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Abstract

We have investigated the in vivo effect of chronic blockade of Ca2+-channels and angiotensin II type 1 (AT1)-receptors on
aldosterone (Aldo)-synthesis in the adrenal glands of spontaneously hypertensive rats (SHR). Male SHR were administered
Ca2+-antagonist, amlodipine (10 mg/kg per day) or AT1-receptor-antagonist, TCV-116 (1 mg/kg per day) from 7 until 11 weeks
of age. Systolic blood pressure (SBP) and heart rate (HR) were significantly higher in SHR than Wistar-Kyoto (WKY) rats. Both
treatments resulted in equivalent and significant reduction in SBP in SHR. Aldo-secretion in SHR, which was significantly higher
than in WKY rats, was profoundly suppressed by TCV-116 compared with amlodipine. Both treatments resulted in thickening of
the zona glomerulosa, which immunohistochemically contains Aldo, at the end of therapy. Competitive reverse transcription-poly-
merase chain reaction (RT-PCR) showed that CYP11A (P450scc) mRNA regulating the first step of Aldo-synthesis was
significantly reduced from week 9 of age by amlodipine, and that CYP11B2 (P450aldo) mRNA regulating the last step of
Aldo-synthesis was potently suppressed from 9 weeks of age by TCV-116. Our results indicate that chronic treatment with
different antihypertensive agents directly modulates adrenocortical aldosterone synthesis in SHR in vivo via different mechanisms.
© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The involvement of the renin–angiotensin system
(RAS) in the development of hypertension and hyper-
tension-related organ damage is well known [1]. Many
investigators have shown that angiotensin-converting
enzyme inhibitors (ACEI) and angiotensin II (Ang II)
type 1 receptor (AT1) antagonists (AT1a) reduce arterial
blood pressure and ameliorate hypertension-associated
organ injury [1,2]. These effects suggest that Ang II is a
major factor involved in the above pathologic pro-
cesses. Another key effector of RAS is aldosterone
(Aldo), the primary mineralocorticoid, which acts on

the distal nephron to regulate sodium resorption, potas-
sium excretion, and intravascular volume [1,3,4]. These
Aldo actions potentially contribute to the increase in
arterial blood pressure. Moreover, recent studies have
suggested direct effects for Aldo on end-organ injury
[5]. Indeed, the Aldo antagonist, spironolactone, pre-
vented the progression of cardiovascular and
nephrosclerotic injuries [6,7] and Aldo substitution in
ACEI-pretreated hypertensive rats resulted in the devel-
opment of malignant nephrosclerosis [8]. In addition to
the well-known action of Ang II (stimulation of Aldo
production from the adrenal cortex), the reciprocal
interaction that Aldo increases Ang II binding [9,10]
and that Aldo induces upregulation of cardiac AT1-re-
ceptor [11] have also been demonstrated. These findings
indicate that Aldo as well as Ang II are closely involved
in the development of hypertension and associated or-
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gan damage. However, the in vivo mechanisms that
regulate Aldo synthesis in the adrenal cortex of hyper-
tensive animals, e.g. spontaneously hypertensive rats
(SHR), remain unknown at this stage.

Aldo synthesis in the adrenal zona glomerulosa is
influenced by a variety of factors, such as extracellular
Ang II, potassium ion (K+) and adrenocorticotropin
(ACTH). The potency of these factors in the physiolog-
ical control of Aldo secretion depends on their com-
bined activities and synergy [3,4]. The effect of Ang II
on Aldo synthesis is mediated through AT1-receptors
[12,13] and this effect is induced even by subpressor
doses of Ang II [14]. Furthermore, Ang II and K+

