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Olmesartan Is an Angiotensin II Receptor
Blocker with an Inhibitory Effect on
Angiotensin-Converting Enzyme

Jun AGATAY, Nobuyuki URA", Hideaki YOSHIDA", Yasuyuki SHINSHI",
Haruki SASAKIY, Masaya HY AKKOKUV, Shinya TANIGUCHI",
and Kazuaki SHIMAMOTO"

Angiotensin Il receptor blockers (ARBs) are widely used for the treatment of hypertension. It is believed that
treatment with an ARB increases the level of plasma angiotensin Il (Ang Il) because of a lack of negative
feedback on renin activity. However, Ichikawa (Hypertens Res 2001; 24: 641-646) reported that long-term
treatment of hypertensive patients with olmesartan resulted in a reduction in plasma Ang Il level, though
the mechanism was not determined. It has been reported that angiotensin 1-7 (Ang-(1-7)) potentiates the
effect of bradykinin and acts as an angiotensin-converting enzyme (ACE) inhibitor. It is known that ACE2,
which was discovered as a novel ACE-related carboxypeptidase in 2000, hydrolyzes Ang | to Ang-(1-9) and
also Ang Il to Ang-(1-7). It has recently been reported that olmesartan increases plasma Ang-(1-7) through
an increase in ACE2 expression in rats with myocardial infarction. We hypothesized that over-expression
of ACE2 may be related to a reduction in Ang Il level and the cardioprotective effect of olmesartan. Admin-
istration of 0.5 mg/kg/day of olmesartan for 4 weeks to 12-week-old stroke-prone spontaneously hyperten-
sive rats (SHRSP) significantly reduced blood pressure and left ventricular weight compared to those in
SHRSP given a vehicle. Co-administration of olmesartan and (p-Ala’)-Ang-(1-7), a selective Ang-(1-7) antag-
onist, partially inhibited the effect of olmesartan on blood pressure and left ventricular weight. Interestingly,
co-administration of (D-Ala’)-Ang-(1-7) with olmesartan significantly increased the plasma Ang Il level
(453.2+113.8 pg/ml) compared to olmesartan alone (144.9+27.0 pg/ml, p<0.05). Moreover, olmesartan sig-
nificantly increased the cardiac ACE2 expression level compared to that in Wistar Kyoto rats and SHRSP
treated with a vehicle. Olmesartan significantly improved cardiovascular remodeling and cardiac nitrite/
nitrate content, but co-administration of olmesartan and (p-Ala’)-Ang-(1-7) partially reversed this anti-
remodeling effect and the increase in nitrite/nitrate. These findings suggest that olmesartan may exhibit an
ACE inhibitory action in addition to an Ang Il receptor blocking action, prevent an increase in Ang Il level,
and protect cardiovascular remodeling through an increase in cardiac nitric oxide production and endoge-
nous Ang-(1-7) via over-expression of ACE2. (Hypertens Res 2006; 29: 865-874)
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tion of angiotensin II (Ang IT) and thereby plays a key role in
cardiorenal regulation and blood pressure (BP) control. Over-
activity of the renin-angiotensin system contributes to the
Angiotensin-converting enzyme (ACE) catalyzes the forma- pathophysiology of hypertension and heart failure, which is
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reflected in the use of ACE inhibitors in the treatment of these
conditions. In 2000, a novel ACE-related carboxypeptidase,
ACE2, was discovered and was characterized as an enzyme
similar to ACE (7). ACE2 is a membrane-associated carboxy-
peptidase that is highly expressed in the heart, kidney and tes-
tis (7). It is known that ACE2 hydrolyzes angiotensin I (Ang
1) to angiotensin 1-9 (Ang-(1-9)) and also Ang II to angio-
tensin 1-7 (Ang-(1-7)) (2). In turn, Ang-(1-9) can be con-
verted to Ang-(1-7) by the action of two endopeptidases,
neutral endopeptidase and prolyl endopeptidase. Therefore,
ACE?2 facilitates the production of Ang-(1-7) by two separate
pathways (3) that depart from the classical system. A poten-
tial role for ACE2 in the cardioprotective effect of Ang-(1-7)
was demonstrated by Loot et al (4). Ang-(1-7) exerts direct
vasodilatory effects via non—angiotensin II type 1 (AT);) and
non—angiotensin II type 2 (AT,) receptors, possibly by stimu-
lating bradykinin and NO release (3, 5). Moreover, Ang-(1-7)
antagonizes the pressor effects of Ang II, suggesting that it
may cause vasodilation indirectly by acting as an AT, recep-
tor antagonist (6, 7). In addition, Ang-(1-7) potentiates brady-
kinin, either via an AT, receptor—dependent mechanism or
through inhibition of ACE (6, 8, 9). Recent studies have also
shown that Ang-(1-7), like ACE inhibitors, potentiates brady-
kinin by inhibiting desensitization of its receptor (/0—12).

