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The negative inotropic effects of nine Vaughan Williams class I antiarrhythmic drugs were examined
in guinea pig ventricular tissue preparations. The drugs decreased the contractile force of papillary muscles
with different potencies: the potency order was propafenone > aprindine > cibenzoline > flecainide > rano-
lazine > disopyramide > pilsicainide > mexiletine > GS-458967. The potency of drugs correlated with the
reported ICy, values to block the L-type Ca’* channel rather than the Na* channel. The effects of drugs
were roughly the same when examined under a high extracellular K* solution, which inactivates the Na*
channel. Furthermore, the attenuation of the extracellular Ca’*-induced positive inotropy was strong with
propafenone, moderate with cibenzoline, and weak with pilsicainide. These results indicate that the negative
inotropic effects of class I antiarrhythmic drugs can be largely explained by their blockade of the L-type

Ca?* channel.
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INTRODUCTION

Vaughan Williams Class [ antiarrthythmic drugs have
been used in the pharmacological treatment of arrhythmia;
they inhibit the propagation of ectopic excitation through the
blockade of Na* channels.” Class I antiarrhythmic drugs are
used differently depending on their mode of action on the Na*
channel and other pharmacological effects via receptors, chan-
nels, and transporters.” Although class I antiarrhythmic agents
are moderately effective against various types of arrhythmia,
they often show unwanted cardiosuppressive effects that limit
their use in patients with reduced cardiac function.>” On the
other hand, the development and clinical use of class I antiar-
rhythmic drugs with a novel mode of action on the Na* chan-
nel are now in progress."* For the optimization of the clinical
usage of class I antiarrhythmic drugs and the development
of new antiarrhythmic drugs with higher efficacy and safety,
understanding the mechanism of their cardiosuppressive
effects is essential. In this study, we compared the negative
inotropic effects of nine class I antiarrhythmic drugs using
isolated guinea pig ventricular myocardium to obtain a birds-
eye overview concerning the factors underlying their negative
inotropic effects.

MATERIALS AND METHODS

All experiments were performed in accordance with
the Guiding Principles for the Care and Use of Laboratory
Animals approved by The Japanese Pharmacological Society
and the Guide for the Care and Use of Laboratory Animals
at the Faculty of Pharmaceutical Sciences, Toho University
(22-41-507).

The negative inotropic effects of nine class I antiarrhythmic
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drugs and related agents were examined in isolated right ven-
tricular papillary muscles from Hartley strain male guinea
pigs. The procedures were the same as those in our previous
study.>® The papillary muscles were mounted in an organ
bath filled with a physiological salt solution of the following
composition: 118.4mM NaCl, 47mM KCl, 2.5mM CaCl,,
1.2mM MgSO,, 1.2mM KH,PO,, 24.9mM NaHCO,, and
11mM glucose (pH =74, 37°C), gassed with 95% O, 5%
CO, and maintained at 36 =0.5°C. The preparations were
electrically driven at 0.5Hz, and the contractile force was re-
corded isometrically. High extracellular K* solution contained
118 4mMNaCl, 30mM KCl, 2.5mMCaCl,, 1.2mMMgSO,,
1.2mM KH,PO,, 24.9mM NaHCO,, 11 mM glucose, and 1 uM
(S)-(—)-Bay K8644 (pH =74, 37°C). Small aliquots of drug
solutions were added to the solution in the organ bath to ob-
tain the desired final concentrations.

Tetrodotoxin citrate and pilsicainide were purchased from
Alomone Labs (Jerusalem, Israel), GS-458967 from MedKoo
Biosciences (Morrisville, NC, U.S.A.), disopyramide from
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan),
cibenzoline and aprindine from Cosmo Bio Co., Ltd. (Tokyo
Japan), nifedipine, flecainide, mexiletine, and (S)-(—)-Bay
K8644 from Sigma-Aldrich (St. Louis, MO, U.S.A.), propafe-
none from LKT Laboratories, Inc. (St. Paul, MN, U.S.A.), and
ranolazine from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). (GS-458967, nifedipine, disopyramide, flecainide,
propafenone, ranolazine, and (S)-(—)-Bay K8644 were dis-
solved in dimethyl sulfoxide and other chemicals in distilled
water.

