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ABSTRACT

Mibefradil is a new calcium antzgonist under clinical development. A favorable
pharmacological profile, demonstrated by high selectivity for coronary arteries and weak
negative inotropic effect, brought mibefradil into clinical trials as an antihypertensive and
antianginal drug.

Early human pharmacokinetic studies revealed the nonlinear behaviour of
mibefradil, characterized by a decrease in oral clearance and an increase in bioavailability
with doses increasing from 10 to 320mg, whereas kinatics afier 2.5 to 40mg intravenously
administered doses were linear. We performed a series of experiments using the dog as an
animal model to study the properties and mechanism(s) of nonlinear pharmacokinetics of
mibefradil.

To quantify mibefradil in dog plasma and urine samples, we developed an HPLC
assay, which proved to be convenient and suitable for use in our studies.

The main trust of our experimentation was to usc a chronically instrumented,
conscious dog model which allows us to simultaneously monitor the time course of the
drug in carotid artery, jugular, portal and hepatic veins with continuous measurement of
hepatic blood flow. We showed that complex surgical instrumentation did not compromise
liver or any other physiological function in our experimental dogs. Continuous electronic
measurements of hepatic blood flow proved to be superior tc the noninvasive indocyanine

green method.

Preliminary pharmacokinetic studies in intact animals showed that the kinetics of
mibefradil after oral administration are nonlinear. This phenomenon is consistent with that

observed in humans. We postulated that a reduction in liver first-pass metabolism, an



increase in drug absorption and/or a decrease in presystemic intestinal metabolism may be
responsible.

By using the chronically instrumented conscious dog medel, the involvement of
organs such as the gut and the liver in nonlinear first-pass effect was evaluated and
quantified. First, we found that liver is the major organ for eliminating mibefradil and
second, the dose dependent increase in bioavailability is due to a reduction in hepatic
extraction but not due to a dose-dependent increase in gut absorption. Reduction in liver
clearance and volume of distribution was observed with increasing oral doses and these
changes were related to the dose and duration of the treatment. An important finding was
that even when equal intravenous and oral doses were used, the conventional area ratio
approach produced inaccurate absolute bioavailability values, because systemic clearance
is dependent upon the cumulative exposure of the liver to the drug, which is higher after
oral administration. Our data suggest that dose and time-dependent changes of mibefradil
kinetics in dogs are consistent with saturation of tight binding to hepatic tissue, metabolic

alteration such as inactivation of hepatic CYP enzyme(s) and/or metabolic product

inhibition.
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1. INTRODUCTION

Calcium channel antagonists are widely used therapeutic agents for the treatment
of various cardiovascular ailments. They are one of the standard first-line treatments for
essential hypertension. In combination with B-blockers and nitrates, they have become
established therapy for angina pectoris (Opie, 1991). Verapamil, diltiazem and nifedipine
are the most known prototypes of the first-generation calcium channel antagonists. Their
main pharmacokinetic and pharmacodynamic characteristics are low bioavailability and
relatively short duration of action (Echizen & Eichelbaum, 1986, Hermann & Morselli,
1985). In recent years much effort was oriented towards developing new agents with
improved kinetic and dynamic profiles. Mibefradil (code Ro 40-5967, Hoffmann La
Roche, Basel, Switzerland), a benzimidazolyl-substituted tetraline derivative, is a new
calcium antagonist under development. The structure of this drug is shown in Figure 1.1.
Mibefradil is a base with a pK, value of 4.8 for the benzimidazolyl group and 5.5 for the
tertiary amine, and with a high partition coefficient (octanol-buffer, pH=7.3 at 22° C:
>1000) (Osterrieder & Holck, 1989, Clozel & Kleinbloesem, 1989). The molecule has
two asymmetric carbon atoms and among the four stereoisomers, 18,28 has undergone
clinical development (Clozel et al. 1989). Preclinical experiments have shown that
mibefradil has antiischemic and antihypertensive properties (Clozel et al. 1989, Hefti et al.
1990). Moreover, mibefradil, with only weak negative inotropic effects on the
myocardium (Osterrieder & Holck, 1989) differs from other calcium antagonists by a

marked selectivity of its action on coronary arteries versus peripheral arteries. Due to this



pharmacological profile, mibefradil was proposed for clinical trials as an antihypertensive

and antianginal drug (Hefti et al. 1990).

1.1 Calcium and Calcium Channels

Calcium ions (Ca®') are vital in many biologic processes, including a variety of
enzymatic reactions, activation of excitable cells, coupling of electrical activation to
cellular secretion, homeostasis and the metabolism of bone (Braunwald, 1982). At the
cellular level, Ca?' is regulated at both plasmalemmal and intracellular loci (Triggle, 1990).
Intracellular free Ca' concentration plays an important role as a messenger for cellular
functions under both normal and pathological conditions. In resting myocardial and
smooth muscle cells, the intracellular concentration of free Ca is ~ 5 x 10® M or less and
rises to ~ 5 x 107 M during cell excitation. At this higher free concentration, Ca”" binds to
proteins troponin and calmodulin (Braunwald, 1982). This binding allows interaction
between myosin and actin in the presence of ATP and results in muscular contraction.
When intracellular free Ca2' concentration is reduced, Ca*" is dissociated from the binding
proteins. This causes the actin-myosin cross-link to break and subsequent muscular
relaxation. Thus the isometric myocardial systolic and diastolic tensions are directly
related to the myoplasmic free Ca®' concentration. To control the level of intracellular
free Ca®', a set of processes is coordinated by the cell. These processes in myocardium
are represented schematically in Figure 1.2 (Braunwald, 1982). The main sources and
storehouses for intracellular Ca** mobilization and sequestration are located at the

infoldings of the surface membrane (the transverse tubular system), the mitochondria and



particularly the sarcoplasmic reticulum. The initial influx of Ca’' across the transverse
tubular membrane through channels (mechanism 1A and 1B) triggers the secondary and
much larger release of Ca®' from the sarcoplasmic reticulum, followed by activation of the
contractile system. It was proposed that a “voltage sensor” is located in the transverse
tubular membrane and controls the release of calcium from the sarcoplasmic reticulum
(Schneider & Chandler, 1973). In response to changes of transverse-tubular potential, the
voltage sensor undergoes molecular rearrangement and controls calcium flow from the
sarcoplasmic reticulum. Other pathways of movement of Ca”' across sarcolemma includes
bi-directional Na'-Ca®" exchange (mechanism 2), Ca®' leak pathways (mechanism 6) and
extrusion of Ca®* (mechanism 3). Intracellular Ca*’ can be taken up into the lumen of
sarcoplasmic reticulum (mechanism 4) and other intracellular structures such as
mitochondria (mechanism 5).

The sarcolemmal channels represent a very selective and important pathway of
Ca®’ influx into excitable cells (Triggle, 1990; Bean, 1989) and are termed “calcium
channels”. Voltage-dependent calcium channels mediate the influx of Ca®' in response to
membrane depolarization and play a vital role in excitation-contraction coupling of cardiac
and smooth muscle (Hagiwara & Byerly, 1981). In the receptor-operated calcium
channels, the receptor and the channel may belong to the same protein(s) or the receptor
and the channel may be physically separate and connected through cytosolic or membrane
messengers (Iriggle, 1990). The indication of a receptor-operated voltage-independent
channel in the vascular smooth muscle is weak (Bemham & 1sien, 1988). The beta-

adrenergic agonist-induced stimulation of the myocardium still needs voltage stimulation



to open the channel (Schneider & Sperelakis, 1975). Thus the voltage-dependent
channels may be considered the only type of calcium channels in the myocardium.

The influx of positively charged calcium ions is associated with an electric current,
called the calcium current. The rates of activation and inactivation of this inward calcium
current are slower than those of the fast inward current produced by influx of Na'
(Carmeliet, 1980) and thus the calcium current is also known as “slow inward current”.
The calcium current plays a critical role in the generation and maintenance of the plateau
of the cardiac action potential, allowing more cytosolic free Ca®' to trigger contraction
(l'ozzard, 1983).

Sinoatrial (SA) pacemaker cells and atrioventricular (AV) automatic cells have
slowly rising action potentials and a reduced rate of conduction (Braunwald, 1982). Both
automaticity and conduction in SA and AV node are largely mediated by transmembrane
influx of Ca?' through calcium channels (Wit & Cranefield, 1974; Zipes & Fischer, 1974).
Thus the calcium channel is not only involved in vascular and cardiac muscle contraction
but is also involved in conduction of impulses and in pacemaker activity of the nodal
tissue. Process that modify calcium current will have important effects on SA and AV
nodes.

The calcium channels are divided into three subtypes, termed L, T, and N channels
based on their voltage threshold for activation, conductances and inactivation
characteristics (Fox ef al. 1987, Triggle, 1994). The L-type channels, characterized by
high threshold, large conductance and slow inactivation (long-lasting, or L-type), are

involved in maintenance of the action potential plateau. The T channels have low



threshold and low conductance. They are rapidly inactivated (transient, or T-type) and are
involved in pacemaking and trigger functions. The N (nervous) channels are found in
neurons, have properties in between those of the L and T channels, and are involved in
release of neurotransmitters from nerve terminals (Miller, 1987, Wagner et al. 1988,
Carmeliet, 1988).

The predominant type of voltage-dependent calcium channel in cardiac muscle
cells is the L type channel (Catterall et al. 1989, Hosey et al. 1989). These channels
appear to be also present in high density in skeletal muscle transverse tubule membranes.
The kinetics of opening and closing of L channels in cardiac cells are quite different from
those in skeletal muscle. The subtypes of L channels are possible and structural
differences may be responsible for the observed differences in properties.

In contrast to L-type Ca®’ channel, T-type channel is only superficially understood
and is found in relatively high density in spontaneously active vasculer muscle (Bean,
1989; Hermsmeyer, 1991). A comparison of T-type Ca®' channels with L and N types
shows that the sensitivity to a specific blocker is missing, and only inorganic ions (Ni*'y or
drugs with other primary mechanisms of action (amiloride, alcohols) can only partially

block T-type channels (7sien et al. 1988; Triggle, 1994).



1.2 Calcium Channel Antagonists

Although specific drugs may interact with each of the calcium control processes
shown in Figure 1.2, in practice, only one class of drugs interacting at the plasmalemmal
voltage-dependent calcium channels is therapeutically useful. Fleckenstein (Fleckenstein,
1977) found that some compounds can selectively block the excitation-contraction
coupling in heart muscle. This blocking effect can be overcome by agents that increase the
supply of Ca®', and by Ca®' itself. Because of their specific antagonism to the movement
of extracellular Ca®’, they were called calcium channel entry blockers or calcium
antagonists. Calcium channel entry blockers are chemically heterogeneous and include
benzothiazepine, phenylalkylamine and dihydropyridine derivatives.

The L type calcium channel which is responsible for calcium entry during the
plateau of the action potential is sensitive to diltiazem, nifedipine and verapamil, the three
prototypes of calcium channel antagonists. These three agents, with different molecular
structures, bind at an allosterically linked set of sites on a major protein of the L class of
vascular and myocardial calcium channels. These sites represent the active part of the
calcium channel and interaction at these sites blocks channel function. Mibefradil, which is
chemically different from other calcium channel antagonists, binds to the
[*H]desmethoxyverapamil receptor at (or near) the Ca®' channel (Osterrieder & Holck,
1989). However, it has been shown (Mishra & Hermsmeyer, 1 994) that mibefradil also
acts upon T-type Ca’' channels and proved to be the first Ca*" channel blocker to
eliminate dihydropyridine-insensitive voltage-dependent Ca® current at concentrations
which elicited only 25% to 70% block of L-type Ca*' currents.
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1.3 Pharmacelogy of Mibefradil

Mibefradil binds to the [*H]desmethoxyverapamil receptor at (or near) the Ca®
channel in cardiac cell membranes of guinea pig (Osterrieder & Holck, 1989). However,
the striking pharmacological difference between mibefradil and verapamil is their effect on
cardiac contractility. Mibefradil is 30 times less potent as a negative inotropic agent in
isolated, electrically stimulated left atria of guinea pig than verapamil (Osterrieder &
Holck, 1989). The weak inotropic effect of mibefradil as compared to that of verapamil
has also been observed in the rat in vitro and in vivo (Clozel et al. 1990). Because of its
very low negative inotropism and its lack of reflex tachycardia (characteristic of
dyhidropyridines), mibefradil seems to have a unique hemodynamic profile among calcium
antagonists (Osterrieder & Holck, 1989). There appears to be a preference of mibefradil
for the coronary vasculature, suggesting greater affinity for Ca®' channels of the coronary
blood vessels than for those of peripheral blood vessels (Osterrieder & Holck, 1989).
Moreover, the membrane effects of mibefradil on dog coronary and saphenous arterial
vascular muscle cells showed that mibefradil acts with selectivity for coronary over
saphenous arteries (Bian & Hermsmeyer, 1993). Mibefradil had only a minor effect on
contraction frequency of rat myocardial cells while significantly inhibiting spontaneous
contractions of rat spontaneously active coronary muscle cells (Mishra & Hermsmeyer,
1994). This is very interesting, because tissue selectivity (vascular smooth muscle vs.
myocardium) is well known for the dihydropyridine-type Ca® channel blockers such as
nifedipine (Godfraind et al. 1988). Mibefradil appears to be the first calcium antagonist

acting thrcugh the verapamil binding site, which exhibits a degree of vascular selectivity
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similar to that of dihydropyridines. A calcium channel blocker with high selectivity for
coronary vascular tissue and devoid of negative inotropic effect would represent a very
promising agent for the treatment of arterial hypertension, cardiac arrhythmias and

conditions related to myocardial infarction.