Olmesartan is a novel AT, receptor blocker (ARB) synthe-
sized by Sankyo Co., Ltd. (Tokyo, Japan). The antihyperten-
sive effect of olmesartan in spontaneously hypertensive rat
(SHR) is about 30 times greater than that of losartan potas-
sium, another drug of the same class, and nearly equal to that
of candesartan cilexetil. Ichikawa reported that long-term
treatment of hypertensive patients with olmesartan resulted in
a reduction of the plasma Ang II level (/3), despite the fact
that several types of ARBs have been shown to increase both
plasma renin activity and plasma Ang II concentrations in
hypertensive patients (/4—16). However, the mechanism
underlying the failure of olmesartan to increase the plasma
Ang II levels remains uncertain. Recently, Ishiyama reported
that olmesartan increased ACE2 expression in the remodeling
heart after myocardial infarction, which theoretically could
contribute to the beneficial effects of ARB by facilitating
increased cardiac Ang-(1-7) formation (/7). It has also been
reported that Ang-(1-7) inhibits the ACE C-domain and
potentiates bradykinin by acting as an ACE inhibitor (/8). We
therefore hypothesized that olmesartan, in addition to
blocking AT, receptors, inhibits ACE by increasing the
expression of ACE2 and thereby enhancing the production
of Ang-(1-7), since Ang-(1-7) can inhibit ACE activity, as
mentioned above. In order to evaluate this hypothesis, we
investigated the effects of olmesartan on ACE2 expression
and Ang-(1-7).
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Fig. 1. Effect of olmesartan treatment for 4 weeks in SHRSP
on cardiac ACE2 mRNA expression (A) and renal ACE?2 pro-
tein level (B). *p<0.05 vs. WKY treated with vehicle
(WKY+Veh), *p<0.05 vs. SHRSP treated with vehicle
(SHRSP+Veh). SHRSP+OIlm, SHRSP treated with olme-
sartan.

Methods

Animals

Male Wistar-Kyoto rats (WKY) and stroke-prone spontane-
ously hypertensive rats (SHRSP) were purchased from
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Fig. 2. Effect of olmesartan (0.5 mg/kg/day) and/or Ang-(1-7) antagonist (0.5 mg/kg/day) on systolic blood pressure in SHRSP
and WKY (n=13—17). Values are the means £SEM. *p<0.05 for the effects of olmesartan in SHRSP at 2 weeks and 4 weeks.
*p<0.05 for the effects of the Ang-(1-7) antagonist during the treatment with olmesartan. WKY +Veh, WKY treated with vehicle,
SHRSP+Veh, SHPRSP treated with vehicle; SHRSP+OIm, SHRSP treated with olmesartan; SHRSP+OIm+Ang-(1-7)ant,
SHRSP treated with olmesartan and the Ang-(1-7) antagonist.
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Fig. 3. Effects of olmesartan and the Ang-(1-7) antagonist on circulating levels of aldosterone and angiotensin II. Values are
the means +SEM. *p<0.05 vs. WKY treated with vehicle (WKY+Veh), *p<0.05 vs. SHRSP treated with vehicle (SHRSP+Veh);
Sp<0.05 vs. SHRSP treated with olmesartan (SHRSP+OIm). SHRSP +OIlm +Ang-(1-7)ant, SHRSP treated with olmesartan and
the Ang-(1-7) antagonist.

