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Abstract
Angiotensin II (Ang II) infusion into rats elevates local angiotensin II levels through an AT1
receptor–dependent pathway in the kidney. We examined whether treatment with an angio-tensin-
converting enzyme (ACE) inhibitor, temocapril, or an AT1-receptor blocker, olmesartan,
prevented elevation of Ang II levels in the kidney of angiotensin I (Ang I)-infused rats. Rats were
infused with Ang I (100 ng/min) and treated with temocapril (30 mg/kg per day, n = 10) or
olmesartan (10 mg/kg per day, n = 9) for 4 weeks. Ang I infusion significantly elevated blood
pressure compared with vehicle-infused rats (n = 6). Treatment with temocapril or olmesartan
suppressed Ang I–induced hypertension. Temocapril suppressed both plasma and renal ACE
activity. Ang I infusion increased Ang II content in the kidney. Interestingly, temocapril failed to
reduce the level of Ang II in the kidney, while olmesartan markedly suppressed an increase in
renal Ang II levels. These results suggest a limitation of temocapril and a benefit of olmesartan to
inhibit the renal renin–angiotensin system and suggest the possible existence of an ACE inhibitor–
insensitive pathway that increases Ang II levels in rat kidney.
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Introduction
Hypertension increases the risk of cardiovascular and renal events (1, 2), and lowering blood
pressure lowers the risk. In addition, the prevention of target organ damage should be a goal
with antihypertensive therapy. The renin-angiotensin system (RAS) regulates blood pressure
(3 – 5), reduces sodium excretion (6, 7), and causes kidney damage (8 – 10), and RAS
inhibitors are important drugs for treating hypertension or organ damage.
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RAS in the kidney is independently regulated from that in the systemic circulation (11, 12),
and the increase in renal angiotensin II (Ang II) is implicated in renal pathophysiology as
well as the development of hypertension. Blood pressure and renal Ang II increased in mice
expressing angiotensin converting enzyme (ACE) in the kidney only, compared with
systemic ACE null mice (13), indicating the importance of ACE-dependent angiotensin I
(Ang I) formation in the kidney on systemic hypertension. AT1 receptor–dependent Ang II
internalization in the apical membrane of proximal tubules is thought to be one mechanism
for Ang II accumulation in the kidney (14, 15). Indeed, intrarenal Ang II accumulation in
Ang II–infused animals was strongly suppressed by antagonists of the AT1 receptor (ARB),
regardless of Ang II plasma levels (16, 17). The reduction of renal Ang II by ARB is
accompanied by well-established renal-protective effects of ARB (18, 19). Conversely, there
are relatively few data regarding the effects of ACE inhibitors compared with that of ARB.
We previously reported that renal interstitial fluid contains much higher concentration of
Ang I (> 5 ×) and Ang II (> 30 ×) compared with plasma (20). Surprisingly, neither intra-
arterial infusion nor renal interstitial infusion of enalaprilat, an ACE inhibitor, affected Ang
II levels in renal interstitial fluid, although it reduced plasma Ang II levels. We speculated
that renal interstitial Ang II levels may maintain renal Ang II levels, but might be insensitive
to drugs that inhibit ACE. Therefore, in the present study, we investigated whether the
augmentation of renal Ang II levels was affected by oral treatment with an ACE inhibitor in
Ang I–infused rats.

Materials and Methods
Animals

All experimental procedures were performed according to the guidelines for the care and use
of animals as established by Kagawa University. Male Sprague Dawley rats were purchased
from SLC (Shizuoka). Animals were divided into four experimental groups as follows:
Group 1: vehicle (n = 10); Group 2: Ang I + control (Ang I, n = 10); Group 3: Ang I +
temocapril (30 mg/kg per day, p.o., n = 10); and Group 4: Ang I + olmesartan (10 mg/kg per
day, p.o., n = 10). The drugs were mixed in their diet.

