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Long-term blockade of L/N-type Ca2+ channels by
cilnidipine ameliorates repolarization abnormality of
the canine hypertrophied heartbph_407 1366..1374
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Background and purpose: The heart of the canine model of chronic atrioventricular block is known to have a ventricular
electrical remodelling, which mimics the pathophysiology of long QT syndrome. Using this model, we explored a new
pharmacological therapeutic strategy for the prevention of cardiac sudden death.
Experimental approach: The L-type Ca2+ channel blocker amlodipine (2.5 mg·day-1), L/N-type Ca2+ channel blocker cilnid-
ipine (5 mg·day-1), or the angiotensin II receptor blocker candesartan (12 mg·day-1) was administered orally to the dogs with
chronic atrioventricular block for 4 weeks. Electropharmacological assessments with the monophasic action potential (MAP)
recordings and blood sample analyses were performed before and 4 weeks after the start of drug administration.
Key results: Amlodipine and cilnidipine decreased the blood pressure, while candesartan hardly affected it. The QT interval,
MAP duration and beat-to-beat variability of the ventricular repolarization period were shortened only in the cilnidipine group,
but such effects were not observed in the amlodipine or candesartan group. Plasma concentrations of adrenaline, angiotensin
II and aldosterone decreased in the cilnidipine group. In contrast, plasma concentrations of angiotensin II and aldosterone were
elevated in the amlodipine group, whereas in the candesartan group an increase in plasma levels of angiotensin II and a
decrease in noradrenaline and adrenaline concentrations were observed.
Conclusions and implications: Long-term blockade of L/N-type Ca2+ channels ameliorated the ventricular electrical remod-
elling in the hypertrophied heart which causes the prolongation of the QT interval. This could provide a novel therapeutic
strategy for the treatment of cardiovascular diseases.
British Journal of Pharmacology (2009) 158, 1366–1374; doi:10.1111/j.1476-5381.2009.00407.x; published online 28
September 2009
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Introduction

Cardiac hypertrophy is a strong independent risk factor for
cardiac sudden death. A hypertrophied heart generally has
structural, functional and electrical remodelling that progres-
sively leads to a decline in cardiac functions and predisposes

the heart to arrhythmias (Tomaselli and Marbán, 1999).
Abnormal repolarization and Ca2+ handling anomalies in the
cardiomyocytes are thought to facilitate early afterdepolariza-
tion and triggered activity (Antzelevitch, 2007). Recently,
inhibitors of cardiac ion channels, the ryanodine receptor or
calmodulin kinase II have been evaluated in proarrhythmic
animal models as a downstream therapy (Verduyn et al., 1995;
Mazur et al., 1999; Antzelevitch et al., 2004; Lu et al., 2006).

The pathophysiology of ventricular repolarization delay has
been extensively analysed in animals with chronic atrioven-
tricular block, known as a volume-overloaded hypertrophy
models (Vos et al., 1998; Volders et al., 1999; Verduyn et al.,
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2001; Sugiyama et al., 2002; Takahara et al., 2006; 2007a). The
long-term bradycardia in these models induces downregula-
tion of cardiac K+ channels leading to electrical remodelling
together with compensatory activation of sympathetic tone
and the renin-angiotensin system (Volders et al., 1999;
Verduyn et al., 2001; Takahara et al., 2007a). Modulation of
the pathophysiology of the electrical remodelling may
become a new pharmacological strategy, an upstream therapy,
to reduce the risk of lethal arrhythmias. However, the electri-
cal remodelling in the hypertrophied heart caused by volume
overload has been found to be refractory to pharmacological
therapy with an angiotensin AT1 receptor blocker and to
cardiac pacing, a non-pharmacological therapy (Peschar et al.,
2003; Reddy et al., 2003; Schoenmakers et al., 2003).