Hoshino Examination Animal Breeding Corporation chow containing 60% vegetable starch, 5% fat, and 24% pro-
(Saitama, Japan). The rats were housed in animal quarters tein (Oriental Yeast Co., Tokyo, Japan) and distilled water ad
with a 12-h light/dark cycle and were provided a standard rat libitum. All experiments were conducted in accordance with
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Table 1. Blood Pressure, Pulse Rate and Cardiac Hypertrophic Parameters among Groups

WKY +Veh SHRSP+Veh SHRSP+OIm SHRSP+OIm+ Ang-(1-7)ant
(n=13) (n=17) (n=15) (n=13)

BW (g) 317.5£3.5 283.8+2.8% 272.9£3.8%" 278.3+2.6*

SBP (mmHg) 120.1+3.5 202.5+3.7* 125.8+3.1% 137.0£4.1%%

PR (/min) 297.6%£10.5 351.1£10.0%* 393.6+£7.9%# 396.5£9.6%"

HW (g) 1.09+0.03 1.18£0.02%* 0.91£0.02*# 0.96£0.01*"
HW/BW (g/kg) 3.42+0.07 4.16£0.05* 3.33£0.06" 3.45£0.047

LVW (g) 0.78+0.02 0.86£0.01%* 0.64£0.017 0.69+0.01%%
LVW/BW (g/kg) 2.45+0.05 3.04£0.03* 2.34£0.04" 2.48+0.03%%

Values are mean+SEM. *p<0.05 vs. WKY +Veh, *p<0.05 vs. SHRSP+Veh, $p<0.05 vs. SHRSP+Olm. BW, body weight; SBP, sys-
tolic blood pressure; PR, pulse rate; HW, heart weight; LVW, left ventricle weight. WKY +Veh, WKY treated with vehicle;
SHRSP+Veh, SHPRSP treated with vehicle; SHRSP+OIm, SHRSP treated with olmesartan; SHRSP+OIlm+ Ang-(1-7)ant, SHRSP

treated with olmesartan and the Ang-(1-7) antagonist.

the NIH Guide for the Care and Use of Laboratory Animals
(Institute of Laboratory Animal Resources, National Acad-
emy Press, Washington, DC, USA). Permission for the study
was granted by the Ethics Committee on Animal Experi-
ments, Sapporo Medical University.

Effects of Chronic Infusion of Olmesartan and
Ang-(1-7) Antagonist in SHRSP

To investigate the potential roles of Ang-(1-7) during treat-
ment with olmesartan in SHRSP, rats of 12 weeks of age were
divided into four experimental groups (n=13—17 in each
group): 1) vehicle treatment for WKY (WKY +Veh group),
2) vehicle treatment for SHRSP (SHRSP+Veh group), 3)
olmesartan (0.5 mg/kg/day, Sankyo Co., Ltd., Tokyo, Japan)
treatment for SHRSP (SHRSP + Olm group), and 4) olme-
sartan (0.5 mg/kg/day, Sankyo Co., Ltd.) with (D-Ala’)-Ang-
(1-7) (0.5 mg/kg/day, Bachem California Inc., Torrance,
USA) treatment for SHRSP (SHRSP + Olm + Ang-(1-7)ant
group). Olmesartan and/or (D-Ala’)-Ang-(1-7) was infused
subcutaneously for 4 weeks by osmotic mini pumps (ALZET
#2004; Alza Corp., Palo Alto, USA). Sodium hydrogencar-
bonate (2.5% solution) was used as a vehicle. The dose of
Ang-(1-7) antagonist was chosen on the basis of a previous
study (79, 20). BP and pulse rate were measured by the tail-
cuff method every 2 weeks, and rats were sacrificed at the end
of 4 weeks. Blood samples were collected for measurements
of aldosterone and Ang II. Plasma renin activity (PRA),
plasma aldosterone concentration (PAC) and Ang II level
were measured by radioimmunoassay or the two-antibody
method (MBC, Inc., Tokyo, Japan). The heart of each rat was
extracted, and heart weight (HW) and left ventricular weight
(LVW) were measured, and then the HW/body weight (BW)
and LVW/BW values were calculated. After measurement of
HW and LVW, the extracts were frozen in liquid nitrogen and
stored at —80°C until measurements of nitrite/nitrate (NOXx)
by a colorimetric assay and of ACE2 and B-actin expression
by the reverse transcriptase—polymerase chain reaction (RT-

PCR) method described previously (/7). The primers used are
described below. Other samples of the excised hearts were
fixed with formalin, and paraffin-embedded 4-pum-thick
slices were stained with Sirius red for histological analysis.
NOx measurements in the heart tissue extracts were made
using a colorimetric assay with a griess reagent kit (Dojindo
Lab., Tokyo, Japan).

