PHARMACOKINETIC, PHARMACODYNAMIC, AND
TOXICOLOGICAL STUDIES ON NEW ANTI-
ARRHYTHMIC AGENTS FROM SELECTED

3,7-DIHETERABICYCLO[3.3.1]-

NONANE DERIVATIVES

By
CHUN-LIN CHEN

Bachelor of Science
China Pharmaceutical University
Nanjing, China
1983

Master of Science
China Pharmaceutical University
Nanjing, China
1986

Submitted to the Faculty of the
Graduate College of the
Oklahoma State University
in partial fulfillment of
the requirements for
the Degree of
DOCTOR OF PHILOSOPHY
July, 1994




PHARMACOKINETIC, PHARMACODYNAMIC, AND

TOXICOLOGICAL STUDIES ON NEW ANTI-
ARRHYTHMIC AGENTS FROM SELECTED
3,7-DIHETERABICYCLO[3.3.1]-

NONANE DERIVATIVES

Thesis Approved:

§u./0/v€m g C(l»‘««;! 49

Thesis }Adwsor

/\/&/mL /Q/\j(/LL#(L
:J-DL\‘_,,..—:’A i___,\,\_& r{h

Sy e

“—TDean of the Graduate College

i




Dedicated to

MY WIFE, Hao Chen

MY DAUGHTER, Chen Chen

MY SON, Vinson Chen

iii



PREFACE

This dissertation is composed of 12 chapters, most of which is a complete and
independent manuscript, prepared in accordance with the guidelines of respective
journals to which they were submitted. Chapter I is a review of the literature of
antiarrhythmic agents and a justification of the need for new antiarrhythmic agents.
Several HPLC methods for the determination of BRB-I-28, GLG-V-13, and their
metabolite(s) in blood and urine are described in Chapter II-IV. Chapter II has been
published in the Journal of Chromatography Biomedical Application, while Chapters
IIT and IV have been published in the Journal of Liquid Chromatography. Chapter
V, dealing with pharmacokinetics and plasma protein binding of BRB-I-28 in dogs,
has been published in Drug Investigation. Chapter VI dealing with in vitro and in vivo
studies of 7-benzyl-3-thia-7-azabicyclo[3.3.1]Jnonane has been submitted for
publication in Drug Metabolism and Disposition. Chapter VII is concerned with the
oral, intravenous pharmacokinetics, and protein binding of GLG-V-13 in dogs and
rabbits and has been submitted for publication in Arzneimittel Forschung/Drug
Research. Chapters VIII and IX deal with the effects of BRB-I-28 and GLG-V-13
on ATPase activities and mitochondrial respiration. Chapters VIII and IX have
been published and submitted for publication in Research Communication in
Chemical Pathology and Pharmacology, respectively. The acute and subchronic
toxicity profiles of BRB-I-28 and GLG-V-13 are detailed in Chapters X and XI.

Chapter XII is the summary and conclusions.
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CHAPTER 1

LITERATURE REVIEW

Introduction

There are 1,000,000 deaths annually from cardiovascular disease in the USA
in which about 300,000-400,000 are sudden or unexpected in nature (Kaplan, 1986;
Gillum, 1989; Goldberg, 1989; Myerburg, 1992). It has been established that sudden
cardiac arrest from ventricular fibrillation and arrhythmias is the most common cause
of death (Lown, 1979; Janse and Wit, 1989; Olshausen et al, 1991). The
management of these potentially lethal arrhythmias can be achieved by various
approaches such as implantation of electrical defibrillators, surgical intervention and
pharmacological treatment with antiarrhythmic drugs (Podrid, 1987; Fisch and
Surawicz, 1991). The most frequently used mode of treatment for cardiac arrhythmia
is with antiarrhythmic drugs (Graboys et al., 1982), although some available

antiarrhythmic agents are neither universally effective nor safe.

Classification of Antiarrhythmic Drugs

Several attempts to classify the antiarrhythmic drugs were made in the last

decade, but none were generally accepted (Nattel, 1991; Vaughan Williams, 1992).
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The most common and extensively described classification of antiarrhythmic drugs is
Vaughan Williams’ classification (Millar and Vaughan Williams, 1981; Vaughan
Williams, 1984; 1992) which is based on the fundamental electrophysiological effects

of drugs on various cardiac tissues (Table 1).

TABLE 1

VAUGHAN WILLIAMS CLASSIFICATION

Class Action Drugs
I Sodium channel blockade

Ia Moderate phase 0 Quinidine, procainamide,
depression, slow disopyramide, ajmaline,
conduction, prolong sparteine, cibenzoline,
repolarization pirmenol, moricizine

Ib Minimal phase 0 Lidocaine, phenytoin,
depression, shorten mexiletine, aprindine,
repolarization tocainide,

Ic Marked phase 0 Flecainide, encainide,
depression, slow lorcainide, indecainide,
conduction, little propafenone
effect on repolarization

II B-blockers Propranolol, acebutolol, esmolol

I1I Prolong action potential Amiodarone, sotalol, bretylium,
duration (APD) tedisamil

v Calcium channel blockade Verapamil, diltiazem, nifedipine

A% CI' channel blockade Alinidine

Class la antiarrhythmic drugs inhibit iy, depress phase-0 depolarization.
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Therefore, the amplitude, overshoot, and Vmax of phase 0 in myocytes are decreased
in a dose-dependent manner. Class Ia drugs prolong action potential duration
(APD), slow conduction at high concentration, lengthen the effective refractory
period (ERP), with the exception of moricizine which shortens the APD in Purkinje
fibers (Bigger and Hoffman, 1990). Class Ia drugs decrease the slope of phase-4
depolarization and shift the threshold voltage toward zero (Bigger and Hoffman,
1990). These effects are due to use-dependent blockade of fast sodium channels and
slowing of their rate of reactivation. At therapeutic doses, class Ia agents prolong the
P wave, the PR intervals, QRS intervals and QT intervals of the ECG (Symanski &
Gettes, 1993). Widening of the QRS complex in the ECG is a useful index for
monitoring class la therapy. Because of their effects on ERP and conduction, class
Ia drugs can abolish reentry arrhythmias.

Class Ib antiarrhythmic drugs inhibit the fast sodium current, shorten APD in
Purkinje fibers and ventricular muscle, but cause no change in atrial fibers, resulting
in lengthening ERP relative to APD (Vaughan Williams, 1984). Because these drugs
reduce the APD, the QT interval may also be decreased. However, the drugs in class
Ib have no effects on QRS duration or conduction during normal sinus rhythm.
Unlike the class Ia drugs, which bind to both normal and depolarized myocardial
cells, class Ib drugs have a more pronounced effect in areas of ischemic myocardium
than in normal myocardium (Lazzara, et al., 1978). The effects of these drugs on
sodium channels produce the least degree of rate- or use-dependency in normal
heart. Class Ib drugs can abolish ventricular reentry, either by causing two-way block
or by improving conduction.

Class Ic antiarrhythmic drugs bind tightly to and block sodium channels, and
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therefore, reduce the \"mx and overshoot of action potentials in normal and abnormal
cardiac fibers (Woosley, 1991). They produce the greatest use-dependency and slow
conduction and have only slight effects on APD and repolarization. Like class Ib
agents, class Ic do not change the ST segments and heart rate. However, they
produce an increase in the PR interval and the QRS duration. Propafenone is
somewhat unique in that it has weak B-adrenergic- and calcium antagonist properties
in addition to its sodium channel blocking properties (Funck-Brentano, 1990).

Class II antiarrhythmic drugs are B-adrenergic blockers (Vaughan Williams,
1984). Most of their antiarrhythmic properties can be explained by selective blockade
of B adrenergic receptors. The class II antiarrhythmic drugs can totally abolish
automaticity in the His-Purkinje system. Like lidocaine and phenytoin, propranolol
increases outward background current in Purkinje fibers, leading to decreased
automaticity. Class II antiarrhythmic drugs produce: (a) increased ERP in SA and
AV nodes; (b) reduced spontaneous phase 4 diastolic depolarization in both sodium-
and calcium-dependent action potentials; and (c) decreased in Vmax and conduction
velocity in SA and AV nodes (Bigger and Hoffman, 1990). In ECG, B-blockers
lengthen the PR interval, but have no effects on the duration of the QRS complex.
At higher concentrations, propranolol and acetolol have inhibitory effects on phase-0
depolarization. B-Blockers may provide protection against arrhythmias by decreasing
myocardial oxygen consumption and reducing myocardial ischemia (Karagueuzian et
al., 1987).

Class I1I antiarrhythmic drugs have different pharmacological properties, but
they share the ability to prolong the APD and ERP in Purkinje fiber and ventricular

muscle fibers. The class III drugs interfere with the repolarizing currents, carried
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mainly by potassium (Colatsky et al., 1990). Amiodarone also has use-dependent
blockade on the sodium channels, and therefore, reduce V. of the action potential
upstroke (Sheldon et al., 1989). It also has a- and B-adrenergic receptor and calcium
channel blocking activity (Symanski & Gettes, 1993). Sotalol is a B-adrenergic
receptor blocking agent that decreases automaticity (Bigger and Hoffman, 1990).
Amiodarone and sotalol, but not bretylium, cause a significant increase in the PR
interval. However, all three drugs prolong the QT intervals. Only amiodarone
increases the duration of QRS. Amiodarone, bretylium and sotalol are thought to
terminate reentry arrhythmias by markedly prolonging ERP (Bigger and Hoffman,
1990).