synergistically increase cytosolic calcium ion (Ca2+),
depending on the influx of extracellular Ca2+, which is
followed by stimulation of adrenocortical Aldo secre-
tion [3,15]. Although these agonists including Ang II,
K+ and ACTH activate different intracellular messen-
ger systems, they eventually enhance the Ca2+ influx
[16–19]. Regulation of Aldo production in the zona
glomerulosa can be divided into two phases, (1) an
acute phase that occurs within minutes and reflects
cholesterol transfer to mitochondrial side-chain cleav-
age enzyme, cytochrome P450scc [3,20,21], the product
of the CYP11A gene [22], which is followed by extrami-
tochondrial conversion of pregnenolone into proges-
terone and then into 11-deoxycorticosterone by
cytochrome P450c21 enzyme; and (2) a chronic phase
that requires several hours and reflects increased expres-
sion of Aldo synthase, cytochrome P450aldo [3,4,20],
the product of the CYP11B2 gene [23].

The above steps are possible target sites for the
regulation of Aldo synthesis. Many in vitro findings
indicate that both AT1-action due to Ang II and Ca2+

influx are major determinants that potentiate Aldo
synthesis and secretion in the zona glomerulosa of the
adrenal cortex. However, there is little in vivo informa-
tion regarding the mechanisms that regulate Aldo syn-
thesis in SHR and the effects of antihypertensive agents
on adrenocortical Aldo synthesis in these rats. There-
fore, we here investigated the effects of chronic block-
ade of Ca2+-channel and AT1-receptor on Aldo
synthesis in the adrenal glands of SHR, with special
emphasis on the enzyme mRNAs responsible for Aldo
synthesis. The aim of our study was to elucidate the in
vivo differential action of Ca2+-antagonist (Ca2+a)
and AT1a in modifying adrenocortical Aldo synthesis in
SHR.

2. Materials and methods

2.1. Materials

SHR and Wistar-Kyoto (WKY) rats (5-weeks-old)
were purchased from Japan SLC (Shizuoka, Japan). All

rats were housed in climate-controlled metabolic cages
with a 12:00 and 12:00 h light–dark cycle. The animals
received normal food containing 0.24% sodium (MF,
Oriental Yeast, Tokyo, Japan), with water provided ad
libitum. The primary antibodies used for immunohisto-
chemistry were rabbit anti-aldosterone-3-CMO (Bio-
genesis, NH) polyclonal antibodies, which were
cross-reactive with rat Aldo. Oligonucleotides for re-
verse transcription-polymerase chain reaction (RT-
PCR) were synthesized on a model 380B DNA
synthesizer (Applied Biosynthesis, Foster City, CA).
The location of oligonucleotides of primer pairs was as
follows: CYP11A, 1078–1097 and 1689–1708 [22]; and
CYP11B2, 862–879 and 1142–1159 [23]. The experi-
mental protocol was approved by the Ethics Review
Committee for Animal Experimentation of Okayama
University Medical School.

2.2. Experimental protocol

At 7 weeks of age, SHR were divided at random into
three groups. Rats in the first group were treated with
oral amlodipine, a Ca2+a, (10 mg/kg per day in 0.3 ml
of saline; SHR+Aml; n=20). Rats in the second group
were treated with TCV-116, an AT1a, (1 mg/kg per day
in 0.3-ml of saline; SHR+TCV; n=20). The third
(control) group was treated with 0.3-ml of saline
(SHR+vehicle; n=20). All treatments were adminis-
tered once daily by gavage. Another control group of
WKY rats was treated orally with 0.3-ml of saline
(WKY+vehicle; n=20).

Systolic blood pressure (SBP) and heart rate (HR)
were measured weekly, at 9:00 am, in conscious, re-
strained, and warmed rats by tail-cuff plethysmography
(UR-5000, Ueda Seisakusyo, Tokyo). Once a week,
urine was collected over a 24-h period and used for the
measurement of urinary sodium (u-Na), potassium (u-
K) and Aldo (u-Aldo) excretion. u-Na and u-K were
determined on an autoanalyzer while u-Aldo was deter-
mined with a SPAC-S-aldosterone RIA kit (Daiichi
Radioisotope, Tokyo). Five rats in each group were
killed by decapitation at 7, 8, 9 and 11 weeks of age, and
the adrenal glands dissected, removed and prepared for
histological examination and extraction of RNA. Trunk
blood samples were collected and stored at −30°C until
assayed for electrolytes (sodium, potassium and chlo-
ride), creatinine, and total cholesterol on an autoana-
lyzer system. Plasma Aldo concentrations (p-Aldo) were
measured with a SPAC-S-aldosterone RIA kit (Daiichi
Radioisotope) and plasma renin activity (PRA) by RIA
for Ang I (Dinabot Radioisotope, Tokyo).

