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ABSTRACT

Diltiazem is a calcium channel blocker that is commonly used for treatment of
hypertension, different types of angina, and supraventricular dysrhythmias. Early studies
in both humans and dogs have shown that oral clearance of diltiazem decreases after
multiple dosing as compared to single dosing.

Simulation studies were performed using a linear physiological model to evaluate
the role of early blood sampling and different sampling sites on the estimation of kinetic
parameters. The simulation studies showed that if samples were obtained by jugular vein
catheter, they would provide an underestimation of total body clearance when the drug
was administered via the cephalic artery or vein. The data at the right heart appeared to
give an accurate estimation of true total body clearance of a drug that was cleared by both
the lung and the liver. None of the sampling sites provided an accurate estimation of true
volume of distribution. The simulation studies showed that a lack of early blood sampling
could introduce error to the estimation of kinetic parameters especially for drugs with low
volume of distribution and/or high E after an iv bolus. Increasing the infusion time,
however, diminished the need for early blood sampling. Based on these studies, the
instrumented dog model and the experimental design were modified.

Other simulation studies were also carried out using a nonlinear physiological
model to investigate the effects of saturable tissue binding in relation to assay sensitivity,
sampling, and drug dosage on estimation of kinetic parameters. These simulation studies
showed that saturable tight tissue binding could result in both time- and dose-dependent

changes in oral clearance estimation.



The instrumented dog model was used to investigate the organs involved in
systemic elimination of diltiazem, and the mechanisms behind the time-dependent
kinetics of diltiazem. Diltiazem was administered as an intravenous infusion (I mg/kg
over 15 min), as a single oral dose (1 and 5 mg/kg), and as a multiple oral dose (1 and 5
mg/kg q8h for 5 days). The intravenous study showed that liver is the major organ
involved in total body clearance of diltiazem and that the gut is also involved in systemic
uptake and/or elimination of diltiazem. Metabolism of diltiazem to N-desmethyldiltiazem
(MA) appeared to be one of the mechanisms in the clearance of diltiazem from the gut.
The oral studies showed that gut availability of diltiazem increased only with a higher
dose. The metabolic data suggested that with a higher dose, the N-demethylation of
diltiazem was inhibited during its absorption from the gut. The availability of the drug
from the liver was both time- (only for | mg/kg) and dose-dependent. The changes in
hepatic availability of diltiazem were the result of an increase in hepatic blood flow
during absorption and a decrease in hepatic intrinsic clearance. The decrease in intrinsic
clearance is attributed to saturable tight tissue binding and saturable elimination. The
metabolic data do not support the possibility that the time-dependent kinetics of diltiazem
is the result of an inhibition of the N-demethylation pathway. Also, there is no evidence
to believe that product inhibition by MA is the cause for the decline in hepatic intrinsic

clearance.
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A Total capillary cross sectional area for a tissue
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clze Total body clearance for a sampling site after intravenous injection



Clrg
Clz*
DIV

Dpo

Dz
Ellver
Elung
Egu!(lv)
/E_[ﬂuxhver
JEfuxg,
F total

F liver

F lung

F, gus

F.\l |

gut

FAH.’.

xut

F MA

gut

Ere

gut
Fon
ﬁlver
Yo

E
k-

Hct

v
Anftuciver
/fnﬂuxgu,

Total body clearance

True total body clearance

Intravenous dose

Oral dose

Diltiazem

Hepatic extraction ratio

Pulmonary extraction ratio

Gut extraction ratio after intravenous drug administration

Total amount of drug passing through hepatic vein

Total amount of drug passing through portal vein

Total bioavailability

Hepatic availability of the drug

Lung availability of the drug

Gut availability of the drug

Fraction of the orally administered diltiazem absorbed as
desacetyldiltiazem (M1)

Fraction of the orally administered diltiazem absorbed as N-
desmethyldesacetyldiltiazem (M2)

Fraction of the orally administered diltiazem absorbed as N-
desmethyldiltiazem (MA)

Gut avatlability of the orally administered drug

Availability of arterial drug to liver

Free fraction of the drug in liver tissue
Linear binding coefficient in plasma

Linear binding coefficient in red blood cells
Hematocrit

Intravenous

Total amount of drug entering liver

Total amount of drug entering the gut via the arteries



K The estimated elimination rate constant

Karcap) Dissociation constant for the drug-plasma protein complex in plasma
Kap Dissociation constant for the drug-protein compiex in a tissue
k> Transfer rate constant from the capillary space to tissue space in a

membrane-limited compartment

ko Transfer rate constant from the tissue space into capillary space in a

membrane-limited compartment

k:s Binding rate constant for the drug-protein complex in muscle tissue

ks> Dissociation rate constant for the drug-protein complex in muscle tissue

ketiver) Elimination rate constant for liver

keqtung) Elimination rate constant for lung

k. Elimination rate constant for an eliminating organ

Ky Infusion rate

K, The tissue to blood concentration ratio for the i compartment

L Total effective capillary bed length for any tissue

Lag mode Lagrange interpolation method

Log mode Log-linear trapezoidal method

0 Total capillary blood flow for any tissue

q8h Every eight hours

Oha Hepatic artery blood flow

Opatir-1s Mean hepatic artery blood flow from time zero to the last quantifiable
sampling point

Oharabs) Mean hepatic artery blood flow during drug absorption

Ohany Hepatic artery blood flow at time ¢

0, Total capillary blood flow in the i* tissue

Oliver(abs) Mean total hepatic blood flow during drug absorption

0 Mean total hepatic blood flow from time zero to the last quantifiable

< hver(0-t,,,, )
sampling point

Opv Portal vein blood flow

-



O po-in Mean portal vein blood flow from time zero to the last quantifiable
sampling point
Opviabs) Mean portal vein blood flow during drug absorption
Opvy Portal vein blood flow
Ml Desacetyldiltiazem
M2 N-desmethyldesacetyldiltiazem
M4 O-desmethyldesacetyldiltiazem
MA N-desmethyldiltiazem
MD N,N-di-demethyldiltiazem
MRT Mean residence time
MTT Mean transit time
MTT e Mean transit time of a drug in a tissue
Neap Binding capacity in blood
N Binding capacity in tissue
Notai Binding capacity in muscle tissue
Niound Amount of protein bound in muscle tissue
Nt Binding capacity in the liver
z Sum
i Sum from the first to the #” term
i
t Time
t > Elimination half-life
(©, Distribution half-life
1, Elimination half-life at femoral artery
1, Elimination half-life at hepatic vein
t Time at which the first sampling is done after time zero
Liast Last quantifiable sampling time
T Dosing interval

Tins Infusion time



ST N N °

Vara

V. arly

s
cap

V capi

Veap

7
vasc

4 veni
Vvenj

rvein
I/ 13

 artery
Il 35

7 site
I/J.\'

rirue
LJJ

AV

Xgur
Xiver
Xiung

Xothers

Xiiver(last)

Peak time

Linear capillary flow rate

Steady state volume of distribution

Volume of the i” tissue compartment

Volume of the j tissue compartment

Volume of tissue space

Arterial volume for the /* tissue compartment

Arterial volume for the / tissue compartment

Volume of the capillary space in the membrane-limited compartment
Capillary space volume for the i" tissue compartment

Capillary space volume for the j tissue compartment

Volume of the blood vessel in the flow-limited compartment

Venous volume for the i tissue compartment

Venous volume for the j* tissue compartment

The steady state volume of distribution estimation based on the venous
data

The steady state volume of distribution estimation based on the arterial
data

The steady state volume of distribution calculated using data at a specific
sampling site

The true steady state volume of distribution

The steady state volume of distribution difference between the arterial
and venous sampling sites

Total amount of drug eliminated by the gut from time zero to infinity
Total amount of drug eliminated by the liver from time zero to infinity
Total amount of drug eliminated by the lungs from time zero to infinity
Total amount of drug eliminated by organ(s) other than gut, liver, and
lungs from time zero to infinity

Total amount of drug eliminated by the liver from time zero to the last

sampling point




1. INTRODUCTION

Diltiazem, cis-(+)-3-acetoxy-5-[2-(dimethylamino)ethyl]-2,3-dihydro-2-(4-
methoxyphenyl)-1,5-benzothiazepin-4(5H)-one (Fig. 1.1), is a benzothiazepine type
calcium channel blocker. It is a weak base (pKa = 7.7) and its hydrochloride salt is freely
soluble in water (56.6 g/100 ml) (Hermann and Morselli, 1985). This drug is highly
lipophilic (log p = 2.3) and therefore it distributes extensively into tissues especially the
liver (Nakamura et al., 1987). The drug molecule has 2 chiral centers (Fig. 1.1), hence
four stereoisomers [cis-(+)-, cis-(=)-, trans-(+)-, and trans-(-)-isomers]. The marketed

product is the most active isomer (cis-(+)) that possesses the potent vasodilator activities

(Chaffman and Brogden, 1985).

1.1 Calcium, Calcium Channels and Calcium Channel Blockers

Cells are capable of three important actions. They can contract (or relax), secrete
(or take up) and grow or divide (or die). Calcium is intimately involved in all three
processes. The concentration of calcium in the extracellular level is about 1 mM,
whereas, the intracellular concentration in different types of resting cells varies and could
range from 10 to 430 nM (Dormer et al., 1985). Multiple processes are involved in
maintaining this concentration gradient across the cell membrane. The two most
important ones are Na":Ca’" antiporter and Ca’"-ATPase pumps (Wilson and Quest,
1995). In resting myocardial and smooth muscle cells, the intracellular concentration of

free Ca®" is ~ 50 nM or less and rises to ~ 500 nM during cell excitation (7riggle, 1990).



At the higher free Ca®" concentration, Ca*” binds to two proteins: troponin and
calmodulin. This binding allows interaction between myosin and actin in the presence of
ATP and results in muscular contraction (Braunwald, 1982). The automaticity and
conduction in SA and AV nodes are also largely mediated by transmembrane influx of
calcium. Thus calcium influx 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. Calcium is generally mobilized from either extracellular (plasmalemal
loci) or intracellular (intracellular loci) compartments. Extracellular calcium enters the
cell by three different pathways: sodium-calcium antiporter, leak, and channel. The
antiporter system can move calcium in or out of a cell depending on the direction of
sodium gradient. The leak pathway does not respond to chemical or electrical stimulation
and only increases upon stretching. The calcium channels, on the other hand, respond to
chemicals and are either receptor-operated or voltage-dependent. Because of the
transmembrane gradient, even a brief opening of calcium channels can bring about a
sharp increase in the concentration of free calcium. Intracellular calcium mainly regulates
endocrine secretions and skeletal muscle contractions.

There are at least four types of voltage-dependent calcium channels: N, P, T, and
L (Triggle, 1991). Neurotransmitter secretion is triggered by calcium influx through N or
P channels. The T-channels are involved in pacemaker and trigger functions. The L-
channels are the predominant type of voltage-dependent calcium channel in the heart and
in the muscle. This type of channels is of particular importance in the cardiovascular
system, where calcium entry through these channels is closely linked to cellular

excitation and leads to muscle contraction. The L-type calcium channel is comprised of



five subunits: o, B, a2, v, and & (Wilson and Quest, 1995). Calcium channel blockers are
said to bind with the o subunit of the L-type calcium channels (Bangalore et al., 1994,
Kwan et al., 1995). The calcium channel can be present in three different gating patterns:
open, closed-responsive and closed-refractory. The predominant state of channel
operation in a healthy functioning cardiac myocyte is characterized by the rapid
flickering type opening with a high probability of channels being in refractory state. The
effect of drug binding and activity varies considerably depending on prevailing gating
patterns.