Arterial hypertension is associated with an intimal dysfunction characterized by
endothelium-dependent constriction to serotonin, decreased endothelium-dependent
relaxation to acetylcholine, and a subendothelial infiltration of monocyte-macrophages
(Gray et al. 1993). Animal studies showed that long-term treatment (4 weeks) with
mibefradil reverses both the functional and morphological changes of the aortic intima in
spontaneously hypertensive rats (Gray et al. 1993) by evoking endothelium-dependent
relaxations and inhibiting endothelium-dependent contractions (Boulanger et al. 1994). In
hypersensitive blood vessels, the former are attenuated and the latter are augmented
(Liischer & Vanhoutte, 1990). Although it is difficult to extrapolate from the present in
vitro observations to the intact organism, the combined action of mibefradil on both
aspects of endothelium-dependent responses may help explain its antihypertensive
properties in vivo (Clozel et al. 1990, Hefti et al. 1990).

Recent studies have shown that a calcium-dependent inward current is required for
the initiation of ventricular fibrillation (Kihara & Morgan, 1991, Merillat et al. 1990), and
that Ca®' channel antagonists can prevent malignant arrhythmias in animals (Billman,
1989) and reduce mortality in cardiac patients (Anonymous, 1990; Boden et al. 1991).
For example, diltiazem was found to decrease cardiac mortality in myocardial infarction

patients with well preserved cardiac function. However, diltiazem increased mortality in



patients with radiographic evidence of pulmonary congestion (Boden et al. 1991).
Calcium channel antagonists, therefore, may have untoward effects in patients with
compromised cardiac function. In contrast to verapamil and diltiazem, mibefradil does not
adversely affect myocardial force during heart failure in models of myocardial ischemia in
dogs (Clozel et al. 1989), hypertrophied and failing rabbit heart (l:zzaher et al. 1991) and
in rats with chronic myocardial infarction (Veniant et al. 1991), suggesting that it may also
represent a safer alternative for arrhythmia management in these high risk patients. This
aspect was adressed in a study where the effects of mibefradil on the susceptibility to
ventricular fibrillation in dogs were investigated (Billman, 1992). Results showed that
mibefradil can protect against ventricular fibrillation without significant negative inotropic
or dromotropic effects. The mechanism is yet to be fully understood, however it has been
demonstrated (Fang & Osterrieder, 1991) that in depolarized cells, mibefradil
demonstrated high potency in the inhibition of calcium entry. It is well established that
cardiac cells depolarize during myocardial ischemia (Levy, /989). Therefore, mibefradil
may be particularly selective for ischemic tissue, the tissue most vulnerable to calcium
overload and arrhythmia formation. Study on the effects of mibefradil in a canine model
of chronic coronary artery stenosis indicate that mibefradil has an antiischemic effect in the
clinically relevant setting of exercise-induced regional myocardial ischemia (Guth, 1992)
and was as effective as verapamil in limiting infarct size during the period of regional
ischemia (Vander Heide et al. 1994). These observations coupled with less negative
inotropy suggest that mibefradil may have greater therapeutic potential for use in patients

with acute myocardial infarction than the classical antagonists.



Little information has been published so far on the in vivo quantification of the
antihypertensive effect in relation to the dose and duration of treatment. Antihypertensive
effect of mibefradil on systolic arterial blood pressure and heart rate was investigated in
conscious spontaneously hypertensive rats, renal hypertensive rats, deoxycorticosterone
acetate (DOCA)-NaCl hypertensive rats and normotensive Wistar rats. After single oral
doses (10-30 mg/kg), mibefradil produced a dose-related decrease in blood pressure in all
three types of hypertensive rats. The antihypertensive effects of mibefradil occurred
within 1 h and reached maximal values 3 h postdose. Significant antihypertensive effect of
mibefradil (30 mg/kg) persisted for 24 h, suggesting that mibefradil might be suitable for
clinical use as a once-a-day antihypertensive agent (Hefti et al. 1990). Tolerability,
hemodynamic and humoral effects related to a once a day use was tested in patients with
hypertension (Schmitt et al. 1992). Ascending oral doses of 50, 100, 150, or 200 mg were
administered once daily for 8 days in a solution. Mibefradil was well tolerated up to 150
mg and blood pressure was dose-dependently reduced over the full 24-hour dosing period
with more pronounced effects on day 8 than on day 1 and the maximum blood pressure
reduction was obtained after 150 mg dose. Concentration-effect analysis showed that
relevant atrioventricular conduction disturbances occur only at concentrations much
higher than those required to reduce blood pressure. Data suggest that optimal blood

pressure control can be achieved with doses of 50 to 100 mg during long-term treatment

(Schmitt et al. 1992).
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1.4 Pharmacokinetics of Mibefradil

1.4.1 Studies in Healthy Human Volunteers

Early human studies (Welker et al. 1989) after 2.5 mg intravenous dose showed
that mibefradil is slowly eliminated from the body, mainly due to extensive distribution of
the drug in the body, V=278 (104-418) , and low systemic clearance, C1,=288 (209-436)
ml/min, resulting in a half-life of 14.9 (8.4-24.6) h. Urinary excretion of intact drug is
negligible. A portion of the data from the study is summarized in Table 1.1. The study
showed that single dose kinetics of mibefradil are linear after intravenous administration of
2.5 to 40 mg doses; whereas nonlinear disposition pattern was observed after single oral
doses, ranging from 10 to 320 mg. Pharmacokinetic data after single 10 mg oral dose
showed that bioavailability is low, F=0.37 (0.15-0.90). This is unexpected in the view of a
low systemic clearance of mibefradil. A 0.37 biocavailability at 10 mg dose would
therefore suggest an incomplete absorption and/or gut metabolism. Nonlinear behaviour
was characterized by a decrease in oral clearance and an increase in bioavailability (dose
normalized AUC/AUC;, ratio) with increasing dose (Figure 1.3). As a result of nonlinear
oral clearance, greater than proportional increase in area under the plasma mibefradil
concentration vs. time, AUC,, and maximum peak concentration, Crax, was observed with

increasing oral doses (Figure 1.4).
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1.4.2 Protein Binding in Human and Dog Plasma

Mibefradil is highly bound to the plasma proteins in man and dog (Brand & Meyer, 1988).
Using the in vitro ultrafiltration method, studies showed that the free fraction in human
plasma was 0.32% and the binding remained constant up to the 2000 ng/ml range. The

free fraction of mibefradil in dog plasma was three times higher and the linear range was

up to 4000 ng/ml.

1.4.3 Qualitative Metabolic Studies in Rats

Metabolism in rats has been intensively investigated (Wiltshire et al. 1992) and appears to
be complex, giving rise to a multitude of products. Major metabolic pathways include N-
demethylation, hydrolysis of the ester side chain, hydroxylation, aromatization of the
tetrahydronaphthyl system, loss of benzimidazole and glucuronidation of hydroxyl groups.
The resultant metabolites are predominantly excreted into the bile. However, the relative

contribution of individual metabolic pathways was not quantified.

1.5 Determination of Mibefradil in the Biological Fluids

A published assay, describing the measurement of mibefradil in biological fluids
was not available at the time when the project begun. Therefore, a suitable analytical

method for the quantification of mibefradil in plasma and urine was sought.
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1.6 Nonlinear Pharmacokinetics

1.6.1 Linear and Nonlinear Systems

Mathematically, the body can be considered as an operator that transforms the
input (dose rate) into output (plasma concentration of drugs). A linear system exists when
input-output relationships are fully described by one or more linear equations. The most
important feature of a linear system is that it obeys the law of superposition, which states
that in a linear system the output produced by several simultaneously applied inputs is
equal to the sum of the outputs of separately applied inputs (Levy & Gibaldi, 1975). In
essence, each dose of drug acts independently of every other dose, that the rate and extent
of absorption and average systemic clearance are the same for each dosing interval, and
that linear pharmacokinetics apply so that a change in dose during the multiple dosing
regimen can be accommodated (Gibaldi & Perrier, 1982). A system is said to be non-

linear when it does not conform to these principles.

1.6.2 Relationship between AUC and the Dose

The proportionality between the dose (input) and AUC (output) of a drug is an
important criterion used to determine whether the drug exhibits linear or nonlinear kinetics
in the body (Lin, 1994). Practically, nonlinear pharmacokinetics are reflected most
commonly in a less than or greater than proportional increase in the area under the drug
concentration-time curve (AUC) with an increase in dose (Ludden, 1991). The AUC

following oral administration can be described by the following i vlationship:
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F*xF, *'l",‘ * Dose (1)
Cly

AUC =

where F,, Fy, F.. and Cls depict the fraction of the dose absorbed, fraction of the drug
escaping liver metabolism, fraction of the drug escaping lung metabolism and systemic
clearance, respectively. Assuming the well-stirred model and liver is the main determinant

of systemic clearance, substituting Cls with Cly , the expression for AUC in eq. 1.1

becomes:

Avc = La* £y Dose (12)
Cl,

where Cl, = Q,* L, (1.3)

and £, = _Cxr (1.4)

QII + Cll * fu
With appropriate substitution of CLy and Ey values from eq. 1.3 and 1.4 into eq. 1.2, the

following relationship is obtained:

F. *D
" * Dose (1.5)

AUC = —2——
CL*f,

where Cly, Qu and Ey are iiver clearance, blood flow-rate and extraction ratio,
respectively. Cl; is a free hepatic intrinsic clearance and f, is the fraction of unbound drug
in plasma. As indicated in eq. 1.5, AUC after an oral dose is affected not only by

absorption but also by elimination and protein binding.
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1.6.3 Less than Proportional Increase in AUC

Since the concentration of drug in plasma after oral dosing is a function of both
absorption and elimination, the AUC is a net result of both processes. Thus a less than
proportional increase in AUC may be due to an increase in elimination as well as to a
decrease in absorption. We first consider dose-dependent absorption. There are at least
three processes that can cause a dose-dependent decrease in absorption: 1) decrease in
dissolution rate (Barrett & Bianchine, 1975, Dressman & Fleisher, 1956; Dressman et al.
1984), 2) decrease in transit time of drugs remaining in the regions of the gastrointestinal
tract (Chen et al. 1992) and 3) the ability or inability of drugs to cross intestinal barriers
(4midon et al. 1986, Chungi et al. 7978). For low clearance drugs, binding is an
important determinant in drug elimination, and total body clearance is directly proportional
to the unbound fraction in plasma (Wilkinson & Shand, 1975). Saturation of protein
binding of a drug may therefore result in enhanced elimination. Increased rate of
elimination may occur as a result of autoinduction of metabolism in which the elimination
clearance of a drug increases following multiple doses and the increase in clearance is

preater after a high dose than after a low dose (Bertilsson et al. 1980; Reilly et al. 1978,

Levy, 1986).

