Drug Design, Development and Therapy

3

Dove

ORIGINAL RESEARCH

Additive effects of cilnidipine, an L-/N-type
calcium channel blocker, and an angiotensin |l
receptor blocker on reducing cardiorenal
damage in Otsuka Long-Evans Tokushima
Fatty rats with type 2 diabetes mellitus

Yutaka Mori'?
Shizuka Aritomi?®
Kazumi Niinuma3
Tarou Nakamura®
Kenichi Matsuura'
Junichi Yokoyama'
Kazunori Utsunomiya'

'Division of Diabetes and
Endocrinology, Department of
Internal Medicine, The Jikei University
School of Medicine, Minato-ku, Japan;
2Department of Clinical Research,
National Hospital Organization,
Utsunomiya National Hospital,
Utsunomiya, Japan; *Research Center,
Ajinomoto Pharmaceuticals Co, Ltd,
Kanagawa, Japan

Correspondence: Shizuka Aritomi
Research Center, Ajinomoto
Pharmaceuticals Co, Ltd,

Kanagawa 2108681, Japan

Tel +81 442 105 823

Fax +81 442 105 876

Email shizuka_aritomi@ajinomoto.com

This article was published in the following Dove Press journal:
Drug Design, Development and Therapy

17 June 2014

Number of times this article has been viewed

Abstract: Cilnidipine (Cil), which is an L-/N-type calcium channel blocker (CCB), has been
known to provide renal protection by decreasing the activity of the sympathetic nervous system
(SNS) and the renin—angiotensin system. In this study, we compared the effects of the combina-
tion of Cil and amlodipine (Aml), which is an L-type CCB, with an angiotensin (Ang) II receptor
blocker on diabetic cardiorenal damage in spontaneously type 2 diabetic rats. Seventeen-week-old
Otsuka Long-Evans Tokushima Fatty rats were randomly assigned to receive Cil, Aml, valsartan
(Val), Cil + Val, Aml + Val, or a vehicle (eight rats per group) for 22 weeks. Antihypertensive
potencies were nearly equal among the CCB monotherapy groups and the combination therapy
groups. The lowering of blood pressure by either treatment did not significantly affect the gly-
cemic variables. However, exacerbations of renal and heart failure were significantly suppressed
in rats administered Cil or Val, and additional suppression was observed in those administered
Cil + Val. Although Val increased the renin—Ang system, Aml + Val treatment resulted in addi-
tional increases in these parameters, while Cil + Val did not show such effects. Furthermore,
Cil increased the ratio of Ang-(1-7) to Ang-I, despite the fact that Val and Aml + Val decreased
the Ang-(1-7) levels. These actions of Cil + Val might be due to their synergistic inhibitory
effect on the activity of the SN, and on aldosterone secretion through N-type calcium channel
antagonism and Ang II receptor type 1 antagonism. Thus, Cil may inhibit the progression of
cardiorenal disease in type 2 diabetes patients by acting as an N-type CCB and inhibiting the
aldosterone secretion and SNS activation when these drugs were administered in combination
with an Ang II receptor blocker.
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Introduction

