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The actions of azelnidipine, a dihydropyridine-
derivative Ca antagonist, on voltage-dependent
Ba®" currents in guinea-pig vascular smooth muscle

H-L Zhu, T Tomoda, M Aishima, Y Ito and N Teramoto

Department of Pharmacology, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan

Background and purpose: Although azelnidipine is used clinically to treat hypertension its effects on its target cells, Ca®*
channels, in smooth muscle have not been elucidated. Therefore, its effects on spontaneous contractions and voltage-
dependent L-type Ca®" channels were investigated in guinea-pig portal vein.

Experimental approach: The inhibitory potency of azelnidipine on spontaneous contractions in guinea-pig portal vein was
compared with those of other dihydropyridine (DHP)-derived Ca antagonists (amlodipine and nifedipine) by recording
tension. Also its effects on voltage-dependent nifedipine-sensitive inward Ba® " currents (/g,) in smooth muscle cells dispersed
from guinea-pig portal vein were investigated by use of a conventional whole-cell patch-clamp technique.

Key results: Spontaneous contractions in guinea-pig portal vein were reduced by all of the Ca antagonists (azelnidipine,
Ki=153 nM; amlodipine, K;=16 nM; nifedipine, K;=7 nM). In the whole-cell experiments, azelnidipine inhibited the peak
amplitude of /g, in a concentration- and voltage-dependent manner (-60 mV, K;=282 nM; —90 mV, K;=2 pM) and shifted the
steady-state inactivation curve of Iz, to the left at —90 mV by 16 mV. The inhibitory effects of azelnidipine on /g, persisted after
7 min washout at —60 mV. In contrast, /g, gradually recovered after being inhibited by amlodipine, but did not return to
control levels. Both azelnidipine and amlodipine caused a resting block of /g, at -90 mV. Only nifedipine appeared to interact
competitively with S(-)-Bay K 8644.

Conclusions and implications: These results suggest that azelnidipine induces long-lasting vascular relaxation by inhibiting
voltage-dependent L-type Ca® " channels in vascular smooth muscle.
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Abbreviations: azelnidipine, (+)-3-(1-diphenylmethylazetidin-3-yl)-5-isopropyl 2-amino-1,4-dihydro-6-methyl-4-(m-nitro-
phenyl)-3,5-pyridine-dicarboxylate; Bay K 8644, methyl 1,4-dihydro-2,6-dimethyl-3-nitro-4-(2-trrifluoro-
methylphenyl)-pyridine-5-carboxylate; DHP, dihydropyridine; DMSO, dimethyl sulphoxide; /g, voltage-
dependent nifedipine-sensitive inward Ba® " currents; log P, log partition coefficient; log Pyp.c, log partition
coefficient measured by HPCL technique; PSS, physiological salt solution; TEA™, tetraethyl ammonium

Introduction

Various types of antihypertensive drugs are used clinically
to control blood pressure and prevent cerebrovascular and
cardiovascular complications, such as stroke, coronary heart
disease and heart failure (reviewed by Thijs et al., 2004). Ca
antagonists have been widely used for the treatment of
hypertension as they reliably induce hypotensive effects
with few adverse reactions (Salvetti and Di Venanzio, 1994).
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Moreover, it has been found that Ca antagonists are more
effective than any other class of antihypertensive drugs,
especially in the prevention of stroke (Staessen et al., 1997).
Thus, a wide variety of Ca antagonists, including short- and
long-acting Ca antagonists, have been synthesized for
clinical use (reviewed by Romero et al., 2003). However,
short-acting Ca antagonists readily cause a rapid reduction of
blood pressure, increasing the risk of ischaemic heart disease
and reflex tachycardia (Furberg et al., 1995; Psaty et al.,
1995). Therefore, long-acting Ca antagonists are mainly used
to treat hypertension (Alderman et al., 1997). Azelnidipine
((+)-3-(1-diphenylmethylazetidin-3-yl)-5-isopropyl ~ 2-ami-
no-1,4-dihydro-6-methyl-4-(m-nitrophenyl)-3,5-pyridine-di-
carboxylate; CS-905, Calblock) is a newly developed long-



acting dihydropyridine (DHP)-derivative Ca antagonist
(Oizumi et al., 1989). A single oral dose of azelnidipine
causes a slow but long-lasting hypotensive effect with little
reflex tachycardia (Kuramoto et al., 2003). Azelnidipine has
been widely used for the clinical treatment of hypertension
(Arita et al., 1999). However, surprisingly, the target Ca*"
channels for azelnidipine in native vascular smooth
muscle cells have not yet been investigated. Furthermore,
the specific inhibitory mechanisms responsible for the
effects of azelnidipine on voltage-dependent Ca®* channels
in native vascular smooth muscle have not been elucidated.
Voltage-dependent Ca®" channels are one of the major
Ca?* influx pathways known to have an important role
in the initiation of the contraction of vascular smooth
muscle and Ca antagonists selectively suppress Ca®* influx
by blocking voltage-dependent Ca®*" channels in vascular
smooth muscle (reviewed by McFadzean and Gibson, 2002).

