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Abstract

Binding of the class III antiarrhythmic agent azimilide to brain, heart, and other organ receptors was assessed by standard radioligand
binding techniques. In a survey of 60 receptors, azimilide at 10mM inhibited binding by more than 50% at serotonin uptake (Ki: 0.6 mM),
muscarinic (Ki: 0.9 to23.0 mM), Na1 channel site 2 (Ki: 4.3 mM), and central sigma (Ki: 6.2 mM) sites. Lesser (20–40%) inhibition
was seen at adrenergic, histamine, serotonin, purinergic, angiotensin II, dopamine uptake, and norepinephrine sites and at a voltage-sensitive
K1 channel. In rat ventricle, azimilide inhibited binding toa1- andb-adrenergic and muscarinic receptors (Ki: ,5 mM) and to the L-type
Ca21 channel (Ki: 37.3 mM). In rat brain, azimilide blocked ligand binding to these same receptors and to a serotonin receptor, and the
breadth and potency of its interaction pattern differentiated it from ten other class III antiarrhythmics. Azimilide displayed agonist and
antagonist action at five muscarinic receptor subtypes in transfected NIH 3T3 cells producing receptor-sensitive mitogenesis andb-galac-
tosidase activity. Agonist action predominated at M2 and M4 subtypes, and antagonist action predominated at M1, M3, and M5 subtypes.
The azimilide concentration for 50% maximum stimulation (EC50) in M2-expressing cells was 1.97mM (vs 0.14 mM for carbachol).
Azimilide’s receptor interactions occur at concentrations from one to forty times those required to block cardiac delayed-rectifier channels
but could contribute to the efficacy and safety of the drug. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Azimilide dihydrochloride (NE-10064, (E)-1-[[[5-(4-
chlorophenyl)-2-furanyl]methylene]amino]-3-[4-(4-methyl-
1-piperazinyl)butyl]-2,4-imidazolidinedione dihydrochlo-
ride) prolongs cardiac refractoriness by blocking the fast
(IKr) and slow (IKs) components of the delayed-rectifier
potassium current [1–3]. Thesein vitro electrophysiologic
properties could account for its efficacy in rodent and dog
models of ischemia-induced ventricular arrhythmia [4,5],
termination of atrial arrhythmias in dogs [6,7], suppression
of fibrillation in a dog model of sudden cardiac death [8],

and clinical efficacy [9,10]. Azimilide blocks delayed-rec-
tifier currents at 0.2 to 3mM (50% inhibition in vitro in
guinea pig) and also interacts with other ion channels,
blocking cardiac Na1 channels at 12mM (guinea pig), an
L-type Ca21 channel at 18mM (dog), and the inward rec-
tifier channel at.50 mM (dog) [11–13].

Drugs targeted primarily at one biological receptor can
exhibit some interaction with other receptors, where effects
as either agonist or antagonist may contribute to efficacy or
side-effects. Azimilide’s block of ligand binding at 60 re-
ceptors, including neurotransmitters, ion channels, second
messengers, steroids, brain and gut peptides, growth factors,
and peptides was evaluated by standard protocols at the
Oceanix Biosciences Corp. These receptors cover many
body systems with possible targets for the drug from an
efficacy or safety viewpoint. The study was designed, in
particular, to identify possible targets for the compound
from a side-effect perspective. A survey approach, involv-
ing 60 receptors found at many sites, was considered ap-
propriate for identifying potentially important interactions
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at other than the cardiac delayed-rectifier channels. Addi-
tional studies with rat heart and brain membranes compared
azimilide and several class III antiarrhythmic agents for
binding inhibition at adrenergic, muscarinic, and serotonin
receptors.In vitro experiments in cells having receptor-
linked mitogenic responses determined the action of azim-
ilide at muscarinic receptor subtypes. Some of these results
have been presented in abstract form [14].

2. Materials and methods

2.1. Chemicals and test articles

[3H]LND-796 was obtained from the Commissariat a
l’Energie Atomique. Other radioligands were purchased
from Dupont-New England Nuclear. Unlabelled apamin,
phentolamine, propranolol, quinidine sulfate, and veratri-
dine were purchased from the Sigma Chemical Co., and
clofilium tosylate was obtained from Research Biochemi-
cals, Inc. Azimilide dihydrochloride,d-sotalol, and semati-
lide were synthesized. The following compounds were gifts
from their manufacturers: amiodarone (Sanofi), bretylium
tosylate (American Critical Care), dofetilide (Pfizer),
E-4031 (Eisai Co.), glyburide (Hoechst-Roussel Pharma-
ceuticals, Inc.), PN 00 110 (Sandoz, Inc.), MDL-11,939
(Merrell Dow), melperone (Ferrosan), risotilide HCl
(Wyeth-Ayerst), sematilide HCl (Berlex Labs), andd,l -
sotalol HCl (Bristol-Myers Squibb). Solutions of class III
antiarrhythmic agents were prepared fresh daily in 0.9%
(w/v) saline. Several reagents used in the transfected cell
analysis of muscarinic receptor function were purchased:
pSV-lacZ (b-galactosidase) DNA (Promega), salmon sperm
DNA (Sigma), and pcDNAI vector (Invitrogen). Other
chemicals were of usual laboratory research grade and were
obtained from commercial sources.

