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Inhibition of Vascular Angiotensin-Converting
Enzyme by Telmisartan via the Peroxisome

Proliferator—Activated Receptor ¥ Agonistic
Property in Rats

Shinji TAKAI", Denan JINY, Maki KIMURAD?), Kazuyoshi KIRIMURA?,
Hiroshi SAKONJO?, Kazuhiko TANAKA?, and Mizuo MIY AZAKI"

The angiotensin receptor blocker (ARB) telmisartan is a partial agonist of peroxisome proliferator-activated
receptor r (PPART). Typical PPART agonists suppress the gene expression of angiotensin-converting
enzyme (ACE) in vascular tissues. However, it remains unclear whether or not PPART activation by telmi-
sartan can inhibit vascular ACE activity. We compared the effects of PPART agonistic telmisartan and non-
agonistic valsartan on ACE, vascular function and oxidative stress in stroke-prone spontaneously hyperten-
sive rats (SHR-SP) and in sodium (1% NaCl)-loaded SHR-SP. SHR-SP and sodium-loaded SHR-SP received
placebo, 1 mg/kg telmisartan, or 10 mg/kg valsartan for 2 weeks. Systolic blood pressure (SBP) was equally
reduced in SHR-SP given either telmisartan or valsartan compared with SHR-SP given placebo. However,
neither telmisartan nor valsartan suppressed SBP in sodium-loaded SHR-SP. Acetylcholine induced signif-
icantly less vasorelaxation in SHR-SP than in Wistar-Kyoto rats, but telmisartan and valsartan each signifi-
cantly prevented such vasorelaxation. However, telmisartan significantly attenuated acetylcholine-induced
vasorelaxation in sodium-loaded SHR-SP, whereas valsartan did not. Telmisartan significantly attenuated
NADPH oxidase subunit p22rh°x gene expression in both SHR-SP and sodium-loaded SHR-SP, whereas val-
sartan did not. Likewise, telmisartan also significantly attenuated the significantly increased vascular ACE
activity in sodium-loaded SHR-SP, whereas valsartan did not. In conclusion, the partial PPARr agonist
telmisartan might inhibit vascular ACE activity, and result in the prevention of oxidative stress and endo-
thelial dysfunction more effectively than non-agonistic valsartan. (Hypertens Res 2007; 30: 1231-1237)
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clinical setting: the former inhibits angiotensin II formation,

Introduction

whereas the latter blocks angiotensin II binding to AT, recep-

tors. Angiotensin II also induces growth factors and cytokines

Angiotensin II plays an important role in increasing blood
pressure by stimulating angiotensin II type 1 (AT)) receptors.
Angiotensin-converting enzyme (ACE) inhibitors and angio-
tensin receptor blockers (ARBs) are widely applied in the

as well as other factors that play important roles in cardiovas-
cular diseases (/). Therefore, the inhibition of angiotensin II
function by ACE inhibitors or ARBs has been useful for low-
ering blood pressure and preventing cardiovascular diseases.
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Table 1. Effects of Telmisartan and Valsartan on Body Weight, Heart Weight and Heart Weight to Body Weight

SHR-SP 1% salt-diet SHR-SP
WKY rats - ;
Parameters (n=6) Placebo Telmisartan  Valsartan Placebo Telmisartan ~ Valsartan
(n=6) (n=06) (n=6) (n=9) (n=8) (n=8)
Body weight (g) 373+5%*# 289410 304+3 301+5 2224 17%%  299+4# 294+5%
Heart weight (mg) 97 +2%%* 11943 110+1 120+4 105+6* 11542 119+2*

Heart weight/body weight (mg/g) 2.60£0.03*

4.35+£0.18 3.63£0.05** 3.98+0.09**

4.80+0.14%* 3.84+0.06% 4.06+0.08%

*p<0.05 and **p<0.01 vs. placebo (SHR-SP). ®p<0.05 and #p<0.01 vs. placebo (1% salt-diet SHR-SP). SHR-SP, stroke-prone spon-

taneously hypertensive rats; WKY, Wistar-Kyoto.