In the present experiments, therefore, the effects of
azelnidipine were firstly studied on the spontaneous
contractions of muscle strips prepared from guinea-pig
portal vein. Tension measurements were undertaken and
the inhibitory potency of azelnidipine was compared with
those of other well-known DHP-derivative Ca antagonists
(amlodipine and nifedipine). Secondly, the effects of azelni-
dipine were investigated on voltage-dependent nifedipine-
sensitive macroscopic Ba?* currents (Ipa, i.e., L-type Ca%+
channels) in single, freshly dispersed vascular smooth
muscle myocytes from guinea-pig portal vein using patch-
clamp techniques. Thirdly, the inhibitory potency of
azelnidipine on Ig, was compared with those of other
well-known DHP-derived Ca antagonists (amlodipine and
nifedipine).

Methods

Cell dispersion

Guinea-pigs of either sex were stunned, exsanguinated and
the portal vein was removed. Briefly, the vascular smooth
muscle was isolated and immersed in nominally Ca®"-free
solution (mMm): Na® 140, K* 5, Mg>* 0.5, ClI~ 146, HEPES
10/Tris, titrated to pH 7.35-7.40. Guinea-pig vascular
myocytes were freshly isolated under microscope by the
gentle tapping method after treatment with collagenase
(Type 1A, 1-2mgml~'; Sigma Chemical K.K., Tokyo, Japan),
as described previously (Teramoto and Brading, 1996;
Teramoto et al., 1996). Relaxed spindle-shaped cells were
isolated and stored at 4°C. The dispersed cells were used
within 4-5h for experiments.

Recording procedure

Patch-clamp experiments were performed at room tempera-
ture (21-23°C), as described previously (Teramoto et al.,
2005). Junction potentials between bath and pipette solu-
tions were measured with a 3M KCl reference electrode and
were <2mV, so that correction for these potentials was not
necessary. Capacitance noise was kept to a minimum by
maintaining the test solution in the electrode as low as
possible.
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Drugs and solutions

To record voltage-dependent Ba®>" currents (Ig,) in whole-
cell configuration, pipettes containing a high concentration
of caesium were used, the composition of the pipette
solutions was (mMm): Cs* 130, tetraethyl ammonium (TEA™)
10, Mg2+ 2, Cl™ 144, glucose 5, EGTA 5, ATP 5, HEPES 10/Tris
(pH 7.35-7. 40). The bath solution contained (mm): BaZ* 10,
TEA™, 135, CI~ 155, glucose 10, HEPES 10/Tris (pH 7.35-
7.40). The bath solution was superfused by gravity through-
out the experiments at a rate of 2ml min—'. All drugs were
obtained from Sigma Chemical (Tokyo, Japan). Nifedipine,
amlodipine, S(-)-Bay K 8644 and azelnidipine (kindly
provided by the Sankyo Pharmaceutical Co. Ltd., Tokyo,
Japan) were prepared as 100 mM stock solutions in dimethyl
sulphoxide (DMSO). The final concentration of DMSO was
<0.3%, and this concentration was shown to have no effect
on Iy, in guinea-pig portal vein.

Data analysis

The whole-cell current data were low-pass filtered at 1 kHz by
an eight pole Bessel filter, sampled at 1 ms and analysed on a
computer (PowerMac G4, Tokyo, Japan) by the commercial
software ‘MacLab 3.5.6’ (ADInstruments Pty Ltd., Castle Hill,
Australia). Data are expressed as mean with the standard
deviation (s.d.). In order to obtain precise components of Ig,,
the method for subtraction of the leak and capacitive
currents was performed to subtract I, in the presence of
100 uM Cd?™* from Iy, (Teramoto et al., 2005).

The peak amplitude of Ig,, elicited by a step pulse to
+10mV from the holding potential just before the applica-
tion of a drug, was normalized to one. The curves were
drawn by fitting the following equation, using the least-
squares method:

Relative amplitude of voltage—dependent Ba?* current
= 1/{1+ (D/Ki)nu}

where K;, D and ny; are the inhibitory dissociation constant,
concentration of drug (nM oruM) and Hill coefficient,
respectively.

Conditioning pulses of various amplitudes were applied
(up to +30mV, 10s duration) before application of the test
pulse (to +10mV, 1s duration) at a holding potential of
—90mV. An interval of 20 ms was allowed between these two
pulses to estimate possible contamination by capacitive
current. The peak amplitude of I, evoked by each test pulse
was measured before and after application of drugs. The peak
amplitude of Iz, in the absence and presence of drugs
without application of any conditioning pulse was normal-
ized to one. The lines were draw by fitting the data to the
following equation using the least-squares method,

1= (Imax — C)/{l +exp[(V — Vhalf)/k]} -‘rC

where I, Imax, V, Vhaie, kK and C are the relative amplitude of
Iy, (I) observed at various amplitudes of conditioning pulse,
that observed (I,a.x) with a —90mV conditioning pulse,
amplitude of the conditioning pulse (V), conditioning
pulse amplitude (Vy,) which evokes Iy, of amplitude half
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Inax, slope factor (k) and fraction of the non-inactivating
component of I, (C).

