker. (Hypertension. 2006;48:664-670.)

Key Words: angiotensin II ® oxidative stress @ monocytes

Coronary intervention with metal stent implantation is
performed in >1.5 million patients with atherothrom-
botic lesions worldwide and has become the major revas-
cularization technique.! The clinical benefits of this pro-
cedure are reduced by in-stent restenosis. In-stent
restenosis results exclusively from neointima formation
because of proliferation/migration of smooth muscle cells
and inflammatory changes in response to stent-associated
injury.? Recent clinical trials demonstrated great benefits
of drug-eluting stents (containing sirolimus, paclitaxel,
etc) in preventing restenosis and improving clinical out-
comes.>* However, systemic medical therapies for stent-
associated thrombosis and for control of risk factors are
essential therapy in addition to drug-eluting stents for the
prevention of future coronary events. This notion is sup-
ported by recent reports showing multiple atherosclerotic
plaque ruptures at sites other than the culprit lesion, as
observed in acute coronary syndrome by intravascular
ultrasound analysis.® The renin—angiotensin system (RAS)
has been implicated in the pathogenesis of restenosis and
acute coronary syndromeé-1! and, thus, may be a potential

target for the prevention of in-stent restenosis and athero-
thrombotic events. Indeed, a recent, single-center VALsar-
tan for Prevention of REstenosis after Stenting of Type
B2/C lesions (Val-PREST) trial demonstrated that treatment
with angiotensin I type 1 (AT,) receptor blocker (ARB) reduces
the incidence of restenosis and revascularization in selected
patients with type B2/C lesions.!> The same group compared
valsartan with angiotensin-converting enzyme (ACE) inhibition
after bare metal stent implantation in the VALsartan Versus
ACE inhibition (VALVACE) trial and reported greater benefits
from systemnic valsartan treatment than from angiotensin-
converting enzyme inhibitors in reducing restenosis.’*
However, the precise mechanism by which ARB reduces
in-stent restenosis in Val-PREST and VALVACE trials is
unclear. Although the central role of RAS in the patho-
genesis of atherosclerotic vascular disease is evident, the
role of RAS in the pathogenesis of in-stent neointimal
formation has not been fully addressed. For example,
upregulation of ACE is reported in postballoon restenotic
samples,*4 but no previous study examined the expression
of RAS components (ACE, angiotensin 1I, AT, receptor,
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and AT, receptor) and subsequent cellular events after
stenting. This point is important because: (1) the mecha-
nism underlying neointimal formation differs considerably
between injury methods, and (2) metallic stent implanta-
tion now becomes the major revascularization technique.
Therefore, the first aim of the present study was to
determine the effects of ARB on experimental in-stent
restenotic lesions. To gain clinical significance for the
results, we used a nonhuman primate model of in-stent
neointima formation.!s We then aimed to investigate the
underlying mechanism in a rabbit model. We demonstrate
that: (1) increases in local expression of RAS begin at
early stages after stenting, and (2) treatment with ARB
attenuates in-stent neointima formation associated with
reduction in oxidative stress, inflammatory changes, and
AT, receptor expression.

There is accumulating evidence from experimental studies
that vascular smooth muscle cells within the neointima of the
atherosclerotic vessel wall may originate from bone mar-

A

Olmesartan

Control
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row.'6 Furthermore, a recent study demonstrated that smooth
muscle progenitor cells (SMPCs) are present in circulating
human blood!? and that bone marrow-derived smooth muscle
cells are highly represented in the intima of human athero-
sclerotic vessels.!'® Angiotensin II reportedly enhances the
proliferation and differentiation of myeloid precursors from
CD34~ hematopoietic stem cells through interaction with the
AT, receptor on CD34" cells.!®2° Thus, it is possible that
RAS is involved in recruitment and differentiation of bone
marrow cells to SMPCs. Therefore, the second aim of this
study was to investigate the effects of ARB on the differen-
tiation of peripheral blood mononuclear lenkocytes to SMPCs
after stenting in rabbits.

Methods

Animal Model of In-Stent Restenosis

The study protocol was reviewed and approved by the Committee
on Ethics on Animal Experiments, Kyushu University Faculty of
Medicine, and the experiments were conducted according to the

Valsartan

Figure 1. Inhibitory effect of ARB on
in-stent neointima formation in monkeys (a
and b} and rabbits (¢ and d}. a, iliac artery
sections from the control group, the olme-
sartan group, and the valsartan group 28
days after stenting, stained with elastic-
van-Gieson in monkeys. Bar=500 pm. b,
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Effect of olmesartan and valsartan on inti-
mal area, IEL area, and % stenosis 28
days after stenting in monkeys (n=8 each).
*P<0.01 vs the control group. ¢, lliac
artery sections from the control group and
the olmesartan group 28 days after stent-
ing, stained with elastic-van-Gieson in rab-
bits. Bar=500 pum. d, Effect of olmesartan
on intimal area, internal elastic lamina (IEL)
area, and % stenosis 28 days after stent-
ing in rabbits (n=8 each). *F<0.01 vs the
control group.
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National Institutes of Health Guide for the Care and Use of Laboratory
Animals. An enhanced Methods section is available online at
hitp://hyper.ahajournals.org.

Results

Inhibitory Effects of ARBs on Neointima
Formation After Stenting in Monkeys and Rabbits
As we reported previously,'s significant neointima formation
was observed 28 days after stenting in control, unireated
monkeys (Figure 1). Treatment with olmesartan or valsartan
reduced this neointima formation.

Neointima formation was also examined 28 days after
stenting in rabbits (Figure 2). Treatment with olmesartan
reduced the degree of neointima formation to a similar
extent as seen in monkeys. As expected, serum angiotensin
11 levels rose on day 28 in the olmesartan group (data not
shown).

There were no treatment effects of ARBs on serum choles-
terol levels. In monkeys, the total cholesterol levels before and
28 days after stenting were 44443 and 429+37 mg/dL in the
control group, 469%30 and 488+44 mg/dL in the olmesartan-
treated group, and 46930 and 488+44 mg/dL in the.valsartan-
" treated group. In rabbits, the total cholesterol levels before
and 28 days after stenting were 919=81 and 1072293 mg/dL
in the control group and 99797 and 1128108 mg/dL in
the olmesartan-treated group. There was no significant

Olmesartan N

5065
401
364

Figure 2. Effects of ARB on inflammation

%

Control Olmesartan
Media

and cell death in rabbits. a, Effect of olme-
sartan on inflammation (RAM11-positive
monocyte/macrophage) 7 days after stent-
ing (n=8 each). Summary of quantitative

analyses is presented in bar graph. The
percentage of immunopositive cells per
total cells in each section was calculated,
and the average of the 5 sections was
reported for each animal. 1P<0.05,

%

o Control Olmcsarta;x

+1P<0.01 vs the conirol group. * indicates
stent strut; Ni, neointima; M, media.
Bar=100 um. b, Effects of olmesartan on
cell death. TUNEL-stained artery sections
T 7 days after stenting and summary of

I quantitative analyses are presented (n=8
each). The percentage of immunopositive
cells per total cells in each section was
calculated, and the average of the 5 sec-
tions was reported for each animals.
+P<0.01 vs the control group. * indicates
stent strut; NI, necintima; M, media.
Bar=100 pm.

treatment effect on body weight among the groups (data
not shown).