Expressions of ACE2 in the Heart and Kidney

One pg of RQ1 DNAase-treated total RNA isolated from the
left ventricle with the Trizol reagent (GIBCO BRL, Gaithers-
burg, USA) was quantified by ultraviolet spectroscopy, and a
RT-PCR assay was performed using primers for ACE2, 5'-
GTGCACAAAGGTGACAATGG-3 and 5-ATGCGGGGT
CACAGTATGTT-3". Amplification conditions for measure-
ment of ACE2 mRNA were as follows: 30 cycles of denatur-
ation at 94°C for 60 s, annealing at 60°C for 60 s, and
elongation at 72°C for 60 s; followed by a final elongation
step at 72°C for 7 min. Amplification products were separated
on a 6% polyacrylamide gel, visualized using a PhosphorIm-
ager, and quantified by computerized densitometry. The kid-
ney extract was prepared for Western blot analysis using a
specific antibody for ACE2 (Santa Cruz Biotechnology, Inc.,
Santa Cruz, USA). All values were normalized by arbitrarily
setting the integrated densitometric values of WKY rats to 1.0.

Histological Examination and Evaluation of Car-
diovascular Remodeling

Histological examination was done as described previously
(21, 22). To evaluate the coronary arterial wall thickness and
perivascular fractional fibrosis, we scanned short-axis images
of intramyocardial arteries at X200 magnification. To assess
any thickening of the arterial wall and perivascular fibrosis,
trans-sectional images of the area of the total small arteriolar
lumen < 2 x 10* um? were studied. The wall-to-lumen ratio
(area of the vessel wall divided by area of the total blood ves-
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Fig. 4. A: Micrographs of coronary arterioles with Sirius red stain for WKY treated with vehicle (WKY+Veh) (a), SHRSP
treated with vehicle (SHRSP+Veh) (b), SHRSP treated with olmesartan (SHRSP+OIm) (c), and SHRSP treated with olmesartan
and the Ang-(1-7) antagonist (SHRSP+OIlm+Ang-(1-7)ant) (d). B: Effects of chronic olmesartan and/or Ang-(1-7) antagonist
treatment on cardiovascular remodeling in SHRSP: wall-to-lumen ratio (left) and perivascular fibrosis (right). *p<0.05 vs.

WKY+Veh; *p<0.05 vs. SHRSP +Veh; *p<0.05 vs. SHRSP +Olm.

sel lumen) was determined. The area of fibrosis immediately
surrounding the blood vessels was calculated, and perivascu-
lar fibrosis was determined as the ratio of the area of fibrosis
surrounding the vessel wall to the total area of the vessel. In
order to evaluate these parameters, we chose 8 different
intramyocardial arteries in each heart, and analyzed them
using Scion Image software (ver. 4.3.0.2).

Statistical Analysis

All data are expressed as the means+SEM. Statistical analy-
sis was performed by ANOVA followed by Fisher’s test for
multiple comparisons. Values of p<0.05 were considered to
indicate statistical significance.
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Fig. 5. Effects of chronic olmesartan and/or Ang-(1-7)
antagonist treatment on cardiac NOx content in SHRSP.
*<0.05 vs. WKY treated with vehicle (WKY+Veh),
p<0.05 vs. SHRSP treated with vehicle (SHRSP+Veh).
SHRSP+OIm,  SHRSP  treated  with  olmesartan;
SHRSP+OIm+Ang-(1-7)ant, SHRSP treated with olme-
sartan and the Ang-(1-7) antagonist.

Results

Expression of ACE2

There was no significant difference in the cardiac ACE2
mRNA expression between WKY and SHRSP. Cardiac
ACE2 mRNA levels were 1.4- and 1.3- fold (p<0.05, respec-
tively) larger in SHRSP treated with olmesartan than in WKY
treated with a vehicle or SHRSP treated with a vehicle (Fig.
1A). The renal ACE2 protein level in SHRSP was signifi-
cantly lower than that in WKY (p<0.05), and olmesartan sig-
nificantly increased the renal ACE2 protein level (p<0.05)
(Fig. 1B).