Activation curves were derived from the current-voltage
relationships. Conductance (G) was calculated from the
equation G =1Ip,/(Em—Ega), Where Iz, is the peak current
elicited by depolarizing test pulses to +40mV from a
holding membrane potential of —60mV and Eg, is the
equilibrium potential for Ba®>". Gpay is the maximal Ba**
conductance (calculated at potentials above +10mV).
Values for G/Gmax were plotted against membrane potential
as relative amplitude.

The dissociation constant for drug binding to the channel
to produce the inactivated state was estimated from the shift
of the voltage-dependent inactivation curve and the con-
centration-response curve obtained in the resting state by
using the following equation (Uehara and Hume, 1985),

—AVhat =k In{(1 + [D]/Kinact)/ (1 + [D]/Krest) }

where AVy,¢ is the amplitude of the shift of the voltage-
dependent inactivation curve, k is a slope factor for the
inactivation curve and [D] is the concentration of azelnidi-
pine applied. Kinact and Kis; are dissociation constants of
azelnidipine for the inactivated and the resting states of
voltage-dependent Ca®* channels, respectively.

Tension measurement

To measure tension in the vascular smooth muscle, modified
Krebs solution was used (mm): Na* 137, K* 5.9, Mg®* 1.2,
Ca%* 2.5, ClI~ 133.7, HCO3 15.4, H,PO4 1.2 and glucose
11.5, which was bubbled with 97% O, and 3% CO,. Fine
strips were prepared as described previously (Teramoto et al.,
1996). An initial tension equivalent to 0.5g weight was
applied to each strip. Strips were then allowed to equilibrate
for approximately 1.5-2h while basal vascular tone devel-
oped and became stable (37°C). Data were recorded on a
Macintosh computer running ‘Maclab 3.5.6’ software
(ADInstruments Pty Ltd., Castle Hill, Australia). Tension is
expressed as mNmg ™~ of tissue.

Statistics

Statistical analyses were performed with a paired t-test (two-
factor with replication). Changes were considered significant
when P<0.01.

Results

Effects of azelnidipine and other dihydropyridine-derivative Ca
antagonists on the spontaneous contractions of guinea-pig portal
vein

As shown in Figure 1a, the muscle strips of guinea-pig portal
vein produced spontaneous contractions with a range of
amplitudes and frequencies. Application of azelnidipine
(>10nM, 20min duration) gradually inhibited the ampli-
tudes but not the frequency of spontaneous contractions
(n=35). Cumulative doses of azelnidipine caused a concen-
tration-dependent inhibition of the spontaneous contrac-
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Figure 1 Effects of Ca antagonists (azelnidipine, amlodipine and
nifedipine) on spontaneous contractions of guinea-pig portal vein.
(a) The effects of cumulative application of azelnidipine. The dashed
line indicates the mean resting vascular tone of portal vein.
(b) Relationships between the relative inhibitory value of Ca
antagonist-induced relaxation and the concentration of Ca antago-
nist. The integrated area of the spontaneous contractions (3 min
duration) just before the application of Ca antagonist was normal-
ized to one. Similarly, at each concentration of Ca antagonist, the
integrated area of the spontaneous contractions was obtained
during a 3 min application.

Relative amplitude = [1/{1 + (Ki/D)nu}]

where K, D and ny are the inhibitory dissociation constant,
concentration of Ca antagonist (nM) and Hill’s coefficient, respec-
tively. The following values were calculated for the fitted curve (least-
squares method): azelnidipine, Ki=153nM, ny=0.8 (n=4-5);
amlodipine, Ki=16nM, ny=0.9 (n=3-4); nifedipine, K;=7nm,
ny=0.9 (n=3-7). Each symbol indicates mean with +s.d. shown
by vertical lines. Some of the s.d. bars are smaller than the symbols.

tions. The integrated area of the spontaneous contractions
was normalized to one just before the application of
azelnidipine (i.e. control, 3min duration) and a relative
value for the spontaneous contractions was measured
for each concentration of azelnidipine. Similarly, nifedipine
(=>1nM, 20min duration) and amlodipine (>10nM,
20min duration) were cumulatively applied. Figure 1b
summarizes the concentration-dependent inhibitory effect
of several dihydropyridine (DHP)-derivative Ca antagonists
on the relative value of the spontaneous contractions
(azelnidipine, K;=153nM; amlodipine, K;=16nM; nifedi-
pine, K;=7nM).

Electrophysiological properties of g, in guinea-pig portal vein

As the mechanism of the spontaneous contractions in
guinea-pig portal vein involves the activation of voltage-
dependent Ca?* channels (Teramoto et al., 1996), the
electrophysiological properties of Ca®?* inward currents in
guinea-pig portal vein myocytes were characterized using
whole-cell recordings. In the present experiments, Ba®*
(10mM) was used as a charge carrier in the bath solution
and to isolate voltage-dependent inward currents through
Ca?* channels, other Ca?*-activated mechanisms (such as



Ca?"-activated K* currents, Ca%*-activated Cl~ currents
etc.) were inhibited, by filling the pipette with a Cs*-TEA™"
solution containing SmM EGTA. Depolarizing step pulses
(10mV increments from —40 to +40mV for 1s duration,
every 20s) were applied from a holding potential of —90mV

a O V=90 mVv
® Vs=40mv
(i) (i)
-10mv
_—-a-. —————— r-" —W
O
0mV

~- 100

- -600
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by use of patch-clamp techniques. As shown in Figure 2a, at
potentials more positive than —30mV a I, was evoked; this
reached a peak and then gradually decayed. The amplitude
of this current was voltage-dependent; the maximum peak
amplitude was observed at approximately +10mV and then
was reduced at more positive potentials (Figure 2b). Figure 2b
shows the current-voltage relationships of Iy, obtained at
—40 and —-90mV (n=3S5). When the holding potential was
shifted to —40mV in the same myocytes, both the peak
amplitude and the amplitude at the end of the command
pulse were smaller, but the time course of the current decay
was identical at both holding potentials (Figure 2a). Similar
results were obtained in four other cells.