The renin—angiotensin system (RAS) is a dual system that is composed of two arms:
vasoconstriction, which involves the angiotensin (Ang)-converting enzyme (ACE)—
Ang II-Ang II type 1 receptor (AT1-R); and vasodilation, which involves the ACE2—
Ang-(1-7)-Mas receptor. The ACE2—-Ang-(1-7)-Mas receptor arm primarily acts
as a counterregulatory mechanism to the vasoconstrictor arm.' The final functional
effects of the RAS thus reflect the balance between these two arms.>* The circulat-
ing RAS plays a role in hemodynamic regulation through Ang II, which is a potent
vasoconstrictor, and the counterregulatory peptide, Ang-(1-7), which is a vasodilator.
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Moreover, the ACE-Ang II-AT1-R arm primarily leads to
the exacerbation of diabetic nephropathy, and the ACE2—
Ang-(1-7)-Mas receptor arm mainly acts as a counterregu-
latory mechanism.>’ Therefore, inhibition of the RAS with
Ang Il receptor blockers (ARBs) prevents the occurrence and
progression of complications in patients with diabetes and
diabetic nephropathy.®'® However, ARBs increase plasma
renin activity (PRA) and plasma Ang II levels by uncoupling
this negative feedback loop through their inhibitory effects
on the AT1-R."" Experimental and clinical studies have
shown that the combination treatment of ARB and an ACE
inhibitor or a direct renin inhibitor (DRI) can prevent the
increases in RAS activity that are induced by the ARB, and
they can provide additive or synergistic effects by lower-
ing blood pressure (BP) and preventing progressive organ
damage.'> ' At the same time, recent data from the Ongoing
Telmisartan Alone and in Combination with Ramipril Global
Endpoint Trial (ONTARGET)" and Aliskiren Trial in Type 2
Diabetes Using Cardio—Renal Endpoints (ALTITUDE)'¢
studies suggest that kidney-related outcomes worsened with
ACE inhibitor + ARB or DRI + ARB combinations. Conse-
quently, these dual therapies are no longer recommended in
patients with diabetes until further data become available
from future studies.

Cilnidipine (Cil), which blocks both N- and L-type
calcium channels,'” has a variety of unique actions that are
mediated by its actions as an N-type calcium channel blocker
(CCB), including the suppression of sympathetic nervous
overactivity,'®2° cardiovascular system protection,?'* and
kidney protection.?** In addition, we have found that Cil
prevents the increases of PRA and plasma Ang II levels that
occur in spontaneously hypertensive rats*® and in a canine
model of a chronic atrioventricular block that exhibits
ventricular electrical remodeling,’' despite the fact that
the L-type CCB amlodipine (Aml) causes an increase in
PRA and plasma Ang II levels due to its antihypertensive
actions.’*¥ Moreover, Cil directly suppresses aldosterone
secretion from adrenocortical cells through its N-type CCB
actions.?® These results suggest that N-type calcium chan-
nels are important regulators of renin—Ang—aldosterone
system (RAAS) activity. Moreover, Cil could suppress
ARB-induced increases in RAS activity through its sym-
patholytic actions that are mediated by N-type calcium
channel blockade.** Additionally, a clinical trial that com-
pared the CCBs Cil and Aml, in combination with a RAS
inhibitor, showed that Cil is superior to Aml in preventing
the progression of proteinuria® and RAAS elevation® in
hypertensive patients. In addition, we previously showed

that when each of these drugs was used in combination
with valsartan (Val), Cil was more effective than Aml in
preventing impaired kidney function and in preserving the
glomerular slit membrane partly because of the suppres-
sion of ARB-induced RAS activation. These results showed
that Cil suppresses ARB-induced increases in RAS activ-
ity and exerts organ-protective action when administered
concomitantly with an ARB.*® However, very few studies
have evaluated the effects of Cil in type 2 diabetes mel-
litus patients. Therefore, we compared the effects of Cil
and the L-type CCB Aml on diabetic cardiorenal damage
in spontaneously type 2 diabetic rats (Otsuka Long-Evans
Tokushima Fatty [OLETF] rats) when these drugs were
administered in combination with an ARB.

Materials and methods

Animals

Male OLETF rats (Otsuka Pharmaceutical Co, Ltd,
Tokushima, Japan) were used at 17 weeks of age. Rats were
kept at 22°C—25°C under a 12-hour light—dark cycle, and
they had free access to chlorinated water and commercial
chow (CRF-1; Oriental Yeast Co, Ltd, Tokyo, Japan). All
animal experiments were performed in accordance with the
guiding principles for the care and use of laboratory animals,
which have been approved by the Japanese Pharmacological
Society (Tokyo, Japan).

Drugs

The N-type and L-type CCB, Cil (Ajinomoto Co, Inc.,
Tokyo, Japan), the L-type CCB, Aml (Lek d. d., Kolodvorska,
Slovenia), and Val (Livzon Group Changzhou Kony Phar-
maceutical Co, Ltd, Changzhou, People’s Republic of China)
were used as antihypertensive drugs. Each antihypertensive
drug was initially dissolved in 0.5% hydroxypropyl methyl-
cellulose (Sigma-Aldrich, St Louis, MO, USA).

