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Introduction
Angiotensin-converting enzyme (ACE) 2 is a newly recognized 

ACE homolog within the renin-angiotensin system (RAS) that is 
produced and secreted by a variety of cell types [1]. Although ACE2 
may act on several substrates, it exhibits high catalytic efficiency, 
specifically for the hydrolysis of angiotensin (Ang) II to the vasodilator 
and growth inhibitor heptapeptide Ang-(1-7) [2-4]. Previous reports 
have suggested that Ang-(1-7) exerts vasodilatory effects through a 
combination of ACE inhibition and angiotensin type 1 receptor (AT1R) 
blockade [5]. Taken together, these studies suggest that the regulation 
of Ang-(1-7) production by ACE2 may be an important component of 
not only blood pressure control but also vascular remodeling because 
Ang-(1-7) opposes the actions of Ang II in both cases [3]. According to 
this novel concept, the final functional effects of the RAS may reflect a 
balance between the ACE-Ang II-AT1R arm and the ACE2-Ang-(1-7)-
Mas receptor arm [6-8]. 

Cilnidipine, which is an N-type, as well as an L-type, calcium 
channel blocker (CCB) [9], has a variety of unique actions that are 
mediated by its N-type calcium channel-blocking actions, including 
the suppression of sympathetic nervous activity [10-12]. We found in a 
previous study that cilnidipine causes no reflexive increases in plasma 
renin activity (PRA) and Ang II levels [13,14], while the L-type CCB 
amlodipine causes an increase in the activity of RAS because of its 
antihypertensive actions [15]. Furthermore, cilnidipine suppresses Ang 
II receptor blocker (ARB)-induced increases in the activity of the RAS 
by the blockade of the N-type calcium channel [16] and exert an organ-
protective action when given concomitantly with an ARB [17]. Indeed, 
a clinical trial that compared the CCBs cilnidipine and amlodipine in 
combination with a RAS inhibitor showed that cilnidipine was superior 
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to amlodipine in preventing RAS activation [18] and the progression of 
proteinuria in hypertensive patients [19]. However, it has never been 
examined if cilnidipine can control the balance between the ACE-Ang 
II-AT1R arm and the ACE2-Ang-(1-7)-Mas receptor arm.

In this study, therefore, we investigated the effects of the L-/N-
type CCB cilnidipine on the Ang-(1-7)/Ang II balance in hypertensive 
rats in comparison with the L-type CCB amlodipine in order to verify 
whether cilnidipine can change the balance between the 2 arms from 
harmful to protective. 

Materials and Methods
Animals

All experiments were conducted with the approval of the animal 
ethics committee of Ajinomoto Co., Inc. Seven-week-old male 
Sprague-Dawley rats were purchased from Japan SLC, Inc (Shizuoka, 
Japan). The rats were given standard laboratory chow (CRF-1, Charles 
River Japan, Kanagawa, Japan) and tap water ad libitum throughout 
the experimental period.
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Drugs

Ang II was purchased from Peptide Institute, Inc (Osaka, Japan). 
The L-/N-type CCB cilnidipine (Ajinomoto Co., Inc., Tokyo, Japan) 
and the L-type CCB amlodipine (Lek Co. Inc., Kolodvorska, Slovenia) 
were used as antihypertensive drugs. Each antihypertensive drug was 
initially dissolved in 0.5% hydroxypropyl methylcellulose (HMC; 
Sigma-Aldrich, St. Louis, MO, USA).