Inhibitory effects of azelnidipine on I,

In the conventional whole-cell experiments, the Iy, evoked
by a depolarizing pulse to +10mV from a holding potential
of —60mV increased slightly in amplitude; the peak currents
reached steady state approximately 4 min after the rupture of
the membrane patch. This peak value was then maintained
for at least 35 min (the peak amplitude of Iz, at 35 min being
98+2%, n=15) when test depolarization pulses (1s dura-
tion) were applied at 20s intervals. Consequently, all
experiments were performed within 35 min after the peak
amplitude of I, evoked by a depolarizing pulse from a
holding potential of —60 mV, had become stable.

Figure 3a shows the time course of the effect of
azelnidipine (300nM and 1 uM, applied cumulatively) on I,
evoked by a depolarizing pulse to + 10 from —60mV. The
depolarizing pulses were applied every 20s. Azelnidipine
(300 nM) reduced the peak amplitude of Iz,. On removal of
azelnidipine, the peak amplitude of I3, did not return to the
control level. Subsequent application of a high concentra-
tion of azelnidipine (1uM) further inhibited the peak
amplitude of Iz, and 10 uM nifedipine suppressed Iy, further
to zero.

To investigate the long-lasting inhibitory effects of
azelnidipine on Iy, further, two different concentrations of
azelnidipine were applied to different myocytes. Figure 4a
shows the time course of the effects of azelnidipine (100 and
300nM) on Iy, evoked by a depolarizing pulse to +10mV
from a holding potential of —60mV. Azelnidipine gradually
reduced the peak amplitude of Iy, but it became stable
within a few min (100nM, 0.674+0.03, n=6; 300nM,
0.49+0.06, n=6). On removal of azelnidipine, the azelnidi-
pine-induced inhibitory effects on Iy, still remained even
after 7 min of washout (Figure 4b). Subsequent application of
nifedipine (10 uM) suppressed Iy, even more. In Figure 4c, the

«

Figure 2 Inward /g, recorded by application of depolarizing pulses
at two different holding potentials (—40 and —90 mV) in guinea-pig
portal vein. Whole-cell recording, pipette contained Cs™-TEA™
solution plus 5mM EGTA and the bath solution contained 10 mm
Ba’* and 135mm TEA*. (a) (i) /g, at each indicated depolarizing
potential from both holding potentials superimposed. (ii) /g, from
(i) scaled to match their peak amplitudes and superimposed.
(b) Current-voltage relationships of [z, obtained at —40 and
—90 mV. Each symbol indicates the mean of five observations with
+s.d. shown by vertical lines. The curves were drawn by eye.
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Figure 3 Effects of azelnidipine and nifedipine on /g, in guinea-pig portal vein. (a) The time course of the effect of azelnidipine and nifedipine
on the peak amplitude of /g, evoked by repetitive depolarizing pulses to +10mV from a holding potential of —60 mV. Time 0 indicates the
time when 300 nM azelnidipine was applied to the bath. (b) Original current traces before (control, (i)) and after application of azelnidipine
(300 nM, (ii); T um, (iv)) as indicated in (a). (v) indicates a current trace just before application of 10 uM nifedipine.

time course of the effects of amlodipine (3 and 10 nM) on Iy,
evoked by a depolarizing pulse to +10mV from —60mV is
also shown. When 3nM amlodipine was removed, the
amlodipine-induced inhibitory effects did not persist and
Iy, gradually recovered after 7 min of washout, but the peak
amplitude of Iz, did not return to the control level
(0.86+0.06, n=4, Figure 4d).

Figure 5 shows the relative peak amplitude of Iy, evoked
by depolarizing pulses to +10mV from two different
holding potentials (—60 and —90mV) applied every 20s,
plotted against concentration of azelnidipine. Azelnidipine
inhibited the peak amplitude of I3, in a concentration-
dependent manner (—60mV, K;=282nM; -90mV,
Ki=2puM). In order to compare the inhibitory potency of
azelnidipine with the potencies of the other DHP-derived Ca
antagonists, amlodipine and nifedipine were applied in a
similar manner (Figure 5). Both nifedipine and amlodipine
also reduced the peak amplitude of Iy, in a concentration-
and voltage-dependent manner (amlodipine, —60mV,
Ki=15nM; -90mV, K;=446nM; nifedipine, —60mV,
Ki=10nM; —-90mV, K;=241nM). Azelnidipine inhibited
the peak amplitude of Iy, evoked by depolarizing pulses (1s
duration) from a holding potential of —60mV at levels more
positive than —30mV. Figure 6a shows the current-voltage
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relationships of Ip, in the absence and presence of 300 nM
azelnidipine; the inhibition appeared to be voltage-depen-
dent (Figure 6¢, n=3).