2.2. Animals

For selected work on adrenergic, muscarinic, adenosine,
serotonin, and ion channel receptors in rat heart or brain,
research-bred male rats were purchased from Taconic
Farms. Rats were housed and fed under standard conditions
in a facility approved by the Association for the Assessment
and Accreditation of Laboratory Animal Care. For the gen-
eral survey of receptor binding inhibition done by the Oce-
anix Biosciences Corp., mice, rats, guinea pigs, and rabbits
were obtained from licensed suppliers of laboratory ani-
mals.

2.3. Membranes

Table 1 lists the sources of the membrane fractions used
for the radioligand binding assays. Specific studies of a few
target receptors used rat cardiac and brain membranes. Prep-
aration methods involved homogenization and centrifuga-

tion and are described in the literature references of Table 1
and in sections below.

2.4. Cells and organs

Rabbit platelets were purchased from Cocalico Biologi-
cals, Inc. Prostates isolated from rats 24 hr after castration
were purchased from Zivic-Miller Labs, Inc. Kidneys were
available from dogs terminated as controls in other experi-
ments. Bovine brain and uterus were obtained from a local
slaughterhouse. N1E-115 neuroblastoma, NIH 3T3 (ATCC
nl. CRL 1658), PC12, HL60, and A10 rat thoracic smooth-
muscle cells were purchased from the American Type Cul-
ture Collection.

2.5. General receptor binding survey

Inhibition of radioligand binding by 1, 100, and 10,000
nM azimilide and three concentrations of a known agonist
or antagonist was determined for 60 receptors by the Oce-
anix Biosciences Corp., using their standard protocols de-
rived from the literature references in Table 1. Each con-
centration was assayed in duplicate. If.50% inhibition was
caused by 10mM azimilide, ten concentrations were tested
in triplicate to determine theKi value of binding to that
receptor. In general, membranes were prepared by differen-
tial centrifugation according to published methods (Table 1)
for each receptor. The receptor sources and the labeled
ligands are listed in Table 1. Incubations were carried out
for 10–90 min at temperatures from 0°–37° with and with-
out an unlabeled known agonist or antagonist (to define
specific binding) and terminated by rapid filtration through
glass fiber filters. Radioactivity on filters was determined by
liquid scintillation counting.

2.6. Studies in rat cardiac receptors

Binding to selected rat heart receptors was compared for
azimilide and several class III antiarrhythmic agents at con-
centrations of 0.3 to 100mM. Rats were killed with a
pentobarbital overdose, and membranes were prepared from
heart cells by standard techniques [15–17] and suspended at
150–200mg/mL in ice-cold Tris-HCl buffer (50 mM, pH
7.2, at 25°). Radioligands were 0.25 nM [3H]prazosin for
the a1-adrenergic receptor, 1.03 nM [3H]dihydroalprenolol
for the b-adrenergic receptor, 0.11 nM [3H]quinuclidinyl
benzilate for the muscarinic receptor, 0.08 nM [3H]isradip-
ine for the L-type Ca21 channel, and 0.3 nM [3H]glyburide
for the ATP-sensitive K1 channel. Incubations at 25° for 90
min were terminated by rapid filtration through glass fiber
GF/C filters soaked in 5% polyethyleneimine. Specific bind-
ing was defined by inclusion of a known agonist or antag-
onist at 100–1000 times theKD value of the labeled ligand.
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2.7. Studies in rat brain receptors

The effect of azimilide on batrachotoxinin A binding to
the neural Na1 channel site 2 was determined using rat
cerebral cortex membranes prepared by the sucrose gradient
method of Hajos [18] and equilibrated with binding buffer
(130 mM choline chloride, 50 mM HEPES, 5 mM glucose,
0.8 mM MgSO4, 5.4 mM KCl, and 0.1% bovine serum
albumin, pH 7.2, adjusted with Tris-HCl buffer). Binding
was carried out at 37° with 6.7 nM [3H]batrachotoxinin and
60 mg/mL of scorpion venom A for 30 min with five
concentrations (10–100mM) of azimilide and terminated by
rapid filtration through glass fiber filters soaked with 5%
polyethyleneimine [19]. Veratridine (300mM) was used to
define specific binding.