1.6.4 Greater than Proportional Increase in AUC

This phenomenon can be attributed to a decrease in elimination and an increase in

absorption. Many drugs undergo significant presystemic metabolism or degradation in the
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gut lumen (Skerjanec et al. 1995), gut mucosa (George, i981) or the liver (Pond & Tozer,
1984). If one or more of these processes is altered (reduced) as the dose increases, a
greater than proportional increase in AUC with the dose may result (Wagner, 1985, Shand
& Rangno, 1972; Walle et al. 1978). Reduction in elimination capacity is often attributed
to concentration dependent or Michaelis-Menten type kinetics (Sheiner & Ludden, 1992)
but others, which are not consistent with the Michaelis-Menten kinetics have been
reported. They are termed dose and time-dependent processes (Klotz & Reimann, 1981,

Klotz et al. 1976, Levy, 1986, Hussain et al. 1994; Saville et al. 1989).

1.6.4. 1 Michaelis-Menten Kinetics
The rate of an enzymatic process such as biotransformation can usually be
described by the Michaelis-Menten equation:

Rate of elimination = Vs *C (1.6)
K +C '

m

where C is the drug concentration in the plasma, Vi is the maximum production rate of
metabolite, and K., is the Michaelis cons:ant. The constant Vi, is a function of the total
amount of metabolizing enzyme while K,, reflects the affinity between drug (substrate) and

enzyme. If a plasma concentration is much smaller than the Kn, value, it follows from eq.

1.6 that:

Rate of elimination = VK"‘“ *C = kxC (1.7)

m
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where k is the apparent first-order metabolic rate constant. Drugs that are eliminated by
first-order rate constant are said to obey first-order or linear kinetics. The elimination of
drugs like phenytoin (Tozer & Winter, 1992) or salicylate (Dromgoole & Furst, (992)
cannot be described by first-order kinetics, the relative rate of elimination is slower at
higher concentrations than at lower concentrations of drug in the plasma. Because their
elimination decreases with increasing dose, their kinetics is said to be dose-dependent.
Strictly speaking, however, Michaelis-Menten elimination is concentration-dependent
rather than dose-dependent and means that clearance decreases with increasing drug
concentration; however, drug clearance at a given drug concentration is the same whether

a high or low dose is given (Gibaldi, 1984).

1.6.4.2 Dose and Time-Dependent Kinetics

Certain drugs display nonlinear pharmacokinetics that is not consistent with
Michaelis-Menten kinetics. These drugs display dose-dependent or time-dependent
pharmacokinetics rather than concentration-dependent pharmacokinetics.  Displays of
dose and time-dependent kinetics imply that clearance changes with dose rather than
concentration. One plausible explanation is inactivation of liver enzyme(s), responsible for
drug metabolism. This mechanism is not uncommon and has been observed with drugs
such as diltiazem (Hoglund & Nilsson, 1989), lidocaine (Saville et al., 1989) and
verapamil (Schwartz et al., 1985). It has been postulated that drugs with a tertiary amino
group can inactivate N-dealkylating CYP isozymes by forming stable metabolic

intermediates (Bast ef al., 1990). Mibefradil fulfills the structural requirements for such a
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drug, since its chemical structure contains a tertiary amino function (Fig. 1.1). .nother
possible mechanism is product inhibition of dfug metabolism which can lead to dose and
time-dependent changes in elimination kinetics. It has been found that nordiazepam
inhibits the metabolism of diazepam (Klotz ef al., 1976) and following multiple dosing,
leads to a time-dependent reduction of diazepam elimination which is slower than
elimination following a single dose (Klotz and Reimann, 1981).

Interestingly, it has been found recently in diltiazem studies using isolated perfused
rat liver (Hussain et al. 1994) that mechanisms other than enzyme inactivation could be
attributed to observed reduction in clearance. In that study it was concluded that the time-
dependent kinetics of diltiazem in rats was mainly due to reversible tissue binding,

suggesting that substrate binding to proteins in the liver can influence hepatic elimination.

1.6.5 Nonlinear Kinetics and Absolute Bioavailability

Absolute bioavailability is defined as the fraction of a dose reaching the general

circulation- The following relationship describes this parameter:

._D,x4UC, 08
- D, *AUC, 8
and
F=ExE, (1.9)

where Dy and Dy are intravenous and oral doses and AUCy, AUCy are the
corresponding areas under the plasma drug vs. time curve. As eq. 1.9 indicates, F value

can be reduced by incomplete absorption and/or gut metabolism (F,) and first-pass liver
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metabolism (F). The AUC method {eq. 1.8) is based on the premise that clearance is
constant during the elimination of the oral and intravenous doses (Tozer & Rubin, 1988).
It is therefore difficult to assess the true bioavailability of drugs whose elimination kinetics

changes with the route of administration.

1.6.6 Nonlinear Kinetics and Mibefradil

Currently, no data on the mechanisms responsible for the nonlinear
pharmacokinetics of mibefradil in humans are available. An understanding of the causes of
nonlirearity and the implications of such behaviour on concentration-time profiles is
required if such drugs are to be used safely and efficaciously. Preliminary observations in
humans would suggest (Table 1.1), that the absorption through the gut and liver first-pass
effect are the two parameters worthwhile studying in greater detail.  Detailed
experimentation, otherwise inaccessible in humans, would therefore call for a suitable

animal model.

1.7 Chronically Instrumented Conscious Dog Model

Dogs have proven to be a useful pharmacodynamic research tool during the
development of mibefradil (Orito et al. 1993, Mishra & Hermsmeyer, 1994; Vander Heide
et al. 1994) and a pharmacokinetic profile similar to that in humans, if proven, would
unquestionably add to the validity of this species as a model of human pharmacokinetics

and pharmacodynamics. We have recently developed a chronically instrumented,
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conscious dog model (Q'Brien et al., 1991) which allows us 1o simultaneously monitor the
time course of the drug in carotid artery, jugular, portal and hepatic veins with continuous
measurement of hepatic blood flow. Therefore, the absorption through the gut and the
rate of drug removal by the liver can be measured and quantified in a conscious animal.

Therefore, the contribution of organs involved in elimination of mibefradil and their role

in the nonlinear kinetic behaviour could be studied.

1.7.1 Hepatic Blood flow Measurements in a Conscious Dog Model

The accuracy and consistency of data recordings are of prime importance in
experiments where methods of data collection and manipulation depend heavily upon
physiological measurements. It is therefore essential that an experimental setting is
thoroughly tested and validated before initiation of pianned experiments.

Since its introduction into clinical research, the transit-time ultrasonic flowmeter
has been successfully used to measure hepatic blood flow in humans and animals (Doi ef
al. 1988; Transonic Systems. 1992). Alternatively, indocyanine green (ICG) has been
used widely as a noninvasive marker of hepatic blood flow and a liver function probe in
humans and animals for the past thirty years (Caesar et al. 1961, Kraft et al. 1991,
Bonasch & Cornelius, 1964). ICG, a tricarbocyanine dye, is an anionic compound, its use
is based on the assumptions that it is highly extracted by the liver and systemic clearance
will be equal to the liver blood flow. It would be therefore interesting to see how these

two measurements, electronic and noninvasive, compare with one another.
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1.7

Hypotheses

The pharmacokinetics of mibefradil in the dog are similar to those of the human

and the dog would make a suitable animal model.

The pharmacokinetics of mibefradil after single oral doses are nonlinear due to a

dose-dependent incrzase in absorption and/or reduction in elimination.

Pharmacokinetics of mibefradil after intravenous dosing are different from the
pharmacokinetics after oral administration, thus affecting the accuracy of absolute

bioavailability determination by the conventional approach.

An instrumented dog model will provide an estimate of the true bioavailability,

using physiological measurements.

Pharmacokinetics after multiple oral doses cannot be predicted from the single

dose parameters.
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1.8

Objectives

To develop a suitable assay for measuring mibefradil in dog plasma and urine.

To evaluate the dog as an animal model of human mibefradil pharmacokinetics.

To evaluate and validate the most critical feature of the instrumented dog model,

i . liver blood flow measurements, and compare them to a conventionally used,

noninvasive marker of liver blood flow.

To explore potential mechanisms surrounding the nonlinear pharmacokinetics

observed in humans.

To estimate absolute bioavailability of mibefradil in dogs using physiological

measurements.
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Figure 1.1 Structure of mibefradil (* denotes the chiral center), (1S,2S)-2-[2-[[3-(2-
benzimidazolyl)propylJmethylamino]ethyl]-6-fluoro-1,2,3 ,4-tetrahydro-1-iscpropyl-2-

naphth;i methoxyacetate.

CH; CH
20

cH | 0
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CH;

Figure 1.2 Structure of internal standard (* denotes the chiral center). Internal standard

is the S,S-isomer.
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3.  EXPERIMENTAL SECTION'

2.1 Chemicals and Assay Procedures

2.1.1 HPLC Assay of Mibefradil in Dog Plasma and Urine

The hydrochloride salts of mibefradil and internal standard (Ro 40-6792) were
kindly supplied by Hoffmann-La Roche (Basel, Switzerland). The structures of mibefradil
and internal standard are shown in Figures 1.1 and 1.2, respectively. Solvents, acetonitrile
and tertiary-butyl-methyl ether, were HPLC grade (Fischer Scientific, Montreal, Canada).
Other chemicals such as KH,PO,, KHCO; (BDH, Toronto, Canada) and the sodium salt

of pentanesulphonic acid (Sigma, St. Louis, MO, USA) were analytical grade.

2.1. 1.1 Standard solutions

Standard stock solutions of mibefradil were prepared in deionized water to provide

final concentrations of 5 and 10 pug/ml base equivalent. The concentration of the internal

! A version of this and subsequent chapters has been published/submitted for publication. Skerjanec, A.,

O'Brien, D. W., and Tam, Y. K. Hepatic blood flow measurements and indocyanine green kinetics in a

chronic dog modcl. Pharmaceutical Research 11:1511-1515, 1994. Skerjanec, A. and Tam, Y. K.

HPLC analysis of mibefradil in dog plasmaz and urine. Journal of Chromatography: Biomedial
Applications 1995, in press. Skerjancc, A, Tawfik, 8., and Tam, Y. K. Nonlinear pharmacokinetics of

mibefradil: an cvaluation of the dog as an animal model. Journal of Pharmaceutical Sciences,

submitted. Skerjanec, A., Tawfik, S., and Tam, Y. K. Mechanisms of Dose and Time Dependent
Kinetics of Mibefradil in Chronically Instrumented Dogs. Journal of Pharmacology and Experimental

Therapeutics, submitted.
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standard solution was 8 pg/mi base in deionized water. Drug-free dog plasma and urine
samples were spiked with the appropriate stock solution of mibefradil. Serial dilutions
with the appropriate biological matrix gave standard concentrations ranging from 10 to
500 ng/ml in plasma and 10 to 200 ng/ml in urine. Stock solutions of mibefradil and

internal standard were prepared every 3 months and stored at -25CC; working solutions

were kept at 4°C for a period of a month.

2.1.1.2 Sample preparation

Saturated solution of KHCO3 (0.5 ml) and 50 pl of internal standard solution were
added to the 0.5 ml aliquots of plasma and 0.2 ml aliquots of urine. Aliquots (0.25 ml) of
plasma samples exceeding the standard curve range were diluted with blank plasma to a
volume of 0.5 ml. Each sample was extracted with 2ml of tertiary-butyl-methyl ether by
vortexing for 30 sec and centrifuged at 1000 g for 3 minutes. The lower water phase was
frozen on acetone/dry ice bath and the organic phase was transferred into clean tubes
(Kimax®, Kimble, IL, USA) and evaporated under vacuum (Savant Instruments,
Farmingdale, NY, USA). The residue was reconstituted in 200 ul of mobile phase and 30-
130 pl of this solution was injected onto the HPLC system. The extraction efficiency was

found to be higher than 90% for mibefradil.

29



2.1.1.3 Instrumentation and chromatographic conditions

The HPLC system consisted of a SIL 9A automatic injector (Shimadzu), a Model
501 pump, a Model 470 scanning fluorescence detector and IBM-compatible PC with a
Baseline 810 data processing software (Waters, Mississauga, Canada). The detector was
set at A, = 270nm and A, = 300nm and chromatographic separation was achieved on a
reversed-phase column (Merck, LiChrospher, C-18, RP Select-B). The mobile phase
composition was a mixture of acetcnitrile and aquecus solution (38:62 v/v). The aqueous

solution contains 0.0393 M KH,PO4 and 0.0082 M sodiumpentanesulphonate. Mobile

phase was pumped at a flow rate of 2 ml/min.