This voltage-dependency was investigated before and after
application of azelnidipine using the experimental protocol
shown in Figure 7a (conditioning pulse duration, 10s; test
pulse duration, 1s; holding membrane potential, —90mV).
In the absence of azelnidipine (control), inactivation of Iz,
occurred with depolarizing pulses more positive than
—-50mV from —90mV in the test pulse. After application of
azelnidipine (approximately 7 min later), the voltage-depen-
dent inactivation curve in the same cells was significantly
shifted to the left (16 mV). In Figure 7, the activation curves
obtained from the current-voltage relationships in Figure 6,
fitted to the Boltzmann equation, are also shown. Azelnidi-
pine (300nM) caused little shift of the activation curve (the
50% activation potentials; —8 mV (control; —8.2+0.4mV,
n=7) versus —7mV (azelnidipine; —7.3+0.3mV, n=7)).
Figure 7b shows the current traces of the test pulses, at the
potentials indicated, in the absence and presence of 300 nM
azelnidipine. In the presence of azelnidipine, the peak-
matched traces at the conditioning pulse potentials indi-
cated are also shown (Figure 7b); the peak amplitude of I,
evoked by the test pulse with no conditioning pulse was
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Figure 4 Effects of azelnidipine (100 and 300 nm), amlodipine (3 and 10 nm) and nifedipine (10 uM) on /g, in guinea-pig portal vein. (a) The
time course of the effects of application of azelnidipine (100 and 300 nm) and nifedipine on the peak amplitude of /g, evoked by repetitive
depolarizing pulses to + 10mV from a holding potential of —60 mV. Time 0 indicates the time at which azelnidipine was applied to the bath.
(b) Inhibitory effect of azelnidipine on /g, in the presence and absence (after 7 min washout) of each concentration of azelnidipine. Each
column shows the mean of 6 observations with +s.d. shown by vertical lines. (c) The time course of the effects of application of amlodipine
(3 and 10nM) and nifedipine on the peak amplitude of g, evoked by repetitive depolarizing pulses to +10mV from a holding potential of
—60mV. Time 0 indicates the time at which amlodipine was applied to the bath. (d) Inhibitory effect of amlodipine on /g, in the presence and
absence (after 7 min washout) of each concentration of azelnidipine. Each column shows the mean of four observations with +s.d. shown by
vertical lines. Asterisk indicates a statistically significant difference, demonstrated using a paired t-test (*P<0.01).

superimposed to that in the absence of azelnidipine (i.e.
control).

As shown in Figure 8, when a depolarizing pulse was
applied from —90mV to +10mV after an interval of 4 min
in the presence of azelnidipine (1 uM), the size of the peak
amplitude of Iz, was reduced (0.89+0.05, n=6), compared
with that observed before application of azelnidipine (i.e.
control). Similar results were obtained after an interval of
4min in the presence of amlodipine (300nM) at —90mV
(0.8+£0.05, n=3).

The effects of azelnidipine on the peak amplitude of 1, in the
presence of S(-)-Bay K 8644

In order to obtain further information regarding the binding
site(s) for azelnidipine, S(-)-Bay K 8644, a well-known
dihydropyridine-derived L-type Ca®*" channel agonist, was
utilized. The inhibitory potency of the Ca antagonists,
nifedipine and azelnidipine, were compared in the absence
and presence of S(-)-Bay K 8644. When the peak current
amplitude just before application of S(-)-Bay K 8644 was

taken as one, S(-)-Bay K 8644 (0.5uM, control) greatly
enhanced Ig, (2.1+0.4, n=26; Figure 9a and b). The addition
of azelnidipine (300nM) caused inhibitory effects on I,
(0.51+0.05, n= 6; Figure 9a and b) which were close to those
observed in the absence of S(-)-Bay K 8644 (0.45+0.10,
n=12; K;=282nM, i.e. Figure 5a); a small shift of the
concentration-response curve to azelnidipine occurred in the
presence of S(-)-Bay K 8644 (K;= 353 nM; Figure 9c and d). In
contrast, the concentration-response curve to nifedipine was
shifted to the right in the presence of S(-)-Bay K 8644
(Ki=4.1pM; Figure 9c and d) in comparison with that
observed in Figure 5a (K;=10nM), in an apparently compe-
titive manner.

Discussion

The present study provides the first direct electrophysio-
logical and functional evidence that azelnidipine
inhibits L-type Ca®>* channels in native vascular smooth
muscle.