Blood Pressure

BPs in the SHRSP+Veh, SHRSP+Olm, and
SHRSP+OIm+ Ang-(1-7)ant groups (19243 mmHg, 193+4
mmHg and 199+5 mmHg, respectively) were significantly
higher than that in the WKY +Veh group at 12 weeks of age
(127£2 mmHg, p<0.01). BPs in the SHRSP+Olm and
SHRSP+OIm+Ang-(1-7)ant group (141+3 mmHg and
145+3 mmHg, respectively) were significantly lower than
that in the SHRSP+Veh group (199+4 mmHg, p<0.05), but
there was no significant difference between BPs in the

SHRSP+OIm and SHRSP+OIm+Ang-(1-7)ant groups until
2 weeks after the start of treatment. At the end of this study,
BPs in the SHRSP+OIm and SHRSP+OIlm+Ang-(1-7)ant
groups (125+3 mmHg and 137+4 mmHg, respectively) were
significantly lower than that in the SHRSP+Veh group
(202+4 mmHg, p<0.05), and the BP in the SHRSP+OIm
group was significantly lower (p<<0.05) than that in the
SHRSP+OIm+Ang-(1-7)ant group. Moreover, olmesartan
treatment resulted in a significant reduction in BP at 4 weeks
compared to that at 2 weeks, although there was no significant
difference between BPs in the SHRSP+Olm+Ang-(1-7)ant
group at 2 and 4 weeks (Fig. 2).

PRA, PAC, and Ang Il Level

PRA in the SHRSP+OIlm and SHRSP+OIlm+Ang-(1-7)ant
groups (27.3£6.4 ng/ml/h and 30.6+4.8 ng/ml/h, respec-
tively) were significantly higher than those in the WKY +Veh
and SHR+Veh groups (13.5+0.7 ng/ml/h and 15.8+1.0 ng/
ml/h, respectively, p<0.05), but there was no significant dif-
ference between the levels in the SHRSP+OIm and
SHRSP+OIm+Ang-(1-7)ant  groups. PAC in the
SHRSP+Olm and SHRSP+Olm+Ang-(1-7)ant groups
(17.3£1.9 ng/dl and 16.4%3.7 ng/dl, respectively) were sig-
nificantly lower than those in the WKY +Veh and SHR+Veh
groups (48.5+£6.4 ng/dl and 32.2+4.2 ng/dl, respectively,
»<0.05), but there was no significant difference between the
levels in the SHRSP+OIm and SHRSP+OIm+ Ang-(1-7)ant
groups. There were no significant differences between plasma
Ang II levels in the WKY+Veh, SHRSP+Veh and
SHRSP+OIm groups (44.8+7.9 pg/ml, 46.8+11.4 pg/ml and
144.9+27.0 pg/ml, respectively), but co-administration of
olmesartan and an Ang-(1-7) antagonist significantly
increased the plasma Ang II level (453.2+113.8 pg/ml) com-
pared to those in the other groups (p<0.05) (Fig. 3).

Cardiovascular Remodeling and Cardiac NOx
Content

BW in SHRSP was significantly lower than that in WKY.
HW, LVW, HW/BW and LVW/BW in SHRSP were signifi-
cantly higher than those in WKY. Four weeks of treatment
with olmesartan reduced these parameters of cardiac hyper-
trophy. Co-administration of olmesartan and an Ang-(1-7)
antagonist partially blocked the anti—cardiac hypertrophic
effect, especially in LVW (Table 1). The wall-to-lumen ratio
and perivascular fibrosis were significantly increased in the
SHRSP+Veh group (5.0+£0.3 and 0.9410.04, respectively)
compared with those in the WKY +Veh group (1.8+£0.2 and
0.48+0.04, respectively, p<0.05). Olmesartan significantly
reduced these parameters (1.8+0.1 and 0.68+0.03, respec-
tively, p<0.05 vs. SHRSP+Veh), but co-administration of
olmesartan and (D-Ala’)-Ang-(1-7) partially reversed these
parameters for cardiovascular remodeling (2.6£0.1 and
0.80£0.04, respectively, p<0.05 vs. SHRSP+OIm) (Fig. 4).
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Fig. 6. Scheme of the linkage of the renin-angiotensin system and kallikrein-kinin system. Angiotenisn-converting enzyme 2
(ACE2) converts Ang I to Ang-(1-9) and Ang II to Ang-(1-7). Ang-(1-9) is finally converted to Ang-(1-7) by ACE or neutral
endopeptidase (NEP). Ang-(1-7) has several effects, such as an ACE inhibitory effect, a vasodilating effect and an AT: receptor
stimulating effect. Olmesartan increases the ACE2 expression level and may increase the level of Ang-(1-7). The inhibition of
ACE by Ang-(1-7) inhibits kininase II and enhances the effect of bradykinin (BK). Olmesartan may have dual actions as an
angiotensin Il receptor blocker and an ACE inhibitor through an increase in Ang-(1-7) via over-expression of ACE2.