Class IV antiarrhythmic drugs are calcium channel blockers. They block the
L-type calcium channels in the surface membrane and reduce the slow calcium-
dependent inward current, which is responsible for depolarization of SA- and AV-
nodes. The effect on the calcium channels by class IV drugs is use-dependent (Bigger
and Hoffman, 1990). The major effect of verapamil or diltiazem is to decrease the
conduction velocity through the AV node and increase its ERP. The calcium channel
blocking agents do not influence V,_, of action potential upstroke, ventricular
conduction, or the QRS complex on the ECG, but they do shorten APD and ERP,
leading to shortening the QT interval.

The class V agents are chloride channel blockers. Alinidine prolongs APD in
the atrium and ventricle; does not increase K conductance or block sodium channels,
and is not a competitive antagonist of B-receptors. Class V drugs reduce the slope
of the slow diastolic depolarization in pacemaker cells of the sino-atrial node (Millar

and Vaughan Williams, 1981).



Limitations of the Vaughan Williams Classification

The Vaughan Williams classification has recently received criticism (Rosen,
1991; Woosley, 1991; Vaughan Williams, 1992). The major limitations are: (1) drugs
belonging to the same class differ in their interaction with the given channels; (2)
most antiarrhythmic drugs fall into more than one class; (3) classifications are based
on the data from healthy cardiac tissues; and (4) the classification neglects the
differences in the effects of antiarrhythmic drugs on different types of cardiac tissues,
etc. Therefore, several alternative classifications, e.g. classification based on
molecular level, and/or on effects on human arrhythmias have been proposed (Rosen,
1991; Vaughan Williams, 1991; Colatsky, 1992; Rosen, 1992; Vaughan Williams,
1992), but these alternative classifications are still in the developmental stage. With
a deeper understanding of the mechanisms of arrhythmias and the actions of
antiarrhythmic drugs, better classifications of antiarrhythmic drugs than the existing

one will appear in the near future.

Selection of Antiarrhythmic Drugs

Class Ia antiarrhythmic drugs slow conduction velocity, prolong refractoriness,
and decrease the automatic properties of sodium-dependent conductive tissues of the
heart. Therefore, class Ia agents can be very effective in the treatment of automatic
tachycardias by depressing the rate of spontaneous impulse generation of atrial or
ventricular foci. In reentry tachycardias, these drugs depress conduction and prolong

refractoriness, transforming the area of unidirectional block into a bidirectional block.
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Clinically, class Ia drugs are broad-spectrum antiarrhythmics, being effective for both
supraventricular and ventricular arrhythmias.

Class Ib drugs such as lidocaine and phenytoin have facilitative actions on
cardiac conduction by shortening refractoriness with little effect on conduction
velocity. Lidocaine, tocainide and mexiletine are considerably more effective for
ventricular arrhythmias than for supraventricular arrhythmias.

Class Ic drugs, flecainide and encainide, are very effective in suppressing
premature ventricular depolarization with a low incidence of side effects, but they
increase mortality in patients with myocardial infarction (Echt et al., 1991; Rogers et
al,, 1989, 1992). Therefore, class Ic agents are rarely used for treating arrhythmias.

Class II drugs, B-adrenergic receptor antagonists, are most useful in
tachycardias of the SA and AV nodes, because the SA and AV nodes are heavily
influenced by adrenergic innervation. These agents are also helpful in slowing
ventricular response in supraventricular tachycardias by their effects on the AV node.

Class III antiarrhythmic drugs prolong refractoriness in atrial and ventricular
fibers. Bretylium is very effective in ventricular fibrillation, whereas, it is rarely
effective in ventricular tachycardia. In contrast, amiodarone and sotalol are effective
in most tachycardias. Amiodarone and sotalol also depresses SA and AV nodal
conduction by direct adrenergic blockade.

Class IV drugs, calcium channel blockers (verapamil and diltiazem) inhibit
calcium entry into the cell, thus slow conduction, prolong refractoriness, and decrease
automaticity of the SA and AV nodes. Class IV antiarrhythmic drugs are very
effective against tachycardias with origins in the SA and AV nodes.

For many patients, a single antiarrhythmic drug may not adequately suppress



8

ventricular arrhythmia, and an important approach is the use of drug combinations
(Greenspan, 1986, Hirsowitz, et al. 1986, Deedwania, 1987; Duff, 1987, Marchlinski,
1988; Awaji and Hashimoto, 1993; Dorian et al., 1993). Two or more partially
effective agents used together may result in synergistic antiarrhythmic effects and
enhance arrhythmia suppression. Additionally, the use of two drugs permits dose
reduction of each agent without compromising the antiarrhythmic effect (Kawamura
et al. 1990). This combination diminishes the potential for drug toxicity and
improves patient compliance (Podrid, 1987; Patt, 1988).

Whether a single or combination of antiarrhythmic drug(s) is used, the ideal
approach to the treatment of cardiac rhythm disorders depends on the proper
identification of the arrhythmia, an understanding of the factors involved in the
pathogenesis of the arrhythmia, a knowledge of the mechanism of action of the
available pharmacologic agents, and an understanding of the clinical effects of the
antiarrhythmic agents. The selection of antiarrhythmic drugs remains empirical,
without adequate guidelines for selection (Podrid. 1987). A more quantitative
approach that may ultimately lead to a more rational selection of drug therapy for
cardiac arrhythmias should be based on the modes of actions of antiarrhythmic drugs
on the monophasic action potential recorded from ischemically injured myocardial

tissue (O’Donoghue and Platia, 1991).

Pharmacokinetics of Antiarrhythmic Drugs

Importance of Pharmacokinetic Studies

Pharmacokinetics quantitates the time course of absorption, distribution,
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metabolism and excretion of substances or medicinal agents. Pharmacokinetics has
evolved during the last three decades from a purely mathematical description of the
time course of drug concentrations in the body to a discipline that is fully integrated
with pharmacology, toxicology and clinical therapeutics (Peck et al., 1992; Smith,
1993). Consequently, the collection, analysis, and presentation of data on
pharmacokinetic, metabolic and toxicological studies have become an important part
of the new drug development process. Comprehensive pharmacokinetic information
is a regulatory requirement for investigational new drug submission (IND) and new
drug application (NDA) (Balant et al., 1990; Tse and Jaffe, 1991).

Support for Pharmacology. It is well recognized that the intensity and
duration of the pharmacologic effect of the drug are functions, not only of the
intrinsic activity of the drug, but also of its pharmacokinetic characteristics.
Pharmacokinetic data are often useful in the interpretation of drug effects.
Appropriate pharmacokinetic data can indicate whether the drug is poorly absorbed
or undergoes first-pass effects, resulting in low therapeutic blood levels. This
information is important for making decisions such as improving drug absorption by
alteration in the salt form or drug formulation, investigation of the possibility of
prodrugs, or abandonment of the oral route of administration. Knowledge of the
pharmacologically efficacious systemic concentration in animal models can be utilized
to guide later studies in humans.

Support for Toxicology. The most important function of animal
pharmacokinetic studies is in support of drug-safety evaluation. Determination of
pharmacokinetic characteristics during the course of toxicology studies may aid in the

interpretation of certain toxicologic findings. For example, tissue distribution data
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may be useful in explaining organ specific toxic manifestations.

Prediction of Human Pharmacokinetics. Preclinical data on drug absorption
and disposition can support and guide decisions concerning initial trials in humans.
For many drugs, the extent of absorption is very consistent between different animal
species and man, but, the actual form of the drug reaching the systemic circulation
may differ among species due to the large qualitative and quantitative differences in
the metabolism of a drug among species. Thus, interspecies variations in important
pharmacokinetic parameters, such as absolute bioavailability, clearance, and
elimination half-life, can occur for the same compound. Such variations can make
it difficult to make valid, direct extrapolation of animal disposition data to man.
However, an allometric theory has been developed to estimate human
pharmacokinetics by interspecies scaling, which is based on similarities in anatomy,
physiology, and biochemistry among animal models and man (Boxenbaum & D’souza,
1990).

Development of New Dosage Forms and Formulations. Animal models are
often employed to provide support in the development of new dosage forms or
formulations. Initially, pharmacokinetic characteristics of a drug can serve as the
basis for selection of a suitable dosage form. This knowledge can be used to
determine the need for such specific dosage forms as enteric-coated or controlled-
release units. Additionally, animals are often used as a screen for new dosage forms
in order to eliminate unnecessary human trials with different formulations. These
studies can reduce the cost and time necessary for developing a new formulation as

well as unnecessary human exposure to test compounds.
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Analytical Techniques

The interpretation of pharmacokinetic data ultimately depends upon the
accurate quantitation of drugs and their metabolites in biological fluids. Without a
selective, specific, and sensitive analytical method for the determination of a drug and
its metabolite(s), significant errors may be introduced into evaluations of
pharmacokinetic data. Thus, the analysis of therapeutic agents is still a challenge for
analytical chemists because the measurement of low-level concentrations of
therapeutic agents and their metabolic products in biological fluids remains extremely
difficult. The compounds are usually found in very low concentrations with many
other compounds and endogenous substances which may cause analytical
interferences. Most analytical methods, such as dye methods, UV and visible
spectrophotometry, and fluorimetry, are not sensitive and selective enough to identify
an individual compound from the others. Other methods, such as microbiological
assays and immunological methods (such as ELISA), have sometimes been used but
are not widely employed in the measurements of concentrations of a drug and
metabolite(s).