British Journal of Pharmacology (2006) 149 786-796



Azelnidipine as a long-acting Ca antagonist
792 H-L Zhu et al

The rank order of potency of DHP-derived Ca antagonists

To date, the comparative potencies of DHP-derived Ca
antagonists have been examined by studying their relaxant
effects on either excess [K*],- or agonist (acetylcholine,
phenylephrine, etc.)-induced contractions in vascular
smooth muscles. However, it is well documented that excess
[K*], activates voltage-dependent mechanisms, Ca**-acti-
vated mechanisms due to Ca** entry (Ca®>*-induced Ca®*
release mechanisms, Ca’*-activated K* channels, Ca®™-
activated Cl~ channels, etc.) and that acetylcholine also

—— Azelnidipine {V;,=-60 mV)

a 1S ciomv —@— Azelnidipine (V=90 mV)
—— Amlodipine (V,=-60 mV)
Vi=-60 mV -—‘ L_ —&— Amlodipine (V,=-90 mV)
Vi=-90 mV —{} Nifedipine (V,=-60 mV)
—l- Nifedipine (V}, =-90 mV)
1.2 -

0.8 4
0.6 4

0.4 4

Relative amplitude

107 10" 0001 001 0.1 1 10 100 1000

Concentration (pM)

b Azelnidipine 300 nM

4’— +10 mV
V=60 mV S

Control

C Azelnidipine 3 pM

+10 mV

Control

British Journal of Pharmacology (2006) 149 786-796

activates stimulatory mechanisms (such as non-selective
cation channels, muscarinic receptor-modulated pathway,
etc., Kuriyama et al., 1995). Therefore, it is relatively difficult
to estimate the individual effects of DHP-derived Ca
antagonists on the contractile mechanisms in the presence
of either excess [K*], or agonists. Moreover, the comparative
studies have not been performed at normal membrane
potential and under unstimulated conditions. In the absence
of agonists, spontaneous contractions are observed in portal
vein but not arteries. Moreover, the peak amplitude of
Iz, through voltage-dependent Ca®* channels in resistant
arterial myocytes (such as mesenteric artery) is 50-100 pA
(Ohya et al., 1997), much smaller than that observed in
portal vein (400-500 pA; Teramoto et al., 1996). Thus, in the
present experiments, the portal vein was used to investigate
the effects of azelnidipine on Ip,. In guinea-pig portal vein,
it has been shown that spontaneous contractions are
suppressed by subsequent application of not only calcisep-
tine, a selective L-type Ca®" channel blocking peptide, but
also by nifedipine, although (+)-Bay K 8644, a L-type Ca®*
channel agonist, enhanced the amplitude of the sponta-
neous contractions (Teramoto et al., 1996). Teramoto et al.
(1996) suggested that the spontaneous contractions are
related to the activation of voltage-dependent Ca®* chan-
nels in guinea-pig portal vein. In the present experiments,
we evaluated the rank order of potency of DHP-derived Ca
antagonists on fresh intact tissue, in the absence of excess
[K*], or agonists, by recording changes in tension. The rank
order of potency was found to be nifedipine>amlodipine >
azelnidipine.

Properties of voltage-dependent Ca®™ channels in the smooth
muscle cells of guinea-pig portal vein

In the present study, Iz, studied in guinea-pig portal vein
probably flow through L-type voltage-dependent Ca*™
channels. This is supported by the following electrophysio-
logical and pharmacological observations; (1) there was no
hump or second peak at a less positive membrane potential
in the current-voltage relationships obtained by whole-cell
recordings. (2) When the holding membrane potential was
changed from —40 to —90 mV, the threshold potential for Iy,
did not shift. (3) There was no difference in the inactivated
decay of Iy, recorded at two different holding membrane

<

Figure 5 Effects of Ca antagonists on the peak amplitude of /g, in
guinea-pig portal vein. Whole-cell recording, pipette solution Cs™* -
TEA™ solution containing 5SmM EGTA and bath solution 10 mm
Ba?* containing 135mM TEA™. (a) Relationships between relative
inhibition of the peak amplitude of /g, and the concentration of Ca
antagonists at two holding potentials (—60 and —90 mV) in guinea-
pig portal vein. The following values were used for the fitted curve:
azelnidipine, —60mV, K;=282nM, ny=0.8; —90mV, Ki=2um,
ny=0.8; amlodipine, —60mV, Ki=15nM, ny=0.8; —90myV,
Ki=446nM, ny=0.8; nifedipine, —60mV, K;=10n™m, ny=0.8;
—90mV, K;=241nmMm, ny=0.8. Each symbol indicates the mean of
4-10 observation with +s.d. shown by vertical lines. Some of the
s.d. bars are smaller than the symbol. (b) The current traces in the
absence and presence of azelnidipine (300 nM) when the membrane
potential was held at —60 mV. (c) The current traces in the absence
and presence of azelnidipine (3uM) at a holding potential of
—90mV.
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Figure 6 Effects of azelnidipine on fg, at —60mV in guinea-pig
portal vein. (a) Current-voltage relationships obtained in the
absence (control) or presence of 300 nM azelnidipine. Each symbol
indicates the mean of five observations with +s.d. shown by vertical
lines. The curves were drawn by eye. (b) (i) Original current traces
before (control) and after application of 300 nM azelnidipine at the
indicated pulse potentials. (ii) /g, from (i) scaled to match their peak
amplitudes and superimposed. (c) Relationship between the test
potential and relative value of [g, inhibited by 300 nmM azelnidipine,
expressed as a fraction of the peak amplitude of Iz, evoked by a
range of depolarizing pulses in the absence of azelnidipine. Each
symbol indicates the mean of seven observations with +s.d. shown
by vertical lines. The line was draw by eye.

potentials (—40 and —90mV). (4) Application of nifedipine,
one of the most common DHP-derived Ca antagonists,
suppressed the amplitude of Iy, at —60 mV. Taken together,
these results suggest that the L-type Ca®' channel is
probably the only type of voltage-dependent Ca®>* channel
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present in guinea-pig portal vein under the present experi-
mental conditions. Several other smooth muscles may also
possess only a single type of voltage-dependent Ca**
channel (reviewed by Bolton et al., 1999).