Calcium channel blockers are divided into 3 major groups: dihydropyridines,
phenylalkylamines and benzothiazepines. Nifedipine is a dihydropyridine type calcium
channel blocker, that has high affinity for refractory L and T type channels in resistance
vessels. At clinical doses, nifedipine lacks negative inotropic or chronotropic effects.
Verapamil, a phenylalkylamine type calcium channel blocker, binds more strongly to
open channels than to resting or inactive channels. By preferentially binding to L-type
channels in the open state, verapamil has a greater influence on tissue undergoing
depolarization, accounting for its negative chronotropic and inotropic effects on the heart
(Wilson and Quest, 1995). Diltiazem on the other hand, binds to open L-type channels
less avidly than verapamil but binds to the resting or refractory channels as strongly as

verapamil.



1.2 Pharmacology of Diltiazem

1.2.1 Electrophysiological Effects

Normal cardiac tissues are separated into two groups based on their action
potential characteristics. They may be fast channel tissues such as His-Purkinji system
and atrial and ventricular muscle which are electrically stimulated by transmembrane
sodium flux, or they could be slow channel tissue such as SA and AV nodes in which the
charge carrier is calcium. The slow inward current of calcium is responsible for coupling
of excitation-contraction process and also contributes to the maintenance of action
potential in fast response fibers. Diltiazem, like other calcium channel blockers, causes a
dose-dependent inhibition of mobilization of calcium into the normal cardiac tissue. This
inhibition can cause a lengthening of the intranodal conduction time (A-H interval) and
also slows the atrioventricular nodal conduction (PR interval in the electrocardiogram).
Diltiazem can also cause an increase in both effective and functional refractory period

(Chaffman and Brogden, 1985).

1.2.2 Coronary and Peripheral Vascular Effects

An increase in intracellular Ca®" can cause the contraction of the smooth muscle
cells. Diltiazem inhibits this inward current of calcium and therefore it will inhibit the
contraction of vascular smooth muscles in the coronary and peripheral arteries and veins
(Chaffman and Brogden, 1985). Dilatation of vascular smooth muscles leads to a
decrease in peripheral and coronary vascular resistance. Therefore, myocardial oxygen

consumption is decreased for equal cardiac output. At the same time, the oxygen supply



to the myocardium is improved due to better coronary blood perfusion.

1.2.3 Hemodynamic Effects

The net hemodynamic effect of diltiazem is the result of a complex interplay of its
direct action on the myocardium and coronary and peripheral vessels and its indirect
effect on the autonomic nervous system. The baroreceptor-mediated reflex increase in -
adrenergic tone occurs in response to systemic vasodilatation. Some calcium channel
blockers such as nifedipine can induce a strong reflex response. Diltiazem on the other
hand has been shown to blunt this baroreceptor sensitivity in both animals and man.
Single intravenous doses of diltiazem generally cause a decrease in systemic vascular
resistance followed by a decrease in blood pressure (systolic/diastolic or mean arterial
pressure). The heart rate was affected differently in different studies but there was a
general trend towards an increase in cardiac output and index (Chaffman and Brogden,

19835).

1.2.4 Effects on Platelet Function

Substantial direct and indirect evidence suggests that calcium plays an important
role in platelet aggregation and release. Such platelet functions are believed to be
partially responsible for generation of atherosclerosis, precipitation of mycardial
ischemia, and initiation of coronary artery spasm and cardiac arrhythmias. /n vitro studies
have shown that diltiazem can decrease the platelet aggregatory response to platelet
activating factor, ADP, adrenaline, thrombin, and collagen (Chaffman and Brogden,

1985).



1.3 Pharmacokinetics

1.3.1 Absorption

Diltiazem is rapidly absorbed from the gut after oral administration (Piepho et al.,
1982). In healthy volunteers, peak plasma concentration was achieved within 40 min
when the drug was administered in a solution form (Ochs and Knuchel, 198+4). Slow
release oral dosage forms can limit the rate of absorption of diltiazem and delay the time
to reach peak plasma concentration by as much as 7 hours (Kinney et al., 1981, Hutt et
al., 1993, Zelis and Kinney, 1982, Chaffman and Brogden, 1985).

In the rat, the dog, and human, diltiazem was assumed to be absorbed completely
from the gut. The conclusion was made when it was found that the percent tracer
recovered in the urine after intravenous and oral administration was identical (Nakamura
et al., 1987, Hoglund and Nilsson, 1989, Hoglund and Nilsson, 1988). Incomplete
absorption of diltiazem from the gut would have led to a smaller percent of tracer in the
urine after an oral dose as compared to an intravenous dose. This conclusion of complete
absorption has not taken first-pass gut metabolism into consideration. Whether diltiazem
is completely absorbed intact from the gut remains to be established.

Despite the claim of complete gut absorption, diltiazem undergoes extensive first-
pass elimination. The average total bioavailability of diltiazem following single doses in
human is low, ranging from 33-44% (Hermann and Morselli, 1985, Smith et al., 1983,
Ochs and Knuchel, 1984, Hermann et al., 1983; Kolle et al., 1983). In humans, the oral

bioavailability of diltiazem after single doses showed a high degree of interindividual



variability and there was also evidence of dose-dependence. (Smith et al., 1983; Zelis and
Kinney, 1982, Hutt et al., 1993). The average dose normalized area under the curve
values increased by ~35% with an increasing oral dose, indicating a nonlinear
relationship between dose and AUC (Zelis and Kinney, 1982). It was suggested that this
nonlinear relationship was due to a lack of sensitivity of the assay method (10 ng/ml)
leading to an underestimation of AUC at lower doses (Hermann and Morselli, 1985). The
presence of an extensive and easily saturable first pass mechanism which lowers the total
bioavailability of diltiazem at lower doses was proposed to be another explanation for

this nonlinear behavior of diltiazem (Hermann and Morselli, 1985).

1.3.2 Distribution

Diltiazem is a highly lipophilic drug, which distributes rapidly and extensively
into different tissues and organs. At physiological pH, the octanol:buffer partition
coefficient of diltiazem is 158. Being a weak base (pKa = 7.7), diltiazem remains partly
unionized (~30%) at physiological pH. The extent of diltiazem binding to plasma
proteins varies among animal species. The binding to human and dog plasma proteins is
80 and 70% respectively (Belpaire and Bogaert, 1990, Piepho et al., 1982; Maskasame et
al., 1992). Of the protein bound fraction, only 35-40% involves albumin and the rest
binds to o;-acid glycoprotein and lipoproteins (Belpaire and Bogaert, 1990, Pieper,
1984, Kwong et al., 19835).

Large volume of distribution reported in different species (3 to 8 Ukg) is the resuit
of extensive distribution into different tissues (Hermann and Morselli, 1985, Hoglund

and Nilsson, 1988, Maskasame et al., 1992). Following intravenous administration,



diltiazem plasma concentration declined rapidly (#,~ 30 min) during the first hour in

the rat and human (Hoglund and Nilsson, 1988). This rapid decline in diltiazem plasma
concentration is mainly due to its extensive distribution into tissues such as liver, lung,
kidney, cardiac muscle, gastric wall, intestinal wall, adrenal gland, pituitary gland,

salivary gland, thyroid gland, and pancreas (Nakamura et al., 1987).

1.3.2.1 Reversible and irreversible tissue binding in the liver

Results from tissue distribution and liver perfusion studies in the rat support the
presence of saturable tight tissue binding in the liver (Nakamura et al., 1987, Hussain et
al., 1994). Tracer studies in the rat showed that the tissue to plasma activity ratio in the
liver increase with time, suggesting the presence of saturable tight tissue binding in the
liver (Fig. 1.2) (Nakamura et al., 1987). These observations were also supported by liver
perfusion studies performed in the rat (Hussain et al., 1994). According to these studies,
the high affinity binding sites for diltiazem were also saturable and mainly reversible.
Only ~24.5 pmol of diltiazem equivalent was found to be irreversibly bound to each mg

of protein in the rat liver (Hussain et al., 1994).

1.3.3 Metabolism

Metabolism of diltiazem has been studied in both humans and animals (Nakamura
et al., 1987, Nakamura et al., 1990, Yeung et al., 1990, Sugawara et al., 1988b;
Sugawara et al., 1988a; Sugihara et al., 1984, Pichard et al., 1990, Hussain et al., 1994,
Tsao et al., 1990, Sution et al., 1997, Lefebvre et al., 1996a; Lefebvre et al., 1996b).

Diltiazem is extensively metabolized to a host of acidic and basic metabolites (Sugawara



et al., 1988b;, Sugawara et al., 1988a); less than 3% of the orally administered dose is
excreted into urine as unchanged drug (Yeung et al., 1990). In rabbits, liver, gut, lung,
and plasma have been identified as the major sites of diltiazem metabolism. As many as
19 phase-I metabolites have been identified in humans and animals (Sugawara et al.,
1988b; Sugawara et al., 1988a). Figure 1.3 illustrates the proposed phase-one metabolic
pathways in humans and animals. These pathways include N-demethylation,
deamination, deacetylation, O-demethylation, and ring hydroxylation.

CYP3A isozymes have been identified as the enzymes involved in N-
demethylation of diltiazem in humans and rabbits (Sutton et al., 1997, Pichard et al.,
1990). Similarly, the same isozymes are suggested to be responsible for N-demethylation
of diltiazem in the dog (our preliminary studies). After adding troleandomycin (CYP3A
inhibitor) to a dog liver microsomal preparation, N-desmethyldiltiazem (MA) production
rate declined by more than 50%. Since CYP3A isozymes are present in both liver and
intestine and diltiazem is a good substrate for CYP3A, it is very likely that the liver and
intestine are two major eliminating organs of diltiazem in humans, rabbits, and dogs.

A deacetylation pathway is associated with the esterases which are ubiquitous in
the body (Bonnefous et al., 1992; Yeung et al., 1991, Chien et al., 1997). According to
Chien er al., addition of esterase inhibitors such as NaF halted the metabolism of
diltiazem in both blood and plasma (Chien et al., 1997). These findings suggest that
deacetylation of diltiazem in the blood or plasma is a metabolic conversion and not a
simple chemical degradation (Yeung et al., 1991). The metabolic rate appeared to be
much slower in blood than in plasma. Therefore, in the dog, blood samples appear to be a

better choice for pharmacokinetic studies than plasma samples.



In addition to N-demethylation and deacetylation, diltiazem is also deaminated.
This pathway has attracted much attention recently. It has been demonstrated that initially
the dimethylaminoethyl group of diitiazem is oxidized to an aldehyde group by
microsomal cytochrome P-450 in the liver. Subsequently, the aldehyde group is
dehydrogenated to form the acidic metabolite Al (Nakamura et al., 1990). Al can also
undergo deacetylation, O-demethylation, and ring hydroxyiation to form A2, A3, A4, A5,
and A6 (Fig. 1.3). Basic metabolites of diltiazem may also undergo deamination to form

the above acidic metabolites.

1.3.3.1 Species difference

The contribution of each of the proposed metabolic pathways to the metabolism
of diltiazem has been reported to be species-dependent. In humans, rabbits, and dogs, N-
demethylation has been suggested to be the major metabolic pathway in degradation of
diltiazem (Pichard et al., 1990, Sutton et al., 1997, Maskasame et al., 1992;, Yeung et al.,
1990). In vitro metabolic studies using human liver microsomes have demonstrated that
at high substrate concentrations (1 mM) formation of N-desmethyldiltiazem (MA)
accounted for more than 80% of diltiazem metabolized (Pichard et al., 1990). These in
vitro data, however contradict some of the previous reports by Sugawara et al. who cited
the importance of the deamination pathway in the degradation of diltiazem (Sugawara et
al., 1988b; Sugawara et al., 1988a). Based on these reports, acidic metabolites (A1-A4)
have been detected in both plasma and urine of human and dogs, and in both species, the
levels of A2 in plasma were found to be the highest.