The high degree of sensitivity with radioactivity labelled compounds is mainly
used for drug concentrations in tissues of animals and in animal pharmacokinetic
studies. However, poor specificity and ethical problems raised by the use of
radiolabelled substances in humans has limited its widespread use.

Mass spectral and NMR analysis are usually not used in pharmacokinetic
studies, but they are important techniques for the elucidation of metabolite structures.
However, gas chromatography-mass spectrum (GC-MS), and more recently ‘high-

performance liquid chromatography-mass spectrum (HPLC-MS), provide rapid and
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sensitive techniques in characterizing drug metabolites.

Chromatographic techniques are widely used in pharmacokinetic studies.
Thin-layer chromatography (TLC) remains a useful tool for the detection of
metabolites, particularly in urine, but this method has generally been replaced by
HPLC. Gas-liquid chromatography (GLC) methods are sensitive, precise, and rapid
and can easily be automated, but the method is significantly restricted to parent drugs
and some volatile metabolites. GC-MS techniques are important tools for the
identification of drug metabolite(s). HPLC is the method of choice during drug
development. It is recommended that formal pharmacokinetic studies b¢ performed
with HPLC, especially when dealing with steric drugs (Balant et al., 1990). HPLC
has been utilized to analyze almost all antiarrhythmic drugs (Midha and Butterfield,
1979).

Whenever an analytical method is developed for use in pharmacokinetic
studies, it must be fully validated, since method validation can significantly influence
the pharmacokinetic data evaluation (Pachla et al., 1986). Any method should be
validated to ensure that precise and accurate data are obtained before sample
analysis is undertaken. The validation method should include the following
performance characteristics: drug stability, sensitivity, selectivity, recovery, linearity,
calibration curve precision and accuracy, and method precision and accuracy (Balant,

et al., 1990).

Pharmacokinetic Profiles

The pharmacokinetic disposition of most antiarrhythmic drugs can be

described by an open two-compartment model after intravenous administration and
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a one-compartment model after oral administration with the antiarrhythmic effects
being best correlated with drug content in the peripheral compartment (Welling and
Tse, 1985). Several important pharmacokinetic parameters of the most commonly
used antiarrhythmic drugs are summarized in Table 2 (Karagueuzian, 1987; Gilman
et al., 1990). Pharmacokinetic profiles indicate that different antiarrhythmic drugs
have individual pharmacokinetic characteristics. Only after understanding the
pharmacokinetic profiles can individualized drug treatment be achieved.
Pharmacokinetic profiles of a drug must be completed at the time of registration in
order to provide a valid basis for safety and efficacy issues. It must be updated with
new information during the post-marketing phase when unexplainable side-effects are
observed, new pharmaceutical forms are developed, and new data are collected from
new dosage regimens. The relevant pharmacokinetic studies must be performed
using the same design as those used in preclinical study (Balant et al., 1990).
Pharmacokinetics can be limited in the absence of pharmacodynamic data.
Integration of animal pharmacokinetic and pharmacodynamic data in drug
development is very important (Peck, 1992; Smith, 1993). In considering species
variation in dose response relationships, pharmacokinetic differences are considered
as the major factor. Moreover, the variation in dose response may actually reflect
differences in the pharmacodynamic response per se, due to various forms of
receptor types expressed in individual species. It has been concluded that
pharmacodynamics and safety evaluation must be performed, not just by inter-
species plasma concentration comparisons, but by assessment of the ratios between
doses and concentrations producing desired effects tolerated by animals (Balant et

al., 1990).




TABLE 2

SOME PHARMACOKINETIC PARAMETERS OF COMMONLY USED ANTIARRHYTHMIC DRUGS

Drugs F tin Binding \% Clp U.E R.E. T.C.
(%) () (%) (Likg)  (mlminkg) (%) (ug/ml)
Quinidine 70-80 5-7 80-90 2.0-35 4.7+18 18+5 H/R 2-6
Procainamide 75-90 2.5-5.0 10-20 10-20 - 678 H/R 4-15
Disopyramide 70-95 4-8 50-80 0.8-20 1.2+04 55«6 H/R 2-6
Lidocaine 20-40 1-2 65-75 1-2 9.2+24 2+1 H 1.5-6
Phenytoin 85-95 6-24 89+23 0.5-08 - 2+8 H/R 10-20
Mexiletine 80-95 6-12 60-75 5-12 6.3+2.7 4-15 H 0.7-2
Tocainide 90-95 12-15 10-30 1.5-3.0 2.6x05 38+7 H 4-10
Flecainide 90-95 13-20 35-45 8-10 5.6+1.3 43+3 H 0.3-2.5
Encainide, PM 85-95 8-11 70-80 25-40 2.6x0.6 396 H/R -

EM 20-30 1-3 70-80 2.5-40 25%8 52 H -
Lorcainide 1-65 3-7 80-90 6.4+24 17528 <2 H 0.1
Propranolol 15-35 3-5 80-95 43+0.6 16%5 <0.5 H 0.02
Propafenol 5-50 10-32 97 - - <1% H/R -

VA




TABLE 2

(Cont’n)

Acebutolol 20-50 2-4 20-30 1.2+0.3 6.8+08 40+11 HR -
Esmolol - 0.1-0.2 50-60 1.9+13 170+70 <1 HR -
Amiodarone 22-88 15-100d  95-97 70-150 1.9+0.4 0 H 0.5-2.5
Sotalol 100 10-15 Negligible - - - H/R -
Bretylium 15-20 5-10 Negligible  4-8 10+1.9 7715 R 0.5-2.0
Verapamil 20-40 4-12 95-99 1.5-5.0 15+6 <3 R/H 0.05-0.15
Diltiazem 30-55 2.5-5 70-85 3.1x1.2  12+4 <4 H/R -

F = Bioavailability; V = Volume of distribution; CLj; = Body Clearance; U. E. = Urinary Excretion;
R. E. = Route of Elimination; H = Hepatic, R = Renal; T. C. = Therapeutic Concentration; PM = Poor
Metabolizers; EM = Extensive Metabolizers.
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The combined data from pharmacokinetics and pharmacodynamics represent
a challenging field for drug research. It is also obvious that more efforts are needed

for the assessment and simultaneous analysis of kinetics and dynamics of drugs.

Plasma Protein Binding

Plasma protein binding is of pharmacological significance in many aspects.
Plasma protein binding may (1) facilitate drug absorption and drug transport; (2)
influence drug activity by reducing the proportion of the dose available to sites of
action in tissues; and (3) decrease the availability of drug molecules for metabolism
and excretion. However, plasma protein binding for a drug may be altered in the
various pathological conditions and in the presence of other drugs. Therefore,
information on plasma protein binding is useful at a very early stage of drug
development.

Plasma protein binding can be determined by equilibrium dialysis,
ultracentrifugation, ultrafiltration, partition equilibrium, gel filtration, spectroscopic,
and isotopic techniques. Equilibrium dialysis is the most common and preferable
method (Balant et al., 1990). Two important study methods are widely used: (1) "in
vitro-in vitro" studies, where the binding of new drugs to animal and human plasma
protein is determined by using "spiked samples", and (2) "ex vivo-in vitro" studies,
where plasma protein binding is evaluated by using the sample obtained from subjects
exposed to the drug. The latter technique can avoid the possible qualitative and/or
quantitative alterations in plasma proteins and influence by the presence of

metabolites. However, most protein binding data reported come from "in vitro-in
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vitro" studies. Protein binding of antiarrhythmic drugs ranges from 0-100% (Table 2).
Protein binding may be very useful for predicting drug-drug interactions between
strongly bound drugs, since displacement of drugs from their plasma protein binding
site(s) is the most frequent cause of an unwanted increase in the free fraction of a

pharmacologically active moiety, leading to an alteration in the volume of distribution.

Metabolism

Phase I Metabolism. Two of the most important enzyme systems involved
in Phase I metabolism are: (1) cytochrome P-450 system or the mixed function
oxidase (MFO), which catalyzes oxidative reactions such as hydroxylation,
dealkylation, epoxidation, deamination, sulfoxidation, desulfuration, dehalogenation,
N-hydroxylation, and reductive reactions such as aromatic nitro reduction, and (2) the
flavin-containing monooxygenase (FMO) system, which mainly catalyzes the
metabolism of S- and N-containing compounds via S- and N-oxidation (Wislocki et
al., 1980; Ziegler, 1988).

Phase II Metabolism. Phase II reactions are conjugating reactions which
generally convert the parent compound or Phase I metabolite(s) into more water
soluble products. Several types of conjugating reactions including glucuronidation,
sulfation, methylation, acetylation, amino acid conjugation, and glutathione
conjugation, are present in animals.

Although most drug metabolites are less biologically active than their parent
compounds, some Phase I and II metabolites are more toxic. Therefore, drug
metabolism is not simply "detoxification". In fact, the desired pharmacologic actions

of some drugs are wholly attributed to their metabolites. Likewise, the toxic effects
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of some drugs may be due in whole or in part to metabolic products.