Target channels for azelnidipine in native vascular smooth muscle
From the measurement of tension changes, we found that
azelnidipine caused a concentration-dependent inhibition
of spontaneous contractions (K;=153nM). In patch-clamp
experiments, azelnidipine, similar to nifedipine, suppressed
Iy, and demonstrated a similar inhibitory potency
(K;=282nM) at —60 mV. Furthermore, we demonstrated that
the rank order of potency of the compounds at inhibiting
the amplitude of Iy, was nifedipine >amlodipine > azelnidi-
pine, consistent with the observed changes in tension
produced by these compounds. Thus, it is conceivable that
azelnidipine reduces spontaneous contractions mainly
through inhibition of L-type voltage-dependent Ca®* chan-
nels in guinea-pig portal vein.

In the present experiments, S(-)-Bay K 8644, a DHP
derivative that is an L-type Ca®>" channel agonist, affected
the nifedipine-induced inhibitory effects on the peak
amplitude of Iz,, whereas S(-)-Bay K 8644 caused little or
no shift of the azelnidipine-induced inhibitory effects on Ig,.
These results suggest that nifedipine, but not azelnidipine,
interacts competitively with S(-)-Bay K 8644. In binding
studies (Janis et al., 1984), it has been shown that Bay K 8644
competes for the same binding sites as nitrendipine (a DHP
derivative). One possible explanation for the discrepancy
between such binding studies and our patch-clamp experi-
ments is that azelnidipine seems to possess multiple binding
affinities to voltage-dependent L-type Ca®* channels. In
radioligand-binding studies, it was found that azelnidipine
possessed a high affinity for DHP-binding sites (ICso =3 nM)
in comparison with those of other binding sites in L-type
Ca®" channels (phenylalkylamine-binding site, ICso= 4 uM;
benzothiazepine-binding site, ICso = 8 uM; Koike et al., 2002).
Recent molecular biological studies have detected specific
DHP-binding sites in amino-acid residues of o, (reviewed by
Striessnig et al., 1998). Thus it is possible that azelnidipine
binds to both the S6 segments in repeats III and IV (IIIS6 and
IVS6) and the IIIS5-S6 linker of «;c in a non-specific manner,
even though azelnidipine has a high affinity for the IIIS5-S6
linker (i.e. DHP-binding sites). Further studies are needed to
elucidate the nature of specific functional binding sites for
azelnidipine in voltage-dependent L-type Ca®>* channels in
vascular smooth muscle.

Kinetic studies on the actions of azelnidipine on lg,

When the holding potential was elevated to —60mV from
—90mV, voltage-dependent inhibition by azelnidipine was
observed and the concentration-response curve was shifted
to the left. The voltage-dependent inactivation curve was
also shifted to the left after application of 300nM azelnidi-
pine. These results suggest that the voltage-dependent
inhibitory actions of azelnidipine occur at the inactivated
state of voltage-dependent Ca®" channels in guinea-pig
portal vein (voltage-dependent block).
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Figure 7 Effects of azelnidipine on the voltage-dependent activation and inactivation of fg, in guinea-pig portal vein. (a) Steady-state
inactivation curves, obtained in the absence (control) and presence of azelnidipine, were fitted to the Boltzmann equation. Peak current values
were used. The steady-state inactivation curve was obtained using the double-pulse protocol (see Methods and inset). The current measured
during the test pulse is plotted against membrane potential and expressed as relative amplitude. The steady-state inactivation curves in the
absence or presence of azelnidipine were drawn using the following values: control, lhax=1.0, Vhas=-34mV, k=8 and C=0.04;
azelnidipine, 300 NM, Inax=1.0, Vhar=—-50mV, k=9 and C=0.01. Each symbol indicates the mean of six observations with +s.d. shown by
vertical lines. Some of the s.d. bars are smaller than the symbol. Asterisk indicates a statistically significant difference, demonstrated using a
paired t-test (*P<0.01). Activation curves were obtained from the current-voltage relationships of Figure 6, fitting to the Boltzmann equation
(see Methods). The activation curves in the absence or presence of azelnidipine were drawn using the following values: control, Imax=1.0,
Vhar=—8mV, k=7 and C=0.01; azelnidipine, 300 nM, Imax=1.0, Viar=—7mV, k=7 and C=0.02. Each symbol indicates the mean of seven
observations with +s.d. shown by vertical lines. Some of the s.d. bars are smaller than the symbol. (b) Original current traces before (control,
(i)) and after application of 300 nm azelnidipine (ii) at the indicated conditioning pulse potentials. (iii) The inward Ba?* currents from (ii) scaled

to match the peak amplitude of the current with no conditioning pulse in the absence of azelnidipine (i.e. control) were shown.