Experimental procedures

Seventeen-week-old OLETF rats were divided into the fol-
lowing six groups: vehicle group (vehicle; number [n] =8);
Cil group (2 mg/kg of Cil; n=8); Aml group (2 mg/kg of Aml;
n=8); Val group (10 mg/kg of Val; n=8), Cil + Val group (com-
bination of 2 mg/kg of Cil and 10 mg/kg of Val; n=8); and Aml
+ Val group (combination of 2 mg/kg of Aml and 10 mg/kg of
Val; n=8). These groups were compared based on measure-
ments of BP, body weight, urinary albumin excretion (UAE),
and levels of glycohemoglobin (HbA, ), insulin, and blood
glucose. The dosages were selected based on a preliminary
examination. Rats were orally administered each drug for 22
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weeks. Each drug was orally administered to the rats once a day
every morning. Nineteen weeks after the start of drug adminis-
tration, fasting venous blood samples were taken from the tail
vein to assess blood glucose, insulin, HbA , and triglyceride
levels. At the end of the study period, rats were anesthetized,
blood was collected, and the heart and kidneys were quickly
removed. Six Long-Evans Tokushima Otsuka (LETO) rats,
which were treated identically to the vehicle group throughout
the experimental period, served as the normal group.

BP measurements

Systolic BP was measured each week using the tail-cuff
method and a Softron BP-98A BP meter (Softron Co, Ltd,
Tokyo, Japan). Rats were introduced into a plastic wire
holder and placed in a thermostatically warmed tube, which
was maintained at 34°C-36°C during the measurements.
The mean of three measurements was determined for each
animal after environmental acclimation.

Measurements of biochemical parameters
HbA | values were measured using ion-exchange high-
performance liquid chromatography (HLC-723GHb VA 1c2.2;
Tosoh Corporation, Tokyo, Japan). For the measurements
of the other biochemical parameters, blood samples were
centrifuged (3,000 g) for 15 minutes. Plasma insulin was
measured using an insulin enzyme-linked immunosorbent
assay (ELISA) kit (Morinaga Institute of Biological Science,
Inc., Kanagawa, Japan). Plasma glucose and triglyceride levels
were determined using an autoanalyzer (Fuji Dri-Chem 5500;
Fujifilm Corporation, Tokyo, Japan).

Measurement of plasma RAS activity

In order to measure the biochemical parameters, blood
samples were centrifuged (1,000x g) for 15 minutes, and
the plasma was stored at —80°C until analysis. PRA was
determined using a radioimmunoassay system (Yamasa
Shoyu Co, Ltd, Chiba, Japan), and Ang levels were puri-
fied by solid-phase extraction and measured using liquid
chromatography—tandem mass spectrometry.

Measurement of noradrenaline (NA)

The noradrenaline (NA) concentration in the renal cortex
was measured as follows. Briefly, pieces of the renal
cortex were homogenized in a 3.3-fold volume of ice-
cold saline containing 0.1 N HCI, and after centrifuga-
tion (12,000 g at 4°C) for 30 minutes, NA levels in the
supernatant were measured using high-performance liquid
chromatography.

Collection and analysis of urine

Rats were individually placed in metabolic cages, and urine
samples were collected for 24 hours in order to determine
UAE levels. Albumin concentrations were measured with a
commercially available ELISA kit (Nephrat II; Exocell Inc.,
Philadelphia, PA, USA). Aldosterone levels were measured
using an enzyme immunoassay system (Cayman Chemical
Company, Ann Arbor, MI, USA).