For other selected rat brain receptors (adenosine, adren-
ergic, muscarinic, serotonin, Ca21 and K1 channels), a
membrane fraction was prepared from rat brains (minus
cerebella) at 0–4° by homogenization and centrifugation.
After homogenization (Brinkmann Polytron setting 5,
15–20 sec) in 30–40 vol. of cold 50 mM Tris-HCl buffer,
the homogenate was subjected to two centrifugations
(30,000g, 15 min, 4° with resuspension of the pellet in
fresh buffer between centrifugations. The synaptosome final
pellet was suspended in 100 vol. of cold 50 mM Tris-HCl,
pH 7.2, buffer. Radioligands were 0.2 nM [3H]DPCPX for
the A1-adenosine receptor, 0.5 nM [3H]dihydroergocryptine
for nonspecifica-adrenergic receptors, 0.25 nM [3H]prazo-
sin for thea1-adrenergic receptor, 0.6 nM [3H]yohimbine
for the a2-adrenergic receptor, 1.03 nM [3H]dihydroalpre-
nolol for theb-adrenergic receptor, 0.11 nM [3H]quinuclidi-
nyl benzilate for the muscarinic receptor, 1 nM [3H]lysergic
acid diethylamide for the serotonin receptor, 0.2 nM [3H]ni-
trendipine for the L-type Ca21 channel, 0.004 nM [125I]apamin
for the apamin-sensitive K1 channel, and 0.1 nM [3H]gly-
buride for the ATP-sensitive K1 channel. Binding was carried
out for 30–60 min at 4° (apamin) or at 25° with several
concentrations (0.1 to 100mM) of azimilide or a class III
antiarrhythmic agent and terminated by rapid glass fiber filtra-
tion. Specific binding was defined with known agonists or
antagonists. If inhibition was.50% at 100mM, an additional
4–6 concentrations were studied to determine aKi value.

2.8. Studies in dog kidney Na/K-ATPase

Inhibition of binding of the cardiac glycoside LND-796
to the Na/K ATPase of dog kidney membranes was deter-
mined for azimilide and reference class III antiarrhythmic
agents. Binding of 0.5 nM [3H]LND-796 [20] for 30 min at
25° was determined with and without azimilide (100mM) or
other class III antiarrhythmic agents and with and without a
known Na/K-ATPase inhibitor (LND-796 HCl) and termi-
nated by rapid glass fiber filtration.

2.9. Agonist and antagonist actions at muscarinic
receptors

To determine the functional activity of azimilide at five
subtypes of muscarinic receptors, genes for these receptors
were transfected along with the gene for the marker enzyme
b-galactosidase into cultured NIH 3T3 cells as described
[21,22]. Briefly, cells were plated 1 day before transfection
using 13 106 cells in 10 mL medium per 10-cm plate. Cells
were transfected by calcium phosphate precipitation [BR1]
as described by Wigleret al. [23], using 5mg of the human
m1–m5 receptor plasmids [24,25] in the pcDNAI expres-
sion vector [26], 5mg of pSV-lacZb-galactosidase DNA,
and 20mg of salmon sperm DNA. Cells transfected with m2
or m4 were co-transfected further with 5mg of Gq-i5 [27] in
the pcDNAI vector. One day after transfection, medium was
changed and after 2 days cells were trypsinized and ali-
quoted into the wells of a 96-well plate (100mL/well).
Azimilide (0.01 to 10mM), the muscarinic agonist carba-
chol, or the muscarinic antagonist pirenzepine was added,
and cells were incubated for 4 days. Agonist effects were
manifested as stimulation, and antagonist effects as suppres-
sion, of cell proliferation, quantitated by the activity of
b-galactosidase. Maximum cell proliferation and enzyme
activity were elicited from cells expressing the M1–M5

receptors by carbachol concentrations of 30, 2, 10, 5, and 5
mM, respectively. For the muscarinic M2 receptor, addi-
tional work approximated the concentration of azimilide
required for 50% maximum agonist action.

2.10. Calculations and statistical methods

Radioactivity collected on filters was corrected for non-
specific binding. Effects of azimilide are presented as per-
cent inhibition. Since only two determinations were per-
formed for each assay in the broad screen, no statistical
analyses of the results were justified. Because those recep-
tors for which azimilide showed some affinity were reas-
sayed at additional concentrations, anIC50 value (concen-
tration for 50% inhibition of binding) was calculated by
least-squares regression analysis. From theIC50 value, theKi

value was calculated according to the Cheng and Prusoff
equation [28]. For M2 receptors in NIH 3T3 cells,EC50

values (concentrations giving 50% of the maximum carba-
chol response) were calculated from 3-parameter sigmoid
regression curves fitted to the log concentration-response
plots.

3. Results

3.1. General receptor binding survey

The effect of azimilide on radioligand binding to 60
receptors was determined at three concentrations (1, 100,
and 10,000 nM). Meaningful interaction was taken as inhi-
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Table 1
Effect of azimilide on radioligand binding at neurotransmitters, ion channels, central, uptake, and second messenger sites, steroid receptors, peptides, and
growth factors

Receptor Source Assay conditions Binding inhibition (%) by
azimilide

Ligand Reference 1 nM 100 nM 10,000 nM

Neurotransmitters
Adenosine nonselective Rat brain cortex [3H]NECA Mol Pharmacol 1966;29:331 3.4 8.7 4.9
Adrenergic

a1 Rat forebrain [3H]Prazosin Mol Pharmacol 1981;20:295 215.0 211.2 1.2
a1A Rat brain cortexa [3H]Prazosin Eur J Pharmacol 1988;151:333 217.2 5.1 25.1
a1B Rat liver [3H]Prazosin Eur J Pharmacol 1988;151:333 8.7 0.9 24.7
a2 Rat brain cortex [3H]RX 781094 Br J Pharmacol 1983;80:155 3.8 13.9 23.6
b Nonselective Rat brain cortex [3H]Dihydroalprenolol Mol Pharmacol 1989;36:201 7.0 9.7 42.4
b1

b Rat brain cortex [125I]Pindolol J Neurochem 1989;53:1772 0.2 3.2 14.9
b2

c Rat brain cortex [125I]Pindolol J Neurochem 1989;53:1772 4.2 5.3 13.2
Dopamine nonselective Rat brain striata [3H]Spiperone Biochem Pharmacol 1978;27:307 22.8 20.7 11.2
Glycine Rat brain cortex [3H]Strychnine Mol Pharmacol 1974;10:790 18.6 14.4 19.9
Histamine