Systolic blood pressure (SBP) was measured in conscious rats by tail-cuff plethysmography
(Softron, Tokyo) and 24-h urine samples were collected every week. All animals underwent
a 24-h acclimatization period in metabolic cages prior to urine collection. Blood and kidney
samples were harvested at the end of the experimental protocol. The wet weight of the left
kidney was measured. The right kidney was snap-frozen in liquid nitrogen for measurement
of renal Ang II content and ACE activity.

Ang II and ACE activity assay
For Ang II measurements, blood was collected in a glass tube containing EDTA and
protease inhibitor cocktail. The right kidney was homogenized in methanol immediately
after extraction. Ang II contents were measured by radioimmunoassay. The blood samples
were collected in 100% methanol, evaporated to dryness in a vacuum centrifuge,
reconstituted in buffer, and assayed. As ACE activity could not be detected in blood
containing EDTA, a blood sample collected in a separate tube containing heparin instead of
EDTA was prepared for plasma ACE activity measurement. ACE activity in the homogenate
was measured in duplicate with a commercial kit (ACEcolor; Fujirebio, Malvern, PA, USA)
containing p-hydroxybenzoyl-glycyl-L-histidyl-L-leucine as synthetic substrate (21, 22).
Tissue samples were ultracentrifuged at 15,000 × g for 1 h. Pellets were suspended in PBS
containing Triton-X and assayed.
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Real-Time PCR
The mRNA expression of glyceraldehydes-3-phosphate dehydrogenase (GAPDH),
angiotensinogen (AGT), and ACE2 were analyzed by real-time PCR using a LightCycler
FastStart DNA Master SYBR Green I kit or TaqMan Gene Expression Assay kits (Applied
Bio-systems, Foster City, CA, USA). The oligonucleotide primer sequences of GAPDH and
AGT and PCR conditions were as described previously (23, 24). The primer sequences of
ACE2 were as follows: ACE2 forward, 5′-CCCAGAGAACAGTGGACCAAAA-3′ and
reverse, 5′-GCTCCACCACACCAACGAT-3′. All data were expressed as the relative
differences between the vehicle and other groups after normalization to GAPDH expression.

Other analytical procedures
Plasma aldosterone concentration was analyzed by a commercially available kit (SPACK-S
aldosterone kit; TFB, Tokyo). Plasma renin activity (PRA) was measured by the ability to
generate Ang I and expressed as ng/mL per hour of Ang I (25). Urinary protein excretion
was determined using a protein assay kit (microTP-test; Wako, Osaka). Creatinine
concentration in urine was measured using an assay kit (Creatinine-test, Wako).

Statistical analyses
Statistical comparisons of the differences between treatments for other parameters were
performed using one-way ANOVA combined with the Tukey–Kramer post-hoc test. A P-
value < 0.05 was considered statistically significant.

Results
Blood pressure, body weight, kidney weight, and urinary protein excretion

The effects of Ang I infusion and treatment with temocapril or olmesartan on SBP are
shown in Fig. 1. SBP increased significantly in Ang I–infused rats, compared with vehicle.
Both temocapril and olmesartan suppressed the blood pressure elevation induced by Ang I
and the effect was stronger with olmesartan.

There was no statistically significant difference in the changes in body weight between the
groups at week 4 (Table 1). Kidney weight / body weight ratio was significantly greater in
Ang I–infused rats. Both temocapril and olmesartan suppressed the increase in kidney
weight / body weight ratio induced by Ang I. Ang I infusion also increased urinary excretion
of protein/ creatinine ratio. The urinary protein/creatinine ratio of temocapril- or olmesartan-
treated rats was slightly greater than that of vehicle-infused rats and significantly milder than
that of Ang I–infused control rats.

Plasma or renal ACE activity
We did not detect a significant difference between basal plasma and renal ACE activity
between vehicle and Ang I–infused rats (Fig. 2). Plasma ACE activity of animals treated
with temocapril was reduced to almost half compared with Ang I–infused rats (Fig. 2A).
Similarly, renal ACE activity in temocapril-treated rats was reduced to 40% of that in Ang
I–infused rats. In contrast, olmesartan did not change plasma or renal ACE activity (Fig.
2B).