Histological studies

The left kidney of each rat was fixed in fresh 10% formaldehyde
and embedded in paraffin. Sections (3 um thick) were stained
with periodic acid—Schiff in order to assess glomerulosclerosis
(GS). Fifty glomeruli in each specimen were examined. The
severity of the lesions, according to the percentage of glomeru-
lar involvement, was observed under a light microscope (BX50;
Olympus Corporation, Tokyo, Japan) with a blinded procedure
and graded according to the following scale: 0 represented no
lesions; 1+ represented an involvement of less than 25% of
the glomerulus; 2+, 26%—-50%; 3+, 51%—75%; and 4+, more
than 76%.*" GS score was equal to the average value of the
degree of each glomerular damage (0 to 4+). 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), and the relative volume occupied by each
element of the ventricle (myocardial fibers and fibrous tissue)
was measured using a special ocular apparatus (WinROOF
version 3.5; Mitani, Fukui, Japan).

Quantitative reverse transcription—

polymerase chain reaction

Total ribonucleic acid (RNA) was isolated from renal cortical
tissues with the RNeasy Mini kit (Qiagen GmbH, Hilden, Ger-
many). One microgram of total RNA was reverse-transcribed
using SuperScript® Il (Life Technologies, Carlsbad, CA,
USA). Real-time quantitative reverse transcription—polymerase
chain reaction was performed with a 7500 Real-Time PCR
System with SYBR® Green Master Mix (Applied Biosys-
tems; Life Technologies) and sequence-specific primers.
Primer sequences were as follows: renin (forward primer,
5-TCTCTCCCAGAGGGTGCTAA-3’; reverse primer,
5-TTGCCCTGGTAATGTTGAGG-3’), (pro)renin receptor
(forward primer, 5-CATCCCTGGTGAGGAAGTCAAG-3;
reverse primer, 5'-CGCAAGGTTGTAGGGACTTTG-3"),
ACE2 (forward primer, 5-GTCGTGATGGGAACGGTAGT-3’;
reverse primer, 5-TTTCTCCTTTGCCAATGTCC-3"), ACE
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(forward primer, 5-CGAATGTGCCATACATCAGG-3'; reverse
primer, 5’-CCTGCTTCCTTGGATTGGTA-3), and beta-actin
(forward primer, 5’-AGATTACTGCCCTGGCTCCT-3’;
reverse primer, 5-CAGTGAGGCCAGGATAGAGC-3’). In
addition, messenger RNA (mRNA) levels were normalized
to beta-actin levels.

Statistical analysis

Data were expressed as means = standard error of the mean.
One-way analysis of variance, which was followed by
Dunnett’s multiple-range test, was used to assess the differ-
ences between the vehicle group and the other OLETF rat
groups. Parameters in the vehicle and normal groups were
compared using unpaired ¢-tests. Differences were considered
statistically significant when the probability values were less
than 0.05.

Results

Systolic BP, body weight, and organ weight
Systolic BP, body weight, and organ weight of the vehicle
group were significantly greater than those of the normal
group (Table 1). Antihypertensive effects were compared
among the OLETF rats of the six groups, and all of the
antihypertensive drug treatment groups, except for the Aml
group, showed significantly decreased systolic BPs compared
to the vehicle group (Table 1).

Biochemical parameters

The levels of all biochemical parameters, except for HbA ,
were significantly higher in the vehicle group than in the
normal group (Table 2). HbA levels tended to be higher
in the vehicle group than in the normal group (P=0.058;
Table 2). Antihypertensive treatment had no effect on
these parameters.

UAE and glomerulosclerosis (GS) score
The UAE levels of the vehicle group (244.31+85.4 mg/day)
were significantly higher than those of the normal group
(0.4+0.1 mg/day) (P<<0.05; Figure 1A). All antihypertensive
treatment groups exhibited a declining trend in UAE levels
compared with those in the vehicle group, but only the
Cil + Val group showed a significant reduction in UAE levels
(66.4£13.8 mg/day) (P<<0.05; Figure 1A). Additionally, the
GS score of the vehicle group (1.4520.05) was significantly
higher than that of the normal group (0.50%0.03) (P<<0.001;
Figure 1B). The Cil, Val, and Cil + Val groups exhibited
significantly lower GS scores (1.11£0.04, 1.12+0.06, and
1.10£0.03, respectively) than did the vehicle group (P<<0.001
for each; Figure 1B).

