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Abstract

The effects of CD-832 (4R-(—)-2-(nicotinoylamino)ethyl-3-nitroxypropyl-1,4-dihydro-
2,6-dimethyl-4,3-nitrophenyl, 3,5-pyridine dicarboxylate) , a novel dihydropyridine deriv-
ative, on guinea-pig isolated myocardial preparations have been compared with those of
Ca**-channel antagonists.

All ten compounds induced concentration-dependent negative chronotropic effects on
preparations of isolated right atria and negative inotropic effects on isolated right
ventricular papillary muscles. The order of potency for the negative chronotropic effect
was CD-832 > nicardipine = gallopamil > clentiazem > nifedipine = efonidipine >
amlodipine = semotiadil > verapamil > diltiazem; that for the negative inotropic effect
was nicardipine = gallopamil > nifedipine > verapamil > CD-832 > diltiazem >
clentiazem > efonidipine = semotiadil > amlodipine. The ratio of the EC50 (the
concentration of Ca** antagonist having 50% of the maximum effect) for the negative
inotropic effect divided by the EC50 for the negative chronotropic effect, considered to be
an index of selectivity for negative chronotropic effect, was higher for CD-832, amlodi-
pine, efonidipine and semotiadil than for the other Ca®* antagonists. The ratio for CD-832,
nifedipine, nicardipine, efonidipine, amlodipine, verapamil, gallopamil, diltiazem, clentia-
zem and semotiadil was 11-4, 0-29, 0-87, 35-4, 37-1, 0-65, 0-87, 0-92, 7-11 and 300,
respectively.

These findings indicate that CD-832 and the newly developed Ca®' antagonists including
amlodipine, efonidipine, semotiadil and clentiazem were selective for a negative chron-
otropic effect rather than for a negative inotropic effect. This ‘chrono-selective’ effect of

these drugs might be of benefit in the treatment of cardiovascular disorders.

Prototypes of Ca®'-channel antagonists such as
nifedipine, verapamil and diltiazem are known to
inhibit the voltage-dependent Ca®" currents in pre-
parations of cardiac and vascular smooth muscle
(Bean 1984; Hess et al 1984; Kawashima & Ochi
1988; Nelson & Worley 1989), resulting in negative
chronotropic, negative inotropic and vasorelaxant
activity. Although these drugs are effective in the
treatment of a wide range of cardiovascular disorders,
chiefly angina pectoris, hypertension and cerebral
vasospasm (Ellrodt et al 1980; Pepine et al 1983;
Laragh et al 1987), the hypotension they induce is
usually associated with baroreflex-mediated tachy-
cardia. Moreover, Ca*"-channel blockade can
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sometimes induce adverse effects on cardiac function
because of their negative inotropic effect.

CD-832 (4R-(—)-2-(nicotinoylamino)ethyl-3-
nitroxypropyl-1,4-dihydro-2,6-dimethyl-4,3-nitro-
phenyl, 3,5-pyridine dicarboxylate) is a recently
developed 1,4-dihydropyridine derivative contain-
ing a nitrate ester group (Adachi et al 1993; Ogawa
et al 1994; Figure 1). It has long-lasting anti-
hypertensive action in anaesthetized dogs (Taka-
hashi et al 1992) and anti-anginal action in
anaesthetized miniature pigs (Takahashi et al
1993). In electrophysiological experiments, CD-
832 and nifedipine inhibited the L-type Ca®*" cur-
rent of guinea-pig ventricular myocytes (Noguchi
et al 1996) and rat aortic smooth muscle cells
(Hirakawa et al 1994). Recently, CD-832 was
shown to induce a vasorelaxant effect in the rabbit
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Figure 1. The chemical structures of CD-832 and nifedipine.

aorta and femoral vein, an effect which might be
related to its nitrate-like action (Miyata et al 1993;
Yamaura et al 1994; Noguchi et al 1997). A notable
characteristic of CD-832 is that the reflex tachy-
cardia it produces in-vivo in dogs is much less
pronounced than that elicited by equally effective
hypotensive doses of nifedipine (Takahashi et al
1992, 1994).

However, the potency for the negative chrono-
tropic effects of CD-832 in comparison with that
of Ca’" antagonists has not yet been clarified.
This study has examined the effects of CD-832 on
the beating rate and contractile force of guinea-pig
isolated myocardial preparations. The inhibitory
effects of CD-832 were compared with those of
classical Ca®* antagonists including nifedipine,
nicardipine, verapamil, gallopamil and diltiazem,
and those of newly developed Ca®" antagonists
including amlodipine, efonidipine, clentiazem and
semotiadil.