N-type Ca2+ channels have been demonstrated to play a
pivotal role in neurotransmitter release from sympathetic
nerve endings (Hirning et al., 1988; Molderings et al., 2000). A
previous clinical study has demonstrated that the L/N-type
Ca2+ channel blocker cilnidipine, which is used as an antihy-
pertensive drug in Japan (Uneyama et al., 1997; 1999; Taka-
hara et al., 2007b; Takahara, 2009), suppresses the overactivity
of the cardiac sympathetic system in hypertensive patients
more effectively than amlodipine (Sakata et al., 1999). Recent
experimental data have shown that cilnidipine also inhibits
the local renin-angiotensin system and aldosterone secretion
from adrenocortical cells (Takemori et al., 2005; Konda et al.,
2006; 2009; Aritomi et al., 2007). Thus, the pleiotropic effects
of cilnidipine on neurohumoral factors may provide a new
strategy for the treatment of cardiovascular diseases, as
reported in hypertensive patients with chronic renal disease
(Fujita et al., 2007). In this study, we assessed the potential
utility of cilnidipine as an upstream treatment of ventricular
repolarization delay in the hypertrophied heart, and com-
pared its effects with those of the L-type Ca2+ channel blocker
amlodipine and angiotensin AT1 receptor blocker cande-
sartan, in a canine model of chronic atrioventricular block.

Methods

Animal model
The investigation was performed according to the Guidelines
for Animal Experiments, University of Yamanashi and Ajino-
moto Co., Inc., which are equivalent to those of the US
National Institute of Health. The beagle dogs of either sex
weighing about 10 kg were kept in individual cages on a 12 h
light (6:00 h–18:00 h)–dark (18:00 h–6:00 h) cycle. The ven-
tilation provided a total air exchange rate of 10–15 times per
hour. The temperature was maintained at 23 � 2°C, and
relative humidity was 50 � 30%. Each dog was fed 200 � 10 g
of standard diet for dogs (CD-5M, CLEA Japan, Tokyo, Japan)
in the morning, and water was available ad libitum.

The surgical procedure using a catheter ablation technique
was carried out as described previously (Sugiyama et al., 2002;
Takahara et al., 2006; 2007a). Briefly, the beagle dogs were
anaesthetized with sodium pentobarbital (30 mg·kg-1, i.v.)
and artificially ventilated with room air (SN-408-3; Shinano,
Tokyo, Japan). Additional doses of sodium pentobarbital
(3–6 mg·kg-1, i.v.) were given when necessary. The surface lead
II electrocardiogram (ECG) was continuously monitored

using a polygraph system (RM-6000; Nihon Kohden, Tokyo,
Japan). A quad-polar electrodes catheter with a large tip of
4 mm (D7-DL-252; Cordis-Webster, Baldwin Park, CA, USA)
was inserted through the right femoral vein using the stan-
dard percutaneous technique under sterile conditions and
positioned at the tricuspid valve by watching the bipolar
electrograms from the pair of distal electrodes. The optimal
site for ablation of the atrioventricular node, namely the
compact atrioventricular node, was determined on the basis
of the intracardiac electrogram, of which a very small His
deflection was recorded and the atrium/ventricular voltage
ratio was >2. The power source for atrioventricular node abla-
tion was an electrosurgical generator (MS-1500; Mera, Tokyo,
Japan) delivering continuous unmodulated radiofrequency
energy at a frequency of 500 kHz. After proper positioning,
the radiofrequency energy of 20 W was delivered for 10 s
from the tip electrode to an indifferent patch electrode posi-
tioned on the animal’s back, which was continued for 30 s if
junctional rhythm was induced. The end-point of this proce-
dure was the development of complete atrioventricular block
with the onset of stable idioventricular escaped rhythm.

Holter ECG recording
A Holter recording and analysis system (QR2100 and HS1000,
Fukuda ME Kogyo, Tokyo, Japan) was used to record and
analyse ECG over 21 h. Ventricular premature contractions
were defined as a premature depolarization of coupling inter-
val �600 ms with prolonged, bizarre QRS complexes (Yoshida
et al., 2002).

Plasma concentrations of neurohumoral factors and drugs
The plasma was obtained from the supernatant of blood con-
taining EDTA after centrifugation at 1500¥ g for 15 min, and
was stored at -80°C until the measurements. The concentra-
tions of adrenaline, noradrenaline and dopamine in the
plasma were measured using a high-performance liquid chro-
matographic technique, whereas those of angiotensin II,
aldosterone and atrial natriuretic peptide were assessed by a
radioimmunoassay, which were performed by SRL Co. (Tokyo,
Japan). Plasma concentrations of amlodipine and cilnidipine
were determined by liquid chromatography-tandem mass
spectrometry, which were conducted at the Pharmaceutical
Research Laboratories of Pharmaceuticals Company, Ajino-
moto Co. Inc. (Kawasaki, Japan).