Cardiomyocyte size and cardiac fibrosis
Cardiomyocyte dimensions of the vehicle group
(2,189.2488.6 um?®) were significantly larger than those of
the normal group (1,611.3+113.5 um®) (P<<0.01; Figure 2A).
The Cil, Val, and Cil + Val groups had significantly smaller
cardiomyocyte sizes (1,838.91£99.1 um?; 1,867.2+55.7 um?;
and 1,707.6166.4 um?, respectively) than that of the vehicle
group (P<<0.05, P<<0.05, and P<<0.01, respectively; Figure
2A). In addition, only the Cil + Val group showed a significant
reduction in cardiac fibrosis (4.93%1t0.32%) compared to the
vehicle group (6.49%20.043%) (P<<0.05; Figure 2B).

Analysis of kidney cortex

The NA contents in the kidneys of the vehicle group
(505.4+12.6 ng/kidney) were significantly greater than
those of the normal group (401.4+12.8 ng/kidney) (P<<0.05;
Figure 3A), and the Cil + Val group showed significantly
reduced NA contents (407.4+17.3 ng/kidney) compared
with those of the vehicle group (P<0.05; Figure 3A).

Table | Blood pressure, body weight, and relative organ weight in LETO rats and OLETF rats at the end of the study period

LETO OLETF
Vehicle Vehicle Monotherapy Combination therapy
Cil Aml Val Cil + Val Aml + Val

Systolic blood pressure (mmHg) 127+4 | 51£3%% 140+2* 142+2 3243+ [ 2542+ 127£3%%%
Body weight (g) 526+6 714£1 7% 74319 723+21 689121 718t18 720+23
Heart weight (%) 0.28+0.00 0.25+0.0 [## 0.25+0.01 0.25+0.00 0.25+0.01 0.23+0.01 0.25+0.01
Right kidney weight (%) 0.24+0.00 0.28+0.0 [## 0.26+0.010 0.26+0.01 0.30+0.02 0.28+0.02 0.26+0.01
Perirenal fat weight (%) 0.86+0.06 3.18£0.27%# 3.85+0.18 3.80+0.33 3.57+0.29 3.72+0.18 4.07£0.37
Gastrocnemius muscle weight (%) 0.53+0.02 0.39+0.0 %% 0.38+0.01 0.39+0.01 0.40+0.01 0.38+0.01 0.37+0.01

Notes: Seventeen-week-old OLETF rats were randomly assigned to receive Cil, Aml, Val, Cil + Val, Aml + Val, or vehicle (eight rats per group) for 22 weeks. Values
presented are the mean + standard error of the mean. ##P<0.001 versus LETO rats; *P<<0.05, ***P<<0.001 versus vehicle-treated OLETF rats.
Abbreviations: LETO, Long-Evans Tokushima Otsuka; OLETF, Otsuka Long-Evans Tokushima Fatty; Cil, cilnidipine 2 mg/kg/day; Aml, amlodipine 2 mg/kg/day; Val, valsartan

10 mg/kg/day.
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Table 2 Biochemical measurements in LETO rats and OLETF rats at 19 weeks after the start of drug administration

LETO OLETF
Vebhicle Vehicle Monotherapy Combination therapy
Cil Aml Val Cil + Val Aml + Val
Fasting plasma glucose (mg/dL) 99+2 |33+5%# 13314 128+4 1346 13242 131+6
Fasting HbA (%) 3.7+0.0 5.1+0.6 4.810.3 5.0+0.3 5.6+0.7 5.5+0.6 5.3+0.5
Fasting insulin (ng/mL) 0.5+0.2 |.7£0.3% 2.610.4 2.1£0.5 1.5+0.2 1.9+0.4 2.2+0.4
Fasting triglyceride (mg/dL) 60+3 20612 |## 233430 271138 27370 245127 282176

Notes: Seventeen-week-old OLETF rats were randomly assigned to receive Cil, Aml, Val, Cil + Val, Aml + Val, or vehicle (eight rats per group). Nineteen weeks after the
start of drug administration, fasting venous blood samples were taken from the tail vein, and blood glucose, insulin, HbA , and triglyceride levels were measured. Values
presented are the mean + standard error of the mean. #P<<0.01, ##P<0.001 versus LETO rats.