2.1.1.4 Calibration curves and assay validation

Calibration curves were generated by weighted (1/c) least-squares regression of
the analyte/internal standard peak-height ratio vs. the concentration of the analyte. Assay
was validated using quality control (QC) samples prepared by an authorized person in the
laboratory. The concentration of these QC samples covered the range of the calibration
curve. Intra-assay accuracy and precision were assessed from replicate analyses (n=3) of
spiked plasma at four different concentrations (10, 30, 200 and 500 ng/ml) on the same
day. Three replicates were performed for urine at the concentrations of 10, 30 and 200

ng/ml. Inter-assay validation for plasma and urine was performed on three separate

occasions.
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2.1.2 Indocyanine Green Studies

Indocyanine Green (Cardio-Green®) was purchased from Becton Dickinson,
USA. ICG standards and plasma samples were measured spectrophotometrically at
805nm (Becton Dickinson). The assay performance was tested against the validated
manufacturer’s procedure, encompassing a range of ICG plasma concentrations from 1 to
12 mg/l. Accuracy and precision of the assay fell within a 5% interval of the reference
procedure values, with a standard curve y = 0.26x+0.016, where optical density is plotted
on y-axis and corresponding ICG plasma concentration on x-axis (Becton Dickinson).
During ICG studies, an aliquot of ICG injection solution was stabilized with dog blank
plasma and used for standard curve preparation, performed immediately after the
experiment.

Since the commercially available ICG contains a 1 to 3% of decomposition
product, the conventional spectrophotometric assay lacks specificity. However, the
decomposition product does not interfere with an assay within the first 20 min of the ICG
time course in the plasma due to the relatively higher concentrations of ICG in plasma
(Rappaport and Thiessen, 1982; Heintz et al., 1986, Ott et al., 1993). Therefore, the ICG
plasma profiles should be accurately measured within a 15 min time interval after the
intravenous bolus administration of ICG and this time interval is sufficient to characterize

the ICG disposition in the body.
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2.2 Instrumentation

2.2.1 Blood Flow Measurements

For blood flow measurements, transit-time ultrasonic flow probes and a flow meter
(Model T201, Transonic Systems, Ithaca, NY) were used. Blood flow was recorded on
an IBM-compatible PC using the P-Option software (Transonic Systems). Flow probes
were factory tested and precalibrated. Additionally, we performed our bench testing
before the surgery and after the probes were recovered from the dogs. Calibration ranges
encompassed 0-400 ml/min and 0-2000 mi/min interval for hepatic artery and portal vein,
respectively. All tests gave results within 10% of the reading from a timed collection
method. For experimental blood flow measurements, moving average of 10 sec (n=10)

was used to filter blood flow measurements (Oppenheim & Schafer, 1975).

2.3  Surgery, Postoperative Care and Catheter Maintenance

Surgical protocol was approved by the Health Sciences and Animal Welfare
Committee at the University of Alberta. A detailed description of the surgical procedure
was published recently (O'Brien ef al., 1991). Briefly, four catheters were inserted into
jugular, portal, hepatic veins and carotid artery and two blood flow probes placed around
the portal vein and hepatic artery. For indocyanine green noninstrumented studies, a
single jugular vein catheter was inserted, while jugular vein and carotid artery catheters
were inserted for mibefradil pharmacokinetic studies using noninstrumented dogs. After
surgery, dogs were fitted with jackets with side pockets (Alice King Chatham Medical
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Arts, Los Angeles, CA) to protect the catheters. The animal was allowed to heal for at
least 2 weeks before experiments were initiated. The subjects were fed canned dog food
(Dr. Ballard, Friskies Pet Care, Don Mills, Canada), combined with Tuffy's chunks (Star
Kist Foods, Willowdale, Canada) and had free access to water. Skin interfaces were
cleaned daily with HO5 and sprayed with dilute gentamicin spray (gentamicin sulphate
1.1 mg/ml, Shering, Canada Inc., Point Claire, Quebec). The catheters were flushed every
3 days by removing the heparin locks, instilling 0.9% sodium chloride, followed by ACD
solution to fill the catheter dead space. The ACD soluiion consisted of 0.4% anhydrous

citric acid, 1.32% sodium citrate (dihydrate), 1.47% dexirose (mono H»O), and 1.5% of

37% formaldehyde and was left for 5 min to sterilize the catheters’ lumens and then
removed. The catheters were flushed with sterile saline and then filled with heparin
solution (1000 U/ml during first 5 days and 10000 U/ml thereafier). A sling that provided
gentle restraint and support to the animal was used during the procedures. The dog was
able to stand freely in the sling or be supported along its entire ventral surface, thus taking

the weight off its legs.

2.3 Design of Animal Experiments

Random source, mixed breed female dogs were selected for the study.
Physiological parameters such as body weight, blood and liver clinical biochemistry tests
were monitored in all dogs from the arrival date at animal facilities and throughout the

investigations. Hematocrit, white blood cell count, red blood cell count and hemoglobin

33



were monitored weekly. Clinical biochemistry tests such as AGT (serum alanine
glutamine transferase), AST (serum alanine sulphotransferase), ALP (alkaline

phosphatase), BUN (blood urea nitrogen) and creatinine were performed before and after

the surgical procedures.

2.3.1 Blood Flow Measurements and Indocyanine Green Kinetics

Seven dogs (3m, 4f, BW = 21 + 1.8 kg, Het = 0.39 = 0.05) were used in these
experiments. Three dogs underwent the ICG study prior to surgery to examine potential
effects of implanted catheters on the kinetics of ICG. Three dogs were used (crossover
study) to study the effect of increased hepatic blood flow on ICG kinetics. Standard dog
ration (1 can of Dr. Ballard, 630g) was given to induce liver blocd flow increase. Plateau
effect was reached after 30 minutes and remained stable throughout the experiment.

On the day of an experiment, the dog was brought to the laboratory at 9 a.m.
having been fasted overnight and placed in a sling frame that both restrained and
supported the animal gently. The dog was able to stand freely in the sling or be supported
along its entire ventral surface, thus taking the weight off its legs. All dogs were
accustomed to this procedure during the recovery period and catheter maintenance. In all
experiments, 0.5mg/kg of ICG was administered as a bolus injection into the left cephalic
vein, and blood samples were collected at 0, 2.5, 5, 7.5, 10, 12.5 and 15 minutes. Fed
dogs received the bolus dose 30 minutes after the food intake. Fed and fasted dog

experiments were separated by a week. ICG plasma concentration-time profiles in all four
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catheters and liver blood flows were recorded simultaneously and blood flow rates based

on ICG kinetics and electronic measurements were examined.

2.3.2 Mibefradil Pharmacokinetic Studies

Two groups of female dogs weighing between 19 and 24 kg were selected for the

studies. First group consisted of three and second group consisted of four dogs dogs.

2.3.2.1 Experimental protocol

Img/kg intravenous and 1, 3 and 6 mg/kg oral doses were independently
administered to the first group of three dogs (noninstrumented) according to a randomized
complete block design, where dogs represented blocks and the four treatments were
randomiy assigned to each block. An identical protocol was applied to the instrumented
(group 2, 4 dogs) dog study except a multiple oral dose treatment (3 mg/kg ql2h, 8 days)
was added. At least one week washout period was allowed between the treatments. This
washout period is sufficient to allow for complete elimination of the drug from the body
and for the recovery of CYP-450 enzymes that could be potentially affected by mibefradil
treatment (Gasser ef al., 1982). Dogs were fasted overnight, 24 hours prior to the
experiment, but allowed water ad libitum. Food and water were withheld during the first
6 hours of the experimental period. During the noninstrumented experiments, dogs were

kept in the metabolic cages which allowed continuous urine sample collection.
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2.3.2.2 Intravenous Dosing - Noninstrumented Dogs

The left cephalic vein was cannulated using an 21-gauge cannula to which a three-
way stop-cock was attached. A Img/kg base equivalent of mibefradil dihydrochloride salt
powder, dissolved in 17ml of sterile 0.9% NaCl solution was infused through the cannula
at a constant rate over 10 minutes. Each dog was returned to its metabolic cage 30 min
after the completion of infusion. Blood samples (3 ml) were drawn from the jugular vein
and carotid artery catheters at 0, 5, 10, 15, 20, 390, 45, 60, 90, 120 min and 3, 6, 12, 24,
36 hours and urine samples were collected from the beginning of the infusion and up to 48
hours after. Heparin lock (10 U/ml) was used throughout all experiments to maintain
patency of the blood sampling catheters. Before a blood sample was taken, the heparin in
the catheter was removed. Based on our previous experience with basic drugs such as
lidocaine, propranolol and diltiazem, the residual effect of heparin has no effect on the
plasma protein binding. Blood samples were collected in polypropylene tubes containing
0.1M EDTA (25 ul/ml biood). After centrifugation, plasma was transferred to separate
tubes and stored at -20°C until analysis. Urine samples were collected once or twice daily,

volumes recorded and aliquots stored in polypropylene tubes at -20°C until analysis.

2.3.2.3 Intravenous Dosing - Instrumented Dogs
The description is identical to the procedure in section 2.3.2.2, except for the

following modifications:

1. All four dogs received a 1 mg/kg treatment.



2. Blood samples (3 ml) were drawn from all four catheters at 0, 5, 10, 15, 20, 30,
45, 60, 90, 120 min and 3, 6, 12, 24, 36 hours after the beginning of infusion.

3. Mibefradil plasma concentration-time profiles from all four catheters and hepatic
blood flow rates were recorded simultaneously.

4. Dogs were returned to their cages 3 hours after the initiation of experiment. They
were brought back into the lab for each subsequent sampling point and
immediately returned after collection of blood samples and recording of flow-
rates.

5. Urine samples were not collected.

2.3.2.4 Oral Dosing - Noninstrumented Dogs

Appropriate amounts of mibefradil dihydrochloride salt powder that provided 1, 3,
and 6mg/kg of mibefradil base equivalent was weighed into gelatine capsules. After
administration of the capsule, containing the assigned dose, 15ml of tap water was
administered orally by means of a syringe. Blood samples (3 ml) were drawn from the
jugular vein catheter at 0, 5, 15, 30, 45, 60, 90, 120 min and 3, 6, 12, 24, 36, 48, 60 and
72 hours and urine samples were collected from the beginning of the study and up to 96
hours after dosing. Blood and urine samples were processed as described in section

2220
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2.3.2.5 Oral Dasing - Instrumented Dogs

The procedure was identical to noninstrumented dog studies, except for:

1. A multiple oral dose treatment was added: 3 mg/kg base equivalent twice a day
over a period of 8 days.

2. Blood samples (3 ml) were drawn from all four catheters at 0, 5, 15, 30, 45, 60,
90, 120 min and 3, 6, 12, 24, 36, 48, 60 and 72 hours for single dose studies and at
0, 5, 15, 30, 45, 60, 90, 120 min and 3, 6, 12 hours after the last dose of the 8 days
dosing schedule.

3. Mibefradil plasma concentration-time profiles in blood from all four catheters and
hepatic blood flow rates were recorded simultaneously.

4, Dogs were returned to their cages 3 hours after the initiation of experiment. They
were brought back into the lab for each subsequent sampling point and
immediately returned after collection of blood samples and determination of flow-
rates.

5. Urine samples were not collected.

2.3.2.6 Plasma Protein Binding Studies in Dogs

In vitro protein binding of mibefradil was extensively studied in human and dog plasma
pools using ultrafiltration method (Brand & Meyer, 1988) We have performed a set of
plasma protein binding studies using ultrafiltration method at 37°C. Dog plasma was

collected before and after the surgery and binding studies were performed on both sets of
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plasma. Due to the extensive binding of mibefradil to the plasma proteins, a single 2000
ng/ml concentration (n=3) was used which was close to the value used in the original

report (1400 ng/ml, Brand & Meyer, 1988).