Contrary to other observations in humans, dogs, and rabbits, deacetylation

10



appears to be the most important pathway in the metabolism of diltiazem in the rat. In an
isolated rat liver perfusion study, the levels of M1 in the effluent were found to be the
highest as compared to the other basic metabolites (Hussain et al., 1994). Interestingly,
formation of the measured basic metabolites accounted for only 60% of the diltiazem
cleared. This lack of mass balance could be due to the formation of undetected acidic
metabolites (Nakamura et al., 1990, Sugawara et al., 1988b; Sugawara et al., 1988a). In
fact, after oral administration of diltiazem, high levels of acidic metabolites such as A2
and A4 were detected in plasma (Sugawara et al., 1988a). Therefore, similar to what is
observed in other species, the deamination pathway seems to be of significance in the rat.
Another important explanation for the lack of mass balance could be the biliary excretion
of diltiazem and its metabolites. /n vivo studies in the rat also support this postulate;
approximately 60 percent of the intravenous '“C-diltiazem was detected as diltiazem or

its metabolites in the bile (Makamura et al., 1987).

1.3.3.2 Product inhibition

In vitro microsomal studies in humans and rats indicate that some of the
metabolic products of diltiazem may inhibit its own metabolism (Sutton et al., 1997, Tsao
et al., 1990). In a rat hepatocyte system, MA and M4 appeared to inhibit the metabolism
of diltiazem (K, = 35.4 and 54.3 pg/mli respectively) (Tsao et al., 1990). Also, in a human
liver microsomal system, N-desmethyldiltiazem (MA) and N,N-di-demethyldiltiazem
(MD) have been found to be better inhibitors of CYP3A4, the major enzyme involved in
the N-demethylation of diltiazem, than diltiazem. In fact, it is estimated that MA and MD

are ~11- and 200-fold more potent than diltiazem as inhibitors of CYP3A4 (Sutton et al.,
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1997).

1.3.4 Excretion

Diltiazem and its metabolites are substrates for both biliary and renal excretion.
Studies in rats and dogs indicate that approximately two third of the radioactivity is
excreted into the feces after an intravenous labelled dose; the remainder of the
radioactivity was recovered in the urine (Nakamura et al., 1987). In humans, on the other
hand, the opposite seems to be true (Hoglund and Nilsson, 1989). Studies in the rat
indicate that fecal excretion of diltiazem and its metabolites is mostly due to biliary
excretion and that approximately half of the radioactivity excreted in the bile was
reabsorbed from the gastrointestinal tract, indicative of enterohepatic recycling
(Nakamura et al., 1987). After oral administration of diltiazem to humans and different
animal species, only less than 3% of total dose was excreted as unchanged drug in urine
(Yeung et al., 1990). Therefore, despite higher urinary recovery of diltiazem and its
metabolites in human, kidney appears to be only a minor eliminating organ in clearance

of diltiazem from the body.

1.4 Time-dependent Pharmacokinetics of Diltiazem

When a drug follows linear pharmacokinetics, its pharmacokinetic parameters are
constant after single or multiple dosing. For instance, total bioavailability (Fiow:), total
body clearance (Clrg), and oral clearance (Cl,ra) values of the drug remain the same.
When these values differ significantly between single vs. multiple dosing, the drug

kinetics is said to be non-linear. In a special situation where this non-linearity in the drug
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disposition is not a concentration-dependent phenomenon, the pharmacokinetics of the
drug is referred to as time-dependent. Some of the most commonly used drugs such as
lidocaine (Saville et al., 1989), verapamil (Schwartz et al., 1985), diazepam (Klotz et al.,
1976), and diltiazem (Smith et al., 1983) have been shown to display time-dependence.
This phenomenon may be caused by an alteration in absorption and elimination during
multiple dosing. More specifically, enzyme inactivation (Saville et al., 1989), reversible
saturable tissue binding (Hussain et al., 1994), and product inhibition (Klotz and
Reimann, 1981) have been identified as some of the mechanisms involved.

Previous studies in humans have shown that the oral clearance of diltiazem after
multiple dosing decreased by as much as ~60% (Hoglund and Nilsson, 1989; Smith et al.,
1983). The half-life of the drug increased by only ~20% whereas its total bioavailability
was increased by ~140%. Pharmacokinetics of diltiazem in the dog after single vs.
muitiple dosing also follow a similar trend as that in humans (Table 1.1, Fig. 1.4)
(Maskasame et al., 1992). In the dog, oral clearance of diltiazem decreased by ~60% after
chronic oral administration. The elimination half-life and total bioavailability, on the

other hand, increased by ~20% and 90% respectively after multiple dosing.

1.4.1 Product Inhibition

During chronic dosing as compared to single dosing, the levels of metabolites
such as MA and MD are significantly higher. Therefore, it is suggested that higher levels
of metabolites could inhibit the metabolism of diltiazem to a greater extent and cause its
time-dependent disposition (Section 1.3.3.2) (7sao et al., 1990; Sutton et al., 1997). In

human liver microsomes, it has been shown that both MA and MD compete with
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diltiazem for CYP3A4, the main isozyme involved in N-demethylation of diltiazem
(Sutton et al., 1997). Even though MA and MD can inhibit the metabolism of diltiazem
by CYP3 A4 in vitro, it is however questionable whether these effects play a major role in
an in vivo system. It is also not clear whether N-demethylation is the major elimination
pathway for diltiazem /n vivo. If during multiple dosing the N-demethylation pathway is
inhibited, then one would also expect to see a lower production of MA and as a result 2
lower metabolite to drug ratio. On the contrary, in both humans and dogs, the AUCs of
both MA and M1 increased disproportionately during chronic oral administration. The
AUC ratios of MA and M1 to diltiazem remained the same as that of single oral dose
(Hoglund and Nilsson, 1989; Maskasame et al., 1992). This indicates that the decreased
oral clearance of diltiazem during chronic dosing is not directly related to pathways
responsible for the production of these metabolites. Therefore, other mechanisms may

play a more important role in causing the time-dependent kinetics of diltiazem.

1.4.2 Hepatic Saturable Tight Tissue Binding

Another mechanism that has been recently identified as the cause of time-
dependent kinetic of diltiazem is saturable tight tissue binding (Hussain et al., 1994).
Liver perfusion studies in the rat demonstrated that diltiazem and its metabolites have
great affinity for liver tissue. Detectable levels of diltiazem and its metabolites were
found in the effluent during washout for at least 10 min (vs. 2-3 min for lidocaine) after
cessation of drug infusion. Also when the hepatic microsomal pellets were washed, 16%,
13%, and 11% of the total radioactivity was removed in the first, second, and third

washings, respectively, suggesting strong binding to microsomal proteins. It is estimated
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that the capacity for tight binding sites for diltiazem and its metabolites could be as large
as 328 nmol of *H-diltiazem equivalent per gram of rat liver tissue. An amount equivalent
to 2.45 nmol of *H-diltiazem per gram of liver is irreversibly bound to liver tissue.

[t is suggested that after single oral dosing, the release of the tightly bound drug
from the liver tissue may not be detected and therefore, one may underestimate the total
area under the curve and therefore overestimate the oral clearance. Figure 1.5 shows how
assay sensitivity could limit the detection of the release of a drug from tight binding sites.
It is important to investigate how tight tissue binding and inadequate assay sensitivity can

affect the estimation oral clearance and other pharmacokinetic parameters.

1.4.3 Other Mechanisms

Enzyme saturation has been also suggested as another possible mechanism behind
time-dependent kinetics of diltiazem (Smith et al., 1983). Previous studies have indicated
enzyme saturation as a possible cause of dose-dependent behavior of diltiazem (Hermann
and Morselli, 1985). If there is such saturable elimination pathway, it must be saturated at
very low doses of diltiazem because at higher doses the dose vs. AUC is linear. Also,
since the K, value (~ 10 pg/ml) for the N-demethylation pathway in human microsomes
was much higher than the observed plasma concentrations during single or muitiple
dosing (less than 1 ug/ml), it is very unlikely that N-demethylation is saturable.

It has also been suggested that during multiple dosing the hepatic blood flow is
significantly lower than that during single dosing; as a result, the elimination or total
body clearance of diltiazem would be significantly lower, leading to disproportionate

accumulation of diltiazem. Depending on which hepatic clearance model diltiazem
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follows (well-stirred vs. parallel-tube), a decrease in hepatic blood flow would result in 1)
a proportional decrease in both Clrz and Fiom, or 2) a higher decline in Fio than in Clzg
(Pang and Rowland, 1977). Therefore, a decrease in hepatic blood flow, based on
theoretical considerations, should cause the oral clearance (Clorot = Clrg/Fioi) to stay the
same or increase. The data in humans and dogs, however, show a decrease in oral
clearance values with multiple dosing (Table 1.1). Therefore, a decrease in hepatic blood
flow during multiple dosing has been rejected as a possible explanation of the time-

dependent kinetics of diltiazem.

1.4.4 Selection of an Animal Model

Previous studies show that the pharmacokinetics of diltiazem in the dog and the
human after single vs. multiple dosing follow a similar trend (Table 1.1, Section .4). In
both species liver has been suggested to be the major eliminating organ. Contrary to what
was observed in the rat, the N-demethylation pathway has been suggested to be the main
metabolic pathways in both humans and dogs. In both species, N-desmethyldiltiazem
(MA) is the major basic metabolite formed in vivo and in vitro. Our preliminary
microsomal data also support the previous observations in humans indicating that
CYP3A isozymes are the main enzymes involved in the N-demethylation of diltiazem
(Section 1.3.3.1). Other metabolic pathways in the liver such as deamination also appear
to follow the same trend both in humans and dogs. In both species, A2 is the major acidic
metabolite detected in plasma.

Two major differences between dogs and humans are that dogs have a higher

plasma diltiazem free fraction (30% vs. 20%) and show greater biliary excretion of
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diltiazem and its metabolites (68% vs. 30%). The plasma free fraction has been found to
be the same after single and multiple dosing in both species. Therefore, possible changes
in diltiazem binding can be excluded from the list of mechanisms involved in causing
time-dependent kinetics of diltiazem. Regarding the difference in biliary excretion of
diltiazem and its metabolites in dogs and humans, it is not clear what portion of the
biliary excretion is due to the intact drug. Unless the biliary clearance of diltiazem is
significantly different between the two species, the dog would be an appropriate animal
model for studying diltiazem kinetics. Data from rats indicate that biliary clearance of
diltiazem is minimal because the percent radioactivity recovered in the bile as intact drug
is insignificant. Therefore, in the dog also, the biliary excretion of diltiazem may not be

significant.

1.5  Chronically Instrumented Dog Model

During chronic oral administration, the total bioavailability of diltiazem is more
than doubled. So far, no in vivo studies have been carried out to study the mechanisms
behind this time-dependent behavior of diltiazem. It would be ideal to identify the
organ(s) causing time-dependent increase in total bioavailability of diltiazem. Since it is a
cardiovascular drug that can affect the splanchnic blood flow; it would also be necessary
to know the effect of changes in blood flow on diltiazem's hepatic availability and total
body clearance after single vs. multiple oral dosing.

Recently, a chronically instrumented dog model has been developed in our

laboratory (O'Brien et al., 1991, Skerjanec et al., 1994, Skerjanec et al., 1996a;, Ngo et
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al., 1997). This animal model allows us to monitor simultaneously the time course of the
drug in carotid artery, jugular, portal, and hepatic veins with continuous measurement of
hepatic artery and portal vein blood flows (Fig. 1.6). Using this animal model, we are
able to estimate the availabilities for the gut and the liver and also to measure the hepatic
vein blood flow after single and multiple dosing. Skerjanec et al. and Ngo er al. have
previously used this animal model to investigate the nonlinear kinetics of mibefradil and
lidocaine (Skerjanec et al., 1996a; Ngo et al., 1997). It is postulated that this is an
appropriate animal model for studying the mechanisms behind time-dependent

pharmacokinetics of diltiazem.