Inhibitory Effects of ARB on Markers of RAS
(ACE, Angiotensin II, AT, Receptor, and AT,
Receptor) and Oxidative Stress After Stent
Implantation in Rabbits

To investigate potential mechanisms underlying the benefi-
cial effects of ARBs on in-stent neointima formation, we
examined whether markers of RAS are increased after stent
implantation in rabbits (Figure I, available online). Immuno-
histochemical staining revealed that such markers (ACE,
angiotensin II, AT, receptor, and AT, receptor) increased on
day 10 in nearly all of the cells in the neointima (regenerated
endothelial cells, monocytes, and smooth muscle-like cells)
and in some cells in the media (Figure Ia). Such increased
immunoreactivity declined spontaneously. Interestingly,
treatment with olmesartan reduced the enhanced expression
of AT, receptor but did not affect the expression of AT,
receptor (online Figure I).

Because oxidative stress plays a central role in vascular
pathobiology induced by angiotensin II, we then examined
superoxide production by dihydroethidium (DHE) fluores-
cence on day 10 (Figure Ic). No apparent DHE fluorescence
was detected in the nonstented normal artery. The fluorescent
signal was markedly increased in the neointima, media, and
adventitia of stented arteries from the control group. Treat-
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ment with olmesartan partly attenuated the increased DHE
fluorescence after stent implantation.

Inhibitory Effects of ARB on Inflammatory
Changes and Apoptotic Cell Death in Rabbits

As we reported previously,'® inflammatory changes and
apoptotic cell death became evident 7 to 10 days after stent
implantation in rabbits (Figure 2a and 2b). Treatment with
olmesartan reduced such inflammatory changes and enhanced
cell death in the intima after stenting.

Inhibitory Effects of ARB on Expression of
Proinflammatory Factors and NADPH

Oxidase Subunits

Treatment with olmesartan reduced the increased mRNA
levels of monocyte chemoattractant protein (MCP)-1, inter-
leukin (IL)-153, tumor necrosis factor-o, p22phox, and
gp91phox in rabbits (Figure 3a). Olmesartan did not affect the
increased levels of IL-6 and transforming growth factor-S.
Immunohistochemical staining performed 10 days after stent-
ing revealed increased immunoreactive platelet-derived
growth factor (PDGF)- and MCP-1 in cells in the neointima
and in smooth muscle cells in the media. This was attenuated
by olmesartan treatment (Figure 3b). Treatment with olme-
sartan did not affect neovascularization in the neointima and
adventitia or re-endothelialization 28 days after stenting (data
not shown).

Effects of ARB on Transdifferentiation of
Mononuclear Cells to Vascular Progenitor Cells

- To investigate the potential contribution of vascular progen-
itor cells, peripheral blood mononuclear celis (MNCs) were

Effects of AT, Blocker on Restenosis 667

Figure 3. Effects of ARB on gene expres-
sion of proinflammatory factors, and immu-
nohistochemical expression of PDGF and
MCP-1. a, Effect of olmesartan on relative
mRNA levels of various proinflammatory
factors and NADPH oxidases 7 days after
stenting in normal controls @, n=8), the
no-treatment group ({J, n=8), and the
ARB-treated group (B, n=8). *P<0.01 vs
uninjured normal artery; 1P<0.05, vs the
conirol group. b, lliac artery sections from
the uninjured normal animals and those
from the control and olmesartan groups 10
days after stenting stained immunohisto-
chemically with PDGF-BB and MCP-1.

* indicates stent strut. Bar=100 pm. These
immunohistochemical experiments were
repeated 5 times, all with representative
resulis.

isolated and cultured to stimulate the differentiation into
SMPCs or endothelial progenitor cells (EPCs), as described
previously.!6-17 The cells cultured in the PDGF-BB-enriched
and basic fibroblast growth factor—enriched medium exhib-
ited a hill and valley morphology that is characteristic of
smooth muscle cells within 2 weeks. The smooth muscle cell
phenotype was confirmed by immunostaining with antibodies
specific for smooth muscle cell markers: SMPCs expressed
a-smooth muscle actin (SMA), myosin, and calponin, which
were all detected in human coronary artery smooth muscle
cells and were not detected in MNCs and Cos-7 cells (data not
shown). Expression of «-SMA gene in SMPCs was also
confirmed by PCR analysis (data not shown). As report-
ed,1617 the expression of inflammatory markers (MCP-1,
IL-1B, etc) was greater in SMPCs than in cultured rabbit
aortic smooth muscle cells (data not shown). The cells
cultured in the vascular endothelial growth factor—enriched
medium exhibited the typical cobblestone morphology of
EPCs. The EPCs stained positively for von Willebrand factor
and VE-cadherin and incorporated acetylated low-density
lipoprotein (data not shown).

Analysis of colony-forming areas showed that the degree of
transformation to SMPC was greater in MNCs from animals fed
a high-cholesterol diet than in those from untreated, normal
animals (Figure 4A). The transformation to SMPCs further
enhanced in MNCs from animals that underwent stenting.
Treatment of rabbits with olmesartan for 5 to 7 days sup-
pressed the increased transformation to SMPCs induced by
stenting. In contrast, there were no differences in the degree
of transformation to EPCs among the groups. Immunohisto-
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Figure 4. Effects of ARB on transdifieren-
tiation of MNGCs to SMPCs or EPCs. a, The
degrees of transformation of MNCs to,
SMPCs (the percentages of a-SMA~posi-
tive area per well) or EPCs (the percent-
ages of von Willebrand factor—positive area
per well) in normal rabbits and those that
received the high-cholesterol diet, high-
cholesterol diet plus in vivo olmesartan
treatment, high-cholesterol diet and stent-
ing,. or high-cholesterol diet, in vivo olme-
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4
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chemical staining was then performed to examine the pres-
ence of AT, receptor and AT, receptor. Both receptors were
found in SMPCs and EPCs (Figure 4B). We considered the
possibility that AT, signals might be involved in increasing
the transformation capacity of MNCs and, therefore, exam-
ined the effects of in vitro administration of angiotensin II or
olmesartan on the transformation of MNCs. Angiotensin II
did not enhance transdifferentiation, and olmesartan did not
suppress transdiffrentiation in vitro (Figure 4C).

Plasma ARB levels and Arterial Blood Pressure

The maximum drug concentration (C,,) levels of olmesartan
at 15 mg/kg per day and valsartan at 50 mg/kg per day were
10717 and 300%+24 ng/mL, respectively. The C,,, level of
olmesartan at 3 mg/kg per day was 53724 ng/mL in rabbits.
Therefore, the dose of olmesartan used in rabbits is within a
clinically relevant dose range. The C,, levels after oral
administration of olmesartan at 5, 10, and 20 mg/body in
hypertensive subjects are reported to be 14921, 273=17,
and 47023 ng/mL (n=6, each), respectively. The Cp
values after oral administration of valsartan at 80 and 160
mg/body in hypertensive subjects are reported to be

-+

sartan treatment, and stenting (n=8 to 9
each). *P<0.05, *P<0.01 vs control (cho-
lesterol [—] olmesartan [~} stent [-]).
1P<0.05 vs high-cholesterol diet plus
stenting (cholesterol [+] olmesartan [—]
stent [+]). b, immunochistochemistry for
AT1 receptor and AT2 receptor in SMPCs
and EPCs. ¢, The degree of transformation
of MNCs from rabbits fed a high-cholester-
ol diet to SMPCs or EPCs. The effects of in
vitro addition of angiotensin Il were exam-
ined. In addition, the in vitro effects of
olmesartan on the stent-induced increase
in transformation were examined (n=8 to 9
each). *P<<0.05, *P<0.01 vs conirol {an-
giotensin il [~] olmesartan [~] stent [-]).

+
++ |

2830+920 and 52602300 ng/ml, respectively, according
to the manufacturer’s interview form. Thus, the doses of
olmesartan and valsartan used in the present study are within
or below the clinically relevant dose range.

Treatment with olmesartan showed no effect on systolic
and diastolic arterial pressure. Systolic and diastolic pressure
were 94+2 and 59+3 mm Hg in the control group and 92+2
and 526 mm Hg in the olmesartan group.