Various ARBs have been widely applied to treat clinical
hypertension. Although ARBs block AT, receptors, some
ARBs such as telmisartan and irbesartan are also partial ago-
nists of peroxisome proliferator—activated receptor-y
(PPARY) (I, 2). Among the ARBs, telmisartan is the most
potent PPARY agonist (/, 2). In contrast, ARBs such as val-
sartan have no PPARYy agonistic effect (/). In general, PPARY
plays a crucial role in regulating gene transcription in insulin-
sensitive tissues, thereby enhancing insulin sensitivity (3).
Toba et al. (4) reported that PPARY ligands, pioglitazone and
bezafibrate, prevent the streptozotocin-induced increase in
vascular ACE gene expression and protein content in rats.
However, it remains unclear whether or not telmisartan has
more effective vascular ACE activity than other ARBs that
have no PPARY agonistic effect.

We compared the effects of telmisartan (PPAR-y partial
agonist) with valsartan (no PPARy agonist effect) on vascular
remodeling in stroke-prone spontaneously hypertensive rats
(SHR-SP). Our preliminary study showed that telmisartan (1
mg/kg per day) and valsartan (10 mg/kg per day) exerted
equally hypotensive effects in SHR-SP for 2 weeks. Here, we
evaluated whether or not PPARY activation by telmisartan
attenuates vascular ACE activity.

Methods

Animals

Twelve-week-old male Wistar-Kyoto (WKY) rats and SHR-
SP were obtained from Japan SLC Inc. (Shizuoka, Japan).
The experiments proceeded in accordance with the Guide for
the Care and Use of Laboratory Animals (Animal Research
Laboratory, Osaka Medical College).

SHR-SP received an oral placebo, 1 mg/kg telmisartan or
10 mg/kg valsartan daily for 2 weeks. Sodium-loaded SHR-
SP received an oral placebo, 1 mg/kg telmisartan or 10 mg/kg
valsartan daily for 2 weeks. All rats including control WKY
rats had free access to water containing 1% NaCl. Systolic
blood pressure (SBP) was monitored by tail-cuff plethysmog-
raphy (BP-98, Softron Co., Tokyo, Japan). After placebo or
ARBs were administered for 2 weeks, the rats were weighed
and then anesthetized with 35 mg/kg of sodium pentobarbital
1.p. to obtain blood and tissues.
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Fig. 1. SBP in 12-week-old WKY rats and SHR-SP and in
14-week-old WKY rats, SHR-SP and SHR-SP loaded with 1%
salt. **p<0.01 vs. 12-week-old SHR-SP. "p<0.01 vs. 14-
week-old SHR-SP.

Plasma ACE Activity, Plasma Renin Activity and
Angiotensin Il Concentration

Plasma was separated from the blood samples by centrifugation
at 3,000 rpm for 15 min at 4°C. Plasma renin activity (PRA)
was determined using an SRL renin kit (TFB Co., Tokyo,
Japan). Plasma ACE activity was measured using a synthetic
substrate, hippril-His-Leu, specifically designed to detect ACE
(Peptide Institute, Inc., Osaka, Japan) (5). Angiotensin II con-
centrations were measured using an enzyme immunoassay kit
(Peninsula Laboratories Inc., Belmont, USA).

Acetylcholine-Induced Vasorelaxation in Isolated
Rat Artery

Isolated rat carotid arteries were cut into 10 X 1.0 mm helical
strips and placed on a myograph under a resting tension of 1.0 g
(6) in Tyrode’s solution (137 mmol/L NaCl, 2.7 mmol/L KClI,
1.8 mmol/L CaCl,, 1.1 mmol/L MgCl,, 0.42 mmol/L NaH,PO,,
12 mmol/L NaHCO; and 5.7 mmol/L glucose, pH 7.4; bathing
medium) at 37°C and continuously bubbled with 5% CO, in O-.
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Fig. 2. SBP before (Pre) and 3 and 24 h after first (4) and last (B) administrations of placebo (open circles), telmisartan (open
triangles), and valsartan (open squares) in SHR-SP and in WKY rats (closed circles). SBP before (Pre) and 3 and 24 h after first
(C) and last (D) administrations of placebo (open circles), telmisartan (open triangles), and valsartan (open squares) in sodium-

loaded SHR-SP.

The strips were initially vasoconstricted to 50 mmol/L KCl, and
then the bathing medium was washed out. Relaxation induced
by acetylcholine was assessed after contraction to a steady-
state tension using 1 wmol/L norepinephrine.