Experimental protocols

While the 8-week-old experimental animals were under 
pentobarbital anesthesia (50 mg/kg, i.p., Abbott japan Co., Ltd., 
Tokyo, Japan), an incision was made in the back of the neck region, 
and an osmotic minipump (Alzet model 2ML4; Alza, Palo Alto, CA) 
filled with Val5-Ang II (800 ng/kg/min) was inserted [20] for inducing 
hypertension. Because endogenous Ang II (Ile5-Ang II) and exogenous 
Ang II (Val5-Ang II) can be separated by liquid chromatography-tandem 
mass spectrometry (LC-MS), this substitution approach enabled the 
determination of the relative contributions of exogenously infused 
Val5-Ang II vs the endogenously formed Ile5-Ang II to the increased 
levels of plasma Ang peptides [21]. On Day 1 after the operation, the 
rats were divided into the following 3 groups that had the same mean 
systolic blood pressure (SBP) and mean body weight: a control group 
(0.5% HMC, per os [p.o.]), a cilnidipine group (cilnidipine, 3 or 10 mg/
kg/day p.o.), and an amlodipine group (amlodipine, 3 or 10 mg/kg/day 
p.o.) for 4 weeks, and plasma RAAS levels were examined. An osmotic 
minipump filled with saline was also inserted in rats of the normal 
control group, which were given 0.5% HPMC orally for 4 weeks.

Blood Pressure, and heart rate measurement

SBP was measured every week by the tail cuff method with a Softron 
BP-98A (Softron Co., Ltd., Tokyo, Japan). Rats were introduced into a 
plastic wire holder and placed in a thermostatically warmed tube that 
was maintained at 34–36°C during the measurements. The mean of 3 
measurements was determined for each animal after their acclimation 
to the environment.

Measurement of the renin-angiotensin-aldosterone system 
(RAAS) and catecholamines

To measure these biochemical parameters, the blood samples 
were centrifuged (1000g) for 15 min, and the plasma samples were 
stored at -80°C until the analyses. PRA was determined using a 
radioimmunoassay system (Yamasa Shoyu Co. Ltd., Chiba, Japan), 
and the Ang peptides were purified by solid-phase extraction and 
measured by LC-MS in order to separate endogenous Ang peptides 
from exogenous Ang peptides [20]. The plasma aldosterone levels were 
measured with an enzyme immunoassay system (Cayman Chemical, 
Ann Arbor, MI). Catecholamine levels in the plasma were measured 
with high-performance liquid chromatography. 

Histological studies

The myocardium was fixed in 10% formalin and stained with 
hematoxylin and eosin or Masson’s trichrome in order to determine 
the myocyte cross-sectional dimensions and interstitial fibrosis. 
Analyses of the slides were performed in a blinded fashion with a light 
microscope (BX50, Olympus corporation, Tokyo, Japan), and the 
relative volume occupied by each element of the ventricle (myocardial 
fibers and fibrous tissue) was measured with a special ocular apparatus 
(WinROOF ver 3.5, MITANI, Fukui, Japan).

Quantitative real-time reverse transcription-polymerase 
chain reaction (qRT-PCR)

Total RNA was isolated from the heart using the RNeasy Mini 
kit (QIAGEN GmbH, Hilden, Germany). One microgram of total 
RNA was reverse transcribed with SuperScript III (Invitrogen, 
Carlsbad, CA, USA). qRT-PCR was performed with a 7500 
Real-Time PCR System with SYBR Green Master Mix (Applied 
Biosystems, Foster City, CA, USA) and sequence-specific primers. 
The primer sequences employed were as follows: ACE2 (forward 
primer, 5′-GCCAGGAGATGACCGGAAA-3′; reverse primer, 
5′-CTGAAGTCTCCATGTCCCAGATC-3′), ACE (forward 
primer, 5′-CGAATGTGCCATACATCAGG-3′; reverse primer, 
5′-CCTGCTTCCTTGGATTGGTA-3′), brain natriuretic peptide (BNP) 
(forward primer, 5′-TGGGCAGAAGATAGACCGGA-3′; reverse 
primer, 5′-ACAACCTCAGCCCGTCACAG-3′), angiotensinogen 
(forward primer, 5′-CAGCACGACTTCCTGACTTG-3′; reverse 
primer, 5′-GGTAGACAGCTTGGCCTGAG-3′), and β-actin (forward 
primer, 5′-GAGGACCAGGTTGTCTCCTG-3′; reverse primer, 
5′-ATGTAGGCCATGAGGTCCAC-3′). All mRNA levels were 
normalized to β-actin expression levels.