In vivo cardiovascular and electrophysiological measurements
Cardiovascular and electrophysiological variables were mea-
sured as described previously (Takahara et al., 2007a). The
dogs were anaesthetized with pentobarbital sodium
(30 mg·kg-1, i.v.) and artificially ventilated. Additional doses
of sodium pentobarbital (3–6 mg·kg-1, i.v.) were given when
necessary. A catheter containing heparin was placed in the
aorta to measure the systemic blood pressure. A thermodilu-
tion catheter (TC-704; Nihon-Kohden) was positioned at the
right side of the heart to monitor the pulmonary capillary
wedge pressure. Cardiac output was measured by a standard
thermodilution method with a cardiac output computer
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(MFC-1100; Nihon-Kohden). Total peripheral vascular resis-
tance (TPR) was calculated using the basic equation: TPR =
mean blood pressure/cardiac output. The surface lead II ECG
was obtained from the limb electrodes. A bidirectional steer-
able monophasic action potential (MAP) recording/pacing
combination catheter (1675P; EP Technologies, Sunnyvale,
CA, USA) was positioned at the endocardium of the interven-
tricular septum of the right ventricle. The duration of the
MAP signal was measured at 90% repolarization level as
MAP90. The heart was electrically driven using a cardiac stimu-
lator (SEC-3102; Nihon-Kohden) with the pacing electrodes of
the MAP recording/pacing combination catheter in the right
ventricle. Stimulation pulses were rectangular in shape, 1–2 V
(about twice the threshold voltage) and 1 ms duration. MAP90

was measured during the ventricular rhythm and at each
pacing cycle length of 300–1000 ms. The effective refractory
period (ERP) was assessed by programmed electrical stimula-
tion to the right ventricle. The pacing protocol consisted of
five beats of basal stimuli in each cycle length followed by an
extra stimulus of various coupling intervals. The parameters
were continuously monitored using a polygraph system (RM-
6000; Nihon-Kohden), and analysed with a real-time full
automatic data analysis system (MP/VAS 3 for Macintosh, ver
1.0; Physio-Tech, Tokyo, Japan).

Beat-to-beat analysis
MAP duration (MAP90) of 31 consecutive beats under stable
idioventricular automaticity was measured before and after
the drug administration. Poincaré plots with MAP90(n) versus
MAP90(n + 1) were prepared for each analysis time point. The
mean orthogonal distance from the diagonal to the points of
the Poincaré plot was determined as short-term variability
( = +( ) − ( ) ×[ ]∑ MAP MAP90 901 30 2n n ). Whereas, the mean
distance to the mean of the parameter parallel to the diagonal
of the Poincaré plot was determined as long-term variability
( = +( ) + ( ) − ( ) ×[ ]∑ MAP MAP MAP mean90 90 901 2 30 2n n ).
Similarly, the short-term and long-term variability of the RR
interval was also calculated. These nomenclatures are adopted
from investigations of heart rate variability using Holter
monitoring in humans (Brennan et al., 2001), which have
been applied to canine models of chronic atrioventricular
block (Thomsen et al., 2004; 2006; Takahara et al., 2006;
2008).

Study protocol
The anatomical and electrophysiological remodellings have
been shown to be completed within 4 weeks after the onset of
atrioventricular block, and no further prolongation of QT
interval was detected thereafter (Vos et al., 1998; Sugiyama
et al., 2002; Peschar et al., 2003; Takahara et al., 2006). Thus,
the present experiment was started �4 weeks after the surgery.
The animals were divided into three groups and received
either amlodipine (n = 8), cilnidipine (n = 7) or candesartan
(n = 7).

At pre-drug control, venous blood was withdrawn from the
brachial vein in a stable condition without anaesthesia, and
the ECG was recorded for >21 h. After the Holter ECG record-
ing, cardiovascular and electrophysiological parameters were

monitored under pentobarbital anaesthesia. After the basal
assessment, a commercially available tablet of amlodipine
(2.5 mg), cilnidipine (5 mg) or candesartan (12 mg) was orally
administered to the dogs every day in the morning. In the
amlodipine and cilnidipine groups, 2 and 4 weeks after the
start of drug administration, the blood sampling, Holter ECG
recording and cardiovascular and electrophysiological analy-
ses were similarly performed. In the candesartan group, the
assessments were performed only 4 weeks after the start of
drug administration.