‘ Discussion
We have demonstrated for the first time that oral treatment
with 2 types of ARBs (valsartan and olmesartan) attenuated
in-stent neointimal formation in nonhuman primates (cyno-
molgus monkeys), supporting the conclusions of the Val-
PREST and VALVACE trials,'2!3 which involved a rela-
tively small number of patients. Although it is uncertain
which animal model is most appropriate for the evaluation of
in-stent neointima formation (restenotic changes), a nonhu-
man primate model may have an advantage over nonprimate
animal models, because vascular inflammatory and prolifer-
ative responses to injury in nomhuman primates are more
similar to those in humans than are other, nonprimate models.
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Hence, the use of nonhuman primates may work for evalua-
tion of the efficacy of ARB on in-stent neointima formation
in clinically relevant conditions.

To obtain mechanistic insight into the beneficial effects of
ARB, we first examined the time course of local expression
of RAS components in rabbits (Figure 2). We found that
expression of all of the components (ACE, angiotensin II,
AT, receptor, and AT, receptor) increased, mainly in cells
composed of neointima (monocytes and smooth muscle
cells), at early stages (7 to 10 days after stenting), and
persisted until 28 days after stenting. This RAS activation
colocalized with increased NADPH oxidase—dependent DHE
fluorescence (generation of superoxide anion) and was asso-
ciated with increased levels of NADPH oxidase subunit
mRNAs, consistent with previous reports showing that in-
creased reactive oxygen species can be detected in activated
smooth muscle cells after balloon injury.2t-2> These in vivo
observations are also consistent with previously published in
vitro data suggesting that proliferation and migration of
smooth muscle cells ave critically mediated by oxidative
stress via AT,-mediated activation of NADPH oxidases.23-29
Interestingly, treatment with ARB not only attenuated the
levels of oxidative stress markers but also reduced the level of
imnwnoreactive AT,. These data suggest the presence of a
positive feedback loop in which activation of AT, further
enhances expression and activity of the AT, receptor in vivo,
as seen in the present study.

It is known that oxidative stress—induced inflammatory and
proliferative processes are central to neointima formation
after vascular injury.2*>> We and others have demonstrated
that! increased monocyte-mediated inflammation or MCP-1
expression is associated with greater neointima formation
after stenting,?¢?7 and? anti-MCP-1 gene therapy!®28-%¢ or
administration of blocking antibody against the MCP-1 re-
ceptor®! markedly reduces peointima formation after vascular
injury. However, no previous study examined whether or not
those inflammatory and proliferative changes after stenting
depends on the AT, receptor. In the present study, we, therefore,
examined the effects of ARB on monocyte recruitment and
MCP-1 expression after stenting and found that ARB reduced
monocyte/macrophage recruitment, as well as MCP-1 immuno-
reactivity and gene expression. Furthermore, ARB inhibition
increased the expression of growth-promoting factors, such as
PDGF and IL-18. These data suggest that the beneficial effects
of ARB may be attributed to the inhibition of oxidative
stress—induced inflammatory and proliferative changes.

Recent studies have shown that peripheral blood contains
bone marrow-derived progenitor cells, which contribute to
neointima formation after injury.i6.1832 However, the role of
RAS in the recruitment/differentiation of progenitor cells into
the neointimal cells after stenting has not been addressed.
Here we found that differentiation to SMPCs increased in
MNCs from rabbits fed a high-cholesterol diet and was
further enhanced in those rabbits that had also undergone
stenting. Differentiation into EPCs was not affected by either
the diet or stenting. In vivo treatment with ARB suppressed
the increased differentiation into SMPCs induced by diet or
stenting. In contrast, in vitro treatment with angiotensin II or
ARB did not affect the capacity to differentiate into SMPCs
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or EPCs. Therefore, the capacity to recruit or form SMPCs
from MNCs after stenting might be determined by an ATI
receptor-mediated pathway in vivo and, thus, contribute to
in-stent neointima formation.

It must be mentioned that ARB did not significantly
reduced arterial blood pressure in rabbits. Although arterial
pressure was not measured in monkeys, the dose of ARB used
in the present study is reported to show no effects on arterial
blood pressure in monkeys.*® Plasma ARB level was within
or below the clinical range. Furthermore, ARB did not affect
serum lipid levels. Therefore, the beneficial effect of ARB on
in-stent neointimal formation is likely to be independent of its
effects on arterial blood pressure or serum lipid.

Perspectives

This study provides experimental evidence suggesting that
oral treatment with ARB at a clinical dose range attenuates
in-stent neointima formation in rabbits and nonhuman pri-
mates. The beneficial effects were associated with reduced
local oxidative stress, reduced expression of MCP-1 and other
inflammation-promoting factors, and reduced recruitment/
differentiation of SMPCs, suggesting that ARB is of potential
clinical benefit in patients who have undergone vascular
interventions.
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Ovariectomy Augments Hypertension Through Rho-Kinase
Activation in the Brain Stem in Female Spontaneously
Hypertensive Rats

Koji Ito, Yoshitaka Hirooka, Yoshikuni Kimura, Yoji Sagara, Kenji Sunagawa

Abstract—Estrogen protects against increases in arterial pressure (AP) by acting on blood vessels and on cardiovascular
centers in the brain. The mechanisms underlying the effects of estrogen in the brain stem, however, are not clear. The
aim of the present study was to determine whether ovariectomy affects AP via the Rho/Rho-kinase pathway in the brain
stem. We performed bilateral ovariectomy in 12-week-old female spontaneously hypertensive rats. AP and heart rate
(HR), measured using radiotelemetry in awake rats, were increased in ovariectomized rats compared with control rats
(mean AP: 163+3 versus 144*4 mm Hg; HR: 455%4 versus 380+6 bpm). Continuous intracisternal infusion of
Y-27632 significantly attenuated the ovariectomy-induced increase in AP and HR (mean AP: 137 *6 versus
163=3 mm Hg; HR: 379+ 10 versus 455=4 bpm). In addition, we confirmed the increase of Rho-kinase activity in the
brain stem in ovariectomized rats, and the increase was attenuated by intracisternal infusion of ¥Y-27632 via the
phosphorylated ezrin, radixin, and moesin (ERM) family, which are Rho-kinase target proteins. Furthermore,
angiotensin II type 1 receptor expression in the brain stem was significantly greater in ovariectomized rats than in control
rats, and the increase was partially reduced by intracisternal infusion of Y-27632. In a separate group of animals, we
confirmed that the serum and cerebrospinal fluid 178-estradiol concentrations decreased in ovariectomized rats. These
results suggest that depletion of endogenous estrogen by ovariectomy, at least in part, induces hypertension in female
spontaneously hypertensive rats via activation of the renin-angiotensin system and the Rho/Rho-kinase pathway in the
brain stem. (Hypertension. 2006;48:651-657.)