H1 Bovine cerebellum [3H]Pyrilamine J Neurochem 1979;32:1653 9.9 5.8 11.5
H2 Guinea pig striatum [3H]Tiotidine Nature 1983;304:65 5.9 5.4 9.8
H3 Rat forebrain [3H]Na-Methyl histamine Mol Pharmacol 1990;38:610 14.8 2.4 48.1

Muscarinic
Central nonselective Rat brain cortex [3H]Quinuclidinyl benzilate J Pharmacol Exp Ther 1984;228:648 7.4 17.6 87.4
Peripheral

nonselective
Rat heart [3H]Quinuclidinyl benzilate J Pharmacol Exp Ther 1984;228:648233.3 210.3 74.2

M1 Bovine striatum [3H]Pirenzepine J Pharmacol Exp Ther 1986;237:419 8.0 6.9 87.6
M2 Rat heart [3H]AF-DX 384 Trends Pharmacol Sci 1989;10:50 20.3 7.5 83.1
M3 Guinea pig ileum [3H]Methylscopalamine Br J Pharmacol 1990;99:753 2.8 11.6 60.3

Nicotinic neuronal Rat brain cortex [3H]N-Methylcarbamyl choline
iodide

Eur J Pharmacol 1987;139:323 26.3 22.8 7.7

Purinergic P2g PC-12 cells [35S]ADPbS J Biol Chem 1989;264:6202 15.9 3.9 23.8
Serotonin

Nonselective Rat brain striatum [3H]Lysergic acid diethylamide Mol Pharmacol 1979;16:687 0.0 27.8 4.5
HT1 Rat brain cortex [3H]Hydroxytryptamine Mol Pharmacol 1976;12:373 0.2 2.0 27.1
HT2 Rat brain cortex [3H]Ketanserin Mol Pharmacol 1982;21:301 4.3 6.6 22.7
HT3 Mouse N1E-115 cells [3H]GR 65630 Eur J Pharmacol 1990;189:223 20.1 12.9 9.8

Ion channels
Ca21 T and L Rat brain cortex [3H]Nitrendipine Mol Pharmacol 1984;25:235 7.5 20.1 212.6
Ca21 N Rat forebrain [125I]Omegaconotoxin J Neurosci 1988;8:3354 0.7 22.9 1.7
Cl2 Rat brain cortex [3H]t-Butylbicyclo

orthobenzoate
J Neurochem 1986;45:798 24.0 215.7 2.0

K1 ATP-regulated Rat brain cortex [3H]Glybenclamide Arzneimittelforschung 1985;35:707 4.4 1.2 2.9
K1 apamin-sensitive Rat forebrain [125I]Apamin J Neurosci 1987;7:565 23.5 4.8 5.6
K1 voltage-sensitive Rat whole brain [125I]Charybdotoxin J Biochem 1990;265:15564 20.3 8.3 29.7
Na1 site 1 Rat forebrain [3H]Saxitoxin J Biol Chem 1986;261:6149 0.2 22.1 210.1
Na1 site 2 Rat brain cortex [3H]Batrachotoxin Mol Pharmacol 1983;23:350 5.2 4.9 52.6

Central sites
Muscarinic CNS Rat brain cortex [3H]Quinuclidinyl benzilate J Pharmacol Exp Ther 1984;228:648 7.4 17.6 87.4
NMDA Rat forebrain [3H]MK-801 Mol Pharmacol 1989;35:387 22.0 0.4 21.5
Opiate nonselective Rat forebrain [3H]Naloxone Mol Pharmacol 1974;19:968 1.9 20.9 17.1
Phencyclidine Rat forebrain [3H]TCP Brain Res 1983;280:194 214.1 210.1 2.4
Sigma Guinea pig brain [3H]1,3-Di-O(2-tolyl)guanidine Proc Natl Acad Sci USA 1986;83:

8784
20.1 13.7 91.2

Uptake sites
Choline Rat brain striatum [3H]Hemicholinium-3 Life Sci 1984;35:2335 9.0 20.7 217.9
Dopamine Guinea pig brain

striatum
[3H]WIN 35,428 Mol Pharmacol 1989;36:518 2.4 22.3 43.8

Norepinephrine Rat brain striatum [3H]Desmethyl imipramine Eur J Pharmacol 1982;78:345 13.6 14.7 21.9
Serotonin Rat forebrain [3H]Citalopram J Pharmacol Exp Ther 1987;242:364 59.2 75.1 95.0

Second messenger sites
Forskolin Rat forebrain [3H]Forskolin Proc Natl Acad Sci USA 1984;81:

5081
4.1 24.3 6.2

Inositol triphosphate Rat brain cerebellum [3H]Inositol triphosphate J Biochem (Tokyo) 1987;262:12132 24.9 27.0 217.9
Protein kinase C Mouse brain [3H]Phorbol ester dibutyrate Cancer Res 1980;40:3635 6.5 6.6 20.1

(continued on next page)
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bition of more than 50% at the highest concentration. By
this criterion, azimilide interacted with five muscarinic re-
ceptors and several central receptors (sigma, Na1 channel
site 2, and the serotonin uptake sites) (Table 1). Some
evidence of interaction with azimilide (20–40% inhibition)
was also seen ata- andb-adrenergic, histamine, purinergic,
serotonin, and peripheral angiotensin receptors, dopamine
uptake and norepinephrine uptake sites, and a voltage-sen-
sitive K1 channel. Lesser inhibition or increased radioli-
gand binding was seen at other studied receptors, including
Ca21 and Cl2 channels, second messengers, steroid recep-
tors, most brain and gut peptides, and growth factors and
peptides (Table 1).

For the eight receptors showing a meaningful interaction
with azimilide, full concentration-response curves provided
an estimate of itsKi value in comparison with that of a
potent reference agonist or antagonist. At M1, M2, and M3

muscarinic receptors, theKi values of azimilide ranged
from 949 to 3130 nM and were at least two orders of
magnitude larger than those of the reference agonists atro-
pine and 4-diphenylacetoxy-N-methylpiperidine (Table 2).
The Ki value of azimilide at the Na1 channel site 2 was

much closer (four times higher) to that of the reference
ligand aconitine, and its values at the serotonin uptake and
sigma sites were at least 1000 times larger than those of the
reference ligands (Table 2).

3.2. Studies in rat cardiac receptors

Binding inhibition of azimilide, clofilium, E-4031, sema-
tilide, andd,l -sotalol was examined at five receptors found
in membranes of the rat ventricle. The compounds did not
inhibit binding to the ATP-sensitive K1 channel (data not
shown). Only azimilide interacted with the L-type Ca21

channel, but itsKi value of 37.3mM indicated weak affinity.
Based onKi values, azimilide showed approximately 10-
fold greater affinity fora- andb-adrenergic and muscarinic
receptors than for the L-type Ca21 channel (Table 3).The
overall profile of azimilide was different from the profiles of
four comparison class III antiarrhythmic agents: azimilide
showed affinity for all four receptors with selectivity for the
adrenergic and muscarinic receptors over the L-type Ca21

channel (Table 3). Clofilium interacted preferentially with
muscarinic receptors. E-4031 inhibited binding to the same

Table 1(continued)

Receptor Source Assay conditions Binding inhibition (%) by
azimilide

Ligand Reference 1 nM 100 nM 10,000 nM

Steroid receptors
Estradiol Bovine uterus [125I]Estradiol Brain Res 1980;204:373 212.5 12.1 227.1
Progesterone Bovine uterus [3H]Promegestone Brain Res 1980;204:373 0.7 3.8 1.5
Testosterone Rat prostate [3H]Methyltrienolone Endocrinology 1986;118:1327 16.8 4.8 5.4

Brain and gut peptides
Angiotensin II

peripheral
Rat liver [125I]Angiotensin II J Biol Chem 1976;251:7423 23.8 0.3 34.3

Angiotensin II
central

Bovine brain [125I]Angiotensin II J Biol Chem 1976;251:7423 3.2 7.4 8.2

Bradykinin Guinea pig ileum [3H]Bradykinin J Pharmacol Exp Ther 1988;237:504 2.1 1.7 7.4
Endothelin A Rat thoracic smooth

muscle
[125I]Endothelin Biochem Biophys Res Commun

1989;158:195
18.7 9.2 8.4

Endothelin B Rat cerebellum [125I]Endothelin Biochem Biophys Res Commun
1989;158:195

2.0 2.3 21.1

Neuropeptide Y Bovine hippocampus [125I]Neuropeptide Y Life Sci 1985;37:2111 20.6 22.4 7.0
TRH Rat forebrain [3H](3-Methyl histidine2)-TRH Life Sci 1982;30:1793 22.4 217.1 218.9
VIP Rat forebrain [125I]VIP Peptides 1985;6:103 25.5 26.6 24.3

Growth factors,
peptides

ANF-1 Rat forebrain [125I]ANF Circ Res 1985;56:801 23.4 25.1 24.7
CRF Rat brain cortex [125I]Tyrosine-O-CRF J Neurosci 1987;7:88 6.5 14.1 1.2
EGF Rat liver [125I]EGF J Biol Chem 1984;259:6543 220.4 25.6 23.9
PAF Rabbit platelets [3H]PAF J Biol Chem 1985;260:15639 25.4 212.7 24.2
TNF Human monocyte

HL60 cells
[125I]TNFa Immunopharmacology 1990;20:217 9.9 6.7 10.5

Binding of the indicated radioligand was carried out with and without the indicated concentrations of azimilide in duplicate. Bound ligand was collected
on glass fiber filters. Abbreviations: ADF, adenosine diphosphate; ANF, atrial natriuretic factor; CRF, corticotropin-releasing factor; EGF, epidermal growth
factor; HT, hydroxytryptamine (serotonin); ITP, inositol triphosphate; NECA, 59-N-ethylcarboxamido-adenosine; NMDA,N-methyl-D-aspartate; PAF,
platelet-activating factor; TCP, 1-[1-(2-thienyl)cyclohexyl]-3,4-piperidine hydrochloride; TNF, tumor necrosis factor; TRH, thyrotropin-releasing hormone;
and VIP, vasoactive intestinal peptide.