Cardiac NOx content in SHRSP (3.4+0.2 mmol/mg protein)
was significantly lower than that in WKY (4.5£0.1 mmol/mg
protein, p<<0.05), and 4 weeks of treatment with olmesartan
significantly increased cardiac NOx content (3.940.2 mmol/
mg protein, p<<0.05), but co-administration of olmesartan and
an Ang-(1-7) antagonist partially, but significantly blocked
this olmesartan effect (3.6+0.2 mmol/mg protein, p<0.05)

(Fig. 5).

Discussion

This is the first report that olmesartan has an endogenous
ACE inhibitory effect through an increase in Ang-(1-7) via
over-expression of ACE2. This may be one of the mecha-
nisms by which olmesartan achieves its strong BP reduction
and anti—cardiovascular remodeling effects.

Over-Expression of ACE2 by Olmesartan

ACE2 is a carboxypeptidase that is insensitive to known ACE

inhibitors (2, 23-25) and exhibits a high catalytic efficiency
for the generation of Ang-(1-7) from Ang II (26). Ablation of
ACE2 in mice causes severe cardiac dysfunction, a finding
that suggests an important function of ACE2 as a regulator of
cardiac function (25). Ishiyama et al. reported that ACE2 is
unchanged during the process of ventricular remodeling in
post-myocardial infarction but that olmesartan increases
ACE2 mRNA (/7). In agreement with their results, we found
a significant increase in the ACE2 mRNA expression level in
SHRSP treated with olmesartan (Fig. 1). Since PD123319, an
AT, receptor antagonist, had no effect on the olmesartan-
induced over-expression of ACE2 in the study by Ishiyama et
al., Ang I itself may regulate ACE2 expression but not AT,
receptors (/7). This speculation is supported by the results of
a study in which Ang II down-regulated ACE2 mRNA in cer-
ebellar astrocytes in culture (27). However, the mechanism by
which olmesartan increases the expression level of ACE2 is
still unclear, and further studies will be needed to clarify this
mechanism.
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ACE Inhibitory Effect of Olmesartan

The BP reduction and organ protection achieved by ARBs
seem to be due to blocking of the AT, receptors. It is believed
that administration of ARBs increases the Ang II level
because of a lack of negative feedback on renin. Several stud-
ies have shown that most ARBs increase renin activity and/or
plasma Ang II level (28, 29). Increased Ang II binds to the
AT, receptors, which is mostly opposite physiological effects
against the AT, receptor. However, blocking of the AT,
receptors by an ARB may be attenuated by increased Ang II,
because some ARBs may be surmountable by Ang II. Inter-
estingly, Ichikawa and Takayama reported that long-term
treatment of hypertensive patients with olmesartan resulted in
a reduction in the plasma Ang II level, but the mechanism of
this effect was not clarified (/3). In this study, olmesartan
decreased PAC and increased PRA in the same manner as
other ARBs, but the plasma Ang II level was slightly but not
significantly increased by olmesartan (Fig. 3). Interestingly,
co-administration of olmesartan and an Ang-(1-7) antagonist
significantly increased the plasma Ang II level compared to
olmesartan alone. Olmesartan also significantly increased the
mRNA expression level of ACE2. It has been reported that
Ang-(1-7), like quinaprilat and captopril, potentiates bradyki-
nin by acting as an ACE inhibitor through inhibition of the
ACE C-domain but not the N-domain (/8). Moreover,
Mendes et al. reported that chronic infusion of angiotensin-
(1-7) reduced heart Ang II levels and increased cardiac ACE2
expression levels in rats (30). These findings indicate that
olmesartan may inhibit ACE activity through an increase in
endogenous Ang-(1-7) via increased expression of ACE2 in
the manner of an ACE inhibitor (Fig. 6).