2.4 Data Analysis

2.4.1 Pharmacokinetic Analysis

2.4.1.1 Blood Flow Measurements and Indocyanine Green Kinetics

ICG plasma versus time data were subjected to nonlinear regression analysis using
PCNONLIN (Metzler & Weiner, 1992). A one compartment open model was adequate to

describe all data sets. Based on these calculations, the following parameters were

obtained:

Cl, = 3 Zsé @2.1)
Cls = AUC?(Olsf Hel) 2.2)
f, = 11';2 (2.3)

where Cls Cl,, t, and V, are ICG jugular vein based plasma systemic clearance,

%

hematocrit adjusted blood systemic clearance, half-life and plasma volume of distribution,
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respectively. Eq. 2.2 assumes that no distribution into red blood cells occurs and literature

on ICG supports this assumption (Daneshmend et al, 1981). ICG hepatic extraction ratio

was calculated as follows:

ﬂuxin _ﬂuxoul (25)
ﬂuxin

I’;” =

where fluxes were computed on a point-by-point basis according to eq. 3.6 and 3.7:

e, = Qi14*Cca +Qpr*Cpy 2.6)
(1- Hct)
(Oria + Opy *Criy
— 2.7
with Q,,, and Q,, as blood flow rate of hepatic artery and portal vein, and C..,, C,, Cyy

are carotid artery, portal vein and hepatic vein plasma ICG concentrations, respectively.

ICG lung extraction was estimated on a point-by-point basis as follows:

CJV '— CCA (2.8)
Ce .

K, =
where C and C_, are jugular vein and carotid artery ICG plasma concentrations.
Individual values of E, (eq. 2.5) and E, (eq. 2.8) were pooled and averaged over the 15
min period. Hepatic blood flow based on ICG kinetics was calculated according to the

following equation:

_CL, 29

Q=—
E,

where E” and CLB are calculated as described above.
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2.4.1.2 Mibefradil - Noninstrumented Dogs

Pharmacokinetic parameters were obtained using established non-compartmental
analysis (Gibaldi & Perrier, 1982). Area under the plasma concentration-time curve
(AUC) and the area under the first moment curve (AUMC) from time zero to the last
sample time point were calculated using the Lagrange method (Rocci, Jr. & Jusko, 1983)
and the terminal extrapolated portion of the curve was estimated by dividing the
concentration at the last sampling time point by the slope of the terminal elimination
phase. Systemic and oral clearance, volume of distribution at steady-state and half-life of
the terminal phase of mibefradil were calculated using standard formulae (Gibaldi &
Perrier, 1982). Maximum drug concentration, Cmax, and its corresponding time point,
T.ax, Were read from the raw data of plasma concentration vs. time profile. Due to an
apparent nonlinearity, as described later in the results section, the relative ratio between
dose normalized AUC,/AUC;, rather than absolute bioavailability term was used. All

kinetic parameters were normalized for dose and body weight, when appropriate.

2.4.1.3 Mibefradil - Instrumented Dogs

Pharmacokinetic analysis of jugular vein profiles was identical to that used for

noninstrumented dogs, which is described in section 2.4./.2.
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2.4.1.4 Mibefradil - Instrumented Dogs: Measurement of Physiological Kinetic
Parameters
Plasma profiles in individual blood vessels, combined with electronically measured
portal vein and hepatic artery blood flows were used to quanify processes such as the
extent of gut absorption, F,, absolute bioavailability, F, hepatic extraction, Ey, and hepatic
availability, Fy;, hepatic clearance, Cly, systemic clearance, Cls and volume of distribution,

V;, of mibefradil in a conscious animal. The following equations were used to calculate

the parameters:

I, = Amount absorbed (2.10)

Dose
Absolute biozvailability of mibefradil was estimated using equation 2.11:
=[xk, (2.11)

The amount of drug absorbed from the gut (equation 2.12) was calculated by integrating
the absorption fluxes from the time point of the first appearance of the drug into the portal
system up to the point when portal vein and carotid artery plasma profiles overlapped.
The criteria for selecting the last point were set as follows: when a difference in drug
concentration less than 15% between the two blood vessels was detected for three

consecutive time points, the first point was selected as the time when absorption was

considered complete.
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1) 15

Amount absorbed = j Absorption flux dT" = J‘QP['*((YPV -Ceyp) dt (2.12)
1] ]

where Qpv, Cpv and Cca are portal vein blood flow rate, portal vein and carotid artery

plasma concentrations, respectively. Ej and Fy were calculated using eq. 2.5 and 2.13:

Ey = Sluxi, — fluxyy, (2.5)
Suxiy, .
Fy=1-£L, : (2.13)

The corresponding fluxes were calculated according to eq. 2.14 an 2.15. Fluxes were

integrated from the beginning of the study up to the last measured plasma concentration

point;
5]
Slux, = I (Cpy*Qpy +Cca*Qpip) dt (2.14)
n
1y)
Slux s = J‘[CHV*(QPV +Q0n)l dt (2.15)

n
where Q,, is the blood flow rate of hepatic artery, and C,, is the hepatic vein plasma

mibefradil concentration. Average systemic clearance was calculated using equation 2.16:
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Iy = Z:/I(). (2.16)

where D is the intravenous or oral dose of mibefradil, F is obtained from equation 2.10
and AUC is the corresponding area under the plasma concentration vs. time curve from 0
to . Average hepatic clearance, Cly, from the time of the first appearance of mibefradil in

the body up to the last measured plasma concentration point was calculated using

equations 2.17, 2.18 and 2.19:

1Y)
I CII % AUC,, dt

Cly =2 e (2.17)

CI" +Cig

crd = i (2.18)
Clly = QO * Ely (2.19)

where (II;'}"] is hepatic clearance at the mid-point of the time interval between the

sampling points, AUCyr is the area under the mibefradil plasma concentration vs. time
curve within the time interval between the two sampling points and AUC is the area under

the mibefradil plasma concentration vs. time curve from 0 to . Cly was calculated from
the time of the first appearance of the drug in the body up to the last measured point. Q}{

is hepatic blood flow rate (Qpv+Qua) and E}; is hepatic extraction ratio obtained from

equation 2.5, calculated on a point-by-point basis.
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Volume of distribution in terminal disposition phase, Vj, after intravenous ard oral doses

of mibefradil was calculated as follows:

CIPOSI

Vg = —g— (2.20)

where CI;'}OS’ is hepatic clearance calculated by using equation 2.17 in post-absorption,

post-distribution phase and f is terminal elimination phase rate constant. Plasma
concentrations were used in all calculations since blood to plasma ratio of mibefradil

equals unity.

2.4.2 Statistical Analysis

2.4.2.1 Blood Flow Measurements and Indocyanine Green Kinetics
Student's paired t-test at the significance level of P = 0.05 was performed. All
values are reported as mean * S.D, except for electronically measured blood flows, where

the values are reported as mean + SEM.

2.4.2.2 Mibefradil Pharmacokinetics in Noninstrumented and Instrumented Dogs

All pharmacokinetic parameters were evaluated according to a randomized
complete block design, where dogs were assigned to blocks and treatments randomly
assigned to each block. All parameters, undergoing statistical evaluation, were first tested

for normal distribution (Wilk-Shapiro test) and variance homogeneity (Levene test), (Zar,
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1984, SAS for Windows. 1994). Parameters, deviating from normality were subjected to
Friedman’s nonparametric ANOVA (Milliken & Johnson, 1984, SPSS jfor Windows.
1994). If F statistics indicated significant diferences among the treatment groups
(P<0.05), Duncan’s multiple range test was used to determine which treatment group was
different. Paired t-test was used to compare time to maximum concentration (Tmax)
between portal and hepatic vein catheters (Table 3.7). All values are reported as mean *

SD, except for electronically measured blood flow rates, where the values are reported as

mean = SEM.

3. RESULTS

3.1 HPLC Assay of Mibefradil in Dog Plasma and Urine

Representative chromatograms are shown in Figures 3.1 and 3.2. The retention
time of mibefradil was 10.7 min while the internal standard eluted at 12.2 minutes. Using
0.5 ml of plasma and 0.2 ml of urine, calibration curves with concentrations ranging from
10-500 ng/ml for plasma and 10-200 ng/ml for urine were linear (r* > 0.99). The
regression equations in plasma and urine were y = 190x + 1.4 and y = 188x + 1.1,
respectively where y-axis represent a detector response and x-axis a corresponding
mibefradil concentration. The detection limit for mibefradil was 0.5 ng/ml for both
biological media. Dilution of urine samples was not required since the urinary excretion of

mibefradil in dogs is less than a 1 % of the dose after intravenous and oral administration.
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Assay performance during routine analysis was evaluated using quality control samples

resulting in similar accuracy and precision for both biological media (Table 3.1).

3.2 Blood Flow Measurements and Indocyanine Green Kinetics

The results suggest that surgical instrumentation has no effect on ICG disposition
kinetics (Table 3.2). Pharmacokinetic parameters, ICG and electronically measured blood
flow values from chronically instrumented dogs that underwent ICG treatment are
summarized in Table 3.3. Plasma ICG concentration followed a monoexponential decline
with time during the first 15 min (Fig. 3.3A) and the half-life of 8.9 + 1.6 min. Estimated
volime of distribution closely approximated plasma volume in the dog (V, =457 + 5.9
ml/kg). Systemic blood clearance was low compared to the electronically measured
hepatic blood flow rate (Cl; = 5.9 £ 1.1 ml/min/kg vs. Q = 27.8 + 9.1 ml/min/kg) and
extraction ratios estimated using ICG fluxes from the inlet and the outlet of the liver were
consistent with the clearance values, suggesting that ICG is not highly extracted by dog
livers (E, = 0.15 + 0.05). Extrahepatic uptake of ICG, as demonstrated by extraction
across the lungs, was substantially lower than that of the liver (E, = 0.06 + 0.06) and the
values varied among dogs. Electronically measured blood flow values in individual blood
vessels during experiments were 6.6 = 2.1 ml/min/kg in hepatic artery and 21.2 + 2.5
ml/min/kg in portal vein (Fig. 3.3B). Blood flow, estimated from ICG systemic blood
clearance and liver extraction ratio was 42.8 + 16 ml/min/kg, and overestimated

electronically measured blood flows by an average of 56%.
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Results from fasted and fed studies are summarized in Table 3.4. Food intake did
not influence the pharmacokinetics of ICG and all measured kinetic and ICG based blood
flow parameters remained unchanged between the two experiments. However, food

intake resulted in an overall increase in electronically measured liver blood flow (30%

increase), while blood flow rate estimated using ICG data remained unaltered.

3.3 Mibefradil Pharmacokinetics in Noninstrumented Dogs

3.3.1 Intravenous Study

Intravenous mibefradil plasma concentration vs. time profiles are shown in Figure
3.4A. Mean systemic plasma clearance, volume of distribution at steady-state and half-life
were as follows: Clg= 18.4 + 1.2 ml/min/kg, Vss = 9.7 £ 3.8 /kg and Ty, = 9.5 £ 3.4 h
(Table 3.5). Blood to plasma ratio of mibefradil equaled unity within the range of
concentration vs. time profiles, observed in our studies. Urinary excretion of mibefradil
after an intravenous dose was negligible. Pharmacokinetic parameters calculated from
carotid artery plasma profiles were quantitatively similar to those obtained from the

jugular vein. The difference is less than 6%, indicating a lack of arterio-venous difference.

3.3.2 Oral Study

The plasma concentration vs. time profiles of the single oral doses of mibefradil in

the four dogs are depicted in Figure 3.4B. AUC,, and Cm. increased in a nonlinear
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fashion with an increase in dose (Figure 3.5). Consequently, oral plasma clearance
decreased with an increase in dose, from 101.8 £ 18.8 ml/min/kg at Img/kg dose to 21.7 +
4.3 ml/min/kg at 6mg/kg dose while the dose normalized AUC ratios between oral and
intravenous treatments increased from 0.18 + 0.03 to 0.87 + 0.21, respectively (Table
3.5). Both parameters at 1, 3 and the 6 mg/kg dose were statistically different between
each other (P<0.05). Mean half-life values did not change significantly with an increasing
oral dose (Table 3.5). Similar to intravenous studies, urinary excretion of mibefradil after

oral doses was not quantifiable.