All data were expressed as mean =+ standard error of the
mean (S.E.M). IC,, values were calculated by non-linear
regression analysis using GraphPad Prism 8 (GraphPad Soft-
ware Inc., San Diego, CA, U.S.A.). Pearson’s coefficients were
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used for evaluating correlations between the ICs, for the nega-
tive inotropy and the IC, for Na* or Ca** channel blockade.

RESULTS

The class I antiarrhythmic drugs decreased the contractile
force of the right ventricular papillary muscles (Fig. 1). The
effects were dependent on the concentration of the drugs
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ranging from 0.3 to 30uM; the concentration range includes
or largely overlaps with the therapeutic plasma concentra-
tion of the drugs.”® There was a large difference in the po-
tency of drugs ranging from propafenone, which showed a
marked reduction of contractile force, to GS-458967, which
showed virtually no effect. The potency order was propafe-
none > aprindine > cibenzoline > flecainide > ranolazine > di-
sopyramide > pilsicainide > mexiletine > GS-458967. The con-
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Fig. 1. Negative Inotropic Effects of Class I Antiarrhythmic Drugs
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Typical traces (A) and summarized results (B) for the effects of cibenzoline (a), disopyramide (b), aprindine (c), mexiletine (d), flecainide (e), pilsicainide (f), propafe-
none (g), ranolazine (h), and GS-458967 (i) on the contractile force were examined in normal (open circles) and high K* (closed circles) solutions. The contractile force
was expressed as a percentage of the values before application. Symbols and vertical bars indicate the mean * standard error of the mean (S.E.M., n=>75).
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tractile force in the presence of 30 uM of each drug expressed
as a percentage of that in their absence was 26.3 £3.8%
(n=15) for propafenone, 37.5*+4.7% (n=15) for aprindine,
484+3.1% (n=15) for cibenzoline, 52.3£2.4% (n=1>5) for
flecainide, 60.6 =8.0% (n=15) for ranolazine, 68.1 £4.1%
(n=75) for disopyramide, 74.7 = 6.4% (n=75) for pilsicainide,
76.2 £6.0% (n=>5) for mexiletine, and 84.1 =4.4% (n=15) for
GS-458967.

The effects of class I antiarrhythmic drugs were also ex-
amined under elevated extracellular K* concentration, under
which the function of Na" channels is markedly reduced
while the dependence of myocardial contraction on the L-
type Ca®" channel is maintained”'?; this was confirmed by
the observation that the contractile force was highly sensitive
to nifedipine but not to tetrodotoxin. The contractile force
under elevated extracellular K™ concentration was decreased
to 10.7£3.9% (n=15) with 1 4«M nifedipine, but to 89.1 =3.0%
(n=75) with 10uM tetrodotoxin. The effect of class I antiar-
rhythmic drugs was not strongly affected by elevated extracel-
lular K" concentration, and the overall trend was the same as
that under normal extracellular solution (Fig. 1).
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To clarify the ionic mechanisms for the negative inotropic
effects of class I antiarrhythmic drugs, we analyzed our data
using the reported potency of drugs against the Na* and Ca®*
channels (Supplementary Table S1). When the concentration
of each drug was expressed as a ratio against its ICy, value
for Na® channel, there was about a 1000-fold difference in the
potency (Fig. 2A), and the IC;, for negative inotropy of drugs
did not correlate with the ICy, for Na™ channel (r=-0.10,
p=0.80). In contrast, when the concentration of each drug
was expressed as a ratio against its ICy, value for Ca®* chan-
nel, the negative inotropic effects of all drugs tended to
converge on a single concentration—response curve; the dif-
ference in potency was decreased to 10-fold (Fig. 2B). There
was a correlation between the ICy, for negative inotropy in
the normal solution and the ICs, for Ca®" channel (r=0.96,
p=0.0001).

To further confirm the involvement of Ca>* channel blockade,
the effects of drugs on the inotropic response to extracellular
Ca®" were examined. The extracellular Ca®>" concentration
was increased up to 10mM in the absence and presence of
drugs. The inotropic response was markedly decreased by
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Fig. 2.