2.3. Histological examination

For tissue examination by light microscopy, a portion
of each adrenal gland was fixed with 10% buffered
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para-formaldehyde, embedded in paraffin, sectioned at
4 mm, and stained with hematoxylin-eosin (HE). The
width (mm) of the adrenal cortex (on at least three
portions of each adrenal gland), as viewed by light
microscopy, was measured with an objective
micrometer (OB-M, Olympus Optical, Tokyo) [24]. The
distribution of Aldo-immunoreactivity was evaluated
by immunoperoxidase assay using Vectastain kit
(Vector Laboratories, Burlingame, CA) as previously
described by our laboratory [24] on 4-mm thick cryostat
sections fixed with acetone. Non-specific protein
binding sites were blocked by incubation of sections
with 10% normal goat serum in Tris-buffered saline for
20 min. Nonspecific staining was blocked by incubation
of the sections with avidin and biotin for 15 min each.
Endogenous peroxidase activity was inhibited by a
20-min incubation with methanol containing 0.3%
H2O2. The slides were then stained for Aldo in a
humidity chamber for 1 h at 37°C, washed twice with
phosphate-buffered saline (PBS), stained with
biotin-labeled goat anti-rabbit IgG which was not
cross-reactive with rat IgG for 60 min, and then
incubated with avidin and biotinylated horseradish
peroxidase. The slides were washed once more in PBS
before color reaction, which was accomplished by
incubation in freshly prepared 3,3-diaminobenzidine
reagent until staining was complete. The reaction was
stopped by placing each slide in water. After another
wash in PBS, Mayer’s hematoxylin was added as a
counterstain.

2.4. Extraction of RNA from adrenal cortex and analysis
by competiti6e RT-PCR

The adrenal cortex was dissected out and minced
followed by extraction of total RNA with RNeasy
Midi Kits (Quiagen, Santa Clarita, CA). The RNA was
quantified by measuring absorbance at 260 nm and
stored at −20°C until assay.

For quantification of CYP11A and CYP11B2
mRNA, competitive RT-PCR analysis was performed
as previously described by our laboratory [2,24]. First,
mutant cDNAs were generated by a PCR MIMIC
Construction Kit (Clontech Lab., Palo Alto, CA). The
mutant fragments for G3PDH, which was used as an
internal control, was 556 bp, and mutants for CYP11A
and CYP11B2 were 400 bp each. The fragments were
reamplified with four sets of specific primers to deter-
mine their abilities to act as competitors for the native
mRNAs. The products obtained were as follows,
G3PDH, 596 bp; CYP11A, 442 bp; and CYP11B2, 436
bp, which were purified using Chrome Spin Column
(Clontech), and diluted to 100 amol/ml with ultrapure
glycogen. Extracted RNA was subjected to RT using a
GeneAmp RNA PCR Kit (Perkin Elmer Cetus, Nor-
walk, CT). RT was performed with 10 ng of RNA per