a Rats pretreated with chlorethylclonidine.
b b2 sites blocked by 120 nM ICI-118,551.
c b1 sites blocked by 100 nM ICI-89406.
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receptors, with a preference for thea-adrenergic receptor.
Sematilide was not active at any of the four receptor sites.
d,l -Sotalol showed the expected preference for theb-adren-
ergic site (Ki: 2.86 mM) with affinity similar to that of
azimilide (Ki: 1.89 mM). Sotalol also interacted weakly
with the muscarinic receptor (Table 3).

3.3. Studies in rat brain receptors

The activity of azimilide was compared with that of ten
class III antiarrhythmic compounds at nine receptors in rat
brain membranes. Azimilide showed low affinity (Ki: .25
mM) for the A1-adenosine receptor and L-type Ca21 and
Na1 channels and stronger affinity (Ki: #20 mM) for
adrenergic, muscarinic, and nonselective serotonin recep-
tors (Table 4). At thea-adrenergic receptors, the affinity of
azimilide increased in the order ofa1, a, anda2 receptor
subtypes.

d,l -Sotalol was the only agent besides azimilide to in-
teract with theb-adrenergic receptor. At the rat brainb-ad-
renergic receptor, the affinity ofd,l -sotalol (Ki: 0.6 mM)
was several times greater than that of azimilide (Ki: 2.3
mM). Compounds that blocked binding toa-adrenergic and
muscarinic receptors included amiodarone, bretylium, clo-
filium, LY-190147, and MDL-11,939. Amiodarone also

showed affinities for the L-type Ca21 channel and the A1-
adenosine site. Dofetilide was active at thea2-adrenergic
and muscarinic receptors. Sematilide lacked affinities for
these receptors. Azimilide, E-4031, LY-190147, and MDL-
11939 interacted (Ki: ,20 mM) with the central serotonin
receptors probed by lysergic acid diethylamide (Table 4).
Additional work showed that quinidine and melperone also
had Ki values below 20mM at these serotonin receptors
(data not shown).

3.4. Interactions with dog kidney Na/K ATPase

Neither azimilide nor any of the class III antiarrhythmics
listed in Table 4, at concentrations up to 100mM, inhibited
the binding of LND-796 to dog kidney membranes.

3.5. Agonist and antagonist actions at muscarinic
receptors

To determine the nature of the interaction of azimilide
with muscarinic receptors, genes for these receptors were
transfected into NIH 3T3 cells expressing a reporter en-
zyme, b-galactosidase. Agonist interaction with the ex-
pressed receptors could then be correlated with an increase

Table 2
Comparison of potencies of azimilide and reference ligands for inhibition of radioligand binding to selected receptors

Receptor Reference ligand Ki (nM)

Ligand Azimilide

Muscarinic
Central nonselective Atropine 0.7 2030, 2240a

Peripheral nonselective Atropine 0.2 2480, 3620a

M1 Atropine 0.4 1970
M2 Atropine 0.7 949
M3 4-Diphenylacetoxy-N-methylpiperidine methiodide 0.7 1380, 3130a

Na1 channel site 2 Aconitine 1000 4330
Serotonin uptake site Paroxetine 0.1 588
Sigma Haloperidol 3.6 6200

Receptor source and radioligand are given in Table 1. Several concentrations of reference ligand and ten concentrations of azimilide (1–100mM) were
tested in triplicate assays to determineKi values.

a Two values from separate assays are shown.

Table 3
Inhibition by class III antiarrhythmics of radioligand binding to selected rat cardiac ventricle membrane receptors

Compound Ki at receptor (mM)

a1-Adrenergic b-Adrenergic Muscarinic L-type Ca21 channel

Azimilide 4.166 0.15 1.896 0.28 1.586 0.13 37.36 1.7
Clofilium 2.736 0.70 1.346 0.26 0.296 0.03 NA
E-4031 1.586 0.18 16.26 6.3 12.86 1.0 NA
Sematilide NA NA NA NA
d,l -Sotalol NA 2.866 1.00 33.46 5.0 NA

Radioactive ligands with and without test compound (several concentrations from 1 to 100mM) were incubated with a rat ventricle membrane fraction.
Membrane-bound radioactivity was collected on glass fiber filters. Values are means6 SEM for 3–4 experiments with duplicate assays at each concentration
of the compound. NA, not active.
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in enzyme activity, and antagonist interaction, with inhibi-
tion of carbachol-stimulated enzyme activity.