Abbreviations: LETO, Long-Evans Tokushima Otsuka; OLETF, Otsuka Long-Evans Tokushima Fatty; Cil, cilnidipine 2 mg/kg/day; Aml, amlodipine 2 mg/kg/day; Val, valsartan
10 mg/kg/day; HbA , glycohemoglobin.
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Renin expression levels in the kidney cortex of the vehicle
group (14.1%1.5) were significantly lower than those of the
normal group (21.312.6) (P<<0.05; Figure 3B), and the
Aml + Val group showed significantly increased levels of
expression of renin (26.0+3.7) compared with those of the
vehicle group (P<<0.05; Figure 3B). For (pro)renin receptor
expression, there were no significant distinctions between the
normal and vehicle groups (63.243.7 and 70.2+4.6), but the
Cil + Val group showed a significant reduction in the levels
of expression of the (pro)renin receptor (43.9£1.7) compared
to the vehicle group (P<<0.05; Figure 3C).

RAAS

As for PRA, only the Aml + Val group showed significantly
higher PRA activity (19.8+4.0 mg/mL/hour) than the vehicle
group (4.240.5 mg/mL/hour; P<0.001; Figure 4A), and
no differences were observed between the vehicle group
and the normal group (5.71£0.7 mg/mL/hour; Figure 4A).
On the other hand, the plasma Ang I level of the vehicle
group (189x10 pM) was significantly lower than that of
the normal group (27633 pM; P<0.001; Figure 4B).
Further, the groups treated with Val showed a significantly
higher level of plasma Ang I (Val: 418161 pM, P<<0.05;
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Cil + Val: 419129 pM, P<<0.05; Aml + Val: 7771128 pM,
P<0.001) than did the vehicle group (Figure 4B). As is the
case in PRA, only the Aml + Val group showed a signifi-
cantly higher level of plasma Ang II (82.2+4.2 pM) than that
of the vehicle group (35.4£12.5 pM, P<<0.001; Figure 4C),
and no differences were observed between the vehicle
group and the normal group (48.2+1.2 pM; Figure 4C).

Further, the plasma Ang-(1-7) level of the vehicle group
(78.7£6.9 pM) was significantly lower than that of the nor-
mal group (125.8£13.5 pM, P<<0.01; Figure 4D), and the
combination therapy groups exhibited significantly higher
level of plasma Ang-(1-7) (Cil + Val: 187.0+£12.5 pM;
P<0.01, Aml + Val: 174.8426.7 pM; P<<0.001) than the
vehicle group did (Figure 4D).
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Abbreviations: Cil, cilnidipine; Aml, amlodipine; Val, valsartan; Ang, angiotensin; LETO, Long-Evans Tokushima Otsuka; OLETF, Otsuka Long-Evans Tokushima Fatty.

Furthermore, Ang ratios were determined, and the
Ang-(1-7)/Ang I ratio was greater in the Cil group
(0.54£0.04) than in the vehicle group (0.41£0.02; P<<0.05;
Figure 5A), whereas the Ang-(1-7)/Ang I ratios of the Val
and the Aml + Val group (0.28+0.04 and 0.24+0.03) were
lower than that of the vehicle group (P<<0.05 and P<<0.01,
respectively; Figure 5SA). On the other hand, no differences
were observed in the Ang II/Ang I ratios among the groups
(Figure 5B). In addition, there were no significant differences
in the Ang-(1-7)/Ang Il ratios and the ACE2/ACE ratios, but
these ratios were generally similar (Figure 5C and D). In
addition, only the Cil + Val group showed a significant reduc-
tion in aldosterone excretion (10.4+1.9 ng/day) compared to
the vehicle group (22.844.4 ng/day; P<<0.05; Figure 6).