Antihypertensive Effect of Olmesartan

In this study, an Ang-(1-7) antagonist partially blocked the
BP-lowering effect of olmesartan, indicating that increased
Ang-(1-7) through over-expression of ACE2 may be one of
the mechanisms of the BP-lowering effect of olmesartan.
Ang-(1-7) exerts direct vasodilatory effects by stimulating
bradykinin and NO release (3, 5) through inhibition of ACE
(6, 8, 9), as mentioned above. It has been reported that ACE
inhibitors, including Ang-(1-7), potentiate bradykinin not
only through blockade of bradykinin hydrolysis but also by
inhibiting desensitization of its receptor (/0—12). Moreover, it
has recently been reported that co-administration of cande-
sartan and Ang-(1-7) caused a marked and sustained reduc-
tion in BP and that PD123319, which is an AT, receptor
antagonist, attenuated the enhanced depressor response
evoked by the Ang-(1-7)/candesartan combination in SHR
(31). These results indicate that Ang-(1-7) evoked a depressor
response during AT, receptor blockade via stimulation of the
AT, receptor and a reduction in the breakdown of bradykinin.

Cardiovascular remodeling parameters such as LVW and
coronary wall-to-lumen ratio were significantly reduced by

olmesartan, but an Ang-(1-7) antagonist partially blocked
these effects (Table 1 and Fig. 4). It was expected that one of
the mechanisms for this blocking of the effects of olmesartan
would be related to the inhibitory effect of Ang-(1-7) antago-
nists on BP reduction. However, increased Ang-(1-7) itself
may also directly prevent cardiovascular remodeling through
the potentiation of bradykinin, either via an AT, receptor—
dependent mechanism or through the inhibition of ACE,
because it is well known that bradykinin has an inhibitory
effect on cardiac hypertrophy and fibrosis (32) (Fig. 6).

Advantages of Olmesartan for the Treatment of
Cardiovascular Disease

In this study, co-administration of an Ang-(1-7) antagonist
with olmesartan partially blocked the effects of BP reduction
and prevention of cardiac hypertrophy and vascular remodel-
ing. Recently, Santos et al. reported that Ang-(1-7) is an
endogenous ligand of the G-protein—coupled receptor Mas
(33). This Mas receptor appears to also be involved in the
anti-proliferative effect of Ang-(1-7) in vascular smooth mus-
cle cells (34). It has been reported that Ang-(1-7) inhibits
ACE activity (/8) and may stimulate AT, receptors (31).
These are unique mechanisms of olmesartan. The ACE-inhib-
itory effect of olmesartan can block the AT, receptors more
efficiently because Ang II does not increase, and can also
enhance the effect of bradykinin through the inhibition of
kininase II. It is well known that increased bradykinin stimu-
lates the NO-cGMP or prostaglandin-cAMP pathway. Both
pathways may be important for reducing cardiac remodeling,
such as hypertrophy or fibrosis (32). According to our results,
olmesartan significantly increased cardiac NOx content, and
an Ang-(1-7) antagonist inhibited this increase (Fig. 5). More-
over, the increased Ang-(1-7) itself may be related to the
vasodilatory effect and organ-protective effects, such as the
inhibition of vascular remodeling and cardiac hypertrophy

(35-37) (Fig. 6).

Study Limitations

Although we speculated that olmesartan may increase Ang-
(1-7) through the increase in ACE2 expression, we did not
measure Ang-(1-7) itself. However, the effects of olmesartan
were partially blocked by the Ang-(1-7) antagonist. More-
over, it is unclear whether these effects are unique to olme-
sartan, because we did not study the effects of other ARBs.
Further studies will be needed to clarify these points.

Summary

Olmesartan is an ARB with an endogenous ACE inhibitory
effect that is exerted through an increase in Ang-(1-7) via
over-expression of ACE2. This new concept is very important
to investigate the pleiotropic mechanisms of olmesartan in
cardiovascular diseases.
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