Reverse Transcription—Polymerase Chain Reac-
tion

Total RNA (5 ng) was extracted from the aortae using Trizol
(Life Technologies, Rockville, USA) in water treated with
0.1% diethyl pyrocarbonate and reverse-transcribed using
SuperScript II reverse transcriptase and oligo(dT);,-1s primer
(Invitrogen, Carlsbad, USA). The reaction proceeded in first-
strand buffer, 1 mmol/L dNTPs and 20 mol/L dithiothreitol at
42°C for 50 min. The polymerase chain reaction (PCR) mix-
ture contained 1 UL of the cDNA reaction, 20 pmol/L prim-
ers, PCR buffer, 0.4 mmol/L dNTPs, and 2.5 U Taq
polymerase. The reaction proceeded in a RoboCycler (Strat-
agene, La Jolla, USA). The sequences of the PCR primers for
p22°hex amplification were: sense, 5-GCTCATCTGTCT
GCTGGAGTA-3’ and antisense, 5~ ACGACCTCATCTGTC
ACTGGA-3"; AT, receptor: sense, 5'-GCACACTGGCAA
TGTAATGC-3" and antisense, 5-GTTGAACAGAAC
AAGTGACC-3’; and for B-actin: sense, 5'-CCAAGGCCA
ACCGCGAGAAGATGAC-3" and antisense, 5-AGGGTA
CATGGTGGTGCCGCCAGAC-3". We used B-actin to cali-

brate sample loading. The PCR products were separated by
electrophoresis on 2% agarose gels stained with ethidium bro-
mide and visualized using ultraviolet transillumination (7).

Vascular ACE Activity

Vascular tissues were minced and homogenized in 5 vol (w/
v) of 20 mmol/L Tris-HCI buffer, pH 8.3, containing 5 mmol/
L Mg(CH;COO),, 30 mmol/L KCl, 250 mmol/L sucrose, and
0.5% Nonidet P-40 (8). The ACE activity in the supernatant
was measured by incubation with hippuryl-His-Leu.

Statistical Methods

Data are expressed as means+SEM. Statistical analyses were
performed using a parametric test with Fisher’s protected
least significant difference. Values of p<0.05 were consid-
ered to indicate statistical significance.

Results

Body and Heart Weight

Table 1 shows the effects of telmisartan and valsartan on the
weight of the body, brain, heart and kidneys. The placebo-
treated SHR-SP groups weighed significantly less than WKY
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Table 2. Effects of Telmisartan and Valsartan on Plasma Renin Activity (PRA), Plasma ACE Activity and Serum Angiotensin

II Concentration (Serum AII Conc.)

SHR-SP 1% salt-diet SHR-SP
WKY rats - ;
Parameters (n=6) Placebo Telmisartan  Valsartan Placebo Telmisartan ~ Valsartan
(n=06) (n=6) (n=06) (n=9) (n=28) (n=38)
PRA (ng AI/mL per h) 7.2+0.7 8.4+0.7 22.3+3.4%*% 14.9+1.3* 11.1£0.9 18.0+£2.0% 16.3+1.7*
Plasma ACE activity (mU/mL) 103+£2.9*%* 443+1.5 46.0+£1.2 46.9+1.0 46.0£1.0 47.2+0.8 459+1.3
Serum AII conc. (pg/mL) 18.0+£0.9 15.7+£0.7 36.7+£3.2%* 253+1.9% 183+1.6 31.1+£4.0%  27.9+1.5*

Al and All, angiotensin I and angiotensin II; ACE, angiotensin-converting enzyme; SHR-SP, stroke-prone spontaneously hypertensive
rats; WKY, Wistar-Kyoto. *p<0.05 and **p<0.01 vs. placebo (SHR-SP). #p<0.01 and #p<0.01 vs. placebo (1% salt-diet SHR-SP).
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Fig. 3. Acetylcholine-induced vasorelaxation of carotid
arteries contracted with noradrenaline in WKY rats, placebo
(P)-, telmisartan (T)-, or valsartan (V)-treated SHR-SP and
placebo (P)-, telmisartan (T)-, or valsartan (V)-treated
sodium-loaded SHR-SP. Results are shown as ratios (%) of
maximal relaxation induced by papaverine. *p<0.05 and
*¥p <0.01.