reaction using random hexamer (2.5 mM), reverse tran-
scriptase (2.5 U/ml) and deoxynucleotide triphosphate
(dNTP; 1 mM) at 42°C for 55 min, 99°C for 5 min,
and 42°C for 5 min. The resultant cDNA was resus-
pended in 50 ml deionized, autoclaved water for com-
petitive PCR. The linear portion of the relationship
between native cDNAs and competitive mutant cD-
NAs was determined for G3PDH, CYP11A and
CYP11B2. In a preliminary analysis, a fixed amount
(0.5 ng) of cDNA derived from a control was co-am-
plified with 10-fold serial dilutions (1–10−6) of the
competitive mutant cDNAs using the three primer sets
and the preceding kit. For fine-tuned competitive PCR,
another re-amplification was performed using 2-fold
serial dilutions (2−1–2−7) of one of the dilution steps
of the preliminary PCR as a starting point (G3PDH,
10−3; CYP11A, 10−3; CYP11B2, 10−4). Competitive
PCR was performed using the preceding PCR kit and
a thermal cycler (Perkin Elmer Cetus) under the fol-
lowing conditions, 35 cycles of denaturation at 94°C
for 1 min; annealing at 55°C for 1 min and extension
at 72°C for 1 min. Aliquots of PCR products of cDNA
and competitive mutant cDNA were electrophoresed
on 1.5% agarose gels, visualized after ethidium bro-
mide staining, and photographed using an instant posi-
tive/negative film (337; Polaroid, Cambridge, MA).
Negatives were analyzed by scanning densitometry
(Scanning Imager 300-SX, Molecular Dynamics, Sun-
nyvale, CA), and the relative integrated density of each
band was digitized by multiplying the absorbance by
the surface area. Finally, the ratios between the densit-
ometric readings of the negative cDNA and mutant
cDNA-PCR products were plotted with a logarithmic
scale on the ordinate against the logarithmic dilutions
of mutant cDNA on the abscissa. After establishing
the working ranges in which linear relationship existed,
cDNA from all individual samples were subjected to
competitive PCR analysis, using CYP11A and
CYP11B2 primers. Control analysis was performed us-
ing G3PDH primers.

2.5. Statistical analysis

All data are expressed as mean9S.E.M. and statisti-
cally analyzed by analysis of variance (ANOVA). P
values of B0.01 were accepted as statistically
significant.

3. Results

3.1. Serial changes in SBP and HR

SBP of SHR+vehicle group was significantly higher
than in WKY group throughout the study (Fig. 1A).
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Treatment with Aml and TCV produced significant and
equivalent reductions in SBP throughout the
experiment, relative to SHR+vehicle rats. The HR
was generally stable in all groups, although that of
SHR tended to be high and that of SHR+Aml group
tended to decrease throughout the experiment (Fig.
1B). None of the rats died throughout the experimental
period.

3.2. Serial changes in urine 6olume (UV), u-Na and u-K
excretion, and blood chemistry

Treatment with Aml increased UV, relative to WKY
rats (Fig. 2, left panel), while TCV treated rats showed
a significant decrease in UV relative to SHR+Aml
group. u-Na and u-K excretion did not change signifi-
cantly throughout the experiment in each group (Fig.
2, middle and right panels). As shown in Table 1,
serum sodium, potassium, chloride and creatinine con-
centrations did not differ significantly among the four
groups of rats throughout the experiment. Serum total
cholesterol level in SHR+vehicle was significantly
lower than in WKY rats and, at the age of 11 weeks,
that of SHR+Aml group became significantly higher
than other SHR groups.

3.3. Serial changes in p-Aldo, PRA, p-Aldo/PRA and
u-Aldo le6els

As shown in Fig. 3, at 7–8 weeks (the prehyperten-

sive phase) p-Aldo level in SHR rats was less than in
WKY rats. After the age of 9 weeks, i.e. the estab-
lished hypertensive phase, p-Aldo in SHR, however,
increased relative to that in WKY rats. Treatment with
TCV resulted in a significant reduction of p-Aldo level
compared with SHR+Aml and SHR+vehicle groups.
The daily u-Aldo level in SHR was significantly higher
than in WKY rats, but was significantly suppressed
by TCV-116 treatment. PRA levels were similar in
SHR+vehicle and WKY+vehicle groups throughout
the experiment. However, TCV treatment markedly
increased PRA levels at age of 8–11 weeks and Aml
increased PRA particularly at the age of 11 weeks (Fig.
3). The p-Aldo/PRA ratio, indicating adrenocortical
responsiveness of Ald secretion, was not different
between SHR and WKY rats. Both treatments lowered
this ratio but the effect of TCV-116 treatment
was more potent and prolonged than amlodipine treat-
ment.