Data analysis
Data are expressed as the mean � SEM. The statistical com-
parisons within a parameter were evaluated by one-way,
repeated-measures analysis of variance followed by Contrasts
for mean values comparison, whereas those of paired data
within a parameter were evaluated by unpaired t-test. The
statistical differences of unpaired data between the groups
were evaluated by unpaired t-test. A P value <0.05 was con-
sidered statistically significant. Drug/molecular target nomen-
clature conforms to the British Journal of Pharmacology’s
Guide to Receptors and Channels (Alexander et al., 2008).

Drugs
Amlodipine was obtained from Norvasc (Pfizer, Tokyo, Japan),
cilnidipine from Atelec (Mochida, Tokyo, Japan) and cande-
sartan from Blopress (Takeda, Osaka, Japan).

Results

ECG and survival rate
Body weights of the dogs subjected to chronic atrioventricular
block at pre-drug control in the amlodipine, cilnidipine and
candesartan groups were 9.6 � 0.6, 10.1 � 0.1 and 10.1 � 0.4
kg respectively, and no significant change was detected during
the study. In the cilnidipine and candesartan groups, all
animals survived during the study, whereas one animal died
suddenly on the 18th day in the amlodipine group. The
number of ventricular premature contractions at pre-drug
control in the amlodipine, cilnidipine and candesartan group
was 63 � 31, 284 � 177 and 156 � 94 beats per 21 h respec-
tively. In the cilnidipine group, the number of the premature
ventricular contraction was reduced to 25 � 16 beats per 21 h
at 2 weeks, whereas no significant change was detected in the
amlodipine or candesartan group. Ventricular tachycardia or
torsade de pointes arrhythmia was not detected during the
Holter ECG study.

After the assessment at 4 weeks, we additionally adminis-
tered a torsadogenic dose of cisapride (10 mg·kg-1, p.o., Sug-
iyama et al., 2002) to one dog with chronic atrioventricular
block in the cilnidipine group, and torsade de pointes
arrhythmia was detected in this animal.

Cardiovascular effects
The effects of amlodipine, cilnidipine and candesartan on the
cardiovascular parameters are summarized in Figure 1. In the
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amlodipine and cilnidipine groups, the mean blood pressure
and TPR decreased and cardiac output and cardiac index
increased at 2 and 4 weeks. In the candesartan group, no
significant changes in any of cardiovascular parameters were
detected.

Electrophysiological effects
Typical tracings of the effects of cilnidipine on the ECG and
MAP signal during the idioventricular rhythm are depicted in
Figure 2A. The effects of amlodipine, cilnidipine and cande-
sartan on the ventricular repolarization phase are presented in
Figure 2B. The QT interval and MAP90 were abbreviated at 2
and 4 weeks only in the cilnidipine group, whereas no sig-
nificant changes in these parameters were detected in the
amlodipine and candesartan groups.

Typical results of Poincaré plots of the MAP90, in which
cilnidipine decreased the MAP90 and short-term variability,
are shown in Figure 3. The effects of the drugs on the short-
term and long-term variability of MAP90 are shown in Table 1.
Cilnidipine significantly decreased the short-term variability

without affecting the long-term variability of the MAP dura-
tion, whereas amlodipine and candesartan had no significant
effects on either variable. Pre-drug control values for the
short-term variability of the RR interval in the amlodipine,
cilnidipine and candesartan group were 18.3 � 4.2, 6.2 � 1.7
and 6.5 � 1.2 ms respectively, whereas those for the long-
term variability were 15.6 � 4.8, 7.5 � 2.0 and 10.5 � 1.6 ms
respectively. No significant change was detected in the vari-
ability of the RR interval in either the amlodipine, cilnidipine
or candesartan group.

Effects of amlodipine, cilnidipine and candesartan on the
MAP90 during the ventricular pacing and ERP are shown in
Figure 4. In the cilnidipine group, the MAP90 and ERP were
reduced at various pacing cycle lengths between 300 and
1000 ms, whereas no significant changes in these parameters
were detected in the amlodipine and candesartan groups.

Plasma concentrations of neurohormonal factors and drugs
The effects of amlodipine, cilnidipine and candesartan on the
plasma levels of neurohumoral factors are shown in Figure 5.
In the amlodipine group, the plasma concentrations of angio-
tensin II and aldosterone increased at 4 weeks. The plasma
concentration of noradrenaline in the animal that died on the
18th day was 810 ng·mL-1 at 2 weeks, which was >1.4 times
higher than that at control (569 ng·mL-1). In the cilnidipine
group, the plasma concentrations of adrenaline, angiotensin
II and aldosterone were decreased at 2 and 4 weeks. In the
candesartan group, the plasma concentrations of noradrena-
line and adrenaline were decreased, and that of angiotensin II
increased, at 4 weeks. The maximum plasma concentrations
of amlodipine and cilnidipine on the first day were 24.22 �

3.99 and 9.16 � 1.44 ng·mL-1 respectively. An i.v. injection of
angiotensin II (0.1 mg·kg-1) elevated the mean blood pressure
by +33 � 2 mmHg at control and this increase was completely
abolished at 4 weeks in the candesartan group.