Discussion

High BP has been well established as an important risk factor
for type 2 diabetes.?”*® Recently, combination therapy with an
ARB and diuretic drugs and/or CCBs has been recommended
in order to treat hypertension and achieve strict depressor
effects, thereby preserving organ function.* In our study, the
combination therapy groups (Val + Cil or Aml + Val) showed
strong BP-suppressive actions compared to the monotherapy
groups. When comparing the Cil + Val and Aml + Val groups,

only the combination of Cil + Val ameliorated the increases
in UAE levels and cardiac fibrosis, despite the fact that these
treatments had the same effects on hypertension. It has been
reported that the development of diabetes is accompanied by
an increase in albuminuria in OLETF rats and an increase in
GS, mesangial expansion,*’ and cardiac fibrosis.*! These data
suggested that combination therapy with Cil and Val prevented
the cardiorenal damage induced by the development of diabe-
tes. With regard to UAE, our data support the additive effect of
Cil and Val because treatment with Cil + Val resulted in a sta-
tistically significant reduction in UAE, although such effects
were not observed with Cil or Val treatment alone (Figure 1A).
The same holds true for the dimensions of cardiac myocytes
(Figure 2A) and fibrosis (Figure 2B). As for GS, our data do
not seem to show the additive or synergistic effects of Cil and
Val, although the results of previous studies using Dahl-salt
sensitive rats** and SHR-STZ rats*? have shown that the effects
of Cil and Val on GS were additive. One reason for this could
be that in this study, the individual monotherapies may have
generated the maximum potential therapeutic response, and
Cil + Val might have failed to produce any synergistic effects
because either both Cil and Val may act on GS through the
same mechanism, or each of these may completely suppress
GS progression at the start of treatment. Nevertheless, further
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studies are required to determine whether combination therapy
using Cil with Val in rats with type 2 diabetes could produce
a synergistic effect on GS.

In addition, the inhibition of the RAS is an important
component in the treatment of patients with cardiovascular
disease and/or kidney disease.** Moreover, it has been
suggested that the activation of the RAS that is induced by
ARBs may cause aldosterone breakthrough,* myocardial
infarction,* and/or renal injury.*’ In this study, the groups
that were administered Val (Val, Cil + Val, and Aml + Val
groups) showed a tendency towards an increase in RAS,
which was caused by Val’s AT 1-R blocking actions. In addi-
tion, the Aml + Val group showed further RAS activation in
comparison with the Val group through the AT1-R blocking
actions and BP-lowering effects.3* Furthermore, it has already
been reported that calcium inhibits renin gene expression in
juxtaglomerular cells through the concerted actions of the
inhibition of renin gene transcription and the destabiliza-
tion of renin mRNA.*® In other words, Aml may accelerate
renin gene transcription through the inhibition of the flow
of calcium into juxtaglomerular cells. However, despite its
CCB effects, the Cil + Val group did not exhibit further RAS
activation, as reported in our previous study.* In addition,
we previously reported that Cil has suppressive effects on the
Val-induced increases in RAS activity through its sympatho-
lytic actions that are mediated by N-type calcium channel
blockade.* In the AVOID (Aliskiren in the Evaluation of
Proteinuria in Diabetes) trial,* the combination of a DRI with
an ARB was found to have stronger organ-protective effects
than ARB monotherapy, suggesting that inhibiting increases
in ARB-induced RAS activity promotes the protection of
organs and tissues. Taken together, these data suggest that
the synergistic organ-protective effects of treatment with Cil
and an ARB were attributable to the inhibitory effects of Cil
on RAS activation.

As for aldosterone and NA, the Cil + Val group exhibited
a significant reduction in aldosterone excretion. Previous
studies have demonstrated that aldosterone production and
NA secretion are mediated by N-type calcium channels;
thus, Cil has suppressive effects on aldosterone secretion
through L-/N-type CCB actions.?*33353 Furthermore, it is
well known that ARB has a suppressive effect on aldoster-
one secretion®® and sympathetic nerve activation®' because
AT1-R stimulates aldosterone secretion® and NA release.™
In this study, monotherapy using neither Cil nor Val suc-
cessfully produced significant reductions in aldosterone and
NA, but Cil + Val treatment suppressed the aldosterone and
NA increase associated with worsening diabetes, and this