1.5.1 Different Sampling Sites

Previous studies by Chiou et al. show that the estimation of kinetic parameters
could be different when different sampling sites are used (Chiou, 1989b; Chiou, 1989a,
Chiou et al., 1982; Chiou et al., 1981). In studies done by Skerjanec ef al. in instrumented
dogs, the concentration of mibefradil in the jugular vein catheter after an /v infusion study
was drastically higher than all the other catheters (Skerjanec et al., 1996a). The same
phenomenon was also observed by Ngo ef al. following infusion of lidocaine into the
cephalic vein (Ngo et al., 1997). Due to very high levels of drug in jugular vein,
pharmacokinetic parameters such as total body clearance and volume of distribution
estimations were significantly different using data collected from the jugular vein as
compared to other sampling sites. It was suggested that the drug infused into the cephalic
vein did not mix completely in the blood compartment and led to unusually high

concentrations of the drug at the jugular vein. Also some of the pharmacokinetic
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parameters that were estimated at other catheters such as carotid artery, portal vein, and
hepatic vein appeared to be different from each other. To use the data from the
instrumented dog model efficiently and correctly, it would be important to know which
site would give a more accurate estimation of pharmacokinetic parameters. The data from
jugular vein and carotid artery were initially used for the estimation of the lung
availability. Therefore, it is also important to evaluate the validity of this method of

estimation of the availability of the drug from the lungs.

1.5.2 Early Blood Sampling

Distribution of an agent in both blood and tissues requires time. Mixing of
vascularly bound **P cells in the total blood volume takes approximately 60 seconds (Fig.
1.7). After an iv bolus injection of such cells into the right ventricle, a characteristic aortic
flow-dilution curve is achieved (Fig. 1.7) in which a primary pulmonary transit curve is
followed by a recirculation curve (Lawson, 1983). The first peak is high because of
incomplete mixing of drug in the blood compartment’ (also called "slug effect"). It would
be crucial to know whether collecting this peak in case of early blood sampling leads to
overestimation of AUC. Recent studies by Ducharme e al. however have emphasized the
importance of collection of this early portion (Ducharme et al., 1993). Therefore, it is

necessary to reevaluate the importance of this early portion of the area under the curve

' The cells have only been mixed in the pulmonary circulation blood volume which is much smaller than
total blood volume.
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and its effect on the estimation of kinetic parameters at different sampling sites with

respect to the administration site.
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1.6 Hypotheses

1. Jugular vein concentration profiles provide an underestimation of pharmacokinetic

parameters, Clrg and V,, during cephalic vein infusion.

o

The choice of sampling site is important for accurate estimation of kinetic parameters.

3. Early blood sampling is important for accurate estimation of kinetic parameters.

4. Diltiazem shows time-dependent kinetics in dogs.

a. Saturable tissue binding is a major cause of time-dependent kinetics of diltiazem.

b. Hepatic blood flow alteration is a major cause of time-dependent kinetics of
diltiazem.

c. Product inhibition is a major cause of time-dependent kinetics of diltiazem.

d. Saturation of metabolic pathway(s) is a major cause of time-dependent kinetics of

diltiazem.
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1.7

]

Objectives

. To measure the effect of sampling sites on the estimation of Clzg and Vs

To measure the effect of early blood sampling on estimation of Cl7g and Vs

To estimate F.?°, F..r, and Clyg after low and high single doses of diltiazem

gut

To estimate F ., Fiver, and Clrp after low and high multiple doses of diltiazem

To measure blood flow effects on F2; and Fiyer

To measure product inhibition effects by MA on diltiazem kinetics

To estimate the effects of hepatic tissue binding on F}, Fiver, and Clrz
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Table 1.1 Pharmacokinetic parameters of diltiazem after single and multiple dosing

in the human and the dog

Species Pharmacokinetic Parameters
Cloral L2 F total
ml/minkg min

Single Multiple  Single Multiple  Single Multiple

Human' 40%16 177 3.7+0.6 49+1.1 0.38+0.11 0.90+0.21
DogT 341+42 145+39 1.9+0.2 2.3+0.3 0.14+0.02 0.27+0.04

‘Smith et al. 1983
"Maskasame et al. 1992
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Figure 1.1  The structure of diltiazem, a benzothiazepine calcium channel blocker
with 2 chiral centers.

*Chiral centers
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Figure 1.2 Mean total radioactivity ratios of tissue to plasma over plasma after an /v
administration of 3 mg/kg of diltiazem in rats.

Data adapted from Nakamura et al., 1987.
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Figure 1.3  Metabolism of diltiazem to its phase-one metabolites.

Sugawara et al., 1988b.
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Figure 1.4  Mean plasma levels of diltiazem in beagle dogs after single vs. multiple
dosing.

Data extracted from Maskasame et al. 1992.
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binding sites.

28



ite

ing S

Sampl

R

instrumented dog model.

in-vivo

flow diagram represents the

This

Catheters were implanted

Figure 1.6

id artery (CA), portal vein (PV), and

carot

av),
(HV). Flow probes were place around hepatic artery (HA) and portal ve

n

lar ve

in jugu

n

ic vein

hepat
(PV).

29



0.8
0.7
06
0.5
0.4
0.3

Primary Pulmonary Transit Curve

P SO DRNUR RUUN SE— |
—— »

Recirculation Curve

%dose/ml

[ B

01 4, e

0 20 40 60 80 100 120

time, min

Figure 1.7  The aortic profile after a bolus injection of radiolabelled red blood cells
into the right heart.

Data extracted from Lawson, [983.
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2. EXPERIMENTAL

2.1 Simulation Studies

2.1.1 Linear Dog Physiological Model

A sixty-seven compartment physiological model was used to investigate the
effects of different sampling sites and early blood sampling on the estimation of kinetic
parameters (Fig. 2.1). This physiological model was designed to mimic the gradual
mixing of the drug in the blood compartment. To achieve this gradual mixing, the blood
vessels were assumed to comprise of several compartments. Compartments are the
building blocks of a physiological pharmacokinetic model and they represent a tissue, an
organ, and a blood vessel. In building this physiological model, the drug concentration
throughout each blood vessel compartment is assumed to be the same. However, the
distribution of a drug from the capiilaries into the tissue can be classified as being
membrane-dependent (Fig. 2.2A) or flow-dependent (Fig. 2.2B) depending on whether
the mass transfer across the capillary into the tissue is much smaller or greater than the
drug input into the capillary space (Gibaldi and Perrier, 1982c). For propranolol, the
blood vessels were represented by flow-limited compartments and all the tissues by
membrane-limited compartments’. The mass transfer differential equations used in

setting up the compartments are listed in section 3.1.1.1.

* In the case of propranolol, a flow-limited model failed to provide an acceptable fit for the real data.
However, after changing the tissue compartments into membrane-limited compartments, the fit improved
substantially. Based on this preliminary examination. a mixed physiological model was chosen.
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Matlab® and Simulink® were used for setting up the model in which all processes

such as distribution and elimination were assumed to be linear. The pharmacokinetic
parameters such as V., Cl, and AUC that were estimated using Matlab® were

theoretical values. AUC and AUMC values were calculated for each sampling site
through continuous sampling. Gear method was used to solve differential equations and

the tolerance limit was set at 10° (Gear, 1971).

2.1.1.1 Validation of the model

This model was tested using a vascularly-bound agent and checked for the
presence of such a characteristic flow dilution curve (Fig. 1.7). In building the
physiological model, to imitate the gradual mixing of the agent in the blood
compartment, the blood compartment was divided into smaller sub-compartments based
on the estimated arterial, capillary and venous blood volume of each organ (Section
3.1.1.3). To test the physiological model, a simulation was carried out in which a bolus
dose of a vascularly-bound *?P cells® was introduced into the right heart and the sampling
was obtained from the arc of aorta. As shown in figure 2.3, the simulated concentration
curve resembles the previously reported flow-dilution curve (Lawson, /983). The actual
and simulated profiles paralleled each other. The major difference was a 6 sec shift in the
curves. This difference in the mean transit times was ~40% and 25% for the first and
second peaks respectively. The recirculation time, as measured by the difference in peak

times, differed between the actual and predicted data by less than 20%. When the

? Since the cells are confined to the vascular space and cannot migrate into the tissue space, the ;> for all
tissue compartments is assumed to be zero.
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recirculation time was calculated using mean transit time, the difference between actual
and simulated results was less than 10%. In addition, the area under the curves for the
first and second peaks were within 15% of those of the actual data. The similarities
between the simulated and experimental observations show that this model can account
for a delay in mixing in the blood compartment during the first minutes after drug

administration.

2.1.1.2 Selection of a model compound

In choosing a model compound, the following requirements were taken into
consideration: 1) the availability of distribution data for different organs, 2) the
availability of both arterial and venous data especially for the first 2 minutes after bolus
drug administration, and 3) linear elimination within the concentration range simulated®.
Propranolol is a compound that meets all of the above requirements. Therefore, this drug
was chosen to be tested.

The tissue distribution data and physiological parameters that were reported in the
literature were used for building the physiological model (Table 2.1) (Walle et al., 1989,
Gerlowski and Jain, 1983, Ichimura et al., 1984, Yata et al., 1990). For all the
membrane-limited compartments, k;> was assumed to be the same. This assumption was
made because of a lack of physiological k;> constants for propranolol at different tissues
and also because it would have had no qualitative effect on the conclusions made in this
study. At the same time, in support of this assumption, there have been other reports of

equal transfer rate constants for dactinomycin (Lutz et al., 1977). Constant k>; values for

* The nonlinear kinetics of propranolol during the distribution phase will not effect the fit.
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different tissues, on the other hand, were assumed to be different and were calculated for
each tissue (Eq. 3.6). Both liver and lung were chosen as potential eliminating organs
(Iwamoto et al., 1988; Iwamoto et al., 1989, Semple et al., 1990) and their elimination
rate constants (Keuvery and Aeung) were adjusted appropriately to qualitatively fit the
elimination phase of the arterial data of propranolol (Fig. 2.4B). This was performed
subsequent to adjusting the k;; value to fit the initial phase of the arterial and venous data
(Fig. 2.4A) (Lam and Chiou, 1981). When k)5, Kequng) and Keqiver) Were set at 65, 0.03 and
2.94 min™' respectively; a good qualitative fit of the real data was achieved (Fig. 2.4A and
2.4B).

The femoral arterial AUCq.2mn and AUCj., and venous AUC,. 2, estimations
from the simulations were within 10% of the real data’. The eliminating phase of the
femoral venous site; however, did not show satisfactory agreement with the data points.
In fact, the venous data points during the elimination phase were below the predicted
levels. The total area under the curve at the femoral vein has been reported to be about
20% less than that at the femoral artery (Lam and Chiou, [981). This incomplete
availability of propranolol from the hind legs has also been supported by recent studies in
the rat (Zhen et al., 1995). Nonlinear processes such as tissue sequestration and slow
efflux of the solutes from the hind limb tissue have been suggested as underlying reasons

for this incomplete availability (Zhen et al., 1995). In fact, after incorporating a tight

5 The AUC estimations from simulations were calculated using Simulink® and Matlab®. However. in
estimation of AUC for the real data, the Lagrange method was used.
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saturable tissue binding in the muscle compartment of the hind legs®, the fit for the
elimination phase of the venous data improved (Fig. 2.5A and 2.5B). For the purpose of
this study, however, all the processes including distribution of the drug were assumed to

be linear.

2.1.1.3 The effects of sampling sites on the estimation of kinetic parameters

To investigate the effect of sampling sites on the estimation of kinetic parameters,
a dose of 4.5 mg of propranolol was introduced in 5 seconds into the left subclavian
venous or arterial compartment. Continuous sampling’ was obtained from the right and
left subclavian arteries and veins, right iliac arteries and veins, posterior and anterior vena
cava, the right heart, and pulmonary artery. For each site, AUC, Clrz (Eq. 3.19) and Vs
(Eq. 3.23) were estimated using Simulink® and Matlab®. Deviation from true AUC

(Section 3.1.1.6), Clrg (Eq. 3.17) and Vy, (Eq. 3.21) were estimated for each site.