Discussion

The results of the present study clearly show that the L/N-type
Ca2+ channel blocker cilnidipine shortened the ventricular
repolarization period of the chronic atrioventricular block in
dogs, and this effect was not observed with the L-type Ca2+

channel blocker amlodipine or the angiotensin AT1 receptor
blocker candesartan. So, this effect may be closely associated
with long-term blockade of L/N-type Ca2+ channels, because
the dose of each drug corresponded to the therapeutic level
based on experimental data from hypertensive dogs
(Yamanaka et al., 1991; Yoshimoto et al., 1992; Ito et al.,
1995).

Effects on haemodynamics and neurohumoral factors
Our previous cardiovascular and neurohumoral studies have
shown that in the canine model of chronic atrioventricular
block the heart compensates by becoming hypertrophied
(Takahara et al., 2007a). The optimal doses of amlodipine
(2.5 mg per dog) and cilnidipine (5 mg per dog) used in this
study were determined on the basis of previous results

Figure 1 Cardiovascular effects of amlodipine, cilnidipine and can-
desartan in the canine model of chronic atrioventricular block. Car-
diovascular variables in the amlodipine (n = 8) and cilnidipine (n = 7)
groups were obtained at pre-drug control (C) and 2 weeks (2W) and
4 weeks (4W) after the start of drug administration, whereas those in
the candesartan group (n = 7) were obtained at pre-drug control and
4 weeks after the start of drug administration. Data are presented as
the mean � SEM. Solid symbols represent the significant differences
from each pre-drug control (C) value, P < 0.05. MBP, mean blood
pressure; SAR, sinoatrial rate; VR, ventricular rate; CO, cardiac output;
CI, cardiac index; PCWP, pulmonary capillary wedge pressure; TPR,
total peripheral vascular resistance.
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obtained in reno-hypertensive dogs; these drugs effectively
lowered the blood pressure at doses of 0.2 mg·kg-1 and 0.3–
1.0 mg·kg-1 respectively (Yamanaka et al., 1991; Yoshimoto
et al., 1992). In this study, both amlodipine and cilnidipine
decreased blood pressure and peripheral vascular resistance to
a similar extent, which reflects the fundamental pharmaco-
logical profile of dihydropyridine Ca2+ channel blockers. In
the amlodipine group, one animal died on the 18th day; this
might be associated with increased sympathetic tone, which
could trigger a lethal arrhythmia. Candesartan failed to affect

blood pressure in this study. However, we confirmed that the
dose of candesartan used effectively blocks angiotensin AT1

receptors in vivo, and also this dose has been shown to lower
blood pressure in reno-vascular hypertensive dogs (Ito et al.,
1995). In a previous study, angiotensin II and aldosterone
were demonstrated to play an important role in the develop-
ment of ventricular remodelling in this animal model (Vos
et al., 1998). Thus, the finding that cilnidipine reduced
plasma angiotensin II and aldosterone levels may be impor-
tant when analysing the present results. Although the precise

Figure 2 Effects of the different drugs on the electrocardiogram (ECG) and monophasic action potential (MAP) signal during idioventricular
rhythm. (A) Typical tracings of effects of cilnidipine on ECG and MAP signal. (B) Effects of amlodipine (n = 8), cilnidipine (n = 7) and candesartan
(n = 7) on the QT interval and MAP duration. These parameters were obtained at pre-drug control (C) and 2 weeks (2W) and 4 weeks (4W)
after the start of drug administration. Data are presented as the mean � SEM. Solid symbols represent the significant differences from each
pre-drug control (C) value, P < 0.05.