Drug metabolism study is a part of drug development and safety evaluation.
These data are helpful in understanding the biological action of a drug and are FDA
required. Such data can also provide important information to guide chemical
modifications, such as pro-drug synthesis, in order to increase drug stability and
bioavailability. Usually, metabolic studies are conducted separately from the formal
pharmacokinetic studies, and the chemical nature and the concentrations of
metabolites in biological fluids should be determinated (Balant et al., 1990). Since
drug metabolism has significant species differences, the metabolism of a new drug
must be investigated in different species. It is very important to determine the
pharmacokinetic characteristics of a metabolite, in addition to those of the parent
drug, although assessment of the pharmacokinetics of a metabolite after the
administration of the parent drug can be quite difficult because of the complex
kinetic relationships between the parent drug and its metabolite (Chan, 1982; Cheng,
1992). However, without in vifro metabolism studies the interpretation of most in
vivo metabolism data is virtually impossible. In fact, in vitro studies of drug
metabolism, including liver perfusion, subcellular preparations, isolated enzymes,
primary cells in culture, cell lines and fetal hepatocytes in culture, should be studied
before the mechanisms of drug metabolism are extensively studied in vivo. (Balant
et al., 1990).

The metabolites of antiarrhythmic drugs can have significant clinic importance
(Kates et al, 1984). Only after understanding the pharmacological and
pharmacokinetic profiles of both the parent drug and its metabolites is the

individualized therapy possible. Table 3 summarizes the metabolic pathways and




TABLE 3

METABOLISM OF ANTIARRHYTHMIC DRUGS

Drugs Metabolism Metabolite(s) Antiarrhythmic Activities
Pathways of Metabolites
Quinidine Aliphatic hydroxylation  3-Hydroxyquinidine same as parent drug
Aromatic hydroxylation  2’-Oxyquinidine less than parent
O-dealkylation O-Demethylquinidine same as parent compound
Procainamide N-acetylation N-Acetylprocainamide same as parent drug, but by a different
mechanism
Hydrolysis p-Aminobenoic acid no
Disopyramide Mono-N-dealkylation N-Deisopropyldisopyramide 25-50% of parent drug; anticholinergic
(toxic effect)
Sparteine N-oxidation N-Oxidation product -
Lidocaine Mono-N-dealkylation Monoethylglycinexylidide (MEGX) some
Bi-N-dealkylation Glycinexylidide (GX) 25% of parent drug;
convulsion action (toxic effect)
Diphenyhydantoin ~ Parahydroxylation 5-Phenylhydantoin no
Mexiletine N-methylation + para-Hydroxymexiletine no

hydroxylation




TABLE 3 (Con’t)

Aprindine
Flecainide

Encainide

Lorcainide

Indecainide
Propranolol

Amiodarone

Sotalol

Verapamil

N-dealkylation
N-dealkylation
O-demethylation

O-demethylation +
methoxylation

N-demetylation
N-dealkylation
Aromatic hydroxylation
O-methylation
N-dealkylation
Aromatic hydroxylation
Mono-N-dealkylation
Bi-N-dealkylation

no

N-dealkylation

N-Deethylaprindine
N-Deethylflecainide
O-Demethylencainide (ODE)

3-Methoxy-O-demethylencainide
(MODE)

N-Demethylencainide (NDE)
Norlorcainide
para-hydroxylorcainide
O-Methylorcainide
N-Deisopropyl indecainide
4-Hydroxypropranol
Deethylamiodarone
Bi-N-dealkylationamiodarone

Norverapamil

same as parent drug
no
50 times more

same as parent compound

less

same as parent compound

10% of parent drug
less

less

less
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activity of metabolites of some common antiarrhythmic drugs (Hartenstein and

Wagner, 1986; Karagueuzian et al., 1987). The metabolism of many antiarrhythmic
drugs has been extensively studied. It is interesting that most metabolites of
antiarrhythmic drugs possess some degree of antiarrhythmic properties. Dealkylation
is the most important metabolic pathway for most antiarrhythmic drug because they
are N- or O-containing compounds (Hartenstein and Wagner, 1986; Karagueuzian

et al,, 1987). Hydroxylation is also common for selected antiarrhythmic drugs.

Biochemical Mechanisms of Antiarrhythmic Drugs

During the last decade, several new antiarrhythmic drugs have been introduced
for treatment of various cardiac arrhythmias. The electrophysiological mechanisms
and pharmacological effects of these antiarrhythmic drugs have been widely studied
(Bigger and Hoffman, 1990). However, little is known about the biochemical
mechanisms of these antiarrhythmic drugs. Since mitochondrial function and sodium
pump activity are significantly affected by ischemia induced by myocardial infarction
(Jennings and Reimer, 1981), most biochemical studies are usually directed towards
understanding the effects of antiarrhythmic drugs on myocardial mitochondrial

function and sodium pump activity.

Effects of Antiarrhythmic Drugs on Mitochondrial Respiration

Mitochondrial function is crucial for the living cell. At least 80% of energy
produced in mitochondria is used to drive various activities of a cell. Enzymes of the

respiratory chain, which are embedded in the inner mitochondrial membrane, are
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essential for oxidative phosphorylation in which two processes occur, namely (a)
electron transfer via the respiratory chain and (b) ATP production coupled to the
electron transport.

Myocardial ischemia causes a decrease in the supply of oxygen and nutrition
to cells. Consequently, there is a marked decrease in energy production in
mitochondria with cessation of coronary artery flow. Moreover, a decrease in ATP
production markedly affects mitochondrial function. Persistent mitochondrial
dysfunction is suggested to lead directly to cellular death (Jennings and Reimer, 1981;
Hanaki et al., 1992).

It has been suggested that antiarrhythmics inhibit many aspects of
mitochondrial function (Almontrefi and Dzimiri, 1990). The effects may be caused
by the action of an antiarrhythmic drug on mitochondrial membranes by altering the
activities of membrane proteins (channels and proteins). Antiarrhythmic drugs, such
as perhexiline maleate, propranolol, lidoflazine, iproveratril, and amiodarone, inhibit
mitochondrial function by acting on complex I of the mitochondrial respiratory chain.
They inhibit the electron transport from flavin protein to CoQ (Lopes et al., 1977;
Kluppel et al., 1978; Fortes et al., 1983a, 1983b, 1983c; Borba et al., 1984; Kluppel
et al., 1986; Borba et al., 1987; Fromenty et al., 1990). Amiodarone is the only
antiarrhythmic drug to inhibit complex II in addition to its inhibitory effects on
complex I (Fromenty et al., 1990). All of these antiarrhythmic drugs also significantly
inhibit mitochondrial ATPase activities. Inhibition of the mitochondrial respiratory
chain and ATPase activity result in depletion of ATP. In animal studies, the
protective effects of class I antiarrhythmic drugs, such as aprindine, disopyramide,

flecainide, lidocaine, mexiletine, pentisomide, propafenone, and amiodarone on
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myocardial mitochondria against ischemia, have been well characterized (Nokin et al.,
1987; Hanaki et al., 1992). However, inhibitory effects on mitochondrial function
may also be responsible for cell injury (Powis et al, 1990). Therefore, the
pharmacological/toxicological consequence of these effects are still uncertain, and

worthy of further investigation.

Effects of Antiarrhythmic Drugs on Na*,K*-ATPase

Na*,K*-ATPase is an integral transmembrane enzyme responsible for
maintenance of Na* and K* gradients in mammalian cells (Skou, 1992; Skou and
Esmann, 1992). Na*,K"-ATPase consists of two nonidentical, noncovalently
associated subunits @ and B which are encoded by separate genes (Liu and Gick,
1993). The a subunit has a MW of 112,000 and is responsible for catalysis of ATP.
Tissue-specific expression of three a isoforms, a;, a, and a,, are associated with
Na* K*-ATPases which have different sensitivities to cardiac glycosides (Kent et al.,
1987) and different affinity for intracellular Na* (Doohan and Rasmussen, 1993).
The smaller B subunit (MW 35,000) is present in equimolar amounts with the o
subunit and may facilitate the assembly of the a8 heterodimer in the plasma
membrane (Geering, 1990). B-Subunit isoforms (8,, 8, and B,) are suggested to play
a role in the assembly of the Na* K*-ATPase molecule and its transport to the
membrane (Horisberger et al., 1991; Doohan and Rasmussen, 1993). By maintaining
constant gradients of Na* and K* across the plasma membrane of a wide variety of
cells, this pump directly or indirectly controls cell functions (Hoffman and Forbush,

1983; Weer, 1985; Skou, 1992; Skou and Esman, 1992). In the heart, Na*,K*-




24

ATPase is important for the regulation of cell volume, maintenance of
transmembrane voltage gradients, and generation of ion gradients for transport of
calcium and other solutes. Therefore, the Na/K pump is referred to as an
electrogenic pump (Gadsby, 1984).

In humans, under pathological conditions such as overloaded and failing
hearts, the Na*,K*-ATPase pump numbers, activity, and/or gene expression are
decreased (Zahler, 1993). In dog ventricular muscle infarcted by clamping a major
coronary artery, there is a sharp decrease (up to 90%) in the number of high-affinity
ouabain binding sites in the a, isoform and no change in the affinity or activity of the
a, isoform (Decollogne, 1993).