3.4 Mibefradil Pharmacokinetics in Instrumented Dogs

3.4.1 Jugular vein intravenous and oral data

Intravenous mibefradil plasma concentration vs. time profiles are presented in
Figure 3.6A. Data from this treatment show that mibefradil systemic clearance is high and
distribution extensive (Table 3.6), an observation consistent with the results obtained from
the study in noninstrumented dogs (Skerjanec e/ al., 1995). The plasma concentration vs.
time profiles of single and multiple oral doses of mibefradil in four dogs are depicted in
Figure 3.6B. Oral clearance decreased with increasing doses, suggesting nonlinear
disposition. At the highest dose, 6 mg/kg, Cl, values were approximately 1/2 of that of 1
mg/kg dose, while the dose normalized AUC,/AUC;, ratios increased approximately two
and a half-fold within the same dose range (Table 3.6). Continuous oral dosing for 8 days

with the 3 mg/kg twice a day brought about a further decrease in Cl, value which was
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approximately 1/3 the value of a single 6 mg/kg dose. This reduction in Cl, was
accompanied by a two-fold increase in dose normalized AUC,/AUC;. ratios and both
parameters were significantly different from the cofresponding parameters after the single
dose treatments (P<0.05). The t, values were not sensitive to a change in Cl, values and
t,, did not change significai“ly when compared across the range of doses studied (Table

3.6). The accuracy of ty, determination during multiple doses however, can be erroneous

because the time interval for the estimation is less than one half-life.

3.4.2 Pharmacokinetic analysis based on measurement of physiological kinetic

parameters

Figure 3.7 is a set of representative plasma mibefradil concentration vs. time
arofiles in a dog that received a single 3 mg/kg oral dose. Portal vein carried the highest
i, -ization of mibefradil during the absorption phar  nd was similar to that of carotid
artery at and after 360 minutes, indicating completion of absorption. Absorption Wz
complete within 360 minutes in all animals who received the remaining oral treatments.
The fraction of mibefradil absorbed through the gut was independent of the dose
administered (F, ~ 0.60), suggesting that absorption is either incomplete or this drug
undergoes first-pass gut metabolism (Table 3.7). Using the absorption data obtainad from
equation 2.11, a graph of logarithm of the % amount of drug that remained to be absorbed
vs. time was used to described the kinetics of absorption from the gut after sin..e and
multiple doses (Fig. 3.8). Monoexponential decline would suggest that absorption is a
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linear, first-order process, with an exponent corresponding to the absorption rate constant,
K,. This rate constant was calculated using a nonlinear, curve-fitting method (Merzler &
Weiner, 1992). Results revealed that the rate of gut absorption is best described by two
first-order processes, one of which is responsible for >90% of an absorbed dose (Table
3.7); no difference in K, values among the four oral treatment groups was found (P>0.05).
Tmax values in the portal vein are not significantly different after all oral dose treatments
(P>0.05, Table 3.7). The absorption parameters suggest that gut absorption kinetics are
insensitive to dose and duration of treatment. An absorption lag-time of less than 10 min
was found in the portal circulation (Fig. 5.8), «uguesting rapid dissolution and absorption
of mibefradil after dosing. A significant time lag between peak portal and hepatic vein
concentrations (Tmsx, pv VS. Tmax, v) Was observed for all but the 1 mg/kg dose (P<0.05,
Table 3.7), suggesting that equilibration process in the hepatic tissue is not instantaneous.
Volumne of distribution, Vp, indicates a trend of reduction with increasing oral doses, and
V; values after 6 mg/kg single and multiple 3 mg/kg vial doses decreased significantly
when compared to that of intravenous treatm * ‘P<0.05, Table 3.7). These observations
were consistent in all the subjects studied and suggest that binding of mibefradil to tissues
is capacity-limited.

Examination of hepatic extraction revealed that initial Ey values are high, probably
due to simultaneous distribution and elimination of the drug in the liver (Fig. 3.9). Ey
values were the highest after intravenous dosing; a mean value of 0.71 places mibefradil in
a highly extracted drug category (Table 3.8). The time course of Ey values was stable

during and after intravenous infusion in contrast to that after oral administration, where Ey

51



values dropped rapidly and reached a lowest point at approximately 120 min before
rebounding to a more stable value. The reduction of Ey values after oral administration
was a dose and time dependent process. The magnitude of decrease is about 40% from 1
to 6 mg/kg single dose and about 50% between the single and multiple 3 mg/kg dose
(Table 3.8). Ey values after multiple doses were significantly different from all but 6
mg/kg dose (P<0.05). Hepatic blood flow rate increased in a dose-dependent manner
during the absorption phase. This increase is attributed to an increase in hepatic arterial
blood flow rate (Fig 3.9, upper panel). The increase was approximately 30% after a single
1 mg/kg dose and 60% after a 6 mg/kg dose (Fig. 3.10, lower panel). This change in
hepatic blood was transient, reached its maximum at approximately 60 min after the
administration of the single oral doses and 20 min after intravenous and multiple oral
doses, and began to decline towards a predose level thereafter.

Average Cly values were similar to Cls values (Table 3.8), suggesting that liver is
the main organ for eliminating mibefradil. After oral administration, the time course of
hepatic clearance (Fig. 3.11) paralleled that of hepatic extraction ratio (Fig. 3.9); the
decrease of CLy values was dose related and was the lowest during peak absorption.
Overall Cly; reached the lowest values after the highest single and after multiple oral doses
(P>0.05, Table 3.8).

Since the absorption from the gut was dose independent, absolute bioavailability
followed a reverse trend of Ey; reduction of Ey led to an increase in F. Consistent with

this trend, F increased by 60% from 1 to 6 mg/kg single dose and doubled when the 3



mg/kg multiple dose was compared to its single dose counterpart (Table 3.8). F after

multiple doses was significantly different from all but the 6 mg/kg dose (P<0.05).

3.5 Plasma Protein Binding Studies in Dogs

Ultrafiltration method using dog plasma from our studies produced results,
consistent with the previously published report (Brand & Meyer, 1988). Mibefradil is
higly bound to the plasma proteins in dogs. The free fraction value in dogs at 2000 ng/ml
is 1.06 + 0.08 % in plasma collected before the surgery and 1.03 + 0.06% in plasma
obtained from the dogs 4-weeks after the surgery. These results suggest that surgical

intervention did not alter the extent of mibefradil plasma protein bincng in dogs.

53



147

Al 0'€01 1T $P0l 0°00S

1'9 Al 0'L6 0'96 0y I'¢ 0'96 6'€01 0'002

0s 1'9 0'66 L'¥6 9y 19 €101 L'v6 0'0¢

09 $'S 8'S6 1’601 I'g 1T 6'€01 LSOl 001

N 1d AN 1d N 1d un 1d

(Jw/3u)
(%) AD (%) (%) AD (%) pappe
uoIsald AoeIndoy uoISIAIg KoeInooy UOI1RIJUIIU0))
(g=u) Aep-1opu] (g=u) Aep-enuj

"(MN) suun pue (14) ewserd ul ipeyaqiu IC] Aesse Y} Jo uoisioaid pue Adeinddy [°¢ IQEL



Table 3.2 Comparison of indocyanine green pharmacokinetic parameters before and after

the instrumentation.

instrumented noninstrumented

DOG Cl'b ty, V4 CIS 1y Va
(ml/min/kg) (min) (mlkg) (mUmin/kg) (min) (mlkg)

#3 3.5 8.8 439 35 79 399
#4 34 11.2 55.1 2.8 i1.3 46.4
#6 3.9 7.3 40.3 473 6.9 42.6
AVG 3.6 9.1 46.4 35 8.7 429
STD 03 1.9 7.7 0.7 23 3.7

S5
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Table 3.4 Food effect on electronically and ICG measured hepatic blood flow (Q and

Qics ) and ICG disposition characteristics.

Sfasted
DOG cl, t, Vy E, 0* Qe
(mlU/min/kg) (min) (mlkg) (mli ”fi"/kg (mi/min/kg
#4 6.5 112 55.1 0.11 25.0 58.4
#6 6.0 73 40.3 0.20 24.7 30.5
#7 5.7 8.4 44.9 0.09 30.0 61.9
AVG 6.1 9.0 46.8 0.13 26.6 50.2
STD 0.4 2.0 7.6 0.06 3.0 17.2
Sfed
DOG Cl, t, V, E, 0o* Qo
(mUmin/kg) (min) (ml/kg) (mUmin/kg  (mlmin/kg
#4 5.1 11.6 48.1 0.09 337 548
#6 5.6 8.6 427 0.11 34.9 51.2
#7 4.4 10.0 41.1 0.09 35.1 51.1
AVG 5.0 10.1 43.9 0.10 34.6 52.4
STD 0.6 1.5 3.7 0.01 0.8 2.1
* P<0.05.
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Figure 3.1 Representative chromatograms of blank dog plasma (upper panel) and dog
plasma sample taken at 36h after 3 mg/kg single oral dose of mibefradil (I) (lower panel).

The concentration of mibefradil corresponds to 12 ng/ml. II denotes internal standard.
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Figure 3.2 Representative chromatograms of blank dog urine (upper panel) and dog urine
sample collected between 12-24 hours after a single oral dose of 6 mg/kg of mibefradil (I)

(lower panel). The concentrztion of .nibefradil corresponds to 64 ng/ml. I denotes

internal standard.
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flow rates during the ICG cxperiments in dogs; total liver flow (2}, portal vein fiow (o),

hepatic artery flow (¥). Each data point izpresents the mean (+SE'M) of seven dogs.
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Figure 3.9 Time course of the mean hepatic extraction ratio after 1 mg/kg intravenous
and oral administration of 1, 3 and 6 mg/kg single and 3 mg/kg multiple oral doses in four
dogs. Upper panel comprises the entire time course of the drug in the body, lower panel

renresents the first 360 min time profile. (For clarity, only mean values are depicted.)
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Figure 3.11 Time course of the mean hepatic clearance after 1 mg/kg iniravenous and
oral administration of 1, 3 and 6 mg/kg single and 3 mg/kg multiple oral doses in four
dogs. Upper panel comprises the entire time course of the drug in the body, lower panel

represents the first 360 min time profile. (For clarity, only mean values are depicted.)
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Figure 3.12 Plot of mean hepatic clearance vs. mibefradil plasma concentration in post-
absorption, post-distribution phase. Hepatic clearance values were obtained at 15ng/ml
mibefradil plasma concentration, after 1mg/kg intravenous and 1, 3 and 6mg/kg single oral
doses. Hepatic clearance value at 80ng/ml is shown for 6mg/kg oral dose and for multiple
doses at 370ng/ml. Each data point represents an average value from four dogs. Hepatic
clearance after 3 and 6mg/kg single and 3mg/kg multiple oral doses was significantly
different from the intravenous treatment (P<0.05). Single Img/kg dose was different from
6mg/kg oral duse at 15ng/ml (P<0.05). Hepatic clearance after multiple doses was

different from all but 6mg/kg oral dose (P<<0.05).
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4. DISCUSSION

4.1 HPLC Assay of Mibefradil in Dog Plasma and Urine

The method presently described prcved to be selective, sensitive and simple. The
assay has been applied successfully to several hundreds of samples from our dog studies.
Currently, little information is available on the metabolism of mibefradil in dogs.
Metabolism in rats has been intensively investigawed (Wiltshire et al. 1992) and appears to
be complex, giving rise to a multitude of products. Major metabolic pathways include N-
demethylation, hydrolysis of the ester side chain, hydroxylation, aromatization of the
tetrahydronaphthyl system, loss of benzimidazole and glucuronidation of hydroxyl groups.
The resultant metabelites are predominantly excreted into the bile. It is reasonable to
expect similar metabolic reactions to occur in doss. Although the exter. of biliary
excretion of metabolites in dogs is unknown, our results show that unknown peaks clute
betore the mibefradil and the internal standard (Fig. 3.1 and 3.2) which could be attributed
to the polar metabolites of mibefradil. These unknown peaks do not interfere with

quantification of mibefradil in plasma and urine.

42 Blood Flow Measurements and Indocyanine (:reen Kinetics

We have developed a conscious dog preparation in which the rate of drug removal
can be measured directly across the liver chronically. This model has proven to be a usefu

method to study transhepatic insulin balance in normal and pancreatic islet celi-
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transplanted dogs (O'Brien et al. 1990a, O'Brien et al. 1990b) and the interactions
between food and drugs that undergo extensive first pass metabolism (Semple et al. 1990).
In the present study we examined the disposition characteristics of ICG, which is used as a
noninvasive marker of liver blood fiow and as a test of hepatic function in humans and
animals. We monitored ICG plasma time course in systemic circulation and extraction
across the liver without subjecting the dog to an anesthetic agent, thus maintaining an

experimentally "clean" system. Indeed, several studies demonstrated that sodium

per ogin et al. 1965) and halothane (Fujita et al. 1991) interfered with liver
cel. "+ _psorb and excrete the dye in experimental dogs receiving these anesthetic
agents.