Materials and Methods

Measurement of chronotropic and inotropic effects
Experiments were performed on male Hartley-
strain guinea-pigs (Japan SL.C, Shizuoka Japan),
weighing 300400 g. All guinea-pigs were killed
by venesection under deep anaesthesia induced by
injection of excess sodium pentobarbital. The right
atria and right ventricular papillary muscles were
rapidly isolated from the hearts of the animals and
placed in an organ bath containing modified
Ringer’s nutrient solution of composition (mMm):
NaCl 135, KC1 5, CaCl, 2, MgCl, 1, NaHCO; 15

and glucose 5-5 (pH 7-4). The solution was aerated
with 95% 0,-5% CO, and was maintained at
36-5°C. The parameters measured were the spon-
taneous beating rate of the right atria and the
developed tension of the right ventricular papillary
muscles. The beating rate of the right atria was
measured with a cardiotachometer (Nihon Kohden,
Tokyo, Japan AT-601G) connected to a mini
polygraph (Nihon Kohden, RM-6100). The dia-
stolic tension applied was 0-5 g for the papillary
muscle. Developed tension was recorded iso-
metrically with a force-displacement transducer
(Nihon Kohden, TB-612T) connected to a mini
polygraph (Nihon Kohden, RM-6100). The papil-
lary muscles were driven by a pair of platinum
plate-electrodes (field stimulation) with rectangular
current pulses (1 Hz, 5 ms, approximately
1-2 x threshold voltage) generated from an elec-
tronic stimulator (Nihon Kohden, SEN-7203).

To ensure that isolated muscles were functioning
properly, the right atrial and ventricular papillary
preparations were exposed to 10’ M and 10 ® m
isoprenaline, respectively, for 5 min. If the increase
in spontaneous beating rate and developed tension
was < 40% of the basal value of each, the pre-
paration was rejected. Isoprenaline was washed out
of the bath and the preparations were left to stabi-
lize for at least 60 min. If the change in the spon-
taneous beating rate or the developed tension
during the stabilization period was > 5% of each
basal value, the preparation was rejected. The
decrease in beating rate and contractile force during
the 180-min period was 3-7+2-3% (n=6) and
3-4+2.2% (n=06), respectively, for preparations
treated with 0-1% dimethylsulphoxide; these values
were not significantly different for basal values.
After an equilibration period various doses of the
compounds were cumulatively added to the bath
and the chronotropic and inotropic effects of the
compounds were measured during the steady-state
phase. The beating rate or contractile force after
each addition was expressed as a percentage of the
basal value in the absence of drugs. All experi-
ments were performed in a darkened room.

Drugs

CD-832 (Figure 1), efonidipine (NZ-105), amlodi-
pine, gallopamil (D600), clentiazem (TA-3090) and
semotiadil (SD-3211) were synthesized at the
Taisho Research Center. Nifedipine (Figure 1),
nicardipine, verapamil and diltiazem were pur-
chased from Sigma (St Louis, MO). CD-832,
nifedipine, nicardipine, efonidipine and amlodipine
were dissolved in 100% dimethylsulphoxide. The
final concentration of dimethylsulphoxide in the
preparation bath, < 0-3%, did not affect the
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chronotropic or inotropic responses. Other Ca’*
antagonists were dissolved in distilled water. All
other chemicals were commercial products of the
highest available grade of quality.

Data analysis

Data are expressed as mean =+ standard error
(s.em.). To estimate ECS50, the effective con-
centration of drug inducing half the mechanical
response to the control, the data were fitted to
Michaelis—Menten equation using a least-squares
fitting method, according to the equation:

Y =M x DY /(K? + DF)

where M is the maximum effect of each drug, D is
the drug concentration, K is the EC50 value of each
drug and P is the slope parameter (Parker & Waud
1971).

Statistical analysis was performed to establish the
potency order of various Ca®* antagonists for
chronotropism and inotropism experiments using
each EC50 value. The significance of differences
between means of the control group and the drug-
treated group were as evaluated by one-way ana-
lysis of variance then Duncan’s multiple-range test.
P values < 0-05 were considered to indicate sta-
tistical significance.