2.1.1.4 The effects of limited early blood sampling, modes of fitting and infusion times on

the estimation of kinetic parameters

Simulation studies were also performed to examine the effects of limited early

blood sampling at different sampling sites on the estimation of kinetic parameters. A dose

® The following equation was used to incorporate saturable tissue binding into the muscle compartment of

. dC,
the hind leg: V; (1—— Ccap cap K12 =Co ¥y kay + Nypgung - ik - t " WVioat = Noound ) Vi k23

. AN . " , .
where Vyound iS: Ll _:;lﬂ‘!_=cl '[/l '(lvm{al —“Vbound)"'/t 'k23 _Nbound 'pl 'k32

Nuiwai: Noouwna, k23, and ks> represent the binding capacity for propranolol, the concentration of bound
propranolol, the binding rate constant, and the dissociation rate constant respectively. k2, Keivey and
Ketung were set at 65, 1.45, and 0.037 mm respectwely The constants for saturable tissue binding, k23,
k32, and Ny, were adjusted at 10 ng*.min”, 10™° min”, and 261 ng/ml respectively.

" The drug concentration, AUC and AUMC vs. time curves were produced using Matlab® and Simulink®
for a sampling site.
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of 4.5 mg was introduced into the left subclavian vein as bolus (7,,= 5 sec) and samples
at selected time points were used for the estimation of kinetic parameters. The sampling
points used in estimation of kinetic parameters for early blood sampling were 0, 20, 40,
60 sec, 2, 3, 5, 10, 15, 20, 30, 45, 60, 90, 120, 150, 180, and 240 min. To test the effects
of limited early blood sampling at different sampling sites, the samples between time zero
and S min (¢ = S min) were ignored. Then, both the Lagrange (Rocci and Jusko, 1983,
Ediss and Tam, 1995) and log-linear trapezoidal method were used to calculate the
kinetic parameters at right subclavian artery and vein, right iliac artery and vein, right
heart, and anterior and posterior vena cava for limited early and early blood sampling.

To examine the effects of increasing the infusion time with respect to the first
sampling point (¢;), 4.5 mg of the propranolol was introduced into the left subclavian vein
over I, 2, 3,5, and 10 min and early and limited early (¢, = 2 and 5 min) sampling was
obtained from right iliac artery and vein. The same sampling regimen was followed for
both early and limited early (¢, = 5 min) sampling as described above. For the limited
early sampling (¢, = 2 min), the samples within the first 2 min were ignored. Then, Clrz
and V,; were estimated (using Lagrange and log-trapazoidal method) and plotted against
infusion times for all three sampling regimens.

To examine the effect of increasing the infusion time with respect to different
fitting models on the estimation of kinetic parameters, the right iliac arterial and venous
data obtained after bolus and 10-min infusion of propranolol were used. LAGRAN
(Lagrange or Log-trapezoidal method) (Rocci and Jusko, 1983, Ediss and Tam, 1995)
and WinNonlin® (Compartmental and Non-compartmental) were used to calculate Clrp

and V,;, for both early and limited early (¢, =S min) sampling.
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2.1.1.5 The role of total body clearance and volume of distribution

The importance of early blood sampling for drugs with different C/75 and V,, were
evaluated by changing Clrg (Clrg study) and Vs (Vi study) individually. All the other
parameters in the propranolol model were kept the same. In the Clzp study, 4.5 mg of a
hypothetical drug, with a range of hepatic clearance values (2-38 ml/min/kg), was
introduced (7,,,-= 2 min) into the left subclavian vein. Then, the predicted drug
concentration profiles at iliac artery and vein were illustrated as a function of time and
hepatic extraction ratio. In the V, study, a dose of 4.5 mg of a hypothetical drug, with V,
values ranging from 0.1 to 2.9 I/kg, was introduced (7.»,y = 5 sec) into left subclavian vein.
Similar sampling regimens as described in section 2.1.1.4 were followed for limited early
and early sampling. Then, the percent deviation from early sampling estimations of C/rp
and V., were calculated for different volumes of distribution using a similar fitting

method (Lagrange and log-trapezoidal).

2.1.2 Nonlinear Rat Physiological Model

To investigate the effects of saturable tight tissue binding on the estimation of
kinetic parameters, a rat physiological model with nonlinear blood and tissue binding was
built (Fig. 2.6). Quinidine was used as the model compound and its literature data was
used in building the model (Table 2.2) (Harashima et al., 1985; Ebling et al., 1994).
Matlab® and Simulink® were used for setting up the model. In this model, flow-limited
compartments (Fig. 2.7A) represented the blood vessels and the tissues or organs were
represented by membrane limited compartments (Fig. 2.7B). The tissue compartments

were comprised of the capillary and tissue space. Only the unbound drug was assumed to
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be the driving force for distribution and elimination processes. The distribution of
quinidine was assumed to include both linear and nonlinear processes. Runge-Kutta 5
was used to solve the differential equations and the tolerance limit was set at 10 (Press
et al., 1988). The mass transfer differential equations used in setting up the compartments
are listed in section 3.1.2.2. Values of &> and k..ve were adjusted to obtain a qualitative
fit for the blood and tissue in vivo data. The blood and tissue simulations presented in
figure 2.8 showed a good qualitative fit for the real data when ;> and k..., were set at
90 and 7.57 min’' respectively. AUC was estimated using Matlab® after continuous

sampling.

2.1.2.1 Effects of blood and tissue binding on total body clearance

A series of simulations were carried out to re-evaluate the effects of protein
binding in blood and tissue on total body clearance. Quinidine (20mg/kg) was introduced
over 0.5 min into the venous hind limb (e.g. femoral vein) and total body clearance (Eq.
3.30) was calculated using the data from the arterial hind limb (e.g. femoral artery).
Simulations were repeated for different free fractions in blood (V, =0, w, = £=0to 19)
and clearance was estimated in each case. Then, similar studies were repeated assuming

no tissue binding (N, =0).

2.1.2.2 Effects of saturable tight tissue binding on estimation of clearance

Simulations were performed to investigate the importance of saturable tight tissue
binding in relation to the administered dose and the last quantifiable sampling time point

(tias) on the estimation of kinetic parameters such as Clrp, hepatic intrinsic clearance

38



(Cl), Clora;, and half-life (2,-). Hepatic binding capacity (Nyuver)) Was increased from
31900 ng/ml to 319000 ng/ml and the free fraction in blood was assumed to be linear
(0.5). Quinidine (20 and 60 mg/kg) was infused over 5 seconds into the portal vein and
samples were continuously collected from the arterial hind limb, portal vein, and hepatic
artery and vein from time zero to #,. Clora and Cl, were equal (section 3.1.2.5) and were
estimated using equation 3.32. Clrg and Cliepanc Were also equal and were estimated using
equation 3.35. For the estimation of elimination rate constant (K) and ¢,.2, tisr and the
sampling point 30 min before f;,,, were used. Clorgs (or CL), Clrg (or Cluer), t/, and 17,
were estimated for different dissociation constants of drug-protein complex in the liver
(10%-10° ng/ml) in relation to the last quantifiable sampling time point (90-240 min). The
% error in estimation of clearance was found by comparing the estimated value with the

theoretical value (Eq. 3.30 and 3.31).

2.2  HPLC Assay

2.2.1 Materials

The drug, diltiazem HCI, and the internal standard, bupivicaine HCI, were
purchased from Sigma Chemical Co. (St. Louis, MO). Metabolites of diltiazem, namely
N-desmethyldiltiazem  fumerate (MA), desacetyldiltiazem HCI (Ml), N-
desmethyldesacetyldiltiazem HCl (M2), and O-desmethyldesacetyldiltiazem HCl (M4)
were kindly donated by Nordic Laboratories Inc. . Ethyl acetate (EM. Gibbstown, NIJ)
was used as the organic solvent for extraction of the blood samples. Acetonitrile (Fisher

Scientific, Nepean, Ontario), orthophosphoric acid and triethylamine (BDH Inc. Toronto,
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Ontario) were used for making the mobile phase.

A Waters 501 HPLC pump, a Waters 712 WISP autoinjector, a Waters 441 UV (A
= 214 nm) detector and a Novapak Cs column (Waters Associates, Milford, MA) were
used for HPLC analysis of the samples after extraction. Baseline 810 computer software
(Millipore Corporation, Miford, MA) was used for recording chromatograms and

quantitative analysis of diltiazem and its metabolites.

2.2.2 Sample Preparation

After collection, blood samples were kept at -4 °C until extraction was performed
on the same day. Before extraction, blood samples were initially equilibrated to room
temperature. To a | ml blood sample was added 1 mli of bupivicaine HCI (1 pg/ml) and
excess KHCOs (~ | g). When effervescence stopped, the mixture was vortexed with 6 ml
of ethyl acetate for 15 min on a vortex shaker (IKA-VIBRAX-VXR, Terrochem, setting
at 1200). After centrifugation (1000 g) for 10 min, the aqueous layer was frozen in a dry
ice/acetone bath. The organic layer was decanted into a glass test tube and the aqueous
layer was discarded. To the separated organic layer, 0.3 ml of 0.01 M HCI was added.
The mixture was vortexed for 10 min and centrifuged for 10 min at 1000 g. The aqueous

layer was again frozen (dry ice/acetone bath) then separated and dried under nitrogen.
The dried residue was dissolved in 0.25 ml of 0.002 M HCI. Aliquots of 0.15-0.20 ml

were injected onto the HPLC system.

2.2.3 Chromatographic Conditions

An isocratic elution method was used for the quantification of diltiazem and its
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metabolites in blood samples (Hussain et al., 1992). The mobile phase, a mixture of an
aqueous solution and acetonitrile (74:26 v/v), was pumped at 2 ml/min. The aquous

solution comprised of 0.063% H;PO4 and 0.144% of triethylamine in deionized water.

2.2.4 Standard Solutions

Calibration curves were used for the quantitative analysis of diltiazem and its
metabolites. The calibration curves for the salts of diltiazem (5-1000 or 5-20000 ng/ml),
MA (5-1000 ng/ml), M1, M2 and M4 (all 2.5-500 ng/ml) were constructed by plotting
the peak height ratios of diltiazem or its metabolites to the internal standard (bupivicaine)
against the spiked blood concentrations. The calibration curves were all linear (r*>0.99)
in the concentration ranges studied. The intra- and inter-day coefficient of variation for

diltiazem and its metabolites in quality control samples were less than 15%.

2.3  In-Vivo Pharmacokinetic Studies Using Instrumented Dogs

2.3.1 Materials

Commercially available heparin (10000 U/ml, Leo laboratories Canada LTD,
Ajax, Ontario) was diluted with saline (Baxter Corporation, Toronto, Ontario) and used
as heparin lock (1000 U/ml for the first 5 days and 2000 U/ml thereafter).

Transit-time ultrasonic perivascular flow probes, a flowmeter (model T201D) and
the P-Option computer software were purchased from Transonic systems (Ithaca, NY)
and used for blood flow measurements and recordings. (O'Brien et al., 1991)

During the iv study, a Harvard pump (model 940, Harvard Apparatus, South
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Natick, Mass) was used for continuous infusion of diltiazem.

2.3.2 Dog Instrumentation

Random source, healthy female mixed breed dogs weighing between 23-27 kg
were supplied by Bioscience Animal Services at the University of Alberta. All dogs
underwent a one-day two-stage operation under 2% halothane /O; anesthesia. During the
operation a silastic catheter was implanted into the carotid artery (CA), right heart (RH),
portal vein (PV), and hepatic vein (HV) (O'Brien et al., 1991, Skerjanec et al., 1996a,
Skerjanec et al., 1996b). The right heart catheter was inserted via the right external
jugular vein and fluoroscopy was used for the correct placement of the catheter in the

right ventricle (Fig. 2.9).