We showed thai complex surgical instrumentation did not compromise Lver
function in our experimental dogs as indicated by the unaltered ICG disposition
parameters after surgcry (Table 3.2). Moreover, results from liver chemistry tests, before
and afier instrumentaticr. remained stable and were within normal limits throughout the
coursc of investigation.

Studies in instrumented dogs showed that ICG has a lov- systemic blood cleararice
and this obscrvation is consistent with the low liver extraction measure¢ across the liver
Therefore, the assumption that ICG systemic clearance reflects hepatic blood flow in dogs
is invalid. Moreover, dog has one of the lowest dye extraction abilities among animal
species studied so far; extraction ratios in rats (Daemen et al. 1989) and cats (Burczynski
et al. 1987) were reported to be 0.30 and 0.26, respectively. Extractions close to 100%

have never been observed. In human, an extraction ratio of 0.6-0.8 was measured (Caesar
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et al. 1961; Leevy et al. 1962), but its application in clinical research has been seriously
questioned by several investigators (Skak & Keiding, 1987, Bauer ¢t al. 1939). Gur dog
data are con with the data reported by others (Banaszak et al. 1960), however the
fact that ICG has a low extraction ratio did not stop researchers from using it to monitor
liver hemodynamics in dogs (Belpaire et al. 1989).

The accuracy of the electronically measured hepatic blood flow is of prime
importance in this model. Every set of flow probes was factory calibrated and tested for
required accuracy. Our owr calibrations were consistent with manufacturer's data.
Moreover, the accuracy of in vivo flow measurements has been verified in sheep using a
microsphere technique (Barnes et al. 1983). Direct in-situ calibration of flow probes has
been performed in lactating cattle (Gorewit et al. 1989); the transit time ultrasonic flow
meter provided accurate measurements of mammary arterial blood flow. Therefore, we
have sufficient eviden. © support that this method provides an accurate and reliable
system for chronic measurements of hepatic bloed flow in dogs.

ICG based blood flow consistently overestimated electronically measured hepatic
blood flow. According to eq. 3.9, systemic blood clearance =nd liver extraction ratio of
ICG are required tc calcuiate the liver blood flow. Since it is assumed that systemic blood
clearance is equal to hepatic clearance, it is clear that the presence of a significant extra-
hepatic removal route would lead to an overestimation of hepat'c blood flow.
Furthermore, nonlinear ICG hepatic uptake would give rise to lower extraction ratio than
under linear conditions, resulting in overestimated blood flow. Last, but not least,

variability of ICG exu~ tion ratio within measured time interval could also contribute to
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erroneous estimates. Extraction ratio is likely the most sensitive parameter due to its low
value in dogs. Our data show that ICG lung extraction ratio values amount to 40 % of
that of the liver's. Considering that lungs receive total cardiac output, lung elimination of
ICG is an important disposition process. Interestingly, the kidney was found to be a major
organ responsible for extrahepatic uptake of ICG in cats (Burczynski et al. 1987), another
potential source of overestimation of ICG hepatic blood clearance. An overestimation of
ICG hepatic clearance could also be a result of incomplete sample collection. If one
allows for longer sampling, the plasma concentration decline can be described by a sum of
two exponentials. We extended the sampling time up to 60 minutes in two dogs.
Surprisingly, biexponential decline, with the second phase starting at around 30 minutes,
was apparent ir. one dog only; the last phase accounted for 20% of the total AUC. We
certainly cannot extrapolate these observations to the remaining five dogs, but in view of
kinetic complexities of ICG, we believe that this degree of underestimation is insignificant
in the present context and longer sampling times are unwarranted. We minimized the
variability due to blood sampling procedure by rapid and simuitaneous withdrawal of
samples. Results from individual dogs showed that liver extraction varied up to 40%, but
there was no obvious trend pointing towards nonlinear uptake and consequently to
reduced extraction. It appears that ICG kinetics in dogs precludes accurate determination
of hepatic extraction which could lead to erroneous estimation of blood flows. OQur results
showed that ICG clearance cannot be used to measure hepatic blood flow accurately. Our
second objective was to evaluate whether ICG can be used to estimate relative change in

hepatic blood flow. Consistent with a low extraction drug, the systemic clearance
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remained unchanged when hepatic blood flow was induced with food, whereas
clectronically measured liver blood flow registered a 30% increase.

In conclusion, ICG is a poor indicator of hepatic blood flow in dogs and its use for
this purpose is not recommended. Since ICG failed to provide accurate measurements of
hepatic blood flow, our electronic measurements relied upon the literature validation
(Barnes et al. 1983, Gorewit et al. 1989) and our in vitro calibration. However,
pharmacokinetic studies with mibefradil showed that systemic and hepatic clearance values

are very close’, suggesting that our dog model provides accurate and reliable hepatic

blood flow measurements.

4.3 Mibefradil Pharmacokinetics in Noninstrumented Dogs

In the present study, we evaluated the disposition parameters of mibefradil in the
dog in order to assess its suitability as a model for studying the mechanisms of nonlinear
pharmacokinetics.

Close examination of the human (Welker et al. 1989) and our dog pharmacokinetic
data revealed that there are numerous similarities but also differences in the
pharmacokinetic characteristics among the two species.  Results of intravenous
experiments indicate that the distribution of mibefradil in dogs and humans is extensive.
The volume of distribution at steady state in dogs and humans is 9.7+3.8 I/kg and 2.6 (1.3-

3.5) I/kg, respectively. More than three-fold difference in volume of distribution between

? Liver is the main component of mibefradil systemic clearance (sce section 4.4, 1..84, paragraph 1)
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the two species is accompanied by almost three-fold difference in plasma protein binding.
It has been found that the binding of mibefradil in dog and human plasma is high with a
free fraction of 1% and 0.35%, respectively (Brand & Meyer, 1988) The value in dogs
was also confirmed in a preliminary study conducted in our laboratory (1.06%) and the
value agreed well with that reported in the literature. Elimination characteristics appear to
be quite different between the two species. Systemic plasma clearance values of
mibefradil in dogs are considerably higher than that of humans, amounting to almost five-
fold difference, i.e. 18.4+1.2 mi/min/kg vs. 3.9 (3.1-4.7) ml/min/kg, respectively. It is
possible, that higher plasma clearance values of mibefradil in dogs are a result of
differences in renal excretion, metabolism and liver blood flow. In our dog study, a
negligible amount of intact drug was renally excreted, suggesting that the rcnal component
of systemic plasma ciearance was minimal. A similar finding has been reported in hunians
(Welker et al. 1989). A lack of arterio-venous difference between carotid artery and
jugular vein mibefradil concentrations in dogs suggests that the lung is an unlikely
eliminating organ for this drug. Based on the available data in dogs and humans, it is
postulated that the liver may be a major site of mibefradil metabolism and elimination.
Using this assumption, mibefradil liver extraction ratios can be estimated using the average
hepatic blood flow of 27 ml/min/kg in dogs (Skerjuntec et al. 1994) and 20 ml/min/kg in
humans (Davies & Morris, 1993) Vaiues of 0.65 and 0.20 are calculated, suggesting
mibefradil has a medium to high extraction ratio in the dog, whereas this drug has a low
extraction ratio in humans. This difference in liver extraction can be attributed to higher

intrinsic metabolic capacity, higher liver blood flow and lower plasma protein binding in
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dogs. A higher liver extractio in conjuction with higher liver blood flow in dogs result in
a higher systcmic plasma ciearance vhen compared to humans. However, despite the
quantitative differences in distribution and elimination between the two species, similar to
humans, kinetics in dogs follow a nonlinear pattern after administration of single oral
doses, ranging from 1 to 6 mg/kg This observation is based on a disproportionate
increase in AUC, and Cmax vs. dose. The proportionality between the dose and the AUC
of a drug is an important criterion used to determine whether the drug exhibits linear or
nonlinear kiretics in the body (Z:n, 1994). Practically, nonlinear pharmacokinetics are
reflected most commonly in a less than or greater than proportional increase in the AUC
with an increase in dose (Ludden. 1991). Assuming liver is the main determinant of
systemic plasma clearance, greater than proportional increase in AUC, as seen in our study
(Figure 3.5A), can be attributed to a decrease in elimination and/or an increase in
absorption. Many drugs undergo significant presystemic metabolism or degradation in the
gut lumen (Skerjanec et al. 1995), gut mucosa (George, 1981) or the liver (Pond & Tozer,
1984). If one or more of these processes is altered (reduced) as the dose increases,
greater than proportional increase in AUC with the dose may result (Wagner, 1985; Shand
& Rangno, 1972; Walle et al. 1978). Reduction in elimination capacity is often attributed
to concentration dependent or Michaelis-Menten type kinetics but others, which are not
consistent with the Michaelis-Menten kinetics have also been reported. They are termed
as dose and time-dependent processes (Klotz & Reimann, 1981; Klotz et al. 1976; Levy,
1986; Hussain et al. 1994, Saville et al. 1989). Reduction in elimination could therefore

lead not only to higher than predicted accumulation but would also pose a problem in
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bioavailability estimation, using the conventional AUC method which is based on the
premise that plasma clearance be constant during the elimination of the oral and
intravenous doses (7ozer & Rubin, 1988). 1t is therefore difficult to assess the truc
bioavailability of drugs whose elimination kinetics changes with the route of
administration.

Our dog data clearly suggest a trend of dose dependent kinetics of mibefradil after
oral administration and the use of dose normalized AUC ratios is not a good estimate of
absolute bioavailability. However, the use of this ratio for the lowest oral dose (1 mg/kg)
would provide the closesi value to the true systemic availability. Assuming complete
absorption and constant systemic plasma clearance, bioavailability is estimated to be 0.35
based on the estimated liver extraction. This value would be higher if other organs of
elimination contribute to systemic elimination of mibefradil. However, we found an
average value of 0.18+0.03 which is lower than what liver extraction can acccunt for.
This discrepancy may be due to incomplete drug absorption and/or presystemic intestinal
metabolism and similar observations were made in humans (Table 1.1).

The data presented here indicate that the nonlinear pattern is similar between dogs
and humans. The results suggest that the absorption through the gut and liver elimination
are the two parameters worthwhile studying in greater detail. Detailed experimentation,
otherwise inaccessible in humans, would therefore call for an appropriately instrumented
animal model. Chronically instrumented, conscious dog model has been established
recently in our laboratory (O'Brien et al. 1991) and allows us to simultaneously monitor

the time course of the drug in carotid artery, jugular, portal and hepatic veins with
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continuous measurement of hepatic blood flow. Therefore, the absorption through the gut
and the rate of drug removal by the liver can be measured and quantified in a conscious
animal. Therefore, the contribution of organs involved in elimination of mibefradil and
their role in the nonlinear kinetic behaviour could be studied. The findings from the

studies using instrumented dogs will be discussed in the next section.

4.4 Mibefradil Pharmacokinetics in Instrumented Dogs

In this study we examined the characteristics of mibefradil disposition in
chronically instrumented dogs after intravenous and oral doses. Our previous study in
dogs demonstrated that orai clearance values decreased with increasing oral doses and we
postulated that saturable first-pass metabolism and/or reduction in hepatic clearance could
be responsible (Skerjanec et al. 1995). Unfortunately, the design of that study did not
permit quantification of organ involvement in presystemic metabolism and therefore, it
was not possible to study the mechanisms of nonlinearity. Chronically instrumented,
conscious dog model (Q'Brien et al. 1991) offers a powerful tool to identify and quantify
the parameters responsible for dose-dependent disposition of mibefradil. Due to the
observed nonlinearity after single oral doses, we felt that long term oral treatment effect
should also be studied. For this purpose, we dosed the animals with 3 mg/kg mibefradil
orally every 12h for a period of 8 days.