Azimilide alone elicited a concentration-dependent ago-
nist response, larger in cells expressing the M2 and M4

receptors than in cells expressing M1, M3, or M5 receptors
(Fig. 1). At 3 mM, azimilide produced 104 and 36% of the
maximum carbachol response in M2- and M4-expressing
cells, respectively (Fig. 1). Although azimilide and carba-
chol displayed parallel concentration-response curves for
stimulating cells with the M2 receptor subtype, azimilide
had less than one-tenth the potency of carbachol (Fig. 2).
The EC50 values of 1.97 and 0.14mM, respectively, were
estimated (Fig. 2). When azimilide was added with the
agonist carbachol, a moderate concentration-dependent in-
hibition of enzyme activity was seen, particularly in cells
expressing the M1, M3, or M5 muscarinic receptors. In
M4-expressing cells, inhibition (.50%) also occurred but
did not differ between cells treated with 0.1 or 3mM
azimilide. Azimilide at 3mM allowed enzyme activity that
was 61, 76, 27, 37, and 58%, respectively of the carbachol-
induced maximum in cells expressing the M1, M2, M3, M4,
and M5 receptors subtypes (Fig. 1).

4. Discussion

Azimilide at micromolar concentrations interacts with
several biological receptors. A general survey demonstrated
that radioligand binding to muscarinic receptors and several
central receptors (sigma, a Na1 channel, and the serotonin
uptake site) was inhibited more than 50% by 10mM azim-
ilide. Additional studies in rat heart tissue indicated inter-
actions witha- andb-adrenergic receptors, muscarinic re-
ceptors, and the L-type Ca21 channel. In rat brain, azimilide
also reduced binding to adrenergic and muscarinic receptors
and showed affinity for a central Na1 channel site, and the

Table 4
Inhibition by class III antiarrhythmics of radioligand binding to selected rat brain membrane receptors

Compound Ki at receptor (mM)

A1-adenosine Adrenergic Ion channel Muscarinic Serotonin

a a1 a2 b L-type Ca21 Na1

Amiodarone 14.5 16.4 14.1 5.8 . 28.6 0.4 ND 15.9 37.1
Azimilide . 47.4 9.7 20.1 2.4 2.3 . 50.0 25.7 2.5 19.7
Bretylium . 47.4 15.8 . 31.8 2.8 . 28.6 . 50.0 ND 6.2 . 100
Clofilium . 47.4 14.1 22.5 7.2 . 28.6 23.5 4.5 1.0 77.2
Dofetilide 26.0 74.1 . 31.8 14.6 . 28.6 . 50.0 ND 3.0 39.7
E-4031 . 47.4 . 76.2 ND ND . 28.6 . 50.0 139.4 22.7 9.2
LY-190147 . 47.4 3.7 4.9 0.6 . 28.6 11.4 ND 0.1 1.8
MDL-11,939 . 47.4 9.1 3.5 1.5 . 28.6 28.0 ND 20.1 2.5
Risotilide . 47.4 . 76.2 . 31.8 23.4 . 28.6 . 50.0 ND . 23.1 . 100
Sematilide . 50.0 . 76.2 . 31.8 69.1 . 28.6 . 50.0 NA . 23.1 28.2
d,l -Sotalol . 47.4 . 76.2 . 31.8 . 78.6 0.6 . 50.0 NA . 23.1 . 100

Radioactive ligands with and without 1–100mM test compound were incubated with a rat brain cortex membrane fraction. Membrane-bound radioactivity
was collected on glass fiber filters. Values are means of three separate experiments each involving a concentration–response curve with 4–6 concentrations.
NA, not active; ND, not determined.

Fig. 1. Agonist (top) and antagonist (bottom) effects of azimilide in NIH
3T3 cells expressing muscarinic receptors whose stimulation caused mi-
togenesis and increasedb-galactosidase activity. Cells were incubated for
4 days with azimilide at 0.01mM (closed bars) and 3mM (open bars),
without (top) and with (bottom) carbachol. Activity is presented as the
mean percent of the maximum produced at that receptor by carbachol
alone. Range bars are shown for two (M1, M3, and M5) and SEM bars for
three (M2 and M4) determinations.
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serotonin uptake site. In a transfected cell assay, azimilide
exhibited mixed agonist and antagonist properties at mus-
carinic receptors, with agonism predominant at M2 and M4

subtypes and antagonism predominant at M1, M3, and M5

subtypes. This dichotomy corresponds to the differentiation
of even and odd number muscarinic subtypes based on
coupling to phospholipase C and adenylate cyclase, respec-
tively, as second messenger systems [29]. Although the
affinities of azimilide fora- andb-adrenergic, muscarinic,
Ca21 channel, sigma, and serotonin uptake sites were two or
more orders of magnitude less than for established agonists
or antagonists, the concentrations at which azimilide could
inhibit receptor binding were only two to ten times the
concentration required for interaction with its primary tar-
get, the cardiac delayed-rectifier channel.

The pattern and affinities of interactions with rat brain
receptors suggest that azimilide has a unique profile as
compared with ten other class III antiarrhythmic agents.
While those drugs may affect one or more of the receptors
examined in brain, azimilide has a broader affinity for di-
verse receptors and a good affinity (Ki: #20 mM) at four
important receptors, i.e.,a- and b-adrenergic, muscarinic,
and serotonin. Most similar to azimilide in the rat brain
receptor interaction profile were amiodarone, LY-190147,
and MDL-11,939. However, none of these compounds had
the affinity for theb-adrenergic receptor seen with azimil-
ide, and LY-190147 had greater relative affinities for the
muscarinic and serotonin receptors.