Correlation between the Negative Inotropic Effects of Class I Antiarrhythmic Drugs and Blockade of Na* or Ca** Channels

The values for the negative inotropic effects under normal solution shown in Fig. 1 were re-plotted against the concentration of each agent normalized as a ratio against
the IC, values (uM) of drugs for Na* (A) and Ca®" (B) channels. The symbols used were open circles for cibenzoline, grey circles for disopyramide, closed circles for ap-
rindine, open triangles for mexiletine, grey triangles for flecainide, closed triangles for pilsicainide, open squares for propafenone, grey squares for ranolazine, and closed
squares for GS-458967. GS-458967, whose negative inotropic effect was very small and ICs, value for Ca’* channels not reported, was excluded from the plot in B. The
insets indicate the correlation of ICy, values for negative inotropy (ordinate) and ICs, values (abscissa) for the Na* (A) or Ca*" (B) channel blockade. Each ICy, is shown

in the supplementary material.
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nifedipine, which confirms the Ca®" channel-dependent nature
of this response; the inotropic response to 10mM Ca*' in the
presence of 0.3uM nifedipine was 33.1 £3.6% (n=15) of that
in its absence. The class I antiarrhythmic drugs showed inhibi-
tory effects on this response. The potency order of inhibition
was propafenone > cibenzoline > pilsicainide. The response to
10mM Ca?" in the presence of 30 uM propafenone, cibenzoline,
and pilsicainide was 30.9*5.0% (n=5), 54.0£5.0% (n=75),
and 91.1 =4.4% (n=15) of that in its absence, respectively.

DISCUSSION

In the present study, we systematically examined the nega-
tive inotropic effects of nine class I antiarrhythmic drugs in
isolated myocardial preparations to obtain a birds-eye over-
view concerning the factor(s) underlying their cardio-suppres-
sive effects (Fig. 1). The results revealed a large difference in
the negative inotropic effect of drugs. The potency order was
propafenone > aprindine > cibenzoline > flecainide > ranola-
zine > disopyramide > pilsicainide > mexiletine > GS-458967.
The present results with the class Ia and Ib antiarrhythmic
drugs, cibenzoline, disopyramide, aprindine, and mexiletine,
were consistent with earlier reports.>!)

The negative inotropic effects of class I antiarrhythmic
drugs have been attributed to the Na® blocking effects
themselves. A plausible explanation was the involvement of
the Na'-Ca’" exchanger; Na" channel blockade decreases
intracellular Na* concentration, causing a compensatory in-
tracellular uptake of Na® via Na™-Ca** exchanger and an ex-
tracellular efflux of Ca®", which results in a reduction of con-
tractile force.'”” However, the observed large difference in the
negative inotropic potency among drugs raises the possibility
that Na™ channel blockade itself is not the major mechanism
for the negative inotropy. In fact, the large variation among
drugs was not resolved even when the concentration of drugs
was expressed as a ratio against their ICy, value for Na* chan-
nel blockade (Fig. 2A). Experimentally, the negative inotropic
effects of drugs were not much affected by the elimination of
Na® channel function by elevated extracellular K* (Fig. 1).
These results clearly indicated that factors other than Na®
channel blockade are largely involved in the negative inotropic
action of class I antiarrhythmic drugs.

Trans-sarcolemmal Ca®" influx through Ca®* channels is
known to be the main trigger of myocardial contraction; it
triggers Ca®" release from the sarcoplasmic reticulum to form
the intracellular Ca®" transient. The myocardial contractile
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force under elevated extracellular K concentration, used in
the present study, was shown to be highly dependent on Ca**
channel function.*'” The present observation that the nega-
tive inotropic effect of class I antiarrhythmic drugs observed
under normal conditions was mostly preserved under elevated
extracellular K* conditions implies the involvement of Ca**
channel blockade. The negative effects of all drugs tended to
converge on a single concentration—response curve when the
concentration of each drug was expressed as a ratio against its
IC,, value for Ca** channel blockade (Fig. 2B). Furthermore,
there was a strong correlation between the negative inotro-
pic effects of class I antiarrhythmic drugs and Ca*' channel
blockade (r=10.96, p=0.0001). These results indicated that
the negative inotropic action of class I antiarrhythmic drugs
is mostly due to their Ca** channel blocking activity. This
was further confirmed by the observation that the inhibi-
tory effects of propafenone, cibenzoline, and pilsicainide on
the extracellular Ca?-induced inotropy correlated with their
potency of negative inotropic effects (Fig. 3).