2.3.3 Surgery, Postoperative Care and Catheter Maintenance

The dogs were treated with cloxicillin (500 mg twice daily) for 2 weeks to prevent
any possible infection after the surgery. The sterility and patency of the catheters were
maintained using ACD (0.4% anhydrous citric acid, 1.32% sodium citrate, 1.47%
dextrose and 1.5% of 37% formaldehyde) and heparin lock. The procedure included
removing the heparin lock, flushing with 6 ml saline, and then injecting the exact volume
of ACD to fill the dead space of the catheter. After S minutes, ACD was removed and the
catheter was flushed with 6 ml of 0.9% sodium chloride and then filled with heparin
solution (1000 U/ml for the first 5 days and 2000 U/ml thereafter). The experiments were
carried out one month after the surgery or after a minimum of a two-week washout

period. Physiological parameters such as body weight and temperature were monitored
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weekly. Complete blood count (hematocrit, white blood cell count, red blood cell count
and hemoglobin) was obtained before each experiment. Liver function tests including
serum alanine glutamine transferase (AGT), serum alanine sulphotransferase (AST),
alkaline phosphate (ALP), blood urea nitrogen (BUN) and creatine were done before and

after surgery.

2.3.4 Intravenous Study

The study was carried out to evaluate the contribution of liver, lung and gut
towards the clearance of intravenous diltiazem. The dogs were fasted for 24 hours prior
to an experiment. One hour before the start of the experiment, the dog was placed into a
sling inside which she could stand freely. Each catheter was primed before taking each
blood sample. Blood samples were collected simultaneously from all four catheters. The
experiments were commenced at 10 AM. Diltiazem HCI (1 mg/kg) were dissolved in
18.5 ml of sterile 0.9% sodium chloride and infused over 15 minutes through a 21 gauge
catheter into the femoral vein. Samples were collected simultaneously from all four
catheters at 0, 5, 10, 15, 20, 25, 30, 45, 60, 75, 90, 120, 150, 180, 240, 300, 360, 420,
480, and 600 minutes. Blood samples were coilected in polypropylene test tubes
containing 25 ul of 0.1 M EDTA per ml of blood. Upon collection of samples, they were
kept at -4 °C until extraction on the same day. During sampling, blood flow readings for
both hepatic artery and portal vein were recorded. At 255 minutes after the start of the
experiment the dogs were shown the sight of the food. At 260 minutes, the dogs were

allowed to eat.
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2.3.5 Oral Study

Oral studies were carried out to investigate the mechanisms behind time-
dependent kinetics of diltiazem in vivo. The dogs were fasted for 24 hours prior to an
experiment. One hour prior to the start of the experiment, the dog was placed into a sling
inside which she could stand freely. Each catheter was primed before taking each blood
sample. All experiments were commenced at 10 AM. Diltiazem HC! (1 and 5 mg/kg),
given in gelatin capsules, was administered orally. For a single dose study, sampling
occurred at the first dose. For a multiple dose study (1 and 5 mg/kg q8h for S days),
sampling occurred at the 16™ dose. After the administration of a dose, 50 ml of tap water
was given orally using a syringe. Samples were collected simultaneously from all four
catheters at 0, 5, 10, 15, 20, 30, 45, 60, 90, 120, 150, 180, 240, 300, 360, 420, 480, and
600 minutes after dosing. Blood samples were collected in polypropylene test tubes
containing 25 pl of 0.1 M EDTA per ml of blood. Samples were kept at —4 °C until
extraction. The extraction procedure was performed on the same day as blood collection.
During sampling, blood flow readings for both hepatic artery and portal vein were

recorded. At 260 minutes, the dogs were allowed to eat.
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Table 2.1 Physiological constants for propranolol linear dog model (total body

weight = 10 kg)

Organ W 0 Ve Ve Ven Veoed Ko
ml ml  mlmin ml ml ml mi

Heart 50 49 50 0.7 2 10 3.5

Brain 59 57 170 25 8 35 14.0

Muscle® 4608 4595 200 12.8 40 177 2.2

Skin® 429 428 20 0.6 2 8 1.0

Adipose® 1767 1764 60 28 9 39 1.0

Bone® 1429 1428 25 1.1 3 15 0.4

Liver® 400 389 400 60 35 108 3.4

Portal 300

Arterial 100

Stomach 83 82 39 0.7 2 9 6.6

Intestine 400 395 183 5.2 16 72 6.6

Spleen 30 30 30 04 1 5 9.4

Pancreas 20 20 48 0.5 2 7 11.2

Kidney 50 47 200 2.8 9 39 5.0

Lung 100 89 1125 1.3 28 35 49

Heart Chambers 70

Aorta 22

Vena Cava 32

*Lutzetal., 1977; Ichimura et al., 1984, Gerlowski and Jain, 1983

V=V Veap

°Bischoff and Brown, 1966, Rothe, 1983

Rothe, 1983

“The blood to plasma ratio was assumed to be 0.82 (Bai et al., 1985).

"Walle et al., 1989; Yata et al., 1990

8Regional distribution at the anterior extremities, anterior trunk, posterior extremities, and
posterior trunk was assumed to be 17, 23, 37, and 23 percent of the total tissue (Van et
al., 1995).

"The capillary volume was increased from 3% to 15% of the liver weight (Saville et al.,

1992).
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Table 2.2 Physiological constants for quinidine non-linear rat model (total body

weight =250 g)

Organ v:? Veap” Q* N? K4* y? ¢’
ml ml mli/min  ug/ml  ug/ml

Plasma 1.59 0.73 0.92

Red blood cells 5.6

Lung 1.2 0.62 445 94.2 0.27

Liver 1.0 2.97 14.7 31.9 0.04

Spleen 1.0 0.17 04 100.2 0.85

Muscle 125.0 3.25 6.8 14.9 0.84

Skin 438 0.83 4.5 14.6 0.65

Heart 1.0 0.26 42 39.0 1.43

Gl tract 11.0 0.37 12.0 274 0.47

Kidney 2.0 0.26 11.4 169.0 2.90

Adipose 10.0 0.56 1.8 8.4 111

Brain 1.2 0.04 1.1 7.9 1.77

Arterial Blood 3.19

Venous Blood 6.38

*Harashima et al., 1985
®Ebling et al., 1994
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Figure 2.1  Flow diagram of a dog physiological model; in this model, organ and blood
vessel compartments are membrane- and flow-limited respectively. The sub-splanchnic body
region is made up of stomach, intestine, pancreas, and spleen compartments. Each extremity
or trunk region is comprised of muscle, adipose tissue, skin, and bone compartments. Each

venous compartment is formed by two venous sub-compartments in series.
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Figure 2.3  The simulated (—) and the actual (-0-) aortic profiles after a bolus injection
(Tnr = 1 sec) of a vascularly bound substance (e.g. radiolabelled RBC) into the right
heart. Similar to the actual flow dilution curve, the simulated curve confirms the presence
of a primary pulmonary transit curve (the first peak) followed by a recirculation curve
(the second peak).

Actual data extracted from Lawson, 1983.
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Figure 2.4  The simulated (solid line) and actual femoral arterial (0) and venous (+)
plasma propranolol concentration after a 0.5 mg/kg propranolol HCI bolus (7., = 10 sec)
into the front limb vein (cephalic vein). &;3, Keuver) and k.ung Were adjusted to fit the data
in A and B.

Actual data extracted from Lam and Chiou, 1981.
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Figure 2.5  The simulated (solid line) and actual femoral arterial (o) and venous (+)
plasma propranolol concentration after a 0.5 mg/kg propranolol HCl bolus (7,,r = 10 sec)
into the front limb vein (cephalic vein). Incorporation of saturable tight tissue binding in
the hind leg muscle compartment improved the fit for venous data (Compare to figure
2.4).

Actual data extracted from Lam and Chiou, 1981.
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vessel compartments are membrane- and flow-limited respectively. The gut region is
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3. THEORY

3.1 Simulation Studies

3.1.1 Linear Dog Physiological Model

3.1.1.1 Mass transfer equations for blood and tissue compartments

The following Mass balance equations were used in setting up the compartments
in the physiological model:

1. Membrane-limited compartments (Fig. 2.2A)

For tissue compartments, it is assumed that the drug is initially transferred into the
capillary space, and then the drug in the capillary space will equilibrate with the drug in
the tissue space. First order transfer rate constants (k;, k:;) determine the rate at which
the equilibrium between capillary and tissue space is achieved. The following are the
mass balance equations used for the capillary and tissue space of eliminating and non-
eliminating organs.

a. Capillary space

dc.,
L:-'UP dt = Q(Cln - Caul) - Ccup : I/Cdp : kll + Cl : Vr : kll (3 l)

b. Tissue space of non-eliminating organ

dC
prt-d_tlzcmp'lfcap'kl;’-Cl'Vl'k‘ll (32)

c. Tissue space of an eliminating compartment
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y dC, =C_ .V .klz_C‘_L’l'ku_Cl.[/’.k‘ (33)

t dt cap cap

2. Flow-limited compartments (Fig. 2.2B)

For blood vessels, the dispersion of drug in the blood vessel (V.as) is assumed to
be instantaneous. Therefore, the concentration of the drug at the output (Cou) is the same
as that of the drug in the blood vessel (C\asc). The following is the mass balance equation
used for all the blood vessels.

dC
v e _ e ¢ 3.4
vasc d’ ~—( n out ) ( )

3.1.1.2 Estimation of k;> and k>, for each tissue

It is assumed that the transfer rate constant of a drug from the capillary into the
tissue (k;2) is the same in all tissues, but the transfer rate constant from the tissue into the
capillary (k2;) is different for different tissues. It is also assumed that the binding of the
drug to the tissue binding sites is a linear process, which means that the tissue to plasma
ratio (K,) is the same at different steady state drug concentrations. Based on the above

assumptions, it is possible to calculate k; for different tissues.

cap

dt

At steady state condition, C,, = Co and =0. Therefore, using equation 3.1

Ccapo Vcap- kiz=CuVi k2 (35)

Also, at steady state, C; = K,,.Ccqp; therefore, Cegp.Veap. k12 = Cegp.Kp. Vi k2; which means:

k. = Vcap'klz (3 6)
21 V: K :
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3.1.1.3 Estimation of capillary, arterial and venous blood volume for each tissue

The linear capillary flow rate (v) is defined as the ratio of total capillary blood
flow rate over the total capillary cross sectional area (V) for a tissue compartment. If it

is assumed that the total effective capillary length (L) is equal to V'* for the tissue

compartment (Bischoff and Brown, 1966), the tissue linear capillary flow rate (v) is equal

to
. i Vl/3'0
p=2-Le Lo 7 % (.7
A LAV, V.,

Since the linear capillary flow rate is assumed to be the same for any tissue
compartment, then the linear capillary flow rate for the i" compartment will be equal to

(Bischoff and Brown, 1966):

n

[/’“3-0 ZI/!I/}'Q:

= 1=
= (3.8)
Va d - g
g Z—I: L capt
After rearrangement of equation 3.8, V.4, can be expressed as follows:
r1/3 c
I/: . Q: : Z chpr
V., = = 3.9)

caps

A
1=t

In equation 3.9, the total capillary blood volume (ZV.4,,) in the dog is about 4.4%
of the total blood volume (Rothe, 1983). Other parameters (¥, and Q.) on the right side of
the equation are listed in the table 2.1. Therefore, the capillary volume of the i"
compartment can be estimated.

Also, for the estimation of arterial (V) and venous (V.en) blood volume for each
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tissue, it is postulated that the ratios of the capillary blood volumes of the i and j*
compartment are proportional to the respective ratios of the artery and venous blood

volumes (Eq. 3.10).