suppression was due to the additive effect of Cil and Val. In
this study, the Cil group exhibited a declining trend in the
NA level, which is an index of sympathetic nerve activity,
although this decline was not statistically significant. Many
reports have shown that Cil inhibited the hyperactivity of
sympathetic nerves, despite L-type CCB activating the
sympathetic nerve.'*?*?* However, the dose (Cil group: Cil,
2 mg/kg) used in this study might be too low to influence
the NA level significantly because the effects observed in
the previous animal studies were obtained using doses of at
least 10 mg per day.

ACE2 has been identified as a member of the RAS
and a component of the ACE2—Ang-(1-7) —Mas counter-
regulatory axis of the RAS, and it has recently been shown
to have organ-protective effects. It has already been sug-
gested that ACE2 may play a pivotal role in diabetes.”* In
our study, Cil induced an increase in the levels of expres-
sion of ACE2 and in serum Ang-(1-7) levels. These results
suggest that the L-/N-type CCB has the potential to change
the balance between Ang-(1-7) and Ang I, and increase
Ang-(1-7) levels in order to achieve cardioprotection and
antihypertensive effects. However, ARBs increase PRA
and plasma Ang II levels by uncoupling the negative feed-
back loop through their inhibitory effects on the AT1-R.!!
For organ protection, combination therapy with Cil and
an ARB may be better than treatment with an ARB alone
because Cil converts the Ang II that is induced by ARB
into Ang-(1-7) and exhibits an additive effect on renal and
cardiac protection. This effect of Cil may be caused by its
N-type calcium channel blocking actions through the close
connection between ACE2—-Ang-(1-7) and sympathetic
nerve activity.? In fact, it has been reported that the sup-
pression of sympathetic nerve activity by the drug induces
the expression of ACE2,°® and Cil is a unique CCB that has
inhibitory actions on the sympathetic N-type calcium chan-
nels. Furthermore, the aldosterone-suppressive effects of Cil
may increase ACE2 mRNA levels and decrease ACE mRNA
levels because a previous study indicated that aldosterone
reduced ACE2 mRNA levels and increased ACE mRNA
levels in rat cardiomyocytes through the mineralocorticoid
receptor.’’ In fact, our previous study demonstrate that the
Cil changed the balance between Ang-(1-7) and Ang II,
and it increased the proportion of Ang-(1-7).® The results
of these reports suggest that the inhibitory effects of Cil on
sympathetic nerve activity and aldosterone secretion induces
ACE2 expression. Thus, further study is necessary in order
to determine the mechanisms by which Cil increases ACE2
expression and plasma Ang-(1-7) levels.
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As for a comparison of OLETF rats with LETO rats,
the vehicle group showed lower levels of RAS than did the
LETO group, although RAS levels have been reported to
be upregulated in OLETF rats with type 2 diabetes.”>*° Fan
et al showed that OLETF rats developed hypertension, and
then they subsequently showed elevated RAS levels.” This
suggests that hypertension involves a compensatory decrease
in the RAS level during early-stage disease. Nevertheless,
further studies are required to elucidate why RAS levels in
OLETF rats were lower than those in LETO rats.

Conclusion

In conclusion, the results of the present study showed that the
L-/N-type CCB Cil has additive antihypertensive and UAE-
lowering effects when administered in combination with an
ARB, even in type 2 diabetic rats. Furthermore, combination
therapy with Cil and Val significantly reduced NA secre-
tion, suggesting that Cil suppressed the increases in PRA
and Ang II that are associated with antihypertensive therapy
by inhibiting sympathetic nervous system activity through
its N-type calcium channel antagonism. Additionally, Cil
increased Ang-(1-7) production by its inhibitory effects on
sympathetic nerve activity and aldosterone secretion. Thus,
combination therapy with Cil and an ARB may be more effec-
tive than treatment with an ARB alone because Cil converts
the Ang II that is induced by ARB into Ang-(1-7) and exhibits
additive protective effects on renal and cardiac organs.
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