rats, and salt-loaded SHR-SP weighed significantly less than
SHR-SP. Body weight in each of the three SHR-SP groups
did not significantly differ, whereas salt-loaded SHR-SP
administered with telmisartan or valsartan weighed signifi-
cantly more than the groups given placebo. On the other hand,
the ratio of heart weight to body weight in placebo-treated
SHR-SP was significantly greater than in WKY rats and sig-
nificantly lower in both telmisartan- and valsartan-treated
SHR-SP than in the placebo-treated SHR-SP. Furthermore,
the ratio in placebo-treated, sodium-loaded SHR-SP was
higher than in placebo-treated SHR-SP, but that in sodium-
loaded SHR-SP groups administered with telmisartan or val-
sartan was also significantly lower than in the placebo group.

Blood Pressure

SBP was significantly higher in SHR-SP than in WKY rats at
12 weeks of age (Fig. 1). The SBP in SHR-SP was slightly
higher at 14 than at 12 weeks of age, but the difference was

not significant. On the other hand, SBP in SHR-SP that were
sodium-loaded for 2 weeks was significantly higher than that
in the age-matched SHR-SP.

Figure 2A and B show the effects of telmisartan and valsar-
tan on SBP in SHR-SP. SBP 3 h after the first doses of telmi-
sartan and valsartan were significantly lower than the control
value, but gradually recovered within 24 h. After the last
dose, both ARBs exerted the same level of hypotensive
effects at 3 h, but not at 24 h. Overall, telmisartan and valsar-
tan had similar hypotensive effects. Figure 2C and D show the
effects of telmisartan and valsartan on SBP in sodium-loaded
SHR-SP. The SBP 3 h after the first doses of telmisartan and
valsartan were significantly lower than the control value, but
the SBP gradually recovered within 24 h. However, even at 3
h after the last administration, neither of the ARBs exerted
any hypotensive effects.

Plasma ACE Activity, PRA, and Angiotensin Il
Concentration

Table 2 shows the PRA, plasma ACE activities, and angio-
tensin II concentrations. The PRA and angiotensin II concen-
trations were significantly higher in the telmisartan- and
valsartan-treated groups than in placebo-treated, sodium-
loaded SHR-SP. On the other hand, plasma ACE activity did
not differ among any of the SHR-SP or sodium-loaded SHR-
SP groups.

Vascular Responses

Acetylcholine induced vasorelaxation in all rats (Fig. 3), but
to a lesser extent in the placebo-treated SHR-SP than in the
WKY rats. Vasorelaxation was significantly greater in the
telmisartan- and valsartan-treated groups than in the placebo-
treated group. The amount of vasorelaxation did not signifi-
cantly differ between the telmisartan- and valsartan-treated
groups. Vasorelaxation was significantly lower in the pla-
cebo-treated, sodium-loaded group than in the placebo-
treated group. Vasorelaxation in telmisartan-treated sodium-
loaded SHR-SP was significantly more obvious than in the
groups given either placebo or valsartan, and that in the latter
two groups did not significantly differ.



08
< o 7
Z 06 [T * T T
= T
£ = T
g 04 —
(<=}
& 02
N
o
0

wKy P T vV P T '
rats SHR-SP 1% salt SHR-SP

Fig. 4. Ratios of p22'* expression to B-actin in aortae
obtained from WKY rats, placebo (P)-, telmisartan (T)-, or
valsartan (V)-treated SHR-SP and placebo (P)-, telmisartan
(T)-, valsartan (V)-treated sodium-loaded SHR-SP. *p <0.05
and **p<0.01.

Vascular p22rhox Expression

Figure 4 shows p22°"* expression in the vascular tissues. Pla-
cebo-treated SHR-SP expressed significantly more p22°
than WKY rats. However, the level of p22P* expression in
SHR-SP given telmisartan was significantly lower than in
those given either placebo or valsartan. Placebo-treated,
sodium-loaded SHR-SP expressed significantly more p22phox
than placebo-treated SHR-SP. Telmisartan-treated, sodium-
loaded SHR-SP expressed significantly less p22P"* than pla-
cebo- and valsartan-treated SHR-SP, and the levels did not
significantly differ between the latter two groups.