Key Words: estrogen m brain @ nervous system, sympathetic & receptors, angiotensin & blood pressure & heart rate

he incidence of cardiovascular diseases is lower in

premenopausal women than in age-matched men!~* and
postmenopausal women.* The decreased protective effect
against cardiovascular diseases, such as hypertension, in
postmenopausal women is thought to be because of endoge-
nous ovarian estrogen depletion. Estrogen decreases arterial
pressure through direct effects on blood vessels™® and
through effects on central cardiovascular regulatory centers
by modulating autonomic function of the cardiovascular
system.”# Hormone replacement therapy in postmenopausal
women favorably affects cardiovascular regulation by im-
proving baroreflex function and heart rate (HR) variability
(HRV)® and by decreasing sympathetic nerve activity.? In the
central nervous system (CNS), endogenous estrogen has
numerous effects through estrogen receptor—dependent and
-independent pathways.'®!! Estrogen and estrogen receptors
are present in the brain stem where the vasomotor centers,
such as the nucleus tractus solitarius (NTS) and the ventro-
lateral medulla, are located.'> Medullary injections of exog-
enous estrogen decrease arterial pressure, HR, and renal
sympathetic nerve activity and enhance reflex control of the

HR in male rats, as well as in ovariectomized female rats,!3
suggesting that estrogen has beneficial effects on autonomic
functions.'+ :

Rho-Kinase is a serine-threonine protein kinase and is one
of the effectors of the small GTP-binding protein Rho. This
pathway is involved in various cellular functions including
smooth muscle contraction, actin cytoskeleton organization,
cell proliferation, and cell motility.'5-}% In vascular smooth
muscle cells, activation of this pathway contributes to the
pathophysiology of hypertension via smooth muscle contrac-
tion.12:2° In the CNS, the Rho/Rho-kinase pathway contrib-
utes to the formation of dendritic spines.?! Dendritic spines
form the postsynaptic contact sites of excitatory synapses in
the CNS2? and are thought to be involved in synaptic
transmission.2* We reported previously that Rho-kinase in the
brain stem modulates glutamate sensitivity** and maintains
arterial pressure via the sympathetic nervous system and that
activation of the Rho/Rho-kinase pathway might contribute to
the central mechanisms of hypertension.?**¢ Estrogen also
regulates the formation of excitatory synapses on dendritic
spines.?” Estrogen treatment increases spine number and
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synaptic density on apical and basal dendrites of CAl
pyramidal neurons in ovariectomized adult female rats. 282
These findings led to the hypothesis that the effects of
endogenous estrogen on central cardiovascular regulation
involve alterations in Rho-kinase activity in the central
cardiovascular center. Therefore, the aim of the present study
was to determine whether the depletion of endogenous
estrogen affects arterial pressure via the Rho/Rho-kinase
pathway in the brain stem.

For this purpose, we performed a bilateral ovariectomy in
12-week-old female spontaneously hypertensive rats (SHRs).
Y-27632, a specific Rho-kinase inhibitor,> was then infused
intracisternally for 2 weeks with a miniosmotic pump. Arte-
rial pressure and HR were measured in awake rats using a
radiotelemetry system.*! In a separate group of animals, we
confirmed that serum and cerebrospinal fluid (CSF) 178-
estradiol concentrations were decreased in ovariectomized
rats. We then compared the Rho-kinase activity in the brain
stem between control rats and ovariectomized rats. Finally,
we compared the expression level of angiotensin II type 1
receptors (AT1IRs) in the brain stem between control rats and
ovariectomized rats, because estrogen functions upstream of
the renin-angiotensin system,>*? and the Rho/Rho-kinase
pathway is downstream of the renin-angiotensin system.>*

Methods

This study was reviewed and approved by the Committee on the
Ethics of Animal Experiments, Kyushu University Graduate School
of Medical Sciences, and was conducted according to the Guidelines
for Animal Experiments of Kyushu University. Female SHRs (11-
week-old, SLC Japan, Hamamatsu, Japan) were used in the present
study. A flexible catheter containing an arterial pressure transmitter
was introduced into the abdominal aorta just below the renal arteries
under sodium pentobarbital (50 mg/kg IP) anesthesia. After surgery,
rats were housed singly in cages and allowed unrestricted movement.
Rats were fed food devoid of phytoestrogens (AIN 76A, Kyudo Co,
Ltd). For 21 days after ovariectomy, arterial pressure and HR were
recorded continuously for 10 minutes every other day using a UA-10
telemetry system (Data Sciences International).>>3!

Surgical Procedures

Seven days after catheter implantation, we performed bilateral
ovariectomy (OVX) or sham operation (control) in the then 12-
week-old rats under sodium pentobarbital (50 mg/kg IP) anesthesia.
Ovariectomized rats were further randomly divided into 2 groups.
The first group received continuous infusion of vehicle (a-CSF, 0.25
uL/h; OVX-VEH rats), and the second group received continnous
infusion of Y-27632, a specific Rho-kinase inhibitor (5 mmol/L
Y-27632, 0.25 pL/h; OVX-Y rats), intracisternally for 2 weeks via a
miniosmotic pump (Alzet model 1002; Durect Corp). The minios-
motic pump, filled with vehicle or Y-27632, was implanted subcu-
taneously in the back and connected to a polyethylene tube (PE 10).
A small hole was then made in the atlantooccipital membrane, which
covers the dorsal surface of the medulla, and the tip of the tube was
placed intracisternally and fixed in place with tissue adhesive. After
surgery, the rats were free to move about their cages. The infusion
was calculated to last 14 days.

Power Spectral Analysis

To evaluate sympathetic activity, we performed power spectral
analysis on day 11 after OVX or sham operation. HR was recorded
from 20-minute ECGs performed in awake rats using the radiote-
lemetry system. The ECG data were calculated using the Powerlab
system and Chart 4 software (AD Instruments), and the power
spectra of the R-R interval was calculated using the maximum

entropy method with MemCalc software (Suwa Trust Co, Ltd). The
frequency bands were adapted for analysis in rats: a very low
frequency band (VLF) of 0 to 0.25 Hz, a low frequency band (LF) of
0.25 to 0.8 Hz, and a high frequency band (HF) of 0.8 to 2.4 Hz,36-38

Western Blot Analysis

The animals of each group (control rats, OVX-VEH rats, and
OVX-Y rats) were killed with an overdose of sodium pentobarbital
on day 11 after OVX or sham operation, and whole brain stem
tissues were obtained. The animals used in this experiment were
different from those in which arterial pressure, HR, and ECG were
monitored. The tissues were obtained as the whole brain stem to
ensure that the same areas from each animal were used and then
homogenized in lysing buffer containing 40 mmol/I. HEPES, 1%

" Triton X-100, 10% glycerol, 1 mmol/L. Na;VO,, and 1 mmolL

phenylmethylsulfonyl fluoride. The tissue lysate was cenirifuged,
and the supernatant was collected. The protein concentration was
determined using a BCA protein assay kit (Pierce Chemical). A
protein aliquot (15 pg) from each sample was separated on a 10%
sodium dodecyl sulfate-polyacrylamide gel and subsequently trans-
ferred onto polyvinylidene difluoride membranes (Immobilon-P
membrane, Millipore). Membranes were incubated with rabbit anti-
phosphorylated ERM proteins [ezrin (Thr567), radixin (Thr564), and
moesin (Thr558)], which are the target proteins of Rho-kinase (this
primary antibody was made by Kaibuchi and colleagues™-+2 and has
been characterized and used in many previous reports). Membranes
were then incubated with a horseradish peroxidase-conjugated horse
anti-rabbit IgG antibody (1:10 000). Immunoreactivity was detected
by enhanced chemiluminescence autoradiography (ECL Western
blotting detection kit, Amersham Pharmacia Biotechnology), and the
film was analyzed using NIH Image (developed at the National
Institutes of Health and available on the Internet at http:/rsb.info.
nih.gov/nih-image/). Western blot analysis for ATIR was performed as
described above using rabbit anti-ATIR antibody (1:1000, Santa Cruz
Biotechnology).

Measurement of Estradiol Conecentration in the
Serum and CSF

A separate set of 12-week-old female SHRs was divided into 2
groups. In the first group, bilateral OVX alone was performed (OVX
rats). In the second group, sham operation was performed (Sham
rats). The animals in each group were anesthetized with an overdose
of sodium pentobarbital on day 11 after the intervention, and blood
samples from the femoral vein were obtained to measure the serum
17B-estradiol concentration by radioimmunoassay performed by
SRL Inc). Furthermore, a small hole was made in the atlantooccipital
membrane, the tip of a tube connected to a syringe was placed
intracisternally, and CSF was collected. Because only a small
amount of CSF could be collected from each animal, samples from
5 animals of each group were pooled, and the 178-estradiol concen-
tration was measured.