3.4. Serial changes in body and organ weights

The rate of change of body weight (BW) throughout
the experiment tended to be higher in SHR than WKY
rats (Fig. 4). Treatment with amlodipine or TCV-116
did not influence BW. The adrenal weight (AdW) of
SHR was significantly lower than that of WKY rats
but neither of the antihypertensive treatment altered
AdW. Heart and kidney weights were significantly
higher in SHR than in WKY rats. Although kidney

Fig. 1. Effects of chronic inhibition of Ca2+-channel and AT1-receptor on SBP and HR. Data are mean9S.E.M. (n=5); *, PB0.01 vs.
WKY+vehicle; and †, PB0.01 vs. SHR+vehicle.

Fig. 2. Effects of chronic inhibition of Ca2+-channel and AT1-receptor on UV and u-Na and u-K excretion. Data are mean9S.E.M. (n=5); *,
PB0.01 vs. WKY+vehicle; and c , PB0.01 vs. SHR+Aml.
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Fig. 3. Effects of chronic inhibition of Ca2+-channel and AT1-receptor on p-Aldo, PRA, the ratio of p-Aldo/PRA and u-Aldo excretion. Data
are mean9S.E.M. (n=5); *, PB0.01 vs. WKY+vehicle; c , PB0.01 vs. SHR+Aml; and †, PB0.01 vs. SHR+vehicle.

Fig. 4. Effects of chronic inhibition of Ca2+-channel and AT1-receptor on BW and AdW. Data are mean9S.E.M. (n=5); *, PB0.01 vs.
WKY+vehicle; c , PB0.01 vs. SHR+Aml; and †, PB0.01 vs. SHR+vehicle.

weight was not different between SHR treated by either
treatment, TCV-116 treatment for 4 weeks significantly
reduced the heart weight of SHR (SHR+vehicle,
1.1790.2 g; SHR+TCV, 1.0190.01 g; pB0.01).

3.5. Histological and immunohistochemical findings

The structure of zona glomerulosa was compared in
the four experimental groups by light microscopy. Fig.
5a and c are representative HE stained sections, and
Fig. 5b and d are representative immunohistochemi-
cally stained sections for Aldo in the adrenal cortex of
11-weeks-old SHR. No histological changes were noted
in this area throughout the observation period in all
four groups. The expression of Aldo was predomi-
nantly localized in the zona glomerulosa of the adrenal
cortex. Changes in the width of zona glomerulosa are
shown in Table 2. Although the mean thickness of this

zone did not differ significantly among the four groups,
the relative width (%) of zona glomerulosa was signifi-
cantly greater at the age of 11 weeks in both SHR+
Aml and SHR+TCV groups, compared with
WKY+vehicle.

3.6. Quantitation of adrenocortical expression of
CYP11A and CYP11B2 mRNAs

To quantify the level of adrenocortical expression of
CYP11A and CYP11B2 by competitive RT-PCR, we
first determined the linear range of the ratios of co-am-
plified mutant cDNAs and native cDNAs reverse tran-
scribed from adrenocortical RNA as described in
Section 2 (Fig. 6). For quantitation of native cDNA
samples, we selected the following logarithmic dilutions
of mutant cDNAs: 2−5(3.125×10−3 amol/ml) for
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G3PDH, 2−3(1.25×10−3 amol/ml) for CYP11A and
2−4(6.25×10−4 amol/ml) for CYP11B2. For competi-
tive PCR reactions, 2 ml of these dilutions were added
to 2 ml of each cDNA (0.25 ng/ml). The resultant PCR
products were quantified by densitometric scanning as
described in Section 2. At each time point, the relative
change in cDNA/mutant ratio was standardized to the
level of cDNA/mutant in SHR+vehicle group (Fig. 7).
CYP11A and CYP11B2 mRNA levels at the age of 8