Vascular ACE Activity and AT, Receptor Expres-
sion

Figure 5A shows levels of vascular ACE activity levels. The
level was significantly higher in placebo-treated SHR-SP
than in WKY rats, and in placebo-treated, sodium-loaded
SHR-SP than in placebo-treated SHR-SP. The level tended to
be lower in the telmisartan-treated group than in placebo, but
not in the valsartan-treated group. On the other hand, ACE
activity in the telmisartan-treated, sodium-loaded SHR-SP
was significantly lower than that in the groups given either
placebo or valsartan, and the latter two groups did not signif-
icantly differ from each other.

Figure 5B shows the levels of vascular AT, receptor
expression. These levels did not differ significantly among
WKY rats, placebo-treated SHR-SP, and placebo-treated,
sodium-loaded SHR-SP. However, levels in SHR-SP given
either telmisartan or valsartan were significantly lower than in
those given placebo. On the other hand, levels among pla-
cebo-, telmisartan-, and valsartan-treated sodium-loaded
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Fig. 5. ACE activities in WKY rats, placebo (P)-, telmisar-
tan (T)-, or valsartan (V)-treated SHR-SP, and placebo (P)-,
telmisartan (T)-, or valsartan (V)-treated sodium-loaded
SHR-SP (A). Ratios of AT, receptor expression to B-actin in
aortae obtained from WKY rats, placebo (P)-, telmisartan
(T)-, or valsartan (V)-treated SHR-SP and placebo (P)-,
telmisartan (T)-, or valsartan (V)-treated sodium-loaded
SHR-SP (B). *p<0.05 and **p<0.01.

SHR-SP did not significantly differ from each other.

Discussion

The present study compared the effects of telmisartan and
valsartan on vascular RAS. Telmisartan is the most potent
PPARY agonist among ARBs whereas valsartan has no
PPARY agonistic effect. As our preliminary study found,
telmisartan (1 mg/kg per day) and valsartan (10 mg/kg per
day) exerted equal hypotensive effects for 2 weeks in SHR-
SP. However, in sodium-loaded SHR-SP, telmisartan and val-
sartan exerted similar hypotensive effects at 3 h after the first
administration but not at 3 h after the last administration.
Therefore, 1 mg/kg of telmisartan and 10 mg/kg of valsartan
exerted similar hypotensive effects in SHR-SP but not in
sodium-loaded SHR-SP. Overall, these doses of ARBs simi-
larly affected blood pressure. Neither ARB attenuated plasma
ACE activity in SHR-SP or sodium-loaded SHR-SP. On the
other hand, PRA and angiotensin II concentrations in both
ARB-treated groups were significantly higher than in pla-
cebo-treated SHR-SP or placebo-treated, sodium-loaded
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SHR-SP. However, vascular ACE activity was significantly
lower in sodium-loaded SHR-SP administered telmisartan
than in that administered valsartan. These findings suggest
that the partial PPARY agonist telmisartan might inhibit vas-
cular ACE activity.

Not only adipocytes and monocyte/macrophages, but also
vascular smooth muscle and endothelial cells express PPARy
(9). We found significantly more vascular ACE activity in
SHR-SP than in WKY rats, and in sodium-loaded SHR-SP
than in SHR-SP. On the other hand, plasma ACE activity did
not significantly differ among WKY rats, SHR-SP, and
sodium-loaded SHR-SP. These results support previous find-
ings (10, 11). Therefore, blood pressure might have more influ-
ence in vascular than in plasma ACE-dependent angiotensin II
formation (/7). Toba et al. (4) recently demonstrated that
PPARYy ligands, pioglitazone and bezafibrate prevent strepto-
zotocin-induced increases in vascular ACE gene expression
and protein content in rats. We found here that the partial
PPARY agonist telmisartan significantly reduced ACE activity
in sodium-loaded SHR-SP, whereas the non-PPARYy agonist
valsartan did not. Other reports have shown that PPARy
ligands significantly reduce blood pressure in hypertensive
rats without diabetes or obesity (/2—14). These findings sug-
gest that telmisartan exerts its hypotensive effect through vas-
cular ACE inhibition via the PPARY agonistic effect.