Ven  Vaw . Ven (3.10)
4 capy y :II'I] Vvenj

And since equation 3.10 is assumed to be true for any tissue compartments, then

Voin V 14
cap art veni (3 ) l l)

n = n = n
r r r
2 aw 2Vin 2Vim
J=1 17 =l

Since V. can be obtained from equation 3.9 and the total capillary (V).
arterial (ZV.r), and venous (ZV..,) blood for the systemic circulation (excluding aorta
and vena cava) are around 4.4%, 13.7%, and 60.9% of the total blood volume (Rothe,
1983), it is possible therefore to use equation 3.11 to estimate the arterial and venous

volume of the i compartment (i.e. Vo, Voem).

3.1.1.4 Calculation of true Clrp for a hypothetical drug cleared by both liver and lung

If the fraction of a drug escaping an eliminating organ is defined as the ratio of the
amount of the drug collected from the effluent of the tissue (Efflux.dt) to the amount of
the drug going into the tissue ([/nflux.dt) from time zero to infinity, then the extraction

ratio for lung and liver can be calculated using equations 3.12 and 3.13 respectively:

ooy JE Mt QuyAUC,, | AUC,, .
" J‘ [nﬂuxlung -dt Q’""Z ) AUCP"’“ AUCP""' ‘
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Ell\'e" = l - IEjﬂllxhwr . dt Qliv"
j[n nx

liver

L .AUC,,
- dt 0,.-AUC,, +0Q,,- AUC,,

(3.13)

Where AUCqe = f C,, -dt, the sites for pulmonary artery, pulmonary vein, hepatic

artery, portal vein, and hepatic vein are abbreviated as pula, pulv, ha, pv, and hv
respectively. Qung, Olver, Ona, and Qpy are the blood flow rates to the lung, the liver,
hepatic artery, and portal vein respectively.

In situations where only lung and liver are the eliminating organs, the true total
body clearance (C/;3°) is the rate of elimination of a drug (dxdl) over the plasma drug
concentration at the input to the lung (C,; or Cpu,) for any time point. It is important to
note that the elimination rate of the drug is the sum of eliminating organs' elimination
rates (dXiung dt, dxyverdl).

/dt
liver (3 14)

C

dxldt dx,,. /dt +dx,, /dt _ dx,,. ! dt N dx
C C C

Clize =

pula pula pula pula

true

After integrating both the numerator and the denominator of equation 3.14, C/;;* can be

expressed as equation 3.15.

X
Cwl;r;.p = lung + xlwrr (3 . l 5)

Since AUC uia = AUCph ~ Flung, by substituting AUC, - Fiung for AUCpua in equation 3.15,

Clz" becomes:

C l[m¢ = x!ung + X liver = Cl
™ 4uc,, AUC,,IF

lung

o)

liver

(3.16)

lung + F}ung :

pula

And since the clearance for an organ is equal to the product of its extraction ratio and
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blood flow rate, equation 3.17 can be derived from equation 3.16.

C[;_’;‘ = Elung 'Qlung + F : E O (3 17)

tung " Lliver Liiver

From equations 3.14 and 3.16, it can be concluded that the elimination rate is equal to the

sum of elimination rates for different organs but the clearance is not equal to the linear
sum of organ clearances when eliminating organs are in series with respect to each other.

Areas under the concentration vs. time curves for pulmonary artery, pulmonary

vein, hepatic artery, portal vein and hepatic vein were calculated from time zero to

infinity using Matlab® by continuous sampling. Since Qung, Oha Opv, and Quver Were

true

known, it was possible to use equations 3.12, 3.13 and 3.17 to calculate C/73*
AUCpu4 is equal to the ratio of AUC at any sampling site, AUCy., over the
availability of a drug from a point of origin through organs or tissues arranged in series to

that sampling site (Fi.). Therefore, if we substitute this ratio for AUCpu. in equation

3.18, then C/;“ can be rewritten as follows (Wilkinson, 1987):

dodi _J(deldt)y-di _ p p, _F,-D,

L w

Cpula J‘Cvp,,[a . dl A UCpula ) A UCmr /F.nlc B A UCnle

Clme = (3.18)

Clearance calculated using both equations 3.17 and 3.18 were equal.

3.1.1.5 Calculation of apparent Clrg for different sampling sites after an intravenous
injection
After an iv injection, the apparent total body clearance (Cl;") for a sampling site

is conventionally calculated using either equation 3.19 or 3.20. (Gibaldi and Perrier,

1982b)
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Clze = Lo 3.19
”AUC,, G19)
nte K

3.1.1.6 Defining true AUC

When the lung and the liver are involved in elimination of a drug, which is
administered into the subclavian artery or vein, true AUC (AUC.) is equal to the area

under the curve at the right heart (4 UC,;) and puimonary artery, A UCp... This is because

at these sites, the estimation of Clrp using equation 3.19 is equal to Clg".

3.1.1.7 Calculation of true V., after an intravenous bolus injection

The stochastic method for the estimation of V,, (MRT.Clrp) only gives the true
value for V' if the drug is delivered into and collected from the compartment from which
elimination occurs (Gibaldi and Perrier, 1982a; Benet and Ronfeld, 1969). Therefore, in
a physiological system where sites of injection, sampling and elimination are completely
different, the stochastic method will not give the true steady state volume of distribution.
The true steady state volume of distribution ( /'J*) is the sum of volume of distribution
of different compartments at steady state. The volume of distribution of each tissue space
at steady state is the product of the tissue volume (V) and the tissue to blood drug
concentration ratio (K,). Therefore, the volume of distribution at steady state for the

whole body can be estimated using equation 3.21.

VI = Vs + Vs K, (3.21)
=1
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In a physiological model for a hypothetical drug, if Clrs is reduced to zero, the
injected drug will distribute into different tissues and after equilibrium is achieved, it will
reach a steady state level at which the drug concentration for all the vascular sampling

sites (Cyy¢-0)) is the same. Under this condition, equation 3.22 will provide the true

value of V', as well.

’/ Irue = v 322
= . (3.22)

53(Clyg =0)

V., calculated using both methods (Eq. 3.21 or 3.22) are equal.

3.1.1.8 Calculation of apparent V',

In vivo, it is very difficult to measure all the parameters which are needed for V',

calculation in equations 3.21 or 3.22. As a result, it is conventional to estimate the

apparent V, (V") at a specific sampling site using the stochastic model (Eq. 3.23).

(Gibaldi and Perrier, 1982a)

r site site - sie Tx (KU ) T: 3 )AWCnm Ko- 7::'
pss = C[TB 'MR[;ue - CITB —.711-_ = :(,C: - 2AUC~

site

(3.23)

3.1.2 Nonlinear Rat Physiological Model

3.1.2.1 Concentration of the free drug in capillary and tissue spaces
The free drug concentration in blood (Ceapreey) is estimated using equation 3.24 in
which Ceapprora, Np, Kapp, Het, & and y, are the total drug concentration in blood, the

plasma binding capacity, the dissociation constant for the drug-protein complex in plasma,

hematocrit, and linear binding coefficients for red blood cells and plasma respectiveiy.
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N

Ccap(ﬁ‘ee) = Ccap(ro!al) - ( 1 ‘H c’)occap(free)-{ £ + '// pJ - H cl. Ccap(free)- é (3 24)
K5y + Compien

The free drug concentration in tissue (Cypee) is estimated using equation 3.25 in which
Citoray Nt, Ka, and y, are the total drug concentration in tissue, tissue binding capacity,
the dissociation constant for the drug-protein complex and linear binding coefficient in a

tissue (Harashima et al.. 1985):

N

C!(_/'ree) ’ 4

Kd(,) +C

“t( free)

Cl(freel = Cutotan - - Cra‘ree)- Wi (3.25)

3.1.2.2 Mass transfer equations for the blood and tissue compartments

a. Capillary space

dC.,
VC"P dt L = Q(Cm(loml) - Coul(lo!al)) h Ccap(ﬁ'ee)chap-kIJ + Cl(ﬁ'ee)- Vr-kll (326)

b. Tissue space of a non-eliminating compartment

dC,
I/I_dT = Ccap(ﬁee)-chp-kI.’ - Cl(free)-Vl-k.’l (3.27)

c. Tissue space of an eliminating compartment

,dC , .
[/r'j = cap(freeh[/cap-kll’ = Ct(free)-Vl-k_’I = (—l(free)-Vl-ke (328)

2. Flow-limited compartments including ali blood vessels

Viase dCW.w = Q(Cm‘ out) (329)
dt

Equations 3.26 to 3.28 are very similar to the mass transfer equations used in building the

linear model except that only the free concentration of a drug in the capillary (Ceappee)) OF
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the tissue space (Cigree) is assumed to be the driving concentration of drug for its transfer

and elimination.

3.1.2.3 Estimation of theoretical and experimental clearance

The theoretical values for total body clearance and oral clearance were estimated

using equations 3.30 and 3.31:

Cly = D, (3.30)
AUC,
. D
cre =2 3.31
oral A UC ( )

fa
In both equations, AUCY, is the theoretical area under the curve at the femoral artery from

time zero to infinity estimated after continuous sampling using Matlab®. These
theoretical values obtained using equations 3.30 and 3.31 were also equal to K,/C#

after iv and oral zero order input respectively.
The experimental value for oral clearance at the femoral artery is estimated using
equation 3.32:

Clora = Dy (3.32)
oral AUC .

0~

In this equation, AUC;. is the experimental area under the curve at the femoral artery
and is estimated by the addition of AUC,_,_ and AUC, _..

AUCpr = AUC,.,_ + AUC (3.33)

[P——]

AUC,_,_ is estimated through continuous sampling from time zero to f,, using Matlab®.
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AUC,__, isestimated according to the following equation:

C,

—k“i (3.34)

AUC, _, =

In equation 3.34, K is the slope of the line passing through the last sampling point and the

sampling point 30 min before that for the In(C) vs. ¢ curve. Half-life is estimated using

0.693/K equation.

3.1.2.4 Estimation of hepatic clearance

Hepatic clearance is estimated using equation 3.35. The error committed in the
estimation of hepatic clearance is found by comparing the estimate from 3.35 with the
value obtained from 3.30:

Cliver = Quver-(1-Fver) (3.39)
Where F.r is expressed as:

F liver = Qllver ' AUChv

(3.36)
le .AUCha +va 'AUva

In equation 3.36, AUCh, AUCh,, and AUC,, are estimated from time zero to .

3.1.2.5 Estimation of hepatic intrinsic clearance
In a special case where the liver is the only eliminating organ, oral clearance is
equal to:

Claral - CITB — C[hvtr = Qliwr .Ehwr (337)
F F, 1-E

liver Irver

Also, assuming that hepatic elimination kinetics follows a well-stirred model:
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Cl
Elver = —_— 338
l Cl +Q0 (3.38)

liver

Cl, can be solved by rearranging equation 3.38:

-E

Cl, = Qliver liver (3 3 9)

l - Elxver

Therefore, hepatic intrinsic clearance for total drug (Eq. 3.39) is equal to oral clearance

(Eq. 3.37).

3.2  In-Vivo Pharmacokinetic Studies Using Instrumented Dogs

3.2.1 Intravenous Study

3.2.1.1 Availability estimations

Lung. The availability of the drug from the lung (Fl..g) was estimated using equation

3.40:

Flung = —* (3.40)

AUC., and AUC,, represent the area under the curve for the drug at the carotid artery and
right heart respectively from time zero to the last quantifiable sampling time point.
Equation 3.40 is based on the assumption that there is no drug clearance between right
heart and pulmonary artery and between pulmonary vein and carotid artery.

Gut. The availability of the drug from the gut (F3.,) can be estimated using equation 3.41.

FAUC = AUCP"

3.41
gt AUC,, (3.41)
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Another method for estimating of Fy,, is to use the flux method (Eq. 3.42). The advantage
of using the flux method for the estimation of Fy, is that it also takes into account the

portal vein blood flow changes during the course of an experiment.