Results
Negative chronotropic effects of CD-832 and
various Ca’* antagonists

The basal rate of spontaneously beatmg guinea-pig
right atria was 171 £2 beats min~ ' (n=80). CD-
832 and the other nine Ca®* antagonists induced
concentration-dependent  negative  chronotropic
effects on preparations of isolated right atria (Fig-
ure 2). The negative chronotropic effect was most
potent for CD-832 (EC50=7-13; n=38); its
potency was approximately 6, 13 and 36 times
higher than those of nifedipine, verapamil and
diltiazem, respectively. The order of potency was
CD-832 > nicardipine = gallopamil > clentia-
zem > nifedipine = efonidipine > amlodipine
= semotiadil > verapamil > diltiazem (Table 1).

gatzve inotropic effects of CD-832 and various
antagonists

The basal developed tension of right ventricular
papillary muscle driven at 1 Hz was 217 £20 mg
(n=60). All ten compounds induced concentra-
tion-dependent negative inotropic effects on iso-
lated ventricular papillary muscle preparations
(Figure 3). The negative inotropic activity of CD-
832 (EC50 = 6-07; n = 6) was approximately six to
seven times weaker than that of nicardipine, gal-
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Figure 2. Concentration-response curves for the negative
chronotropic response of guinea-pig right atria to dihydropyr-
idine (@, CD-832; O, nifedipine; A, nicardipine; A, amlodi-
pine; M, efonidipine) and non-dihydropyridine (¥, verapamil;
V, gallopamll &, diltiazem; <, clentiazem; [J, semotiadil)
Ca’ antagonists. Beating rate in the presence of different
concentrations of the drugs was expressed as a percentage of
the beating rate without drugs. The data points with vertical
bars indicate the means & s.e.m. (n=_8).

lopamil and nifedipine. The order of potency was
nicardipine = gallopamil > nifedipine > ver-
apamil > CD-832 > diltiazem > clentiazem >
efonidipine = semotiadil > amlodipine (Table 1).

Negative chronotropzc selectivity of CD-832 and
various Ca’" antagonists

Table 1 lists the negative chronotropic and ino-
tropic activities of the compounds, and the negative
chronotropic selectivity ratios. The ratio [EC50 for
negative inotropic effect]/[EC50 for negative
chronotropic effect], considered to be an index of
selectivity for negative chronotropic effects, was
higher for CD-832, amlodipine, -efonidipine,
semotiadil and clentiazem than for the other drugs.

Discussion

Dihydropyridine derivatives in general have been
reported to produce negative chronotropic respon-
ses at higher concentrations than those producing
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Table 1. The negative chronotropic and negatlve inotropic potencies and negative

chronotropic selectivity ratios of various Ca

right atria and right ventricular papillary muscle preparations.

*_channel antagonists on guinea-pig isolated

Drug Negative Negative Negative
chronotropic inotropic chronotropic
effect: EC50 effect: EC50 selectivity ratio

CD-832 7-13 (6-:99-7-34) 6-07 (5:90-6-37) 114

Nifedipine 6-33 (6-08-6-99) 6-85 (6-70-7-10) 0-29

Nicardipine 6-82 (6-68-7-03) 6-89 (6-62-7.70) 0-87

Efonidipine 6-33 (6-04-7-76) 4.77 (4-29-5-08) 35-4

Amlodipine 6-10 (5-81-7-21) 4.52 (4-19-5-02) 37-1

Verapamil 6-02 (5-95-6-11) 6-21 (6-08-6-40) 0-65

Gallopamil 6-82 (6-54-8-07) 6-89 (6-64-7-49) 0-87

Diltiazem 5-59 (5-46-5-76) 562 (5-44-5-93) 092

Clentiazem 6-35 (6-21-6-55) 5-49 (5-33-5-76) 7-11

Semotiadil 6:10 (5-90-6-46) 4.62 (4-54-4.72) 30-0

Effective concentrations (EC50) are the negative log;o of drug concentration (M)
eliciting half of the response to the control. The negative chronotropic selectivity ratios
were calculated as [EC50 value for negative inotropic potency]/[EC50 value for negative
chronotropic potency]. The higher the negative chronotropic selectivity ratio the greater the
selectivity for negative chronotropism. The data are shown as EC50 value and 95%

confidence limits (n =6-8).