PPARY can not only improve insulin sensitivity but it also
prevents endothelial dysfunction in humans (/5). We showed
here that both telmisartan and valsartan significantly aug-
mented acetylcholine-induced vascular relaxation in SHR-
SP, whereas only telmisartan exerted this effect in sodium-
loaded SHR-SP. Both ARBs equally reduced SBP in SHR-
SP, but not sodium-loaded SHR-SP. Therefore, the mecha-
nism through which telmisartan prevents endothelial dysfunc-
tion in sodium-loaded SHR-SP is apparently unrelated to its
effect on blood pressure. Oxidative stress has been thought to
play an important role in endothelial dysfunction, and expres-
sion of the NAD(P)H oxidase subunit p22°"* is regarded as a
typical marker of such stress (/16—18). One study has shown
that a PPARY ligand inhibits expression of the NADPH oxi-
dase subunits p22°Ph°* and p47°™* in vitro (19). Another study
has shown that PPARy ligands inhibit NADPH oxidase
expression in the streptozotocin-induced diabetic rat aorta in
vivo (4). Here, p22P™* expression was significantly reduced in
the aortae of telmisartan-treated SHR-SP and sodium-loaded
SHR-SP compared with placebo-treated rats, whereas valsar-
tan did not attenuate p22°Ph°* expression. Therefore, endothe-
lial dysfunction might be prevented through the reduction of
p22rhex expression via the PPARY agonistic effect.

On the other hand, an increase in p22°"* expression reflects
an increase in NAD(P)H oxidase activity, which is closely
related to oxidative stress caused by angiotensin II in vascular
tissues (20). We showed here that not only ACE activity but
also p22P"* expression was significantly higher in the aortae
of SHR-SP and sodium-loaded SHR-SP than in those of WKYY
rats. We previously reported that ACE activity is significantly

higher in the aortae of SHR-SP than WKY rats, and even more
so in those of sodium-loaded SHR-SP than in SHR-SP (27). In
genetically hypertensive models, such as SHR and SHR-SP,
ACE expression in the vasculature is upregulated and angio-
tensin II action against blood vessels is strengthened (10, 22).
The present study found that telmisartan, but not valsartan,
reduced ACE activity via its PPARYy agonistic effect, and this
might result in a decrease of angiotensin II action including
NAD(P)H oxidase in the vascular tissues.

Cardiac hypertrophy was evident in all SHR-SP and
sodium-loaded SHR-SP. However, both telmisartan- and val-
sartan-treated SHR-SP were equally and significantly less
hypertrophic than either the placebo-treated SHR-SP or the
sodium-treated SHR-SP. Left ventricular weight significantly
and positively correlates with the tissue angiotensin II con-
centration in SHR (23). Diep et al. (24) reported that long-
term administration of a PPARY ligand in SHR-SP signifi-
cantly reduces inflammatory markers such as nuclear factor-
KB and tumor necrosis factor-o, but not cardiac hypertrophy.
The present study found that telmisartan does not prevent car-
diac hypertrophy any more effectively than valsartan. The
doses of telmisartan and valsartan used herein might exert
similar levels of AT, receptor antagonism in cardiac tissues,
and telmisartan’s PPARYy agonistic effect might contribute to
vascular remodeling rather than to cardiac hypertrophy.

In the present study, we did not obtain direct data on telmi-
sartan-induced PPARY agonistic effects, such as reduction of
adipocyte size. Recently, Sugimoto et al. (25) reported that
telmisartan (5 mg/kg per day) reduced the accumulation of
visceral fat and decreased adipocyte size to a much greater
extent than did valsartan (5 mg/kg per day) in rats fed a high
fat, high-carbohydrate diet. More recently, Mori et al. (26)
demonstrated that in Otsuka Long Evans Tokushima Fatty
rats, telmisartan administration (5 mg/kg per day) resulted in
significantly lower adipocyte size when compared with val-
sartan (10 mg/kg per day), which was given at the same dose
as in the present study. The telmisartan dose of 1 mg/kg per
day in the present study may have weakly stimulated PPARY.
A typical PPARY ligand, pyoglitazone, significantly reduced
vascular ACE activity in a N®-nitro-L-arginine methyl ester—
induced hypertensive model (27), and the dose of telmisartan
also reduced vascular ACE activity in the present study. On
the other hand, Imayama et al. (28) demonstrated that pyogl-
itazone and telmisartan, a partial PPARY agonist, significantly
reduced AT, receptor expression in cultured rat vascular
smooth muscle cells, but that the non-PPARYy agonists olme-
sartan and candesartan did not. Although this finding was
confirmed in the in vitro study, we observed that both telmi-
sartan and valsartan reduced vascular AT, receptor expres-
sion in SHR-SP, but that there were no significant differences
in reducing AT, receptor expression between telmisartan and
valsartan. The telmisartan dose used in the present study may
have been insufficient to exert the full PPARY agonistic
effects. Further studies using higher doses of telmisartan are
thus needed.