Statistical analysis

Data were expressed as means ± SEM. One-way ANOVA, which 
was followed by Dunnett’s multiple range test, was used to assess the 
differences between the control group and the CCB-treated groups. 
Parameters in the control group and the normal group were compared 
by unpaired t-tests. Differences were considered statistically significant 
when the probability values were less than 0.05.

Results
SBP, and heart rate

SBP in the control group was significantly higher than that in the 
normal group at the first and last days’ Ang II-infusion (P < 0.001, 
and P<0.05 Figure 1A). The antihypertensive effects were comparable 
among the Ang-II infused groups, with the CCB treatment groups 
showing significantly lower SBP levels than the control group at the 
first and last days’ Ang II-infusion (P < 0.001, and P<0.05 Figure 1A). 
As for heart rate, there was no significantly different between the 
control group and the normal group during the examination (Figure 
1B). And on the other hand, CCB treatment significantly elevated heart 
rate in comparison with the control group at the first days’ Ang II-
infusion (P < 0.01, Figure 1B).

Body weight, and organ weight

The body weight in the control group was significantly lower than 
that in the normal group (P < 0.01, Table 1). The antihypertensive 
effects were comparable among the Ang-II infused groups, with the 
CCB treatment groups showing significantly lower SBP levels than the 
control group (P < 0.05 each, Table 1). The blood urea nitrogen levels in 
the cilnidipine group were significantly lower than those in the control 
group (P < 0.05, Table 1). However, there were no differences in the 
other biochemical indexes.

Production of angiotensins

There was no difference in plasma exogenous Ang II levels among 
the Ang II-infused groups (data not shown). As for the endogenous 
Ang peptides, only the amlodipine group showed higher Ang I levels 
than the control group (737.3 ± 54.0 pM vs 443.9 ± 42.0 pM, P < 0.05; 
Figure 2A). There was no difference in Ang II and Ang-(1-7) levels 
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between the control group and the CCB treatment groups (Figure 2A). 
As for the effects of the CCBs, the amlodipine-treated group showed a 
significantly lower Ang-(1-7)/Ang I ratio than the control group (0.7 ± 
0.1 vs 1.1 ± 0.1, P < 0.05; Figure 2B), and the cilnidipine-treated group 
showed a significantly higher Ang-(1-7)/Ang II ratio than the control 
group (3.3 ± 0.4 vs 1.8 ± 0.1, P < 0.01; Figure 2B). 

Gene Expression in the left ventricle

Gene expression levels of ACE, ACE2, and angiotensinogen in 
the control group were significantly lower than those in the normal 
group (P < 0.001 each, Table 2), and BNP expression levels in the 
control group were significantly higher than those in the normal group 
(P < 0.01, Table 2). As for the CCB treatment groups, cilnidipine and 
amlodipine significantly increased gene expression levels of ACE2 and 
ACE (cilnidipine, P < 0.01 and P < 0.01; amlodipine, P < 0.05 and P 
< 0.001; Table 2). However, amlodipine significantly decreased the 
ACE2/ACE expression ratio and increased angiotensinogen gene 
expression levels compared to those in the control group (P < 0.05, 
Table 2). The BNP gene expression levels in the control group were 
significantly higher than those in the normal group (P < 0.01, Table 
2). The effects of CCBs were comparable among Ang II-infused 
groups, with the cilnidipine and amlodipine treatment groups showing 
significantly lower BNP gene expression levels than the control group 
(P < 0.01 and P < 0.05, Table 2).