It has become increasingly evident that multiple ionic effects of antiarrhythmic
drugs may contribute to their antiarrhythmic actions (Bigger, 1984). Therefore, the
antiarrhythmic actions of a single class or an individual agent may occur by more than
one mode of interaction. Possible mechanisms of action include direct interactions
with certain receptors, channels, and exchange proteins in which Na*,K*-ATPase is
the most likely target enzyme (Ijzerman and Soudijn, 1989). Effects on Na*,K*-
ATPase may contribute to some pharmacological actions such as positive inotropic
effects displayed by digitalis. However, this phenomenon may also be related to the
proarrhythmic effects. The positive inotropic effects resulting from inhibition of
sodium pump activity have been extensively investigated (Thomas et al., 1990).
However, the relationships between inhibitory actions of cardiotonic steroids on
myocardial sodium pump and their positive inotropic actions still remain a subject of
controversy (Thomas et al., 1990; Akera and Ng, 1991). A moderate inhibition of the

sodium pump by digitalis does not cause a corresponding increase of intracellular
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Na* ion concentration. Instead, a slight increase in intracellular Na® ion
concentration increases the activity of the remaining pump units leading to an
increase in Na-Ca exchange to produce the positive inotropic effects (Hansen, 1984;
Thomas et al., 1990). On the other hand, proarrhythmic effects of antiarrhythmic
drugs has been suggested as due to the malfunction of the electrogenic sodium pump
(Rosen and Wit, 1987; Thomas et al., 1990). When the degree of sodium pump
inhibition is excessive, a large increase in intracellular Na* occurs, resulting in Ca®*
overloading of the sarcoplasmic reticulum. At this condition, Ca?* then enters the
mitochondria which switch from producing ATP to pumping out the entering Ca**
resulting in a depletion of ATP. When ATP needed for contractility and the
maintainance of membrane activity becomes inadequate, negative inotropic effect and
arrhythmia result (Thomas et al., 1990). This is probably the mechanism underlying
the biochemical responses leading to digitalis-induced arrhythmias.

The correlation between Na*,K*-ATPase activity and shape of action potential
is poorly understood. In a number of cell types, it is well established that
hyperpolarization observed after an overdrive-stimulation is due to an activation of
electrogenic Na*,K*-ATPase system (Thomas, 1972). Therefore, effects on the
sodium pump may make some contribution to change in the electrophysiological
properties of antiarrhythmic drugs in addition to direct effects on specific channels.

Class 1 antiarrhythmic drugs interact with the Na*,K*-ATPase activity in
different ways. Most class I antiarrhythmic drugs show inhibitory actions similar to
that of ouabain, a specific inhibitor of the Na/K-ATPase activity (Smith et al., 1984).

Class Ia drugs such as quinidine, procainamide and class Ib drugs such as

lidocaine and tocainide have been found to produce concentration dependent
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inhibition on Na*,K*-ATPase (Almotrefi and Dzimiri, 1990; Dzimiri and Almotrefi,
1991a). However, they are less potent than ouabain.

A class Ic drug, lorcainide, inhibits the myocardial Na*,K*-ATPase activity in
vitro in a manner similar to that of ouabain (Almotrefi and Dzimiri, 1991a).
However, the effective inhibitory concentration range for lorcainide is higher than its
therapeutic levels. The inhibitory potency is enhanced significantly by reducing the
K™ concentration level of the incubation medium (Almotrefi and Dzimiri, 1991b).
In contrast to other class I drugs, the class Ic drug encainide exerts stimulatory
effects, rather than inhibitory effects on Na*,K*-ATPase activity at therapeutic
concentrations (Almotrefi and Dzimiri, 1990).

A class II antiarrhythmic drug, propranolol significantly inhibits Na*K*-
ATPase activity at therapeutically relevant concentrations (Cook et al., 1983). This
effect may have some therapeutic importance.

The effects of a class III antiarrhythmic agent (Amiodarone) on Na,K-ATPase
activity have been widely studied (Broekhuysen et al., 1972; Prasada et al., 1986;
Aomine, 1989; Dzimiri and Almotrefi, 1990a; 1991b; Almotrefi and Dzirimi, 1991c).
For instance, at physiological concentrations, amiodarone inhibited the enzymatic
hydrolysis of ATP by Na*,K*-ATPase system in a concentration-dependent fashion
with an inhibitory activity range similar to that exhibited by ouabain (Broekhuysen et
al., 1972). The interaction of amiodarone with the Na*,K*-ATPase system may
possibly explain some of its pharmacological actions (Dzimiri and Almotrefi, 1990b).
However, amiodarone had no inotropic effects and therefore no correlation between
cardiotonic action and reduced Na*,K*-ATPase activity was expected. Moreover,

some toxic effects were found to be mediated partly by its interaction with the sodium
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pump (Rosen and Wit, 1987). Therefore, inhibitory action is probably pertinent to
some of the cardiac properties shared by both amiodarone and cardiotonic steroids,
such as their tendency to induce cardiac arrhythmias (Dzimiri and Almontrefi, 1991b;

1991c).

Antiarrhythmic Drugs and Membrane Channels

Sodium, potassium, calcium and chloride channels are very important in the
maintenace of membrane potential as well as in the genesis of an action potential of
myocardial cells. Therapeutic/toxic effects of most of the antiarrhythmic drugs are
due to their specific effects on one or more of the above ion channels.

Voltage-dependent sodium channels play a crucial role in generating fast
action potentials (Cohen and Barchi, 1992). Sodium channels may be in one of three
different states, resting, open, or inactivated state (Hodgkin and Huxley, 1952). Class
I agents have weak interactions with resting sodium channels of normal resting
membrane. However, class I agents can produce use-dependent inhibition on certain
states of sodium channels (Steinberg, 1986). Lidocaine interacts with open and
inactivated channels, while quinidine and amiodarone preferentially interact with
open and inactivated channels, respectively. Competitive studies have added support
to the notion that certain class I drugs act on a common receptor site, but possess
selective affinities for sodium channels at different states. Most class I antiarrhythmic
drugs exhibit rate- or use-dependent effects. This means that the depression of V___
is greater at a faster heart rate. This phenomenon is consistent with the modulated

receptor hypothesis of drug interactions with the sodium channel (Hondeghem and
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Katzung, 1977). According to this model, drugs bind preferentially to the activated
or inactivated a specific channel compared with the resting channel. The recovery
from a block depends on the dissociation kinetics of the particular drug. The end
result of use dependence is that drug effects, both antiarrhythmic and proarrhythmic,
vary with the rates of stimulation. Other factors, such as ischemia, also modulate
drug effects by altering the state of the sodium channel. Drugs with high affinity for
the resting state could be toxic (Woosley, 1991). The modulated receptor theory uses
a mathematical approach to calculate drug affinities to the three theoretical states of
the channel. The guarded receptor model assumes that the affinity of a drug for the
receptor is constant, but the diffusional constraints on the access and egress of a drug
between its binding site within the channel and its pools in the membrane and
cytoplasm are different (Woosley, 1991).

Potassium channel blockers and their use as aptiarrhythmic drugs have
received a great deal of attention recently (Bacaner, 1986; Narahashi, 1992; Wilde,
1993). At least seven different potassium channels have been described in the heart
and are thought to play a role in normal repolarization (Woosley, 1991; Narahashi
and Herman, 1992). Potassium currents, predominantly the delayed rectifier, have
been identified as an important target for antiarrhythmic drug action. Blockade of
the potassium currents during the plateau phase of the action potential is considered
to be the mechanism of action by some antiarrhythmic drugs which prolong the
refractory period (Roden, 1988). Besides the effects on sodium channels, most class
I agents also have been demonstrated to block the potassium channels (Colatsky et
al. 1990). Class Ia agents, such as quinidine and disopyramide, are potent

nonselective inhibitors of potassium channels. Class Ib agents, such as lidocaine, do
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not affect potassium channels. Class Ic agents flecainide, encainide, and propafenone
were found to be potent, relatively selective blockers of potassium channel (Ik)
(Duan and Nattel, 1993). Available data suggest that most currently available class
III agents exert their effects on repolarization by blocking one or more potassium
channels, other channels, and membrane receptors (Colatsky and Follmer, 1989;
Colatsky et al., 1990). Recently, several new agents have been developed that not
only affect action potential duration selectively but affect particular cardiac
repolarizing K* currents selectively (Dukes et al., 1990; Kantor, 1990; Gwilt, 1991;
Isomoto, 1993; Rees and Michael, 1993). These include tedisamil, a class III/I
antiarrhythmic agent, which was found to block not only the delayed rectifier but also
the transient outward potassium current (I,), with a minimal effect on the fast and
slow inward currents (Dukes and Morad, 1989; Dukes et al., 1990). E-4031 could be
considered as a selective blocker of the delayed rectifying K* current (I,) without any
effect on the other potassium currents (Follmer, 1990; Isomoto, 1993). Other newer
agents include glibenclamide, which blocks the ATP-dependent K* channel [koatr)]
(Kantor, 1990); RP58866, blocker of an inwardly rectifying K* current (I,;) (Rees
and Michael, 1993); UK66,914, which blocks the delayed rectifying K* current (I,)
(Gwilt, 1991); and sematilide hydrochloride, which is blocker of the delayed rectifying
K™ current (I,) (Sager, 1993).