Statistical Analysis

All of the values are expressed as mean®=SEM. Two-way ANOVA
was used to compare differences in mean arterial pressure (MAP)
and HR between the Y-27632 and vehicle infusion groups. Compar-
isons between any mean values were performed by application of
Bonferroni’s correction for multiple comparisons. An unpaired ¢ test
was used to compare the baseline values and the effects of each
intervention between groups. Differences were considered to be
statistically significant when P<<0.05.

Results

Effects of OVX and Intracisternal Infusion of
Y-27632 on Arterial Pressure and HR Measured
by Radiotelemetry

The time course of MAP and HR after OVX and intracisternal
infusion of Y-27632 is shown in Figure 1. The baseline
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MAP HR
(mmHg) . {bpm)
Y-27632 or a-CSF i.c. ¥-27632 or a-CSF i.c.
180 - ” 560
Figure 1. Chronic intracisternal infusion
of Y-27632. Time course of MAP and HR
160 - after ovariectomy with continuous infu-
sion of Y-27632 or vehicle intracisternally
for 2 weeks with a miniosmotic pump.
MAP and HR were increased in OVX-
140 1% 5~ VEH rats. Y-27632 significantly attenu-
ated the increase in MAP and HR in
OVX-Y rats (n=4 for each). *P<0.05 vs
control rats. #P<0.05 vs OVX+VEH rats.
120 300 r : g
NTOD MBSO WSO T
53TTVBITZS S5

—e—Control  —=—~0OVX+VEH -—=—0OVX+Y

" values of arterial pressure in control rats, OVX-VEH rats, and
OVX-Y rats were 192+7, 1899, and 187=7 mm Hg (systolic
arterial pressure); 1153, 1132, and 1124 mm Hg (diastolic
arterial pressure); and 142%3, 1382, and 137+3 mm Hg
(MAP), respectively. The baseline values of HR in control
rats, OVX-VEH rats, and OVX-Y rats were 373%7, 372£6,
and 3627 bpm, respectively. Arterial pressure and HR were
significantly increased in OVX-VEH rats. Y-27632 signifi-
cantly attenuated the increase in arterial pressure and HR in
OVX-Y rats. After discontinuing treatment with Y-27632,
arterial pressure and HR increased to levels similar to those in
OVX-VEH rats. In control rats, arterial pressure and HR did
not change after the operation.

Effects of OVX and Intracisternal Infusion of
Y-27632 on HR Power Spectra

The effects of OVX on HR power spectra are shown in Figure
2. The VLF and LF compouents were significantly increased
in OVX-VEH rats. The VLF and LF components in OVX-Y
rats were significantly reduced compared with those in
QVX-VEH rats. The HF component, however, did not differ
between control rats, OVX-VEH rats, and OVX-Y rats;
therefore, the LF/HF ratio, which is considered to be a
measure of sympathovagal balance, was also increased in
OVX-VEH rats compared with the other groups.

Western Blot Analysis of Rho-Kinase Activity

The extent of ERM phosphorylation, which represents Rho-
kinase activity, was greater in OVX-VEH rats and in OVX-Y
rats than in control rats (Figure 3A). The increase in ERM
phosphorylation in OVX-Y rats, however, was significantly
less than that in OVX-VEH rats. The expression level of the
total ERM family did not differ between groups.

ATIR Expression Level

The AT1R expression level was significantly increased in OVX-
VEH rats and OVX-Y rats compared with control rats (Figure
3B). The increase in ATIR expression in OVX-Y rats was
significantly smaller than that in OVX-VEH rats (Figure 3B).

Effects of OVX on Serum and CSF

Estradiol Concentrations

On day 11 after the intervention, the serum 173-estradiol
concentration was decreased in OVX rats compared with
Sham rats (139%51 pg/mL versus 34x11 pg/mL; n=5 for
each; P<0.05). In addition, the CSF 17B-estradiol concen-
tration was also decreased in OVX rats (270.0 pg/mL versus
61.5 pg/mL).

VLF LF LH/HF
(ms?) (ms?) ,
) Figure 2. Evaluation of sympathetic
10+ * 10+ 5+ nerve activity by power spectral analysis.
Each graph shows the power density of
8- 8+ 4 each spectrum. The power density of
% VLF and LF reflects sympathetic nerve
64 T 6- 3] ol activity, and the ratio of LF/HF reflects
the sympathovagal balance. Both param-
4 4- 24 eters increased in OVX-+VEH rats com-
" — pared with control rats (n=5 for each).
5] 2 1 *P<0.05 vs control rats. #°<0.05 vs
OVX-+VEH rats.
Cont OVX OVX Cont OVX OVX Cont OVX OVX
+VEH +Y +YEH +Y +VEH +Y
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Discussion

The present study demonstrated that in female SHRs, OVX
induced an increase in arterial pressure via activation of the
sympathetic nervous system, attributable, at least in part, to
Rho-kinase activation in the brain stem. Furthermore, the
results of the present study suggest that angiotensin II in the
brain stem contributes to these mechanisms.

We used only female SHRs as a hypertensive model in this
study. Previous studies focusing on the interaction between
cardiovascular regulation and estrogen demonstrated that
OVX has no effect on arterial pressure in normotensive
animals.**# Although the Rho-kinase activity and renin—
angiotensin system in the brain stem might be affected by
OVX in normotensive rats, the effects of OVX, like in
postmenopausal women, are more obvious in hypertensive
rats than in normotensive rats. Therefore, we used only SHRs
in the present study. Previous studies also indicated that OVX
alters arterial pressure only in salt-sensitive hypertensive
models, such as SHRs and Dahl salt-sensitive rats.**~+ There
are reports that bilateral OVX in hypertensive rats enhances
salt sensitivity but only increases arterial pressure in rats fed
a high NaCl diet.*>4¢ In the present study, arterial pressure
and HR were significantly increased in OVX-VEH rats fed a
standard NaCl diet compared with controls from day 7 after
bilateral OVX. The discrepant results might be because of
differences in age at the time of OVX or in the diet. In fact,
rats ovariectomized at a young age and fed a normal diet only
have a significant increase in arterial pressure when fed a
high-NaCl diet,*>*¢ whereas rats ovariectomized at an adult
age and fed a phytoestrogen-devoid diet have increased
arterial pressure under both a standard NaCl diet and a
high-NaCl diet.*” Furthermore, we measured arterial pressure
by radiotelemetry. This system allowed us to measure arterial
pressure in awake rats under relatively stress-free conditions
compared with other methods, such as the tail-cuff method. In
a preliminary study, when we measured arterial pressure by
the tail-cuff method, OVX tended to increase arterial pres-
sure, but the difference was not significant (data not shown).
These methodologic differences might also cause discrepant
results from previous studies. In fact, arterial pressure mea-
sured by radiotelemetry is significantly increased in ovariec-

Figure 3. A, Westem blot analysis deman-
strating p-ERM expression in the brain stem.
The p-ERM expression level was significantly
higher in OVX-VEH rats than in control rats,
and its increase was significantly attenuated
by Y-27632 infusion. The data are expressed
as the relative ratio to controls, The ratio of
phosphorylated/total ERM family expression
in control rats was assigned a value of 1
{(n=5 for each). ™P<0.01, *P<0.05 vs control
rats. #P<<0.05 vs OVX-+VEH rats. B, Western
blot analysis demonstrating AT1R expression
in the brain stem. The AT1R expression level
was significantly higher in OVX-VEH rats
than in control rats, and its increase was
significantly attenuated by Y-27632 infusion.
The data are expressed as relative ratio to
control. The extent of the AT1R in control
rats was assigned a value of 1 (n=4 for
each). *P<0.01, *P<0.05 vs control rats.
#P<0.05 vs OVX+VEH rats.