In conclusion, telmisartan, which has PPARY agonistic
properties, inhibited vascular ACE activity in rats more effec-
tively than valsartan, which does not have PPARY agonistic
properties. Therefore, telmisartan might prevent vascular
remodeling more effectively than other ARBs.

References

1. Benson SC, Pershadsingh HA, Ho CI, ef al: Identification
of telmisartan as a unique angiotensin II receptor antagonist
with selective PPARYy-modulating activity. Hypertension
2004; 43: 993-1002.

2. Schupp M, Janke J, Clasen R, Unger T, Kintscher U:
Angiotensin type 1 receptor blockers induce peroxisome
proliferator—activated receptor-y activity. Circulation 2004;
109: 2054-2057.

3. Picard F, Auwerx J: PPARY and glucose homeostasis. Annu
Rev Nutr 2002; 22: 167-197.

4. Toba H, Miki S, Shimizu T, et al: The direct antioxidative
and anti-inflammatory effects of peroxisome proliferator—
activated receptors ligands are associated with the inhibition
of angiotensin converting enzyme expression in streptozo-
tocin-induced diabetic rat aorta. Eur J Pharmacol 2006;
549: 124-132.

5. Kanemitsu H, Takai S, Tsuneyoshi H, et a/: Chymase inhi-
bition prevents cardiac fibrosis and dysfunction after myo-
cardial infarction in rats. Hypertens Res 2006; 29: 57-64.

6. Kirimura K, Takai S, Jin D, et al: Role of chymase-depen-
dent angiotensin II formation in regulating blood pressure in
spontaneously hypertensive rats. Hypertens Res 2005; 28:
457-464.

7. Takai S, Kirimura K, Jin D, et al: Significance of angio-
tensin II receptor blocker lipophilicities and their protective
effect against vascular remodeling. Hypertens Res 2005; 28:
593-600.

8. Tanaka H, Takai S, Jin D, et al: Inhibition of matrix metal-
loproteinase-9 activity by trandolapril after middle cerebral
artery occlusion in rats. Hypertens Res 2007; 30: 469-475.

9. Braissant O, Foufelle F, Scotto C, Dauca M, Wahli W: Dif-
ferential expression of peroxisome proliferator—activated
receptors (PPARs): tissue distribution of PPAR-a, -f3, and
-v in the adult rat. Endocrinology 1996; 137: 354-366.

10. Fernandez-Alfonso MS, Kreutz R, Zeh K, Liu Y, Ganten D,
Paul M: Differential regulation of vascular angiotensin I-
converting enzyme in hypertension. Hypertension 1994; 24:
280-286.

11. Takai S, Jin D, Sakaguchi M, Miyazaki M: Significant tar-
get organs for hypertension and cardiac hypertrophy by
angiotensin-converting enzyme inhibitors. Hypertens Res
2004; 27: 213-219.

12. Verma S, Bhanot S, McNeill JH: Direct vasodepressor
effects of pioglitazone in spontaneously hypertensive rats.
Pharmacology 1998; 56: 7-16.

13. Grinsell JW, Lardinois CK, Swislocki A, et al: Pioglitazone
attenuates basal and postprandial insulin concentrations and
blood pressure in the spontaneously hypertensive rat. 4m J
Hypertens 2000; 13: 370-375.

14. Wakino S, Hayashi K, Tatematsu S, et al: Pioglitazone low-
ers systemic asymmetric dimethylarginine by inducing

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Takai et al: Inhibition of Vascular ACE by Telmisartan [237

dimethylarginine dimethylaminohydrolase in rats. Hyper-
tens Res 2005; 28: 255-262.