Voltage-activated calcium channels play important roles in a variety of
functions of excitable cells. These include generation of action potentials, control of
bursting and pacemaker activity, secretion of neurotransmitter and hormones, and
excitation-contraction coupling. Four different types of calcium channels (T-, N-, L-

and P-types) have been characterized, in which the L-type calcium channel is
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important in cardiac arrhythmias. Drugs that specifically modulate the activity of
calcium channels could potentially be used in the treatment of cardiovascular
disorders. Some of them have been successfully developed as therapeutic agents.
These agents include verapamil, nifedipine, and diltiazem which are being used in the
treatment of angina, paroxysmal supraventricular tachyarrhythmias, atrial fibrillation,
hypertension, and cardioplegia. Verapamil is an antagonist of L-type calcium
channel, and part of it’s binding site is located in the sixth transmembrane segment
(S¢) in the fourth repeat of the protein (Narahashi et al, 1992, Rampe, 1993).
Blockade of calcium channels is unlikely to play a role in the prevention or
suppression of most clinical ventricular arrhythmias (Akhtar, 1989; Woosley, 1991),
but it may play a role in those arrhythmias generated from SA node and AV node,
since action potentials in SA and AV nodes are dependent upon calcium not sodium
channels. Verapamil, however, also blocks other cardiac ion channels, including
delayed rectifier K* channels. This effect is concentration and voltage dependent and
is attributed to open channel blockade. Verapamil produces potassium channel
blockade by binding to the inner pore of voltage-dependent K* channels of the
myocardium (Rampe, 1993).

The isolation of organ-specific sodium, potassium, and calcium channels or
cloning of specific ion channels from human cardiac tissues for screening new
antiarrhythmic drugs promises to aid in the development of new antiarrhythmic
agents (Roberts, 1990; Rampe, 1993). Another novel approach to the development
of pharmacotherapy for arrhythmias should include testing new agents for their ability
to alter specific anion/cation channels in the ischemic myocardial cell and screening

them for their antiarrhythmic activities in whole animal model (Curtis, 1993).
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Toxicity of Antiarrhythmic Drugs

Most of the currently available antiarrhythmic agents are less than ideal in the
therapeutic setting, since clinically significant adverse reactions are common during
drug therapy for ventricular arrhythmias (Velebit, et al., 1984; Nygaard et al., 1986;
Woosley, 1987; Bigger and Hoffman, 1990) (Table 4). Use of class I agents has
always been limited by serious side effects such as proarrhythmic and negative
inotropic effects (Podrid, et al.,, 1987, Woosley, 1991). Negative inotropic effect of
class I antiarrhythmic drugs may be due to blockade of inward sodium currents.
Therefore, the intracellular calcium ion content in functioning myocardial cells is
reduced (Schlepper, 1989). Furthermore, the cardiac arrhythmia suppression trial
(CAST) demonstrated that flecainide and encainide increase mortality in patients
with recent myocardial infarction (Rogers et al.,, 1989; Echt, 1991; Rogers et al.,
1992).  Other clinical trials demonstrated that the routine use of class I
antiarrhythmic agents, after myocardial infarction, was associated with increased
mortality (Morganroth, 1992; Teo et al,, 1993). Class II agents cause significant
hypotension and are associated with left ventricular failures (Bigger and Hoffman,
1990). Class III agents and Class IV agents have marked systemic toxic effects as

shown in Table 4.

Toxicological Studies of Potential Therapeutic Agents

As one can see from Table 4, all antiarrhythmic drugs have the potential to
produce systemic toxicity. Therefore, detailed characterization of toxicity of the drug

can be of significant therapeutic importance. Once the efficacy, specificity, and
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TABLE 4

TOXIC EFFECTS OF ANTIARRHYTHMIC DRUGS

Drugs Toxic effects
Class 1 negative inotropic and proarrhythmic effects
Quinidine cardiotoxicity, GI disorder, cinchonism, hypersensitivity
Procainamide  cardiotoxicity, lupus-like syndrome, GI and CNS disorder
Disopyramide  anticholinergic actions, dry mouth, constipation, GI disorder
Lidocaine dizziness, respiratory arrest, convulsion, confusion, seizure
and coma
Phenytoin nystagmus, dizziness, ataxia, stupor, and coma
Mexiletin GI upset (nausea, vomiting etc), CNS symptoms (tremor)
Tocainide tremor, dizziness, headache, anorexia, vomiting,
Encainide increase mortality, dizziness, tremor, nausea
Flecainide increase mortality, CNS disorder, GI disorder
Propafenone granulocytopenia, a lupus-like syndrome
Class II
Propranolol bronchospasm, angina, cardiac arrhythmia and myocardial
infarction, hypotension, nightmares, insomnia
Class 111
Amiodarone bradyarrhythmias, hypothyroidism, pulmonary toxicity,
hepatic injury, photosensitivity, pigmentation
Sotalol heart failure, proarrhythmias, bradycardia
Class IV
Verapamil heart failure, hypotension, bradycardia, GI disorder
Diltiazem heart failure, hypotension, bradycardia, GI disorder
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bioavailability of the new drug are well characterized, toxicological studies on the
drug are essential for its further development. A comprehensive approach to toxicity
testing proceeds in stepwise pattern from acute, subacute, and subchronic leading
ultimately to chronic tests.

Acute Toxicity. At the beginning of drug development, short term toxicity tests
are considered supplements to chronic studies in identifying and assessing potential
human risks. Acute toxicity comprises adverse effects occurring within a short time
of administration of a single dose of a test compound. Acute toxicity studies can
provide information about the magnitude of toxicity, sex differences in toxic
responses, the tissues and organs affected, and the speed of recovery in relationship
to dosage and time after dosing. In addition, such studies can provide dosing
information for subsequent subacute and subchronic studies.

Subacute and Subchronic Toxicity. The purpose of investigating subacute or
subchronic toxicity is to establish the effects of repeated exposure to the test
compound by regular administration to animals, usually daily for at least 14 days.
The data provide additional information, including sex-related differences, target
organs, and dose levels in relation to toxicological responses and are necessary for
planning chronic studies. During the period of drug administration, animals are
observed daily to detect signs of toxicity. Periodic recordings of the effects of a drug
on body weight, food and water consumption, hematological tests, and serum clinical
chemistry should be evaluated. Target organs and tissues are examined grossly and
microscopically for the signs of toxicity.

Chronic Toxicity. Chronic toxicity studies are those in which the animals are

exposed to the drug repeatedly for 3 months to several years. These studies must be
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performed before safety and efficacy studies (Phase III) are done and must be
completed before the drug is marketed. Throughout the chronic studies, all animals
are observed for changes in appearance and behavior, neurologic effects, body
weight, rate of weight gain, food and water consumption. Hematology, clinical
chemistry, urinalysis, and histopathology are also evaluated. These studies can
provide information about sex-differences, target organ(s) involved and therapeutic
margins. In addition, teratogenesis, carcinogenesis, mutagenesis, immunotoxicity and

behavioral toxicity of the drug must be examined.

Rationale for Seeking New Antiarrhythmic Drugs

Since the CAST study (a placebo-controlled, randomized study designed to test
the hypothesis that pharmacological suppression of asymptomatic or mildly
symptomatic ectopic activity with a variety of agents would improve prognosis after
myocardial infarction), a critical reexamination of the adequacy of existing therapies
for the control of cardiac arrhythmias has been done. Consequently, drugs that act
by mechanisms other than sodium channel blockade, especially the class III
antiarrhythmic agents, are currently receiving renewed interest as possible alternative
therapies (Campbell, 1993). The Electrophysiology Study versus Electrocardiographic
Monitoring (ESVEM) Trial (Mason et al., 1989), Basel Antiarrhythmic Study of
Infarcted Survival (BASIS) (Burkart, et al., 1990), Canadian Amiodarone Myocardial
Infarction Arrhythmia Trial (CAMIAT) (Cairns, 1991), and the Cardiac Arrest in
Seattle: Conventional Versus Amiodarone Drug Evaluation (CASCADE) study
(Greene et al, 1993) trials demonstrated that the class III agents, sotalol and

amiodarone, had a better outcome in preventing sudden death or the recurrence of
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ventricular tachycardia as compared with conventional class I drugs. However, both
agents have beta-blocking actions as well. Preliminary results suggest that the class
III agents generally demonstrate greater efficacy than conventional class I agents in
preventing ventricular arrhythmias occurring during acute ischemia or evoked by
programmed electrical stimulation, while producing less cardiac depression than other
antiarrhythmic drug classes (Colatsky et al. 1990). However, most currently available
class III agents (for example, amiodarone and sotalol) were developed for different
purposes and all possess several other actions and serious side effects. Neither
amiodarone nor sotalol is a "pure" class III agent. Sotalol is also a non-
cardioselective B-blocker. Amiodarone is also a non-competitive @ and B adrenergic
antagonist. Additionally, it has calcium antagonist properties and even some class I
antiarrhythmic actions. This raised several questions concerning the importance of
the class III action for their therapeutic effects. Presently, there are no specific
antiarrhythmic agents available for clinical use which have very little systemic toxicity.
Therefore, development and therapeutic application of antiarrhythmic agents with
specificity of action and limited systemic toxicity is a continuing challenge to
cardiovascular physiologists, pharmacologists, medicinal chemists, and cardiologists.