ovX OovX
Y +VEH

tomized Dahl salt-sensitive rats fed a phytoestrogen-free and
low-salt diet.*® ,

Intracisternal infusion of Y-27632 prevented the OVX-
induced increase in arterial pressure, suggesting that endog-
enous Rho-kinase in the brain stem has an important role in
OVX-induced hypertension in female SHRs. The concentra-
tion of Y-27632 (5 mmol/L) used in the present study has
selective effects on the CNS.2¢ Intracisternal drug infusion
affects neurons in several regions of the autonomic cardio-
vascular area. We demonstrated previously, however, that the
Rho/Rho-kinase pathway is activated in the NTS of SHRs but
not normotensive rats, and Rho-kinase inhibition in the NTS
induces a significant reduction in arterial pressure.?* In
addition, the NTS is positioned at the dorsal surface of the
medulla. Therefore, Y-27632 might have greater effects on
neurons of the NTS than on neurons of other nuclei, although
we cannot exclude the possibility that it affects other auto-
nomic areas in the brain stem. Together, these findings
suggest that the effect of Y-27632 is mediated in part by the
inhibition of Rho-kinase activity in the NTS.

In the present study, it is unlikely that the results are
because of nonspecific effects caused by the surgical proce-
dure, because continuous intracisternal infusion of vehicle
using the same device did not suppress the increase in arterial
pressure, and after discontinuing the Y-27632 infusion, arte-
rial pressure increased to levels similar to those in OVX-VEH
rats. In addition, ERM phosphorylation in the brain stem was
significantly increased in OVX-VEH rats and reduced in
OVX-Y rats, which strongly suggests that the Rho-kinase
activity in the brain stem of OVX-VEH rats was increased
and that Y-27632 suppressed Rho-kinase activity. We esti-
mated the extent of ERM phosphorylation as a marker of
Rho-kinase activity. The ERM family members are concen-
trated in the actin-rich cell surface, cross-link actin filaments
with the plasma membrane, and contribute to cell-cell
adhesion and maintenance of cell shape and cell motility.*°
Although the role of ERM family members in the central
cardiovascular regulation is not clear, and ERM family
members might be the substrates of other kinases, ERM
phosphorylation is commonly used as an indicator of Rho-
kinase activity.25.26,34.40-42
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In the present study, intracisternal infusion of Y-27632
nearly abolished the OVX-induced increase in arterial pres-
sure. We reported previously that Rho-kinase activity in the
brain stem of hypertensive rats is increased compared with
normotensive rats.>%26 Therefore, intracisternal infusion of
Y-27632 might suppress not only the OVX-induced increase
in Rho-kinase activity but also basal Rho-kinase activity,
thereby inducing a greater reduction in arterial pressure than
that induced by OVX. In most previous studies, arterial
pressure changes were evaluated several weeks after OVX. In
the present study, ~1 week after OVX, arterial pressure of
ovariectomized rats was significantly increased compared
with that of contro] rats. As mentioned above, we used more
sensitive methods for measuring arterial pressure. In addition,
we confirmed that the 17 B-estradiol concentration, both in the
serum and the CSF, decreased by ~25% at 11 days after
OVX. Although the serum and the CSF estradiol concentra~
tions were markedly decreased by OVX, the concentrations
were still high. We speculate that other organs, such as
adrenal glands or adipocytes, produced estradiol after OVX.
We did not address these issues, however, and do not have
precise interpretations for this finding. In the present study,
we primarily wanted to confirm that OVX reduced serum and
CSF estradiol concentrations.

We estimated sympathetic activity using the HRV power
spectral analysis. HRV is used as a noninvasive marker of
autonomic outflow to the heart in a variety of disease states.>®
HRYV has a very specific pattern in the frequency domains
delineated by the HF, LF, and VLF components.3¢ Sponta-
neous VLE power, which is 0 to 0.25 Hz, and LF power,
which is 0.25 to 0.8 Hz, in the rat are particularly related to
sympathetic nerve activity.?¢-3% In fact, an increased LF
component in R-R variability occurs in various conditions
known to decrease baroreflex gain and increase sympathetic
outflow, such as tilt, mental stress, and exercise.”’ On the
other hand, the HF component is attributed to vagal and
respiratory control, and the LF/HF ratio is used as an index of
sympathovagal balance.” Therefore, we also used spectral
analysis of the HR in the present study. The VLF and LF
powers or the LF/HF ratio were greater in OVX-VEH rats
than in control rats, and those in OVX-Y rats were signifi-
cantly reduced compared with OVX-VEH rats. Furthermore,
the HR increase could also be an indicator of activation of the
sympathetic nervous system. In the present study, HR was
greater in OVX-VEH rats than in control rats and that in
OVX-Y rats was significantly reduced compared with OVX-
VEH rats. These results indicate that sympathetic activity was
increased by OVX, and intracisternal infusion of Y-27632
significantly attenuated the increase in sympathetic activity.

Estrogen decreases arterial pressure by acting on blood
vessels or the kidney via the ATIR.>®4! Furthermore, the
renin—angiotensin systemn is also a major pathway of the
central mechanisms of hypertension. Previous reports suggest
that angiotensin II contributes to the neural mechanisms of
hypertension.®** In addition, inhibition of Rho-kinase activ-
ity suppresses angiotensin II-induced cardiovascular ef-
fects.* Therefore, we examined ATIR expression levels in
each group to address the possibility of a partial interaction
between the renin—angiotensin system and the Rho/Rho-
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kinase pathway in OVX-induced hypertension. The ATIR
levels in the brain stem were significantly increased by OVX,
and this increase was attenuated by intracisternal infusion of
Y-27632. These results suggested that angiotensin I in the
brain stem contributes to the mechanisms of OVX-induced
hypertension in female SHRs. The Rho/Rho-kinase pathway
is downstream of the renin—angiotensin system.*** RhoA
regulates the expression of AT1IR,> however, and Y-27632
inhibits not only Rho-kinase activity, but also RhoA activ-
ity.6 Therefore, Y-27632 might attenuate RhoA activity by
direct effects or negative feedback mechanisms of the Rho/
Rho-kinase pathway and, thus, lead to the inhibition of ATIR
expression. The finding that Y-27632 had only a weak effect
on ATIR expression, together with the results of previous
studies,? 35 suggest that the depletion of endogenous estrogen
activates the Rho/Rho-kinase pathway in the brain stem and
might also activate the renin—angiotensin system.

In conclusion, we demonstrated that the depletion of endog-
enous estrogen by OVX increases arterial pressure in female
SHRs, at least in part, via activation of the renin-angiotensin
system and Rho/Rho-kinase pathway in the brain stem.

Perspectives

It is not known how OVX induces increases in arterial
pressure in female SHRs. In the CNS, both the Rho/Rho-
kinase pathway and estrogen regulate the formation of exci-
tatory synapses on dendritic spines.?” Dendritic spines form
the postsynaptic contact sites of excitatory synapses in the
CNS?2 and are associated with glutamate sensitivity.?® There-
fore, estrogen depletion might induce morphological or func-
tional changes in the dendritic spines via Rho-kinase activa-
tion. On the other hand, estrogen depletion increases arterial
pressure and hypothalamic norepinephrine levels,* and hy-
pothalamus neurons project to the dorsomedial medulla
neurons, such as those in the NTS.57 These findings suggest
that estrogen depletion affects dorsomedial medulla neurons
via changes in the hypothalamic norepinephrine levels. Al-
though further studies are needed to clarify the mechanisms
of these effects, the Rho/Rho-kinase pathway in the brain
stem might be involved in the mechanisms underlying OVX-
induced hypertension, because Rho-kinase in the NTS is
involved in central mechanisms of cardiovascular regula-
tion via modulation of the sensitivity of NTS neurons to
glutamate.>+-26,58
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Abstract

Objective: Telmisartan, an angiotensin II type | receptor (ATIR) antagonist, was found to have a unique property: it is a partial agonist of
peroxisome proliferator-activated receptor gamma (PPARY). Since previous studies have demonstrated that PPARy activators suppressed ATIR
expression, we examined whether telmisartan affects AT1R expression in vascular smooth muscle cells.