weeks were not different significantly among the four
groups; however, at the age of 9 weeks, amlodipine
significantly reduced CYP11A level, and at the age of
11 weeks, both amlodipine and TCV-116 significantly
reduced CYP11A level. On the other hand, only TCV-
116 treatment resulted in a significant reduction of
CYP11B2 level between the age of 9 and 11 weeks.
G3PDH levels did not change throughout the observa-
tion period in the four groups (Fig. 6).

Fig. 5. (a and c) Representative histological findings in the adrenocortical zona glomerulosa of 11-week-old SHR. No major differences are evident
histologically through the observation period in all groups. (b and d) Aldo peptide expression is localized predominantly in the zona glomerulosa
of the adrenal cortex (arrows). (a and c, HE stain, magnification, ×50 and ×100, respectively; b and d, immunohistochemical staining for Aldo,
magnification, ×50 and ×100, respectively).

Fig. 6. Linear range for analysis of competitive RT-PCR and control study. The linear ranges for the ratios of co-amplified PCR products were
determined using native cDNA obtained by RT of adrenocortical RNA from one SHR, and use of competitive mutant cDNA for CYP11A,
CYP11B2 and G3PDH at serial logarithmic dilutions of 2−1–2−7. As a control study, quantitation of G3PDH in native cDNA sample was
performed by competitive PCR mixing a constant amount (2 ml) of native cDNA (0.25 ng/ml) with 2−5(3.125×10−3 amol/ml) of mutant G3PDH
cDNA. At each week of age, the relative change in cDNA/mutant ratio was standardized to the level of cDNA/mutant in SHR+vehicle. G3PDH
level did not change throughout the observation period in all groups.
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Fig. 7. Quantitation of adrenocortical mRNA expression by competitive RT-PCR. For quantitation of native cDNA samples, competitive
RT-PCR was performed by mixing a constant amount (2 ml) of native cDNA (0.25 ng/ml) with the following dilutions of mutant cDNAs:
2−3(1.25×10−3 amol/ml) for CYP11A and 2−4(6.25×10−4 amol/ml) for CYP11B2. Densitometric quantitation of PCR products demonstrated
that the levels of CYP11A and CYP11B2 mRNAs at the age of 8 weeks were not significantly different among the four groups; however, at the
age of 9 weeks, CYP11A level was significantly reduced by amlodipine, and then at the age of 11 weeks, the CYP11A level was significantly
lowered both by the amlodipine and TCV-116 treatments. CYP11B2 level was significantly reduced during the age of 9–11 weeks only by
TCV-116 treatment. Data are mean9S.E.M. (n=5); *, PB0.01 vs. WKY+vehicle; c , PB0.01 vs. SHR+Aml; and †, PB0.01 vs.
SHR+vehicle.

4. Discussion

The present study demonstrates that in vivo Aldo
synthesis is differentially modified by Ca2+a and AT1a
despite their equivalent antihypertensive effect, and
comparable serum and urinary electrolyte levels. The
marked difference between these two drugs reflects their
inhibitory effects on enzyme mRNAs involved in Aldo
synthesis in vivo.