Figure 3 Effects of amlodipine, cilnidipine and candesartan on the Poincaré plots of the duration of the monophasic action potential (MAP90)
in the canine model of chronic atrioventricular block. Thirty-one beats were plotted for each of two analysis time points; before (Control) and
4 weeks after the drug administration (4W). STV, short-term variability; LTV, long-term variability.
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mechanism by which cilnidipine causes this effect is not clear
at present, N-type Ca2+ channel blockade of cilnidipine may
inhibit catecholamine release from the sympathetic nerve
ending and adrenal gland (Takahara et al., 1997; Nagayama
et al., 1998), leading to suppression of the renin-angiotensin-
aldosterone system (Karlberg, 1983), and suppression of
aldosterone secretion from adrenocortical cells (Aritomi et al.,
2007). In contrast, amlodipine might have activated the
renin-angiotensin-aldosterone system by increasing the sym-
pathetic tone in this animal model, because it decreased mean
blood pressure to a similar extent to that of cilnidipine.

Effects on ventricular repolarization
Disease-mediated reduction in net repolarizing current of
cardiac cells, known as reduced repolarization reserve (Roden,
1998), can prolong the QT interval, which in some cases may

amplify any electrical imbalances in the ventricular myocar-
dium. This could result in the development of early
afterdepolarization-induced triggered activity, leading to the
generation of life-threatening cardiac arrhythmias including
torsade de pointes (Antzelevitch, 2007). Volders et al. (1999)
have already demonstrated the significant down-regulation of
the slow component of the delayed rectifier K+ currents (IKs)
and a small decrease in the rapid component of delayed
rectifier K+ currents (IKr) in hearts with chronic atrioventricular
block. We have also confirmed that mRNA levels of KvLQT1
and MiRP1 were significantly lower in hearts with chronic
atrioventricular block than in normal hearts (data not
shown), which suggests that our canine model possesses
similar subcellular adaptations to those in the model used by
Volders et al. (1999). The electrical remodelling in this animal
model has been demonstrated to remain unchanged for at
least for 14 weeks, once it is completed (Peschar et al., 2003).

Table 1 Effects of amlodipine, cilnidipine and candesartan on the beat-to-beat variability of the monophasic action potential (MAP) duration
in the chronic atrioventricular block dogs

Amlodipine Cilnidipine Candesartan

C 2W 4W C 2W 4W C 4W

STV (ms) 3.8 � 0.6 4.3 � 1.1 5.0 � 0.7 4.2 � 1.2 1.8 � 0.4* 2.2 � 0.4* 4.1 � 0.8 5.2 � 0.9
LTV (ms) 2.4 � 0.4 3.1 � 1.2 3.3 � 0.8 2.0 � 0.5 1.4 � 0.3 1.7 � 0.3 2.6 � 0.6 3.3 � 0.6

Short-term variability (STV) and long-term variability (LTV) of the MAP duration in the amlodipine and cilnidipine groups were obtained at pre-drug control (C)
and 2 weeks (2W) and 4 weeks (4W) after the start of drug administration, whereas those in the candesartan group were obtained at pre-drug control and 4 weeks
after the start of drug administration. Data are presented as the mean � SEM. *P < 0.05, compared with corresponding pre-drug control value.

Figure 4 Electrophysiological effects of amlodipine, cilnidipine and candesartan on the ventricular repolarization phase of the canine model
of chronic atrioventricular block. MAP duration (MAP90) and effective refractory period (ERP) of various basic pacing cycle length of 300, 400,
500, 600, 750 and 1000 ms in the amlodipine (n = 8) and cilnidipine (n = 7) groups were obtained at pre-drug control (C) and 2 weeks (2W)
and 4 weeks (4W) after the start of drug administration, whereas those in the candesartan group (n = 7) were obtained at pre-drug control
and 4 weeks after the start of drug administration. Data are presented as the mean � SEM. *P < 0.05 compared with corresponding pre-drug
control value (C).
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As clearly shown in Figure 2, cilnidipine shortens the ven-
tricular repolarization period of the hypertrophied heart, sug-
gesting that it may increase the repolarization reserve. This
observation does not accord with results from our previous
study that demonstrated the ventricular repolarization
process was little affected by acutely administered cilnidipine
in this animal model (Takahara et al., 2004), indicating that it
cannot be simply explained by its immediate effects on sym-
pathetic N-type and vascular L-type Ca2+ channels. In our
previous study, which used the same animal model, the QT
interval of the remodelled dog was about 80 ms longer than
that of the dog with acute atrioventricular block (Takahara
et al., 2006), whereas in the present study the shortening of
the QT interval by cilnidipine was about 40 ms. Also, in one
experiment, a torsadogenic dose of cisapride ‘paradoxically’
induced torsade de pointes arrhythmia in a dog with chronic
atrioventricular block after 4 weeks of cilnidipine treatment.
Thus, the electrical remodelling caused by chronic atrioven-
tricular block may be partially reversed by cilnidipine. The
important observation in this study is that cilnidipine also
decreased the beat-to-beat variability of ventricular repolar-
ization, as shown in Figure 3. As it has been suggested that the

greater the extent of the beat-to-beat variability of ventricular
repolarization the higher the risk of sudden cardiac death
(Thomsen et al., 2005), the present results may imply that
cilnidipine can lower the risk for lethal arrhythmias in the
remodelled heart.