PRA and plasma aldosterone level
PRA and plasma aldosterone levels are shown in Fig. 2. Ang I infusion for 4 weeks
decreased PRA to undetectable levels and increased plasma aldosterone levels. Both
temocapril and olmesartan increased PRA to a level significantly greater than that in
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vehicle-infused animals and decreased plasma aldosterone levels, confirming their inhibition
efficacy on plasma Ang I and Ang II generation.

Plasma and renal Ang II
Plasma and renal Ang II levels in Ang I–infused rats with temocapril or olmesartan
treatment are summarized in Fig. 3. Plasma Ang II was not increased significantly in Ang I
controls or in temocapril-treated animals. Olmesartan increased plasma Ang II levels
significantly. In contrast, Ang I infusion increased renal Ang II levels at both week 2 and 4.
Either temocapril or olmesartan suppressed the increase in renal Ang II levels at week 2.
Surprisingly, temocapril failed to suppress increased renal Ang II levels, while olmesartan
lowered levels strongly at week 4.

ACE2 mRNA
Renal ACE mRNA levels increased in Ang I–infused rats compared with those in vehicle-
infused rats (1.9 ± 0.4 vs. 1.0 ± 0.1 fold, respectively, P < 0.05). Temocapril further
increased renal ACE2 expression (2.6 ± 0.5 fold). The increased ACE2 expression by Ang I
infusion was abolished by olmesartan treatment (0.6 ± 0.1 fold).

Discussion
We and others have previously shown that Ang II, which theoretically may be filtered from
glomeruli unlike AGT (24), is internalized by tubular cells, especially proximal tubular cells
via AT1 receptor–mediated endocytosis (26, 27). Ang II stimulates transcription of AGT
(26, 27) and may induce Ang II content in the kidney and subsequent renal injury (28, 29).
Thus, it may be that the decrease in renal Ang II following olmesartan treatment, consistent
with our previous studies (30 – 32), resulted from the inhibition of AT1 receptor–mediated
Ang II internalization and subsequent accumulation of Ang II in the kidney. Interestingly,
kidney Ang II in temocapril-treated rats increased at week 4, in contrast with a previous
report by Gonzalez et al. (33) who observed a suppression of Ang II accumulation by
lisinopril in the kidney of Ang II–infused mice. Several mechanisms may suppress the
increase in renal Ang II. We have demonstrated that PRA increases with ACE inhibition
during Ang I infusion. Kobori et al. (27) showed that PRA was undetectable in Ang II–
infused rats and increased following treatment with AT1-receptor antagonists. Furthermore,
several studies have reported that renin secretion and PRA increase in response to ACE
inhibitor treatment (30, 31). We also observed increased PRA in ACE inhibitor–treated
animals compared with untreated animals. The greater PRA should increase Ang I synthesis
since renin is the rate-limiting enzyme in the renin–Ang I–aldosterone system. It is possible
that treatment with ACE inhibitor at the dosage used is insufficient to inhibit Ang II
production under the influence of up-regulated PRA, even if up-regulation results from the
ACE inhibition itself. Second, this may result from insufficient inhibition of renal ACE
activity relative to that of plasma ACE activity with temocapril treatment. Nishiyama et al.
(20) has shown that intra-arterial infusion of enalaprilat reduced plasma ACE activity to
undetectable levels, whereas renal ACE activity decreased only 50%. Gonzalez et al. (33)
showed renal ACE activity was not reduced to the same level as plasma ACE activity in
Ang II–infused mice treated with lisinopril. These results suggest that renal ACE may have
lower sensitivity against ACE inhibitors, which were administered orally in the present
study, than the plasma enzyme. The pharmacokinetic/dynamic character of ACE inhibitors
may influence the accumulation of drugs in the kidney and their efficacy (ACE inhibition).
Although 30% of orally administered temocapril is excreted in the urine as temocaprilat, an
active metabolite of temocapril, we could not find any reports in the literature that has
examined kidney retention and renal ACE inhibition. The drug may have poor distribution
inside kidney cells, and compensatory increases in PRA and Ang I may contribute to
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increased Ang II generation in the kidney. These potential mechanisms may explain the
time-course changes of renal Ang II levels in temocapril-treated rats, which were suppressed
at week 2 and increased at week 4.