vasodilation (Haruki et al 1980). The concentration
range of CD-832 producing a negative chronotropic
response was approximately one order of magni-
tude lower than the range previously reported to
induce vasodilation (Miyata et al 1993; Noguchi et
al 1997). Therefore, CD-832 was shown to have a
relatively potent chronotropic action compared
with its vasorelaxant action; this is unique among
dihydropyridines. This property might explain the
less pronounced reflex tachycardia observed after
administration of CD-832 than after nifedipine in
our previous studies with conscious dogs (Taka-
hashi et al 1994). The negative inotropic activity of
CD-832 in ventricular papillary muscles was six to
seven times less than that of nifedipine and nicar-
dipine. The ratio [EC50 for negative inotropic
effect] /[EC50 for negative chronotropic effect] was
larger than unity and approximately 40 and 10
times higher than those of nifedipine and nicardi-
pine, respectively. These results indicate that CD-
832 is relatively selective in its negative chrono-
tropic effects. This property again seems unique
among the dihydropyridine derivatives, which are
generally considered to have a selective negative
inotropic action (Henry 1980; Perez et al 1982;
Nakaya et al 1988; Nishimura et al 1990). This
‘chrono-selective’ cardiosuppressive effect of CD-
832 might be advantageous in patients with angina
pectoris for whom tachycardia can stimulate angina
crises because of the increase in myocardial oxygen
consumption. Such patients also have a tendency to
suffer from heart failure, and administration of
negative inotropic agents such as Ca®* antagonists
and f-adrenoceptor antagonists might sometimes
result in adverse effects. CD-832, which is less

likely to produce excessive cardiosupression,
would be advantageous in these instances.

Moreover, in the current study newly developed
Ca®" antagonists such as efonidipine (Masuda et al
1991a, b; Tanaka et al 1996), amlodipine (Burges
et al 1987; Matlib et al 1988), clentiazem (Kikkawa
et al 1988; Narita et al 1990; Mecca & Love 1992)
and semotiadil (Miyawaki et al 1990, 1991; Nish-
imura et al 1990) are also relatively selective in
their negative chronotropic effects. This pharma-
cological property of these drugs also might be
advantageous in the treatment of cardiovascular
diseases with a tendency towards heart failure, such
as angina pectoris.

The mechanism of this relative selectivity for the
negative chronotropic effect of CD-832 remains to
be investigated. Receptor binding and electro-
physiological experiments have shown that the
affinity of dihydropyridines for Ca** channels and
the resulting inhibition of the channel is highly
dependent on the membrane potential (Bean 1984;
Sanguinetti & Kass 1984; Reuter et al 1985;
Kokubun et al 1986). Inhibition of the Ca** chan-
nel by these drugs was stronger when the mem-
brane was depolarized. Dihydropyridines in general
are considered to exert a greater selective
mechanical action on vascular tissues than on car-
diac muscle, because of the generally less-negative
resting membrane potential of vascular tissue
(Kuriyama et al 1982). Because the maximum
diastolic potential of the sino-atrial node is lower
than the resting potential of papillary muscles, the
unique profile of CD-832 mi ht be related to the
voltage-dependence of 1ts Ca®" channel-blocking
action. However, Ca’' antagonists, including
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Figure 3. Concentration—response curves for the negative

inotropic response of guinea-pig ventricular papillary muscles
to dihydropyridine (@, CD-832; O, nifedipine; A, nicardipine;
A\, amlodipine; W, efonidipine) and non-dihydropyridine (V,
verapamil; V, gallopamll @, diltiazem; <, clentiazem; [,
semotiadil) Ca antagonists. The preparation was constantly
stimulated at 1 Hz. Contractile force in the presence of
different concentrations of drugs was expressed as a percen-
tage of the contractile force without drugs. The data points
with vertical bars indicate the means + s.e.m. (n =6).

dihydropyridines, are known to have effects on
sites other than the L-type Ca®* channel (Zernig
1990); these might be involved in their negative
chronotropic effects. Hirakawa et al (1994) repor-
ted that CD-832 inhibited T-type Ca®* channels i 1n
cultured smooth muscle cells. As T-type Ca’*
channels are reported to be involved in the pace-
making activity of sino-atrial node cells (Hagiwara
et al 1988; Satoh 1995; Masumiya et al 1997), the
negative chronotropic potency of CD-832 might be
partly explained by its effect on T-type Ca’*
channels.

Our results show that CD-832 and newly devel-
oped Ca®* antagonists including efonidipine,
amlodipine, clentiazem and semotiadil have highly
selective negative chronotropic action rather than a
negative inotropic action when compared with

nifedipine, nicardipine, verapamil, gallopamil and
diltiazem. Therefore, this pharmacologlcal profile
of CD-832 and other novel Ca®* antagonists would
be of value in the treatment of cardiovascular dis-
eases such as angina pectoris.
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