The cellular mechanism(s) by which cilnidipine shortens
the ventricular repolarization has not been fully elucidated at
present. Previous in vitro electrophysiological studies have
demonstrated that angiotensin II decreases IKr, transient
outward K+ currents (Ito) and inward rectifier K+ currents (IK1)
of the cardiomyocytes (Yu et al., 2000; Domenighetti et al.,
2007; Wang et al., 2008) and that aldosterone decreases Ito

(Bénitah et al., 2001). Based on the differences in the effects
on the neurohumoral factors between cilnidipine and other
drugs, we speculate that the inhibitory effect of cilnidipine on
the renin-angiotensin-aldosterone system (Takemori et al.,
2005; Konda et al., 2006; Aritomi et al., 2007) may have
decreased the suppression of the K+ channels. In contrast,
candesartan has been shown to prolong the ventricular action
potential duration via suppression of IKs and Ito (Caballero
et al., 2001), which may partly explain why candesartan did
not affect the ventricular repolarization period in this animal
model.

Possible clinical applications
A previous report has suggested that regression of structural
and electrical remodelling should be considered clinically as
an independent process for the prevention of the onset of
lethal arrhythmias in the future (Peschar et al., 2003), because
regression of ventricular hypertrophy did not necessarily
improve the electrical remodelling in the canine model of
chronic atrioventricular block (Reddy et al., 2003). Although
the electrical remodelling caused by volume overload is
thought to be an irreversible phenomenon (Peschar et al.,
2003), the present study successfully demonstrated that cilni-
dipine can shorten the ventricular repolarization period of
the chronic atrioventricular block in this canine model. This
is the first study to show a recovery from electrical remodel-
ling in the volume-overloaded hypertrophied heart (Peschar
et al., 2003; Reddy et al., 2003; Schoenmakers et al., 2003).

Based on the results from the present study, cilnidipine
could be useful for the treatment of patients whose prolonged
QT interval is a strong risk factor for torsade de pointes
arrhythmias (Topilski et al., 2007). Cilnidipine is expected to
have a similar restorative effect on the electrical remodelling
process of chronic atrioventricular block in humans. Indeed,
a recent electrophysiological study has demonstrated that IKs

and Ito are down-regulated in the diabetic canine heart,
leading to QT interval prolongation (Lengyel et al., 2007). A
long QT interval has also been reported in patients with
various cardiovascular diseases including hypertension with
hypertrophy, hypertrophic cardiomyopathy and end-stage
renal failure (Dritsas et al., 1992; Singh et al., 1997; Covic
et al., 2002; Swynghedauw et al., 2003; Raizada et al., 2005;
Wong et al., 2005). Thus, further analysis of the function of
cardiac K+ channel subtypes in such pathological conditions
will provide important information on the effectiveness of
cilnidipine as a therapy for this ventricular repolarization
abnormality.

Figure 5 Effects of amlodipine, cilnidipine and candesartan on neu-
rohormones in the canine model of chronic atrioventricular block.
Plasma concentrations of each neurohumoral factor in the amlo-
dipine (n = 8) and cilnidipine (n = 7) groups were obtained at
pre-drug control (C) and 2 weeks (2W) and 4 weeks (4W) after the
start of drug administration, whereas those in the candesartan group
(n = 7) were obtained at pre-drug control and 4 weeks after the start
of drug administration. Data are presented as the mean � SEM. Solid
symbols represent significant differences from each pre-drug control
(C) value, P < 0.05. NA, noradrenaline; Ad, adrenaline; DA, dopam-
ine; ANG II, angiotensin II; ALDO, aldosterone; ANP, atrial natriuretic
peptide.
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Conclusion
Long-term blockade of L/N-type Ca2+ channels may become
a new upstream therapy to reduce the risk of lethal
arrhythmias.
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