The negative inotropic effects of class I antiarrhythmic
drugs do not appear to correlate with the Vaughan—Williams
classification based on their effects on action potential dura-
tion (APD).” Class Ia antiarrhythmic drugs, cibenzoline and
disopyramide, prolong APD through K" channel blockade;
this might cancel their negative inotropic effects through ex-
tension of the time for trans-sarcolemmal Ca®" influx through
Ca®" channels. This was not the case in the present results,
which implies that the extension of channel opening could
not overcome the channel blockade. Class Ib antiarrhythmic
drugs, aprindine and mexiletine, are known to shorten ven-
tricular APD, which may result in negative inotropy through
reduction of Ca®" influx. As the effects of these drugs are
frequency dependent, the lack of negative inotropy under
the present experimental condition may be due to the low
stimulation frequency (0.5 Hz). Class Ic antiarrhythmic drugs,
flecainide, pilsicainide, and propafenone, dissociate from the
Na® channel slowly and results in a potent blockade of the
channel. The present results revealed a large variation in the
negative inotropic potency, suggesting that factors other than
Na* channel blockade are the determinants of negative in-
otropy. Class Id is a newly adopted subclassification defined
as blockers of the persistent component of the Na® channel
current referred to as late Iy,.” Ranolazine and GS-458967,
which belong to class Id, showed moderate and weak nega-
tive inotropy, respectively. Ranolazine was reported to have
additional sites of action including the sarcoplasmic reticulum
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Fig. 3. Effects of Class I Antiarrhythmic Drugs on Extracellular Ca’*-Mediated Inotropy

The effects of propafenone (A), cibenzoline (B), and pilsicainide (C) on the inotropic effects of extracellular Ca®" were examined in the absence (open circles) and pres-
ence (closed circles) of drugs. The contractile force was expressed as a percentage of the values at I0mM Ca?" in the absence of drugs. Symbols and vertical bars indicate

the mean = S.E.M. (n =75).
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Ca?" release channel.”® On the other hand, GS-458967 and
NCC-3902, highly selective blockers of late I,, were reported
to decrease the contractile force of isolated myocardium only
slightly.*! Tt appears that selective blockade of late Ty, causes
only a weak negative inotropy.

Some limitations of the present study, both in the experi-
mental design and extrapolation of the results to cardiac func-
tion in vivo, should be mentioned. Firstly, we used a single
experimental protocol for all class I antiarrhythmic drugs to
make a fair comparison of their negative inotropic effects, but
considering that these drugs have different modes of action
such as voltage and/or frequency dependence, the obtained po-
tency order may not be absolute. In this sense, we are caught
in a dilemma. Secondly, we used a high K extracellular solu-
tion to eliminate the contribution of the Na' channel, but the
possibility that the remaining contractile mechanisms were
affected cannot be excluded. For example, the negative inotro-
pic effects of aprindine, cibenzoline, and disopyramide were
enhanced under high K™ condition; the mechanisms underly-
ing this phenomenon are unclear at present. Finally, we used
field-stimulated papillary muscles to measure the negative ino-
tropic effects of class I antiarrhythmics free from their effects
on conduction. In the whole heart, however, a decrease in
conduction velocity itself may cause a decrease in cardiac out-
put through desynchronization of contraction among various
regions of the ventricular wall.'” Thus, to evaluate the cardio-
suppressive effects of class I antiarrhythmic drugs comprehen-
sively, their effects on conduction must also be incorporated.

In conclusion, the present study showed that the negative
inotropic effects of class I antiarrhythmic drugs correlate not
with the blockade of the Na* channel but with the blockade
of the Ca®" channel. Thus, novel blockers of the Na' channel
with minimum cardiosuppression can probably be developed,
provided that they have no Ca*" channel blocking activity.
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