The same amplitude of Iy, was produced by application of
depolarizing pulses to +10mV from potentials of —-90 mV or
more negative, suggesting that all of the voltage-dependent
Ca®" channels at these potentials may be in the resting state.
It has been reported that several DHP derivatives commonly
cause a potent resting state block on L-type Ca®>* channels
(Bolton et al., 1999). Similarly, both azelnidipine and
amlodipine had an inhibitory effect on the peak amplitude
of Iy, evoked by a depolarizing pulse to + 10 from —90mV.
These results suggest that azelnidipine may inhibit I, in a
voltage-independent manner (resting state block). In the
present experiments, the K. value was estimated to be
2.2 uM from the concentration-response curve at a holding
potential of —90mV. When the value of AV}, was obtained
from the results using 10 s conditioning pulses, the estimated
Kinact value was 9.5 nM (see Methods). Given this, we suggest
that azelnidipine may bind to the inactivated state with
approximately 230 times higher affinity than to the resting
state in guinea-pig portal vein.

British Journal of Pharmacology (2006) 149 786-796

The implication of the long-lasting effects of azelnidipine

in hypertension treatment

The long-lasting azelnidipine-induced reduction of sponta-
neous contractions was observed by recording tension
after washout of azelnidipine. Similarly, on removal of
azelnidipine, the long-lasting inhibitory effects of azelnidi-
pine on Iy, were also observed in patch-clamp experiments.
Koike et al. (2002) reported that azelnidipine still remained
in the vascular smooth muscle walls even after washout of
the compound. It has been reported that the hydrophobicity
of DHP-derivatives is closely related to the limiting rate
for diffusion in the lipid bilayer of cell membrane (Rhodes
et al., 1985). As azelnidipine is a potent hydrophobic
compound (log partition (log P) coefficient; 4.4 at pH 9
and log P measured by HPCL technique (log Pypic)
coefficient, 5.2; personal communication from the
Sankyo Pharmaceutical Co. Ltd.), azelnidipine is likely not
only to bind to the high affinity sites in voltage-dependent
Ca?™ channels but also to remain in the lipid bilayer of the
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0my 15 smooth muscle membrane. These long-lasting inhibitory
© Azelnidiping 1 pM . P 24

Vy=-90 mV o Amlodipine 300 nM actions of azelnidipine on voltage-dependent Ca“" channels
may be of clinical benefit in the control of blood pressure for

Ca antagonisl long periods,
Recently, it has been found that azelnidipine possesses
several other actions in addition to its Ca antagonistic
effects. Namely, azelnidipine has a potent anti-oxidative
effect in human cultured arterial endothelial cells (Shino-
*:?f‘ruwl‘n miya et al., 2004). It appears to have a protective role in the
N development and progression of atherosclerosis through
these anti-oxidative properties (Yamagishi et al., 2004).
Moreover, azelnidipine attenuates mitochondrial injury
o and apoptosis in hypoxic renal tubular cells (Tanaka et al.,
2 {') 2 :t é é 1'0 (min) 2004). Thus, taken together, these results indicate that
azelnidipine is likely to be classified into a new category of
Ca antagonists that have various unique pharmacological
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Figure 8 The effects of azelnidipine (1uM) and amlodipine
(300nMm) on Ig, in guinea-pig portal vein. No pulses were applied )
for the initial 4min after application of the drug at a holding actions.

potential of —90 mV. Each symbol shows the mean value of the peak In conclusion, we demonstrated that azelnidipine causes a
amplitude of [z, evoked by depolarizing pulses (see inset) delivered long-lasting vascular relaxation through persistant inhibi-

after this 4min period. The peak amplitude of /g, just before . 24 . . . .
application of the drug was normalized to one (control). tion of L-type Ca™" channels in guinea-pig portal vein.
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Figure 9 The effects of azelnidipine on /g, in the presence of 0.5 uM S(-)-Bay K 8644. (a) The time course of the effects of application of
300 nM azelnidipine and 10 uM nifedipine on the peak amplitude of /g, evoked by repetitive depolarizing pulses to +10mV from a holding
potential of —60 mV. Time 0 indicates the time at which S(-)-Bay K 8644 was applied to the bath. (b) Inhibitory effects of azelnidipine on /g,
in the presence of S(-)-Bay K 8644. Original current traces before (control, (i)) and after (ii) application of S(-)-Bay K 8644, as indicated in (a).
(iii) Azelnidipine in the presence of S(-)-Bay K 8644 and (iv) nifedipine in (a). (c) Relationships between the relative inhibition of the peak
amplitude of /g, and the concentration of Ca antagonists at —60 mV in guinea-pig portal vein. The following values were used for the fitted
curve: azelnidipine, K;=353 nm, ny=0.8; nifedipine, K;=4.1 uM, ny=0.8. Each symbol indicates the mean of 4-7 observations with +s.d.
shown by vertical lines. Some of the s.d. bars are smaller than the symbol. The curves with the broken line (azelnidipine and nifedipine)
were taken from Figure 5a, respectively. (d) (i) The current traces in the absence and presence of azelnidipine (300 nm) and with the addition of
S(-)-Bay K 8644. (ii) The current traces in the absence and presence of nifedipine (10 nM) with the addition of S(-)-Bay K 8644.
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