Methods: Vascular smooth muscle cells were derived from the thoracic aorta of Wistar-Kyoto rat. Northern and Western blotting analysis were
used to examine ATIR mRNA and protein expression, respectively. The DEAE-dextran method was used for transfection, and the promoter
activity of AT1R was examined by luciferase assay.

Results: Telmisartan decreased the expression of ATIR at the mRNA and protein levels in a dose- and time-dependent manner. Decreased
ATIR promoter activity with unchanged mRNA stability suggested that telmisartan suppressed ATIR gene expression at the transcriptional
level. However, the expression of AT 1R was not suppressed by other AT IR antagonists such as candesartan or olmesartan. Since the suppression
of ATIR expression was prevented by pretreatment with GW9662, a PPAR'y antagonist, PPARy should have participated in the process. The
deletion and mutation analysis of the AT | R gene promoter indicated that a GC box located in the proximal promoter region is responsible for the
telmisartan-induced downregulation.

Conclusion: Our data provides a novel insight into an effect of telmisartan: telmisartan inhibits ATIR gene expression through PPARY
activation. The dual inhibition of angiotensin II function by telmisartan — ATIR blockade and downregulation ~ would contribute to more
complete inhibition of the renin—angiotensin system.

© 2006 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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receptor (AT2R), have been identified [5]. ATIR mediates
most of the traditional effects of Ang II such as vasocon-
striction, sodium retention, aldosterone secretion, and cell

1. Introduction

Angiontensin (Ang) 11 is a main final effector molecule of

the renin—angiotensin system. Physiologically, Ang Il plays
an important role in controlling the blood pressure and the
fluid volume [1]. However, Ang Il is also involved in patho-
logical conditions such as renal insufficiency [2], cardiovas-
cular diseases [3] and metabolic disorders {4].

The effect of Ang II are mediated by Ang Il receptors and
so far two isoforms, type 1 receptor (ATIR) and type 2

* Corrcsponding author. Tel.: +81 92 642 5361; fax: +81 92 642 5374.
E-mail address: ichiki@cardiol.med. kyushu-u.ac.jp (T. Ichiki).

proliferation {1]. In contrast, AT2R mediates vasodilation and
growth inhibition that opposes to the effects of ATIR [6].
However, it was reported that AT2R was hardly detected in
blood vessel of adult animal [6].

Ang I converting enzyme inhibitors and AT1R antagonists
are clinically used. Many clinical frials have demonstrated
that these drugs are beneficial in the treatment of heart failure,
renal failure and myocardial infarction. These drugs are also
useful in preventing new-onset diabetes mellitus {7] and atrial
fibrillation [8]. Telmisartan (Tel), one of the clinically

0008-6363/$ - sce front matter © 2006 Europcan Society of Cardiology. Published by Elsevicr B.V. All rights reserved.
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available AT1R antagonists, was recently reported to have a
partial agonistic effect on peroxisome proliferator activated
receptor gamma (PPARYy) [9,10]. PPARYy is a nuclear re-
ceptor that regulates specific gene transcription {11]. The
target genes of PPAR Yy are involved in the regulation of lipid
and glucose metabolism [12], and inflammatory responses.
Moreover, several studies have demonstrated that PPARYy
activators are effective in preventing atherogenesis [13,14].
Therefore, Tel is focused for its additional therapeutic values
in patients with metabolic disorders.

Previously, we and another group reported that activators of
PPAR~ such as 15-deoxy-A'*-prostaglandin J, and piogli-
tazone (Pio) decreased the expression of ATIR in vascular
smooth muscle cells (VSMCs) [15,16]. We, therefore, examined
whether Tel, a partial agonist of PPARYy, affects the expression
of AT1R in a similar way to PPARy agonists in VSMCs.

2. Materials and methods
2.1. Materials

Tel and olmesartan (Olm) were generous gifts from Boeh-
ringer Ingelheim Co. and Sankyo Co., respectively. Cande-
sartan (Can) and Pio were provided by Takeda Pharmaceutical
Company. Dulbecco’s modified Eagle’s medium (DMEM) and
fetal bovine serum (FBS) were purchased from GIBCO BRL.
Bovine serum albumin (BSA) and Actinomycin D (ActD) were
purchased from Sigma Chemical Co. Rabbit polyclonal
antibody against ATIR [17,18] and a-tubulin were from
Santa Cruz Biotechnology. Mouse polyclonal antibody against
pPERK and rabbit polyclonal antibody against ERK were from
Cell Signaling Technology, Inc. Horseradish peroxidase-
conjugated secondary antibodies (anti-rabbit 1gG and anti-
mouse IgG) were purchased from VECTOR Laboratories Inc.
[«->?P] dCTP was purchased from Perkin-Elmer Life Sciences.

2.2. Cell culture

All procedures and care of the animals were approved by
the Committee on Ethics of Animal Experiments, Kyushu
University and this study conforms with the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23,
revised 1996). VSMCs were isolated from the thoracic aorta
of Wistar—Kyoto rat by an explant method and maintained in
DMEM supplemented with 10% FBS at 37 °C in a
humidified atmosphere of 95% air —=5% CO,. VSMCs were
cultured until grown to confluence, cultured in DMEM with
0.1% BSA for additional 2 days and used in the experiment.
Cells between passages 4 and 14 were used.

2.3.. Northern blotting
Total RNA was prepared by acid guanidinium thiocya-

nate~phenol—chloroform extraction method {19]. Total RNA
was electrophoresed on a 1.0% agarose, 1.0% formaldehyde

gel, transferred to Hybond-N+ membrane (Amersham Bio-
sciences) by a capillary transfer method in 10 x3SC (1xSSC
is 150 mmol/L of sodium and 15 mmol/L of sodium citrate)
buffer overnight. The membrane was cross-linked by a UV
cross-linker (Funakoshi Corporation). Prehybridization and
hybridization were performed in a buffer containing 50%
formamide, 5% SSC, 80 mmol/L sodium phosphate (pH 7.5),
2 x Denhardt’s Solution, 1% SDS, and 100 pg/L of heat-
denatured salmon sperm DNA for 1 h and 16 h, respectively,
at 42 °C. An ECORI fragment of the third exon of rat AT1A
gene [20] and ribosomal RNA were labeled with **P by a
Random Primer DNA Labeling Kit Ver.2 (Takara Bio Inc.)
and used as a probe after heat denaturation. The hybridized
membrane was washed twice with 2x88C at room
temperature, followed by two washes with 2xSSC/1%
SDS for 30 min at 55 °C. The membrane was then exposed to
a KODAK BioMax XAR Film at —80 °C. The hybridized
membrane was stripped by boiling in 0.5% SDS solution and
hybridized to a **P-labeled ribosomal RNA probe to obtain
reference for the amount of applied RNA. Autoradiography
was scanned and analyzed by a MacBAS Bioimage Analyzer
(Fuji Photo Film Co). To analyze mRNA stability of ATIR,
Actinomycin {(Act) D (5 pg/mL) was added after 6 h of
stimulation with Tel (10 pmol/L). In a control experiment,
only ActD was added. Cells were harvested after 3, 6, 12,
and 24 h of addition of ActD and expression level of ATIR
mRNA was examined by Northern blot analysis.