PRA and plasma aldosterone levels

There were no differences in PRA between the control group and 
the CCB treatment groups (Figure 3A). However, only cilnidipine 
significantly decreased plasma aldosterone levels in comparison with 
the control group (2.0 ± 0.4 ng/mL vs 8.7 ± 1.3 ng/mL, P < 0.001; Figure 
3B). 
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Figure 1: Effects of cilnidipine and amlodipine on systolic blood pressure (A) 
and heart rate (B) in Sprague-Dawley rats treated with Ang II for 4 weeks. 
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Normotension Hypertension

(n=8)
Control 
(n=8)

Cilnidipine
(n=8)

Amlodipine 
(n=8)

Body weight (g) 382±10 310 ±17†† 344±8 340±13
Heart weight (%) 0.26±0.03 0.34±0.01††† 0.31±0.01 0.31±0.01

Kidney weight 
(%) 0.61±0.04 0.68±0.03† 0.65±0.02 0.65±0.02

BUN (mg/dL) 19.6±0.6 25.4±2.1† 19.6±1.1* 19.1 ±1.2*
Creatinine  

(mg/dL) 0.25±0.01 0.28±0.01 0.27±0.01 0.25±0.01

BNP  (pg/mL) 57±5.00 95±19 72±12 91±20
Plasma NA 

(ng/mL) 1.5±0.10 1.8±0.2 1.6 ±0.1 1.8±0.2

plasma A (ng/mL) 5.2±1.20 5.5±0.9 3.0±0.3 3.0±0.6

Values presented are the mean ±SEM. †P<0.05,††P<0.01, †††P<0.001 vs normotension, 
*P<0.05, **P<0.01, ***P<0.001 vs control.Control, vehicle-treated hypertension rats; 
Cilnidipine, cilnidipine 3 mg/kg treted hypertension rats treated with cilnidipine 3 mg/
kg; Amlodipine, hypertension rats treated with amlodipine 3 mg/kg.

Tabel 1: Blood pressure, body weight, and relative organ weight in normotension 
and hypertension with/without CCB
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the Ang II-infused hypertensive model. This finding implied that 
cilnidipine might tilt the balance between the 2 arms of the RAS from 
vasoconstriction (ACE-Ang II-AT1R) to vasodilatation [ACE2-Ang-
(1-7)-Mas receptor]. According to a recent novel concept, the final 
functional effects of the RAS may reflect the balance between these 2 arms 
[6-8]. Circulating RAS is well recognized for its role in hemodynamic 
regulation through Ang II, which is a potent vasoconstrictor, and the 
counterregulatory peptide, Ang-(1-7), which is a vasodilator. Moreover, 
in diabetic nephropathy, the activity of the ACE-Ang II-AT1R arm 
mainly leads to exacerbation of the disease, and the ACE2-Ang-(1-
7)-Mas receptor arm mainly acts as a counterregulatory mechanism. 
Although all major components of the RAAS exhibit profibrotic 
activity, Ang II appears to be the dominant hormone that is responsible 
for cardiac fibrosis in hypertensive heart disease [22]. Ang II, which is 
produced locally by activated macrophages and fibroblasts, is thought to 
exert its effects by directly inducing nicotinamide adenine dinucleotide 
phosphate oxidase activity, stimulating transforming growth factor-β1 
production, and triggering fibroblast proliferation and differentiation 
into collagen-secreting myofibroblasts [23,24]. Taken together, the 
above results suggest that cilnidipine has suppressive effects on fibrosis 
through the tilting of the balance between the 2 arms of the RAS from 
vasoconstriction (ACE-Ang II-AT1R) to vasodilatation. 

The PRA levels of this hypertensive model were markedly 
suppressed by the Ang II-induced negative feedback effects on renin 
release [25], and CCBs, at least at this dosage, had no effect on Ang 
II-induced negative feedback. However, amlodipine caused a 1.7-fold 
increase in the circulating levels of Ang I that were regulated by PRA. 
The reason why amlodipine increased Ang I levels is that amlodipine 
may increase the production of angiotensinogen because amlodipine 
caused a 2.1-fold increase in the expression levels of angiotensinogen. 