Interaction of class III drugs with various receptors other
than cardiac ion channels can be part of their mechanism of
action. In atrial fibrillation, class III drugs can slow conduc-

tion through the atrioventricular node by activating musca-
rinic and A1-adenosine receptors or by blockingb-adrener-
gic receptors [30]. Even where a direct link to
antiarrhythmic actions is not clear, antiarrhythmic agents
are known to have affinities for the receptors identified for
azimilide. Bretylium binds to high-affinity muscarinic sites
in heart and brain, and its anticholinergic action is correlated
with antiarrhythmic activity [31]. Amiodarone down-regu-
lates A1-adenosine receptors [32], blocks botha- andb-ad-
renergic receptors, and interacts with muscarinic receptors
of heart and brain [33]. Bothd,l -sotalol and MS-551 block
muscarinic receptors, which reduces the acetylcholine-in-
duced K1 current [34]. Binding of class III antiarrhythmics
to the sigma 2 receptor of rat cerebral cortex has been
correlated with potency for increasing action potential du-
ration in Purkinje fibers [35]. Conversely, several com-
pounds whose primary target is a noncardiac receptor have
antiarrhythmic efficacy. Examples include the selective sig-
ma-receptor antagonist DuP 734 and the 5-HT2-selective
antagonist ketanserin [36,37].

The interactions of azimilide at sites where other class III
agents have affinity raises the possibility that some of its
activity may involve receptors other than the primary target
of the cardiac delayed rectifier. Direct actions at cardiac ion
channels other thanIKr and IKs may contribute to antiar-
rhythmic activity or cardiac safety. Block of a cardiac Na1

channel could help slow conduction and interrupt a re-
entrant arrhythmia. Induction of theIKAch channel by a
muscarinic agonist activity could promote repolarization,
limit action potential prolongation, and diminish the threat
of torsade de pointes arrhythmias. Conversely, azimilide,
like other class III drugs, has been reported to inhibit car-
bachol-inducedIKAch in guinea pig atrial cells, perhaps by
interaction with muscarinic M2 receptors [34,38]. Adrener-
gic interactions are important for hemodynamic actions.
Azimilide is known to decrease heart rate and, at higher
doses in animals, to reduce blood pressure, which might
depend on antagonist actions at adrenergic receptors. Pre-
vious work has characterized azimilide as an antagonist at
the b-adrenergic receptor [39]. However, its lack of effect
on hemodynamic changes wrought by isoproterenol in rats
is not consistent with a role ofb-adrenergic blockade in
modifying hemodynamics [40].

The actions of azimilide at muscarinic receptors could
also mediate both hemodynamic effects and ion channel
actions. Muscarinic receptors, sometimes via adrenergic ac-
tions, can be involved in changes in rate, conduction, con-
traction, and heterogeneity of repolarization. Receptor sub-
types with odd numbers are linked to phospholipase C and
may regulate a Na1 current and heart rate. M3 receptor
stimulation has been reported to activate a delayed-rectifier
K1 current in canine atrial myocytes [41]. Muscarinic re-
ceptors are known to affect cardiac ion currents, i.e., by
activation of a delayed-rectifier K1 current [41], inhibition
of a Ca21 current [42] and the pacemaker current [43] of the
sinoatrial node, and induction ofIKAch in nodal tissue and

Fig. 2. Agonist actions of carbachol (E) and azimilide (F) in NIH 3T3 cells
expressing muscarinic M2 receptors whose stimulation caused mitogenesis
and increasedb-galactosidase activity. Cells were incubated for 4 days
with carbachol or azimilide. Values are presented as a percentage of the
maximum activity produced by carbachol alone. Means and SEM bars are
shown for three plate wells at each agonist concentration. TheEC50 values
(concentrations giving 50% of the maximum carbachol response derived
from the regression-fitted 3-parameter sigmoid equations) were 0.14mM
for carbachol and 1.97mM for azimilide.
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the atria [44]. Indirect muscarinic effects (elevated parasym-
pathetic tone) can also have antiarrhythmic actions [45,46].

The radioligand binding data in our studies indicate azi-
milide interaction with several receptors of the central ner-
vous system (serotonin and serotonin uptake, sigma, and
Na1 channel site 2). However, there is little or no evidence
from animal or human studies that azimilide has any central
effects.

At its primary target, the cardiac delayed-rectifier chan-
nel, azimilide acts at a concentration of about 1mM. Its
animal and clinical efficacy occurs at plasma concentrations
of 1–5mM. Thus, it is more potent as a prolonger of cardiac
refractoriness at this site than at most other targets, and its
interaction at receptors other than the cardiac K1 channel
should be small at antiarrhythmic doses. The relative lesser
potency of azimilide at most of those other receptors may
restrict their role to minor effects or actions under condi-
tions of augmented sensitivity. In clinical studies no action
has been reported that might clearly be ascribed to interac-
tion at targets other than the cardiac delayed rectifier. Nev-
ertheless, the micromolar affinities of azimilide for a variety
of important biological receptors, having similarities to the
amiodarone profile, open the possibility that one or more
may play a role in the efficacy and safety profile of this
compound.
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