2.4. Measurement of ATIR gene promoter activity

Five deletion mutants of AT,s gene promoter were
prepared by digestion with restriction endonucleases and
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Fig. 1. Telmisartan (Tel) suppressed ATIR mRNA expression in VSMCs.
VSMCs were incubated with Tel (10 pmol/L) for various periods as

" indicated in the figure. Total RNA was isolated and cxpression of ATIR

mRNA and 188 rRNA (rRNA) was determined by Northern blot analysis.
Radioactivity of ATIR mRNA was measurcd with an imaging analyzer and
was normalized by radioactivity of rRNA. Values (mcan=S.E.M.) are
cxpressed as a percent of control culture in the bar graph (100%) (2=5).
*P<0.05 vs control (c).
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ligated to luciferase gene [21]. Confluent VSMCs were split
by trypsin/EDTA solution and cells were prepared in a 6 cm
tissue culture dish. At 80% confluence, 5 pg of ATl
promoter-luciferase fusion DNA and 2 ng of p-galactosidase
gene were infroduced to VSMC by the DEAE-dextran
method according to the manufacturer’s instruction (Promega
Corporation). The cells were cultured in DMEM with 10%
FBS for 18 h, washed twice with phosphate buffered saline,
cultured in DMEM with 0.1% BSA for 24 h and stimulated
with Tel (10 wmol/L) for 12 h. Then, the cells were lysed in
200 uL of Reporter lysis buffer (Promega Corporation). 100
uL of lysate was used for luciferase activity assay in a Lumat
luminometer (LB 9501, Berthold, Germany). The $-galac-
tosidase activity in the same sample was measured spectro-
photometrically according to Sambrook et al. {22] and used to
normalize the luciferase activity.
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The AT1R promoter-luciferase construct with mutation in
the GC-box-related sequence (wild type: TGCAGAGCAGC
GACGCCCCCTAGGC mutant: TGCAGAGCAGCGA
CGTTTCCTAGGC) was a generous gift from Dr. Sugawara
(Tohoku University) [16].

2.5. Western blot analysis

VSMCs were lysed in a lysis buffer containing RIPA
(100 mM sodium, 60 mM Na,HPO,, 100 mM NaF 10 mM
EDTA, and 20 mM Tris), 1% aprotinin, 0.5% pepstatin A,
1 mmoV/L PMSF, and 0.05% leupeptin. Protein concentra-
tions were determined with the bicinchoninic acid protein
assay kit (Pierce Chemical Co). Cell lysates were heated in a
sample buffer (62.5 mmolL Tris—HCl [pH 6.8], 10%
glycerol, 2% SDS, 0.05% bromophenolblue, and
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Fig. 2. Suppression of AT1R protein by telmisartan (Tel) in VSMCs. (A) VSMCs were incubated with Tel (10 pmol/L) for various periods as indicated in the figure.
(B) VSMCs were incubated with Tel at concentrations varying from 1 to 20 pmol/L for 12 h. Expression of ATIR protein and e-tubulin was detected by Western blot
analysis. The density of the specific band was scanned and quantified with an imaging analyzer. The ratio of AT1R to a-tubulin is shown in the bar graph. (C) VSMCs
were incubated with Tel at various concentrations as indicated in the figure and stimulated by Ang I (100 pmol/L). Expressions of pERK and ERK protein were
detected by Western blot analysis. The density of the specific band was scanned and quantified with an imaging analyzer. The ratio of pERK to ERK is shown in the bar
graph, Values (mean=S.E.M.) are expressed as a percent of control (¢) culture (100%) (1=5). *P<0,05 vs control. T£<0.01 vs control.
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Fig. 3. Suppression of ATIR protein by tchnisartan (Tel) but not by
candesartan {Can) in VSMCs. VSMCs were incubated with Tel (10 pmol/L,
12 h), Can (10 pmol/L, 12 ), and Pio (10 punol/L, 6 h). Expression of AT1R
protein and a-tubulin was determined by Westem blot analysis. Densitometric
analysis was performed as described in the legend to Fig. 2. Values (mean+S.E.
M.)arc expressed as a pereent of control (c) culture (100%) (n=3). *P<0.05 vs
control. TP<0.01 vs control.

715 mmol/L 2-mercaptoethanol) at 95 °C for 3 min,
electrophoresed on 12% SDS-polyacrylamide gel, and
transferred to a polyvinylidene difluoride membrane (Immo-
bilon-P, Millipore). The blots were blocked with TBS-T
(20 mmol/L Tris—HCI [pH 7.6], 137 mmol/L NaCl, 0.1%
Tween 20) containing 5% skim milk at room temperature for
30 min. The ATIR protein expressions were detected by
ECL chemiluminescence (Amersham Pharmacia Biotech)
according to the manufacturer’s instructions. The mem-
branes were exposed to X-ray film. The membranes were
stripped by incubating them in a buffer containing
62.5 mmol/L Tris—HCl, 2% SDS, and 100 mmol/L 2-
mercaptoethanol at 50 °C for 30 min and reprobed with an
antibody against o-tubulin by the same procedure. Phos-
pholylated ERK and ERK (which recognizes both phos-
phorylated and nonphosphorylated forms) were examined by
the same method.

2.6. Statistical analysis

Statistical analysis was performed with 1- or 2-way
ANOVA and Fisher test, if appropriate. Statistical signifi-
cance was designated as P<0.05. Values are expressed as
mean+S.E.M.

3. Results
3.1. Tel reduced the expression of ATIR

VMSCs were incubated with Tel (10 umol/L) for
various periods. The expression level of ATIR mRNA
was gradually decreased with a peak suppression at 6 h of
incubation (Fig. 1). Though we did not remove Tel from
the medium, the expression of ATIR demonstrated a
transient suppression. The mechanism of its recovery at

12 h of incubation is unknown. However, there are some
reports that demonstrated a transient or a biphasic gene
expression induced by thiazolidinediones (TZDs) [23,24],
which seems to be consistent with our results. Western blot
analysis revealed that Tel reduced ATIR protein level with
a peak reduction at 12 h of incubation (Fig. 2A), and that
Tel suppressed ATIR expression in a dose-dependent
manner (Fig. 2B). As shown in Fig. 2C, preincubation
with Tel at the same concentration as used in Fig. 2B
almost completely inhibited the Ang Il-induced ERK
phosphorylation. :

Following experiment used 10 pmol/L of Tel, which is
the minimal dose that suppressed AT 1R expression. Pio, one
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Fig. 4. Effect of telmisartan (Tel) on ATIR gene promoter activity and ATIR
mRNA stability. (A) The scheme of deletion mutants of ATIR promoter/
luciferase fusion DNA construct and SP-1 mutant construct is indicated.
These luciferase constructs were introduced to VSMCs with LacZ
expression plasmid by the DEAE-dextran mecthod. Then VSMCs were
stimulated with Tel (10 pmol/L) for 12 h. Relative luciferase activity of
unstimulated VSMCs (control) was sct as 100%. Solid and open bars
indicate the relative luciferase activity of unstimulated and Tel-stimulated
VSMCs transfected with the same construct indicated in the left pancl,
respectively. Values (mean=S.E.M.) are cxpressed as a percent of control
culture (#=6). *P<0.05 vs unstimulated cells. n.s. not siginificant. (B)
VSMCs were incubated with Tel (10 pmol/L) for 6 h and then ActD (5 pg/
mL) was added. In a control experiment, only ActD was added to the
medium. Total RNA was isolated at the indicated time after ActD
supplementation and expression levels of ATIR mRNA and rRNA were
determined with method described in the legend to Fig. 1. Expression level
of ATIR mRNA was normalized with that of fRNA. The normalized ATIR
mRNA cxpression before addition of ActD in cach group was sct as 100%
(¢), (n=3). n.s. not siginificant.