Campia U, Matuskey LA, Panza JA: Peroxisome prolifera-
tor—activated receptor-y activation with pioglitazone
improves endothelium-dependent dilation in nondiabetic
patients with major cardiovascular risk factors. Circulation
2006; 113: 867-875.

Fukui T, Ishizaka N, Rajagopalan S, et al: p22°* mRNA
expression and NADPH oxidase activity are increased in
aortas from hypertensive rats. Circ Res 1997; 80: 45-51.
Ulker S, McMaster D, McKeown PP, Bayraktutan U:
Impaired activities of antioxidant enzymes elicit endothelial
dysfunction in spontaneous hypertensive rats despite
enhanced vascular nitric oxide generation. Cardiovasc Res
2003; 59: 488-500.

Hamilton CA, Brosnan MJ, Al-Benna S, Berg G, Dominic-
zak AF: NAD(P)H oxidase inhibition improves endothelial
function in rat and human blood vessels. Hypertension
2002; 40: 755-762.

Inoue I, Goto S, Matsunaga T, et al: The ligands/activators
for peroxisome proliferator—activated receptor o. (PPAR)
and PPARY increase Cu?*, Zn>*-superoxide dismutase and
decrease p22phox message expressions in primary endothe-
lial cells. Metabolism 2001; 50: 3—11.

Seshiah PN, Weber DS, Rocic P, Valppu L, Taniyama Y,
Griendling KK: Angiotensin II stimulation of NAD(P)H
oxidase activity: upstream mediators. Circ Res 2002; 91:
406-413.

Takai S, Sakonjo H, Miyazaki M: Beneficial effect of tran-
dolapril on the lifespan of a severe hypertensive model.
Hypertens Res 2001; 24: 559-564.

Morishita R, Higaki J, Nakamura F, et al: Regression of
hypertension-induced vascular hypertrophy by an ACE
inhibitor and calcium antagonist in the spontaneously
hypertensive rat. Blood Press 1992; 3 (Suppl): 41-47.
Mizuno K, Niimura S, Katoh K, Fukuchi S: TCV-116, a
newly developed angiotensin II receptor antagonist, induces
regression of cardiac hypertrophy through suppression of
the tissue renin-angiotensin system in spontaneously hyper-
tensive rats. Life Sci 1994; 54: 1987-1994.

Diep QN, Amiri F, Benkirane K, Paradis P, Schiffrin EL:
Long-term effects of the PPAR 7 activator pioglitazone on
cardiac inflammation in stroke-prone spontaneously hyper-
tensive rats. Can J Physiol Pharmacol 2004; 82: 976-985.
Sugimoto K, Qi NR, Kazdova L, Pravenec M, Ogihara T,
Kurtz TW: Telmisartan but not valsartan increases caloric
expenditure and protects against weight gain and hepatic
steatosis. Hypertension 2006; 47: 1003—10009.

Mori Y, Itoh Y, Tajima N: Angiotensin II receptor blockers
downsize adipocytes in spontaneously type 2 diabetic rats
with visceral fat obesity. Am J Hypertens 2007; 20: 431—
436.

Ishibashi M, Egashira K, Hiasa K, et a/: Antiinflammatory
and antiarteriosclerotic effects of pioglitazone. Hyperten-
sion 2002; 40: 687-693.

Imayama I, Ichiki T, Inanaga K, et al: Telmisartan down-
regulates angiotensin II type 1 receptor through activation
of peroxisome proliferator—activated receptor y. Cardiovasc
Res 2006; 72: 184-190.



	Inhibition of Vascular Angiotensin-Converting Enzyme by Telmisartan via the Peroxisome Proliferator–Activated Receptor γ Agonistic Property in Rats
	Introduction
	Methods
	Animals
	Plasma ACE Activity, Plasma Renin Activity and Angiotensin II Concentration
	Acetylcholine-Induced Vasorelaxation in Isolated Rat Artery
	Reverse Transcription–Polymerase Chain Reaction
	Vascular ACE Activity
	Statistical Methods

	Results
	Body and Heart Weight
	Blood Pressure
	Plasma ACE Activity, PRA, and Angiotensin II Concentration
	Vascular Responses
	Vascular p22phox Expression
	Vascular ACE Activity and AT1 Receptor Expression

	Discussion
	References