During the last decade, many new antiarrhythmic agents have been developed
in order to increase the spectrum of antiarrhythmic properties and reduce the
propensity for systemic toxic effects (Hartenstein & Wagner, 1986; Steinberg, et al.
1986; Arrowsmith and Cross, 1990). Following is a summary of pre-clinical

antiarrhythmic properties of selected 3,7-diheterabicyclo[3.3.1]Jnonane derivatives.
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Antiarrhythmic Properties of 3,7-Diheterabicyclo[3.3.1]nonanes

3,7-Diheterabicyclo[3.3.1]Jnonane (DHBCN) derivatives have been found to
possess potential antiarrhythmic properties (Jeyaraman and Avila, 1981). Sparteine
was the first compound which was found to have class I antiarrhythmic activities.
However, serious toxic effects such as nervousness, convulsions, and loss of muscular
control limited its reference. Since then, structure-activity relationships of bispidine
(3,7-diheterabicyclo[3.3.1]nonanes), from the inner ring of the sparteine moiety, have
been widely studied. This effort has resulted in several potential antiarrhythmic
agents which are more effective and less toxic than those of sparteine. Subsequently,
a series of 3,7-dialkylbispidine salts have been synthesized. Since most of these
compounds have antiarrhythmic effects with a very low therapeutic index, they were
considered to be of little therapeutic significance (Zisman, 1989; Garrison, 1993).
Tedisamil, which belongs to the family of 3,7-diheterabicyclo[3.3.1]Jnonanes, has been
developed as a class III antiarrhythmic agent. @ The pharmacological and
pharmacodynamic properties of tedisamil, a typical DHBCN derivative, have been
extensively characterized (Dukes and Morad, 1989; Beatch et al. 1991). During the
last decade, Berlin and his co-workers have developed an unique synthetic
methodology to obtain a series compounds which are classified as DHBCN
derivatives (Zisman, 1989; Berlin et al, 1991; Garrison, 1993). Derivatives
synthesized by Berlin and his associates have been systematically screened for their
potential to suppress induced ventricular arrhythmia in anesthetized dogs by Dr.
Scherlag of the University of Oklahoma Health Science Center (Bailey et al., 1984;

Thompson et al., 1987; Scherlag et al., 1988; Smith et al., 1989). Several DHBCN
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derivatives exhibited effective inhibition on induced ventricular arrhythmia in dog
models and therefore are potential candidates for further development as newer
agents for the treatment of life-threatening arrhythmias. Among the various DHBCN
derivatives screened were BRB-I-28 (7-benzyl-3-thia-7-azabicyclo[3.3.1]nonane
HCIO,), and a soluble form of BRB-I-28 (7-benzyl-3-thia-7-azabicyclo[3.3.1]nonane
HCI), and GLG-V-13 {3-[4-(1H-imidazol-1-yl)benzoyl]-7-isopropyl-3,7-diazabicyclo-
[3.3.1]lnonane 2 HCIO,}. These agents were more effective in inhibiting sustained
ventricular tachycardias than lidocaine. The hemodynamic, antiarrhythmic, and
electrophysiological properties of BRB-1-28 and GLG-V-13 are summarized as

follows.

Antiarrhythmic and Hemodynamic Properties

BRB-I-28, when administered intravenously at doses of 3 or 6 mg/kg, was
found to be more effective in preventing induced reentrant ventricular tachycardia
in dogs than lidocaine, a most commonly used class Ib antiarrhythmic drug in treating
ventricular arrhythmias in acute myocardial infarction (Scherlag et al., 1988; Fazekas
et al., 1993a; 1993b; 1993c). BRB-1-28 was also found to be effective in reducing the
incidence of ventricular tachycardia in rat models (Pugsley et al., 1992). BRB-1-28
was unique in that it increased mean systemic arterial blood pressure in anesthetized
dogs by 10-15% during sinus rhythm. Additionally, BRB-I-28 had no significant
effects on ventricular automaticity, AV nodal conduction, and intra-atrial or His-
Purkinje or QRS duration (Scherlag et al., 1988).

GLG-V-13 has been demonstrated to prevent sustained ventricular tachycardia

induced by programmed electrical stimulation of infarcted dog heart (Fazakas et al.,
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1993¢). This compound increased the ventricular effective refractory period and QT
duration especially increasing the atrial His-?urkinje and His-Purkinje-ventricle
interval. Subsequent studies demonstrated that GLG-V-13 has low proarrhythmic
activity, little cardiodepressant effects, and longer duration of pharmacological effects
than BRB-I-28. This agent markedly prolongs the action potential duration (APD)
and has combined class Ib and class III antiarrhythmic properties (Fazekas et al.,

1992; 1993a; 1993b; 1993c; 1994).

Electrophysiological Properties of BRB-1-28 in Normal Myocardial Tissues

BRB-I-28 failed to alter either normal automaticity or abnormal automaticity
(24-h infarct preparation) in intact canine heart while suppressing induction of
sustained ventricular tachycardia with provocative pacing both one day and 4 days
after left anterior descending coronary artery occlusion. The electrophysiological
effects of BRB-I-28 have been studied in normal canine hearts, in intact canine
myocardial tissue preparations, and in isolated myocytes from canine epicardium.
BRB-1-28 reduced maximum phase 0 upstroke (V_,) and slowed conduction in
canine epicardium and Purkinje tissue, primarily by slowing the recovery of the
sodium channel after activation/inactivation. V__ and conduction velocity were
slowed only at rapid heart rates (HR >210 beats/min). The half-life (t,,) for
recovery of Vmax after inactivation in the presence of drug is relatively rapid (t,, =
160+26 ms) and is consistent with the relatively low molecular weight and lipid
solubility of the antiarrhythmic drug. Although BRB-I-28 fails to alter significantly

the action potential duration (APD) in canine Purkinje fibers, canine epicardium, or

canine endocardium, the rate-dependent slowing of cardiac conduction observed only
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at rapid HR and the relatively rapid recovery of V_, from inactivation in the
presence of BRB-I-28 indicate that it should be included in the group of class Ib
antiarrhythmic drugs. These actions are similar to the electrophysiological actions of

lidocaine, tocainide, and mexiletine (Patterson et al., 1991).

Electrophysiological Properties of BRB-I-28 in Injured Myocardium

BRB-I-28 prolonged refractoriness in ischemically injured epicardium, which
is very similar to that caused by lidocaine (Patterson et al., 1993). It produced less
rate-dependent epicardial delay and failed to facilitate reentry arrhythmia formation.
BRB-I-28 produced similar rate-dependent prolongation of HV intervals in the
normal His-Purkinje system, and produced both tonic and use-dependent conduction
block in the ischemically injured His-Purkinje system (Patterson et al., 1991; 1993).
In isolated superfused ventricular epicardium, BRB-I-28 reduced action potential
amplitude and maximum phase 0 upstroke (Vmax) in normal and ischemically injured
tissue, with marked tonic and use-dependent conduction block. Action potential
duration was unaltered. In isolated, superfused, ischemically injured canine
endocardium, BRB-I-28 reduced APA and Vmax and prolonged refractoriness and
conduction times in ischemically injured tissue without altering APD. Tonic block
was more prominent, and use-dependent block was observed at lower drug
concentrations in ischemically injured tissue. The data demonstrate selective
conduction depression and prolongation of refractoriness for BRB-I-28 in ischemically
injured tissues. Both use-dependent and tonic conduction block contribute to the
decrease in conduction observed with BRB-1-28 in ischemically injured myocardium.

More prominent tonic conduction block of BRB-I-28 was present in ischemically
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injured epicardium and His-Purkinje tissue than in ischemically injured left ventricular

epicardium (Patterson et al., 1993).

Mechanism of Action of BRB-1-28

The relative affinity of BRB-1-28 to bind with open (activated) versus closed
(inactivated) sodium channels of the normal or ischemic myocardial tissue is unknown
at present time. Experimental results suggest that BRB-1-28 binds to inactivated
sodium channels and delays the recovery of inactivated channels to the resting state.
The effects of BRB-1-28 in ischemically injured myocardial tissues could be mediated
by either (a) increased proportion of sodium channels in the inactivated state with
membrane depolarization or (b) increased duration for sodium channels in the
inactivated state with prolongation of APD. This effect may be the basis of

antiarrhythmic action of BRB-1-28 (Patterson et al., 1991; 1993).

Pharmacokinetics of BRB-1-28 in Rats

A preliminary pharmacokinetic study of the !*C-labelled BRB-I-28 in rats
showed that the elimination half life of radioactivity from the blood was
approximately 5.5 hours (Alavi et al, 1991). Oral dosing resulted in rapid and
extensive absorption (bioavailability was estimated to be 80%) and peak
concentrations within 30 minutes after administration. These results suggest that the
oral route of administration may be suitable for the therapeutic management of
patients suffering from cardiac arrhythmias. Tissue distribution studies have
demonstrated extensive distribution of radioactivity into highly perfused organs,

particularly liver, kidney, and heart. These observations correlate well with the high
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volume of distribution at steady state (Vdg 3.7 L/kg). Levels of radioactivity in brain
and perirenal fat were low in comparison with other tissues and decreased steadily
with time after administration. Poor penetration into highly perfused brain tissue
indicates the presence of a transport barrier between blood and brain and suggests
that central neurotoxicity may not limit the therapeutic use of these agents. Indeed,
preliminary toxicological studies have failed to demonstrate any gross neuro-
behavioral toxic signs after oral administration of superpharmacological doses to rats.
Thin-layer chromatographic analysis of urine samples collected from rats with
administration of "*C-BRB-1-28 indicated that most of the original dose is excreted

in the form of metabolites.

Specific Objectives of the Proposed Research Project

As one can see from the above discussion, BRB-1-28 and GLG-V-13 are two
potential antiarrhythmic agents. Studies on the preclinical pharmacokinetics,
pharmacodynamics and toxicology of these two DHBCN derivatives are of paramount
importance in the development of these two agents as new antiarrhythmic agents.
The objectives of the proposed thesis research project are:

1. To develop a rapid, specific, and sensitive reversed-phase high performance
liquid chromatographic (HPLC) method for determination of BRB-1-28, GLG-V-13,
and their metabolites in biological fluids.