The current results might be due to the increase in the production of ACE-independent Ang
II or to the decrease in catalyzed Ang II in the kidney of Ang I–infused rats. We previously
showed that chymase contributed to the Ang II formation in the fibrotic kidneys of hamsters
(18). Several recent studies have detected the chymase-like activity in the isolated tissues
from rats (34 – 38). Thus, Ang I infusion for 4 weeks may increase the chymase-dependent
Ang II formation and this Ang II may promote the temocapril-insensitive Ang II
accumulation in the kidney in the present study. On the other hand, ACE2, an enzyme that
catalyzes the conversion of Ang II into Ang-(1-7), was increased in temocapril-treated rats.
Thus, this mechanism seems unlikely.

Temocapril showed significant antihypertensive effects even with elevated renal Ang II,
possibly due to the effect on plasma ACE. It is also possible that an ACE inhibitor–induced
increase in bradykinin and subsequent NO release could contribute to the effects.

Several studies have suggested that the increase in renal Ang II level contributes to the
development of renal disease (23, 39 – 41). However, there was no difference in proteinuria
at week 4 of Ang I infusion between temocapril- and olmesartan-treated groups. This might
be due to the strong antihypertensive effects of these drugs: the average SBP was suppressed
below 140 mmHg throughout the experimental period in both temocapril- and olmesartan-
treated groups. Also, importantly, temocapril could suppress renal Ang II in the first 2 weeks
of Ang I infusion, but failed to suppress it at week 4, indicating that there was a threshold
point for suppressing renal Ang II by temocapril between week 2 and 4. Therefore, the
elevated level of renal Ang II for less than 2 weeks in the temocapril-treated groups might
not be sufficient to induce a significant level of renal damage. There may be a worse insult
in the temocapril-treated groups than the olmesartan-treated group in a study with a longer
experimental period.

In summary, the present experiments demonstrate that treatment with temocapril, which
reduces blood pressure, failed to inhibit accumulation of Ang II in the kidney of Ang I–
infused rats. In contrast, olmesartan treatment prevents accumulation of Ang II in the
kidney. These results suggest a limitation of temocapril and a benefit of olmesartan to inhibit
the renal renin–angiotensin system and a possible ACE inhibitor-insensitive pathway for
intrarenal Ang II augmentation in Ang I–infused rats.
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Fig. 1.
Changes in blood pressure in Ang I–infused rats. Tail cuff-blood pressure was increased by
Ang I infusion, but the increase was suppressed by temocapril or olmesartan treatment. *P <
0.05 vs. vehicle-infused group, #P < 0.05 vs. Ang I + control group.
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Fig. 2.
Plasma (A) and renal (B) ACE activities, plasma renin activity (PRA) (C), and plasma
aldosterone concentration (D). A and B: Plasma ACE activity in plasma and the kidney were
unchanged by Ang I infusion. Temocapril, but not olmesartan, reduced ACE activity in both
plasma and kidney. C: PRA was undetectable following Ang I infusion. Temocapril and
olmesartan treatment increased PRA. D: Plasma aldosterone levels were increased by Ang I
infusion. Either temocapril or olmesartan treatment suppressed the increase in plasma
aldosterone level. *P < 0.05 vs. vehicle-infused group, #P < 0.05 vs. Ang I + control group,
n.d.: not detectable.
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Fig. 3.
Plasma (A) and kidney (B) Ang II levels. A: Plasma Ang II did not significantly respond to
Ang I infusion with or without temocapril treatment. Olmesartan increased plasma Ang II
levels. B: Kidney Ang II levels increased at weeks 2 and 4 following Ang I infusion.
Temocapril suppresses the increase in renal Ang II at week 2, but not at week 4. Olmesartan
suppressed renal Ang II levels both at weeks 2 and 4. *P < 0.05 vs. vehicle-infused
group, #P < 0.05 vs. Ang I + control group.
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