First, although p-Aldo levels in SHR are lower than
in WKY rats in the prehypertensive phase, in the
established hypertensive phase, p-Aldo levels in SHR
are higher than in WKY rats. These results are in
agreement with those of Moll et al. [25]; Komanicky et
al. [26] also reported changes in adrenal steroidogenesis
in SHR during the course of development of hyperten-
sion and that, in the prehypertensive stage of SHR, the
synthesis of adrenocortical Aldo was noticeably poten-
tiated. Our results showed that TCV-116 treatment
significantly reduced p-Aldo level compared with am-
lodipine. To confirm the level of Aldo secretion in the
adrenal cortex, we further evaluated the daily u-Aldo

excretion, PRA and p-Aldo/PRA ratio. The daily u-
Aldo excretion in SHR was significantly higher than in
WKY rats throughout the observation period. Urinary
19-noraldosterone, another mineralocorticoid synthe-
sized with Aldo in the zona glomerulosa, has also been
reported to be increased at the prehypertensive stage in
SHR [27]. The p-Aldo/PRA ratio, a sensitive indicator
of responsiveness of adrenocortical Aldo secretion [28],
was not different between SHR and WKY rats
throughout the observation period.

Evaluation of the changes in u-Aldo level and p-
Aldo/PRA ratio revealed that TCV-116 potently sup-
pressed adrenocortical Aldo secretion after 1 week of
treatment, while the reduction in Aldo by amlodipine
occurred after 4 weeks of treatment. Wada et al. [29]
reported that treatment with TCV-116 for 2 weeks
dose-dependently reduced systemic blood pressure and
p-Aldo level in SHR without exerting any effect on
plasma corticosterone levels. The potent Aldo-suppres-
sive effect of oral TCV-116 was confirmed in the
plasma, urine and p-Aldo/PRA ratio. On the other
hand, the effect of amlodipine on Aldo secretion be-
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came evident 4 weeks after the commencement of treat-
ment manifested by changes in u-Aldo and p-Aldo/
PRA ratio levels.

Several in vitro studies have established the impor-
tance of Ca2+ influx through Ca2+-channels on Aldo
synthesis in response to stimuli of Ang II and K+

[15,16,19,30,31]. In addition, in bovine adrenal
glomerulosa cells containing both L- and T-type Ca2+-
channels, T-type Ca2+-channel activity is thought to be
closely correlated with Aldo biosynthesis [32–34]. Al-
though the in vitro inhibitory effect of Ca2+a on the
synthesis of adrenocortical Aldo is well documented
[33,35,36], the in vivo effects on Aldo secretion have
been inconsistent and controversial [37–42]. Recently,
Fiad et al. [28] reported that 8-day nifedipine treatment
markedly lowered the p-Aldo/PRA ratio both in nor-
motensive and hypertensive patients suggesting that the
previously reported in vitro inhibition of Aldo biosyn-
thesis in adrenal cells is reproducible even in vivo.

Second, using immunohistochemistry, we estimated
the change of Aldo-synthesizing cells localized in the
zona glomerulosa of the adrenal cortex. Treatment with
either compound did not alter Aldo staining compared
with control sections, although the Aldo-immunoreac-
tivity was localized at the external layer of the adrenal
cortex, the zona glomerulosa. Examination of HE
stained sections showed no marked differences in the
structure of the adrenal zona glomerulosa among SHR,
WKY and both treated groups; however, the relative
thickness of the glomerular layer was significantly in-
creased by both antihypertensive agents compared with
WKY rats. Frink et al. [43] morphometrically demon-
strated increased volume of the zona glomerulosa fol-
lowing reduction of arterial blood pressure by various
antihypertensive drugs such as hydralazine, reserpine
and hydrochlorothiazide, and that such change
reflected increased density of lipid droplets. They postu-
lated that these morphological changes might be associ-
ated with a decrease in Aldo production in the zona
glomerulosa [43].