2. To characterize absorption, distribution, metabolism and excretion
(pharmacokinetic) profiles of BRB-I-28 and GLG-V-13 in dogs using HPLC method

and to identify major metabolites in biological fluids using mass spectral (MS) and
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nuclear magnetic resonance (NMR) spectroscopy.

3. To determine the effects of BRB-1-28 on myocardial microsomal Na*,K*-
ATPase and Mg**-ATPase activities related to its positive inotropic, hypertensive,
and antiarrhythmic/toxicological properties.

4. To carry out toxicological, pathological, and clinical chemistry profiles of

BRB-1-28 and GLG-V-13 administered to mice for a period of 45 and 90 days.

Methodology

The pharmacokinetic, pharmacodynamic and toxicologic studies on these new
antiarrhythmic agents were carried out at the molecular, cellular, organ and whole
animal level. The biochemical basis for the cardiotonic effects of BRB-1-28, GLG-V-
13, and their derivatives was characterized at subcellular levels using guinea pig
myocardial microsomal Na*,K*-ATPase, Mg?**-ATPase, Ca®*-ATPase, and
mitochondria. The pharmacokinetic and toxicological studies on BRB-1-28 and GLG-
V-13 were performed in whole animals and in tissues. Metabolism studies were
carried out in vivo in the whole animal (dogs and rats) and in vitro at the hepatic
microsomal level. Various analytical methods such as chromatography and

biochemical techniques have been used in this research.
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CHAPTER 11

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHIC DETERMINATION
OF BRB-1-28, A NOVEL ANTIARRHYTHMIC AGENT,
IN DOG PLASMA AND URINE

Abstract

A sensitive reversed-phase HPLC technique with UV detection has been
developed to determine the concentration of BRB-I-28 (I), a novel antiarrhythmic
agent,in dog plasma and urine. The mobile phase was acetonitrile-methanol-37.5 mM
phosphate buffer, pH 6.8-triethylamine (50:50:75:0.1 v/v). After alkalinization with
NaOH, the compound was extracted from dog plasma and urine with chloroform.
The extraction recovery was 83% from plasma and 84% from urine. Good linearity
(r>0.996) was observed throughout the range of 0.1-12.0 ug/ml (plasma) and 0.1-8.0
pg/ml (urine). Intra-and inter-assay variabilities were less than 4%. Limits of
quantitation were 0.08 pg/ml in plasma and in urine, respectively. HPLC analysis of
plasma and urine samples from a dog treated with I demonstrated that the method

was accurate and reproducible.
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Introduction

BRB-I-28 (7-benzyl-7-aza-3-thiabicyclo[3.3.1]Jnonane-HCIO,, I) has been
shown to possess effective antiarrhythmic properties [1,2] and exhibits
electrophysiological properties typical of class Ib antiarrhythmic drugs [3]. The basis
of some electrophysiological effects of antiarrhythmic properties of I could possibly
be due to its inhibitory effects on myocardial Na*,K*-ATPase and Mg**-ATPase
activities [4].

The pharmacokinetic and tissue distribution profiles of I in rats have been
characterized using a radioisotope technique [5]. However, this method cannot be
used to determine accurately the amount of I in biological fluids, because it measures
the total amount of both parent compound and its metabolites. There are no other
analytical methods currently available for this analysis. This paper describes a rapid,
selective, and sensitive HPLC technique for the determination of this compound in
biological fluids, including plasma and urine. Using this method, pharmacokinetic

profiles and metabolites of I in dogs are being characterized.

Materials and Methods

Chemicals

All the reagents used in this study were HPLC grade, and deionized, distilled
water was used throughout the work [Milli-Q™ Water system, Millipore Corp.,
Marlborough, MA]. Acetonitrile, methanol, chloroform, propanol and potassium

phosphate monobasic were obtained from Fisher Chemicals (Fair Lawn, NJ) and
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triethylamine was from Pierce Chemical Co. (Rockford, IL). Compounds I and
SAZ-VII-23 [3-benzoyl-7-isopropyl-3,7-diazabicyclo[3.3.1Jnonane HCIO,, II], the
internal standard, were synthesized via a type of Mannich reaction starting from 4-

thianone [1].

HPLC Analysis

The HPLC system consisted of a Waters 501 HPLC pump, Waters U6K
universal liquid chromatography injector with a 2ml injection loop, a Model 484
Tunable Absorbance Detector controlled by a Baseline 810 Chromatography Work
Station with a NEC Powermate Sx plus a computer, and NEC Pinwriter P5200
(Millipore, Milford, MA). A 250 x 4.6 mm Ultramex 5 C, (5 pm) and a 30 x 4.6 mm
Ultramex 5 C4 guard column (5 pm) were purchased from Phenomenex (Torrance,
CA). The mobile phase was acetonitrile-methanol-37.5 mM phosphate buffer, pH
6.8-triethylamine (50:50:75:0.1 v/v). The mobile phase was filtered through a 0.5 um
Millipore filter and degassed before use. The column was eluted under isocratic
conditions utilizing a flow rate of 1.2 ml/min at ambient temperature. The detection

wavelength was 261 nm for L.

Extraction of I from Dog Plasma and Urine

For the determination of I, II was used as the internal standard. To 250 ul
of dog plasma was added 25ul of 10 ug/ml of internal standard. After alkalinization
with 100 ul of S M NaOH, five ml of chloroform was added, and the mixture was
mixed for 3 min. Following centrifugation (1000 x g 10 min), the organic phase was

transferred to a clean test tube. The supernatant was reextracted with 1 ml of
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chloroform. The combined chloroform extracts were evaporated to dryness under
a stream of N,. The residue was reconstituted in 50 ul of methanol, and 35 ul of this
solution was injected for HPLC analysis. Extraction of I from urine was similar to
that from plasma, except one half ml of dog urine was used and diluted with 4 ml of

water before extraction.

Extraction Recovery

The samples (n = 5) were prepared to give final concentrations of 1 pg/ml
and 4 pg/ml in plasma and in urine, respectively. Using the extraction procedure,
the samples were extracted in the absence of the internal standard. The organic
layer was evaporated, and the residues were reconstituted in methanol. The ratio
of the peak area of I extracted over that of unextracted equivalent concentrations of
drug under identical chromatographic conditions was calculated as extraction

recovery.

Calibration Curves

Various concentrations of I were freshly prepared in methanol prior to each
assay. A calibration curve was generated to confirm the linear relationship between
the peak-area ratio and the concentration of the drug in the samples. Appropriate
amounts of I standard were added to give concentrations ranging from 0.1 to 12.0
pg/ml in plasma and from 0.1 to 8.0 ug/ml in urine. The compounds were stable in
methanol at 4 °C for at least one month. Plasma and urine samples with known
concentrations of I were extracted as previously described, and standard curves were

generated by plotting peak-area ratios (drug/internal standard) against drug
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concentrations tested. Each standard curve was replicated five times. Linear
regression analysis of standard curve was performed using the computer program

PHARM/PCS [6].

Intra- and Inter-assay Accuracy and Precision

To determine intra-assay accuracy and precision for measurements of
concentrations of materials, I and its internal standard were added to plasma and
urine (n = 6), and the concentrations were calculated using a standard curve. The
percentage of the mean concentration determined over the mean concentration
added was taken as the accuracy of the method. Inter-assay accuracy and precision
were determined similarly over 6 consecutive days. Precision was estimated by

determing the inter-assay coefficient of variations (C.V.).

Results and Discussion

Chromatographic Separation

Several combinations of acetonitrile, methanol, buffer (with different pH) and
triethylamine were evaluated as possible mobile phases. It was determined that the
combination described in the HPLC analysis was found to be the most suitable for
separating I. Varying proportions of triethylamine in the mobile phase change both
retention time and sharpness of peak of compound I. The pH of the mobile phase
is a very important factor influencing the elution of I. If the mobile phase pH is
lower, the retention time for I is shorter, but there is also a concomitant decrease

in sensitivity. Neither acetonitrile nor methanol alone is suitable as the strong
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solvent.

The chromatographic behavior of I in the new Ultremax C, column is unique.
Several purchased columns with supposedly the same materials gave erratic results.
A new column did not provide acceptable separation for I. We consistently obtained
a symmetric peak with a prolonged leading shoulder peak and low sensitivity with
each of three new columns. The retention time for I increased after preconditioning
the column with 10 L of mobile phase. The sensitivity reached a maximum and a
symmetrically sharp peak appeared with the retention time of more than 12 min.
Only this column was used to assay I in the biological fluids. Therefore, precautions
should be taken in interpreting the results when a new column is used to separate I.

The reason for the variation in column performance is unknown.

Extraction

Using trichloroacetic acid (TCA) to precipitate proteins decreased the absolute
recovery. This may be caused by decomposition of I. The use of chloroform to
precipitate proteins and to extract compound I directly from plasma offered great
advantage; fewer pollutant peaks were found. Anticoagulants, such as EDTA and
heparin, did not affect the extraction recovery. It was necessary to dilute the urine
before extraction, because this procedure reduced the accumulation of pollutants on
the column. Extraction recoveries were 83% from plasma and 84% from urine,

respectively.

Standard Curves

Five consecutive standard curves for pure I analyzed on separate days
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demonstrated a linear relationship between concentration and peak area. The
standard curves obtained from extraction of dog plasma and urine containing known
amounts of I were linear (r>0.996) over the concentration ranges tested. The range
of coefficient of variations was between 1-17%. The regression equations were: Y
= -0.02<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>