As for the gene expression of ACE and ACE2, Ang II suppressed 

Cardiac fibrosis

The cardiac fibrosis area in the control group was significantly 
higher than that in the normal group (6.4% ± 0.4% vs 3.8% ± 0.2%, 
P < 0.001; Figure 4A). The cilnidipine-treated groups exhibited a 
clear declining trend, and only 10 mg/kg of cilnidipine succeeded in 
suppressing the expansion of the area of cardiac fibrosis (4.7% ± 0.3%, 
P < 0.05; Figure 4A).

Discussion
In our study, cilnidipine raised the Ang-(1-7)-Ang II ratios in 

Normotension Hypertension

(n=8) Control
 (n=8)

Cilnidipine
(n=8)

Amlodipine 
(n=8)

ACE 25±4 9±1††† 21±2** 24±1***
ACE2 4.0±0.3 2.1 ±0.2††† 3.7±0.5** 3.3± 0.3*
ACE2/ACE 0.19±0.03 0.25±0.03 0.18±0.02      0.14± 0.01*
Angiotensinogen 0.26±0.03 0.15±0.02† 0.26±0.03 0.31 ±0.03**
BNP 92±23 224±28 94±21** 95±7*

Values presented are the mean ±SEM. †P<0.05, †††P<0.001 vs normotension, 
*P<0.05, **P<0.01, ***P<0.001 vs control.Control, vehicle-treated hypertension 
rats; Cilnidipine, cilnidipine 3 mg/kg treted hypertension rats treated with cilnidipine 
3mg/kg ; Amlodipine, hypertension rats treated with amlodipine 3 mg/kg.

Tabel 2: RT-qPCR of ACE, ACE2, angiotensinogen and BNP in the left ventricular.
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the expression levels of these genes in the left ventricle. Furthermore, 
CCBs increased the expression levels of the ACE gene through 
their antihypertensive effects, and only cilnidipine ameliorated the 
expression levels of the ACE2 gene. This may be attributable to 
differences in aldosterone suppressive effects between cilnidipine and 
amlodipine. It has already been reported that aldosterone regulates 
the levels of expression of these genes in cultured rat cardiomyocytes 
[26], and cilnidipine suppressed plasma aldosterone levels despite 
the failure of amlodipine to exert the same effect [13]. In this study, 
both cilnidipine and amlodipine suppressed the increases in plasma 
aldosterone levels, but the aldosterone levels of the amlodipine group 
were about 1.7 times higher that of the cilnidipine group. This difference 
may partially contribute to the differentiation of ACE/ACE2 gene 
expression. Furthermore, it has been suggested that the suppression 
of sympathetic nerve activity by the drug induces the expression of 
ACE2 [27], and cilnidipine is a unique CCB with inhibitory actions 
on sympathetic N-type calcium channels. In addition, the drug has 
been demonstrated to exert anti-sympathetic actions in various 
examinations from cells to humans [9]. These reports suggest that the 
inhibitory effects of cilnidipine on sympathetic nerve activity induce 
ACE2 expression. Thus, further study will be necessary to determine 
the effects of cilnidipine on ACE2. However this study is insufficient 
for the accurate assessment of the balance of Ang-(1-7)/Ang II due to 
artifact of angiotensinogen. Thus to evaluate changes in the expression 
of Ang-(1-7)/Ang II directly, in vitro study may be necessary to confirm 
the present findings, because the in vivo experiments may be influenced 
by many factors that modulate the heart condition.

In conclusion, the results of the present study demonstrated that 
the L-/N-type CCB cilnidipine changed the balance between Ang-
(1-7) and Ang II and increased the proportion of plasma Ang-(1-7). 
There is accumulating evidence to show that stimulation of the ACE2-
Ang-(1-7)-Mas arm yields cardioprotective and antihypertensive 
effects [28-30], which raises the possibility that cilnidipine also exerts 
cardioprotective activity through increases in the activity of this arm.
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