Finally, the most important finding in the present
study was the in vivo effect of amlodipine and TCV-116
on adrenocortical enzyme mRNAs involved in Aldo
synthesis. The level of CYP11A mRNA coding for
P450scc was markedly suppressed within 2 weeks of
commencement of amlodipine treatment. Furthermore,
TCV-116 also reduced CYP11A mRNA levels, al-
though this effect did not appear until 4 weeks after
commencement of treatment. Our results also showed
that the level of CYP11B2 mRNA coding P450aldo was
markedly suppressed within 2 weeks of commencement
of TCV-116 treatment and continued throughout ther-
apy. Cholesterol side-chain cleavage to pregnenolone
by P450scc is classically defined as the rate-limiting step
in the production of adrenal steroids [21]. It is also
recognized that mobilization of cholesterol from cellu-

lar stores to the mitochondrial outer membrane and the
subsequent transfer of this cholesterol to P450scc in the
inner mitochondrial membrane are the rate-limiting
steps in steroid production [44]. Tremblay et al. [45]
showed that both low sodium and high potassium
intake significantly increased P450scc and P450c11b
(the latter mediates 11b-hydroxylation from 11-deoxy-
corticosterone to corticosterone) at both mRNA and
protein levels, in the zona glomerulosa of rat adrenal
cortex in vivo. They suggested that high levels of
P450scc and P450c11b in the zona glomerulosa are
closely associated with Aldo synthesis in response to
Aldo-positive regulators. Although we did not investi-
gate the mechanism of amlodipine-induced suppression
of CYP11A, it is possible that amlodipine suppressed
the upstream steroidogenesis pathway, and resulted in a
slow and moderate reduction of u-Aldo and p-Aldo/
PRA levels. Furthermore, the relative increase in serum
cholesterol level in amlodipine treated SHR might be
associated with such inhibition of P450scc.

With regard to the significance of Ca2+ in the regula-
tion of Aldo synthesis, several in vitro studies have
suggested that Ca2+-influx through Ca2+-channels is
commonly associated with increased CYP11B2 gene
expression via stimulation of Ang II and K+ [46–48];
however, amlodipine treatment did not significantly
affect CYP11B2 mRNA level in the present in vivo
experiment. Taken together, it appears that the mecha-
nisms that regulate adrenocortical Aldo synthesis de-
scribed in in vitro studies are at least in part different
from the in vivo regulation of Aldo synthesis noted in
our study in SHR. We found that amlodipine, a Ca2+

a, suppresses the early step of Aldo synthesis and that
TCV-116, an AT1a, potently suppresses the last step of
Aldo synthesis with no difference in terms of systemic
blood pressure and electrolytes. These results suggest
that in SHR a key-regulator of CYP11A is the influx of
extracellular Ca2+ and that the action of Ang II
through AT1-receptors regulates CYP11B2 predomi-
nantly through a direct mechanism, e.g. transcription
factors that have been recognized in vitro [49,50], rather
than Ca2+-influx which is considered to be a common
effector in in vitro Aldo synthesis.

In conclusion, we have demonstrated in the present
study the in vivo effects of chronic blockade of Ca2+-
channels and AT1-receptors on Aldo synthesis in the
adrenal cortex of SHR. These findings indicate that
each antihypertensive agent, amlodipine and TCV-116,
directly modulates adrenocortical Aldo synthesis in
SHR through different pathways in the chronic stage
under the same physiological and biochemical condi-
tions. This modification comprises the suppression of
both the first step (CYP11A predominantly responsive
to Ca2+a) and the last step (CYP11B2 in response to
AT1a), of the process of adrenocortical Aldo synthesis.
The reduction of Aldo synthesis caused by either Ca2+
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a or AT1a is at least in part involved in the antihyper-
tensive action of amlodipine and TCV-116 and their
protective role against hypertension-related organ dam-
age. In view of the advantage of reduced action of
Aldo, AT1a:TCV-116 is considered to be a beneficial
direct inhibitor of Aldo synthesis in vivo. The present
results suggest that inhibition of action of Ang II,
which is an upstream stimulator of Aldo synthesis, by
AT1a might be effective in suppressing the production
and secretion of Aldo compared with the inhibition of
Ca2+-influx, which is a downstream common mediator
of Aldo synthesis following Ang II and K+, by Ca2+a.
To resolve the discrepancy between the in vitro and in
vivo studies on the regulation of Aldo synthesis, further
analysis is necessary.
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