Intravenous experiments reveaied that mibefradil is extensively distributed in the

body and has a high systemic clearance value, confirming the observations made in
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noninstrumented dogs (Skerjanec ef al., 1995). In this study, it hias been found that the
hepatic clearance values are insignificantly different from systemic clearance, suggesting
that liver is the major organ for eliminating mibefradil (Table 3.8). Negligible recovery of
mibefradil in urine observed in the previous study (Skerjanec e al., 1995) is consistent
with this observation. This set cf data also implies that pulmonary eliminaticn of
mibefradil in dogs is insignificant.

After oral administration, the dose dependent kinetics of mibefradil could be due to
nonlinear absorption and/or elimination. Cur results clearly indicate that the dose
dependent increase in bioavailability is due to a reduction in hepatic extraction but not due
to a dose-dependent increase in gut absorption. Together with a reduction in hepatic
extraction and clearance, the AUC values of mibefradil during multiple dosing increased
five-fold which is more than expected when single dose parameters were used for
calculation (eq. 1.2).

At the present time, it is not clear what the exact mechanisms are for the reduction
in hepatic clearance. Michaelis-Menten kinetics are often implicated in the nonlinear liver
first-pass metabolism of many drugs (Ludden, 1991). In this study, it is doubtful that the
observed nonlinear firsi-pass effect is attributed solely to Michaelis-Menten type kinetics.
By examining the time course of hepatic extraction after single oral doses during the first
120 minutes (lower panel, Fig. 3.9), there is cvidence that Michaelis-Menten kinetics
occur to a limited degree during the absorption and distribution of mibefradil in the body.
Ey decreases as the concentration in the portal circulation increases during peak

absorption and Ey rebounds to a level which is lower than that observed after intravenous
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dose and this level remained stable throughout the study. However, the kinetic
characteristics of mibefradil point toward a mixture of concentration dependent and
independent elimination. After the observed rebound of Ej;, mibefradil hepatic extraction
never returned to a level observed after intravenous administration (Fig. 3.9). During this
period (upper panel, second phase), En values are inversely related to oral dose. The
events in the second phase suggest that the kinetics of mibefradil are determined by the
extent of previous exposure to the drug, which is the highest during the absorption phase.
Interestingly, Ey remains constant in the post-absorption, post-distribution phase which is
reflected in a log-linear plasma concentration vs. time profiles (Fig. 3.6, lower panel),
suggesting that kinetics become linear in .his phase. The lower Ey values when compared
to an intravenous dose may be due to inactivation of metabolic enzymes, metabolic
product inhibition and/or saturation of tight binding to hepatic tissue sites. Lowest Ey and
Cly; values in terminal disposition phase was observed after multiple dosing, suggesting
that the reduction in elimination is not only a dose-dependent but also a time-dependent
process. Interestingly, during the absorption phase the concentration dependent processes
are preserved since the extraction ratio decreases as the absorption of the drug proceeds
but it rebounds after 120 min, when the absorption is almost complete. Unlike after single
oral doses, hepatic extraction ratio during multiple dosing returns to its predose level,
suggesting that the processes responsible for the observed dose-dependency after single
oral doses become saturated, as a result of continuous exposure of the system to the drug.
However, continuous exposure results in the lowest Eq and Cly values, when compared to

the single dose treatment groups. When we examined the relationship between the hepatic
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clearance and the mibefradil plasma concentrations in the terminal disposition phase (Fig.
3.12), a four-fold difference in hepatic clearance values between the individual treatments
was observed for mibefradil concentrations & 15 ﬁg/ml, obtained after single intravenous
and oral dose:. Thic observation is inconsistent with Michaelis-Menten type kinetics,
because the clearance at a given drug concentration should be the same whether a high or
low dose is given (Gibaldi, 1984). Consistent with the dose- and time-dependext kinetics,
lowest elimination clearance was observed after multiple doses (Fig. 3.12), but the
difference is less dramatic when compared to the 6mg/kg dose, suggesting that either high
enough dose or long term exposure of the body to the drug will lead to the saturation of
the processes, governing the dose dependent disposition of the drug in the body.

There is some evidence to suggest that saturation of hepatic tissue binding plays an
important role because Vj values decrease with increasing dose and with duration of the
treatment (Table 3.7). The fact that t,, values did not change with increasing single oral
doses and did not reflect the extient of reduction in hepatic clearance after 3 mg/kg
multiple doses when compared to a 3 mg/kg single dose values, suggest that Vy is directly
related to Cls. The effect of volume of distribution alteration on clearance has not been
explored because it is widely accepted that changes in tissue binding have no effect on
clearance (Gibaldi & McNamara, 1978; Wedlund & Wilkinson, 1984, Rubin & Tozer,
1986). This concept may be incorrect if the binding is to liver tissues and provides
preferential elimination of drug by liver enzymes. However, it has also been recognized
that a change in may not reflect a real change in volume of distribution (Jusko & Gibaldi,

1972). This estimate can be biased by a change in elimination; this is especially true for
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drugs with rapid elimiration, where terminal elimination phase half-life accounts for a
smail portion of the overall AUC. The study by Jusko & Gibaldi has also shown that the
decrease in elimination had little effect on the voiume of distribution for drugs with longer
half-life (>7h). In our case, the terminal phase accounts for more than 70% of the total
AUC, suggesting a reduction in clearance would have little effect on Vs estimation. The
fact that half-life was insensitive to changes in hepatic clearance, suggests that the
decrease in elimination after higher single and multiple oral doses is accompanied by a
decrease in distribution.

A time dependent change in hepatic tissue binding has been recently observed with
diltiazem (Hussain et ul. 1994). Mechanism of dose and time-dependent inactivation of
hepatic enzyme(s) is not uncommon and has been observed with drugs such as lidocaine
(Saville et al. 1989) and verapamil (Schwartz et al. 1985). Tt has been postulated that
drugs with a tertiary amino group can inactivate N-dealkylating CYP isozymes by forming
stable metabolic intermediates (Bast et al. 1990). Mibefradil fulfills the structural
requirements for such a drug, since its chemical structure contains a tertiary amino group
(Fig. 3.7). However, there is no information in our set of data to support or deny the
enzyme involvement.  Another possible mechanism is product inhibition of drug
metabolism which can lead to dose and time-dependent changes in elimination kinetics. It
has been found that nordiazepam inhibits the metabolism of diazepam (Klotz et al. 1976)
and following multiple dosing, leads to a time-dependent reduction of diazepam
elimination (Klotz & Reimann, 1981). It remains to be determined with forthcoming in-

vitro studies, which of these mechanisms is responsible.
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Although it is quite well-known that F measurements using the AUC ratio method
is inaccurate when unequal intravenous and oral doses are used and when nonlinear
kinetics are involved, in this study, we found that even when identical intravenous and oral
doses are used, F estimation using the AUC ratio method can also be erroneous. The
reason is that systemic clearance is dependent upon the cumulative exposure of the liver to
the drug, which is higher after oral administration (Fig. 3.13).

At this point we’d like to comment on the methodology used for calculating the
pharmacokinetic paramete:s in this study. As the data showed, pharmacokinetics of
mibefradil is nonlinear, when intravenous and oral treatments are compared between each
other. The calcuiations that we used in our data analysis assume linear disposition.
However, the parameters such as hepatic extraction and clearance were determined
directly using physiological measurements which are not affected by nonlinear processes.
Volume of distribution in a terminal disposition phase was calculated with the objective to
provide an estimate of distribution events after the absorption and distribution of the drug
is complete. These calculations were not affected by nonlinearity because the kinetics in
terminal disposition phase appear to be linear within an individual treatment group.

From this study, we conclude that the observed nonlinear kinetics of mibefradil in
dogs is mainly due to dose- and time-dependent reductions of hepatic clearance.
Presently, the exact cause of this phenomenon is not known. The instrumented dog model
is shown to be a powerful tool for the evaluation of organ contribution to nonlinear

absorption and clearance. The observed results provide a clear direction for in vitro
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investigations which involve hepatic tissue binding studies and metabolic and enzymatic

profiling of mibefradil.
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5. SUMMARY AND CONCLUSIONS

A series of exneriments was performed, using the dog as an animal model to study
the properties and mechanism(s) of nonlinear pharmacokinetics of mibefradil. Initially, we
developped and HPLC assay to separate and quantitate mibefradil in biological samples.
By utilizing this assay we studied the disposition of mibefradil in plasma and urine after its
administration to dogs.

We began our animal studies with preliminary tests of physiological viability of the
model and the performance of hepatic blood flow measurements. We showed that complex
surgical instrumentation did not compromise liver function in our experimental dogs as
indicated by the unaltered ICG disposition parameters after surgery. However, ICG was a
poor indicator of hepatic blood flow in dogs due to its low hepatic extraction. On the contrary,
the continuous electronic measurements of hepatic blood flow proved to be accurate and
consistent during a long term application in the animal.

Preliminary pharmacokinetic studies in intact animals showed that the
characteristics of nonlinear pharmacokinetics of mibefradil are qualitatively similar in dogs
and humans. We concluded that the dog is an adequate animal model for further studies
of the mechanisms of mibefradil nonlinear pharmacokinetics in humans.

By using the chronically instrumented conscious dog model, the involvement of
organs such as gut and liver in nonlinear first-pass effect could be identified and quantified.
Due to the nonlinearity after single oral doses, we also examined a long term oral
treatment effect upon the pharmacokinetics of mibefradil. In the study with the

instrumented dogs, we found that liver is the major organ for eliminating mibefradil. We
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postulated (Skerjunec et al. 1995) that the dose dependent kinetics of mibefradil could be
due to nonlinear absorption and/or elimination. Results showed that the dose dependent
increase in bioavailability is due to a reduction in hepatic extraction but not due to a dose-
dependent increase in gut absorption. Together with a reduction in hepatic extraction and
clearance, the AUC values of mibefradil during muitiple dosing increased five-fold
compared to a single dose AUC values, which is more than expected when single dose
parameters were used for calculation. Reduction in hepatic clearance after oral
administration in relation to intravenous kinetics resulted in an overestimation of absolute
bioavailability. An important finding was that even when equal intravenous and oral doses
were used, the conventional area ratio approach produced inaccurate absolute
bioavailability values, because systemic clearance is dependent upon the cumulative
exposure of the liver to the drug, which is higher after oral administration.

Our studies showed that dog is 4 suitable animal model to study the mechanisms of
nonlinear pharmacokinetics in humans. Close examination of the human (Welker et al.
1989) and our dog pharmacokinetic data revealed that there are numerous similarities but
also differences in the pharmacokinetic characteristics among the two species. Elimination
characteristics appear to be quite different between the two species. Based on the
experiments performed with dogs, liver appears to be a major site of mibefradil
metabolism and elimination. Liver also appears to be the main eliminating organ in
humans due to negligible urinary excretion of the parent drug, which did not change after
a range of intravenous and oral doses. Moreover, kidney metabolism of mibefradil could

be ruled out due to the low immunoreactivity for CYP enzymes, observed 1a this tissue
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(Krishna and Klotz, 1994). Pulmonary elimination in humans is unlikely in the view of a
low systemic clearance. Using this assumption, estimated mibefradil liver extraction ratios
in dogs and in humans were 0.65 and 0.20, respectively. However, despite the
quantitative differences in elimination between the two species, similar to humans, kinetics
in dogs follow a nonlinear pattern after administr;tion of single oral and muitiple doses.
Studies in dogs showed that the absorption from the gut is incomplete and independent of
the dose. Nonlinear kinetics occured solely due to a reduction in liver elimination
capacity. Detailed anaiysis of human data (Table 1.1) suggests that absorption is
incomplete and greater than proportional increase in AUC (Fig. 1.2) after oral doses
appears to be mainly due to a reduction in liver elimination capacity. Interestingly, hepatic
extraction in dogs during the absorption phase is significantly reduced, resulting in hepatic
extraction values with a characteristic of a low extracted drugs. In this respect, it seems
that quantitative differences in hepatic extraction diminish between the two species as the
dose increases and during multiple dosing.

At the present time, the exact mechanisms of the dose- and time-dependent
reduction in hepatic clearance are unknown. Dose dependent processes may occur as a
result of saturable tight binding to hepatic tissue sites, inactivation of CYP hepatic
enzyme(s) and/or metabolic product inhibition. Our in vivo experimental data warrant
future in vitro experiments, involving hepatic tissue binding studies and metabolic and

enzymatic profiling of mibefradil.
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