_— J'Efﬂuxgw -dt

ut 342
€ I!nﬂuxgw -dt 3:42)

In equation 3.42, [Efflux,,.dt and [Influx,,.dt represent the total amount of the drug
leaving and entering the gut respectively. They both can be estimated using the drug

concentration at the portal vein and carotid artery (C.,) and the portal vein blood flow

measurements:
[Efftux,, -dt =[C,,-Q,,-dt (3.43)
[ifluc,,, -di =[C.,-Q,,-dt (3.44)

Based on equations 3.43 and 3.44, fEﬁqug,,,.dt and flnﬂztxgu,.dt are simply the areas under
the Cpv.Opv and Ceo.Qpy vs. time curves from time zero to the last quantifiable sampling
point.

Both equations 3.41 and 3.42 are based on the assumption that there is no drug
clearance between carotid artery and the gastrointestinal arteries. Equation 3.41 however,
doesn’t take into account the portal vein blood flow changes during the course of an
experiment.

Liver. The blood perfusing the liver is a mixture of both hepatic artery and portal vein
blood. In the case of liver, not only the contribution of hepatic artery and portal vein to
the total hepatic blood flow is different during the course of an experiment, but also the

drug concentrations in hepatic artery and portal vein may be very different from each
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other at each time point. Therefore, for the estimation of availability of the drug from the

liver (Fjver), the flux method is ideal:

Efflux,,, -dt
Fiver = L—ﬁ]——’—— (3.45)
Ilnﬂux,w -dt

In this equation, JEfflux,.-.dt and [Influx,,.,.dt stand for the total amount of drug leaving
and entering the liver respectively They both can be estimated using the drug
concentration at the hepatic vein, carotid artery (C.,), and portal vein as well as the blood

flow data for both the hepatic artery and portal vein:

IEﬂ]uxhver : dt =_’-Chv (Qha + va ) ’ dt (3 46)
[ influ,,,, -dt =[C,,-Q,, -dt+[C,,-Q,,-dt (3.47)

Both [Effluxiyer.dt and [Influx,,..dt were estimated from time zero to the last quantifiable
sampling point.

Portal vein-hepatic artery. F,, is defined as an availability factor representing the
availability of the aortic drug to the liver. The Fp; value is influenced by the hepatic
artery and portal vein blood flows and the corresponding gut availability. Assuming no
drug elimination in the blood, F}» can be estimated using equation 3.48:

F = Fgul .va(O—lm) +Qha(()—l,‘m)
p
0 +0

& Ol ) | L RA(O-lyy )

(3.48)

In equation 3.48, 0 ,_,_, and Q,,_,_, represent the mean blood flow at portal vein and

hepatic artery and they were estimated using the equations 3.49 and 3.50:

“O_ .dt
g (3.49)

tla.rr

0 -

& pv(0-t1)

69



'[:'“" Qha : dt
t

Qha(o-l,m) -

(3.50)

lust

[Qpv.dt and [Qya.cdt were estimated by finding the areas under the Q,, and Qna vs. time

curves from time zero to the last quantifiable sampling point.

3.2.1.2 Extraction ratio estimations

Lung, Gut, and Liver. The extraction ratios of the lung (Enngn), gut (Egu), and liver

(Euver) for a sampling time point ¢ were estimated using the equations 3.51 to 3.53:

Crh(l) - Cca(l)

Elung(r) = I (3.51)
rh(t)
c., -C

Egul(t) = (IC), £ (352)
ca(t)

E, = Cca(:) 'Qimm +va(:) 'va(z) —Chv(l)(Qha(l) +va(:)) (3 53)

iver(t) — .
Ccu(l) : Qha(l) + va(l) 'va(l)

3.2.1.3 Apparent total body clearance estimation at a sampling site

The apparent total body clearance estimation at right heart (Cl.;), carotid artery

(Cl.,), portal vein (Cl,) and hepatic vein (Cls,) were estimated using equations 3.54 to

3.57:
D
Cly = = 3.54
h AUC, (3.54)
Cly = —2o (3.55)
AUC
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Clp = —2 3.56

4uc,, (3:36)
D

Clyy = ——2 3.57

™ 4uc, (3.57)

Where D,, is the total dose infused into the femoral vein.

3.2.1.4 True total body clearance estimation at a sampling site

The availability of a drug infused into the femoral vein and collected at the right
heart or pulmonary artery is unity. Therefore, Clrp estimation at the right heart or
pulmonary artery (Eq. 3.54) will give an accurate estimation of true total body clearance.
Other sampling site estimations of clearance (Eq. 3.55-3.57) however may deviate from
the actual total body clearance (C/,») due to incomplete availability of infused drug at
these sites. Therefore, the estimation of clearance at these sites needs to be corrected.

Equations 3.58 to 3.60 are used to estimate the true total body clearance at carotid artery

(CI73*), portal vein (CI;°), and hepatic vein (C/,;):

Cl::“ = FIung.C[ca (3 . 58)
C‘[;,’:,“f = FIung.Fgul.C[pv (359)
Cl;'::“ = F[ungfph-Fhver'Clhv (360)

3.2.1.5 Contribution of each organ to total body clearance

The value of total body clearance is not equal to the linear addition of individual
organ clearances. This is because the contribution of each organ to total body clearance

of a drug is affected by the relative position of each eliminating organ. Therefore, it is
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important to know whether the eliminating organs are in series or in parallel to each

other.

The linear addition of amount of drug eliminated by each eliminating organ

however is generally equal to the total dose infused into a vessel. As a result, the addition

of amounts of drug eliminated by the lung (Yung), gUt (Xgus), liver (Xuver) and other

eliminating organs (X,mers) Will be equal to the dose infused into the femoral vein (Dy).

Therefore, equation 3.54 can be written as:

+X +X

gut + xllw.'r “" others

A UCrh

X,
C Irh _ Tlung

Clrh = xl""&’ + xg"’ + xlxver + X others

AUC,  AUC, AUC, AUC,

AUC,  AUC,

Since AUC,, = = L equation 3.62 can be rewritten as 3.63:
F‘Iung F}ung . ph
X Fie X Fune  Fon-X
CI,- - lung + lung gu + lung ph liver + ot hers
AUC, AUC, AUC oh

Clrh = C‘[hmg - Flung-C gut T FIung-Fgul-C[hver - Olhers
Where F[u"g = I, Cj'lca = C/rh
Therefore, equation 3.64 can be simplified to:

Clca = Clgur + th.C[llver + thers

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)

Therefore, total body clearance estimation at the carotid artery is equal to the

contributions to the total body clearance by the gut (Clga), liver (Fpu.Cliver) and other

organs (others):
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100-Cl,,

%Drug Cleared by the gut = o (3.66)
. IOO : F h Clhver
%Drug Cleared by the liver = Cf ; (3.67)
lo0(Ct_, -Ct , -F, -Cl,

%Drug Cleared by other organs = (L. Cf'; = Fp Cli) (3.68)
Clgye and Clyy.r are estimated using equations 3.69 and 3.70:

Clgul = (I'Fgu()- va(u_,m) (369)
C‘lhver = (I'Fhver)- Q"""’(O"am) (370)
Where Q,..-,,; 1S equal to:

Qlwer(()—fkm) = va(()—-l,m,) - Qha(O—{,m) (371)

0]

O mv-r,,,) and Ohao-r,,) ar€ estimated using equations 3.49 and 3.50.

3.2.2 Oral Studies

3.2.2.1 Availability estimations

Lung. The availability of the drug from the lung, Fi..g, was estimated using equation 3.40.
The area under the curve for the drug at the carotid artery and right heart were estimated

from time zero to the last quantifiable sampling point after a single dose and from time
zero to the end of the dosing interval (7) after multiple doses.

Gut. The availability of the orally administered drug from the gut (F /) was estimated

using equation 3.72:
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| Efftexty, -t - | nfluxzs, - dt
B D

po

Fre (3.72)

In equation 3.72, D,, represents the orally administered dose. | Efflux?; -dt  and

) Influx!, - dt represent the total amount of the drug or metabolite in blood leaving and

entering the gut respectively. They both can be estimated using the drug or metabolite

concentration at the portal vein and carotid artery and the portal vein blood flow

measurements:
[ Efftuxty, -dt = [C,,-Q,, -dt (3.73)
| Influxy -db = [C.-Q,,-d (3.74)

Based on equations 3.73 and 3.74, [ Efflux”’, -dt and [Influx?;, -dt are the area under the

gut
Cpv.Qpv and Cea.Opy Vs. time curves from time zero to the last quantifiable sampling point
after a single dose and from zero to rafter multiple doses.

Liver. For the estimation of availability of the drug from the liver, Fi..r, equation 3.45 is
used. [EfTuxyver.dt and [Influx;,.,.dt were estimated from time zero to the last quantifiable
sampling point after a single dose and from zero to rafter multiple doses.

Post-absorption. Fierpos is defined as post-absorption availability of the drug from the
liver and is estimated using equation 3.45 from the first sampling point at which greater

than 90% of the absorbable drug was absorbed (fg) to the time point for the last
quantifiable Fiery after a single dose and from #g to 7 after multiple doses. Fivery for

each time point is estimated using equation 3.75:
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Crniy Oracty + Qiry)

Oratrr *C vty Qi

Fhver(!) = (375)

C

ca(t) :
This equation is quantifiable when the blood drug concentration in carotid artery, portal

vein, and hepatic vein are above the lowest quantifiable concentration.

3.2.2.2 Average blood flow estimations during absorption

The average blood flows during absorption were estimated using equations 3.76,

3.77, and 3.78:
J"vo va dt
O viabs) = b B 376
& pviabs ly — 1. ( )
90
J.[ Qha d’
Ohataby = ————— 3.77)
’90 - ’x(
ther(ab:) = Qha(abs) - va(ab:) (378)

In equations 3.76 and 3.77, ¢, represents the sampling point prior to the time point at

which C,, was at least 10% greater than C,.

3.2.2.3 Clearance estimations

Oral Clearance. Oral clearance at the carotid artery (Clegoray) Was estimated using

equation 3.79:

D
Clca(oral) = £, (3 . 79)
AUC.,

In this equation, AUC,, represents the area under the blood drug concentration vs. time

curve from time zero to the last quantifiable sampling point after a single dose and from

time zero to 7 after multiple doses.
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Total body clearance. Total body clearance was estimated using equation 3.80:

F 5‘: : F‘ll\'ﬂf : D o
Clee = —% » (3.80)
AUC,,

Hepatic Clearance. Hepatic clearance was estimated using equation 3.81 which is the

t .
to liver:

result of applying the general equation C/ =

Clliver = x—hww (381)
AUC,,

In this equation, Xjyerasy is the amount of drug that is eliminated by the liver and is equal

to:
Kiverdtasny = | Iflu%,,, -t - | Efftu,,, - dt (3.82)

{Influxiver.dt and [Effluxy,..dt are estimated using equations 3.46 and 3.47 from time zero
to the last quantifiable sampling point after a single dose and from time zero to r after
multiple doses. AUC, is the area under the concentration vs. time curve for the mixture
of hepatic artery and portal vein before entering liver and is estimated using equation

3.83:
AUC, = j C,p -t (3.83)

In this equation, C,; is the concentration of drug before entering the liver and for each
time point (¢) is estimated using equation 3.84:

C Qha(t) +C 0

() ¥ prn) (384)
Qha(t) +O

= py(e)

ca(t) :

Cph(r) =

Hepatic intrinsic clearance. Hepatic intrinsic clearance for total drug, C/,, represents both

the capacity of the liver for elimination of the drug and tight or irreversible binding and is
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estimated using equation 3.85:

cl, = S (3.85)
F}iver
) L . .. . Cl
This equation is derived from the original equation: Ejer = ————.
Cll +Qliver
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4. STATISTICAL DATA ANALYSIS

All pharmacokinetic parameters, subject to statistical analysis, were initially
examined for normal distribution (Shapiro-Wilk test) and variance homogeneity (Levene
test), (SPSS Base 8.0 Application Guide, 1998). When mathematical transformations of a
parameter could not correct its deviation from normality (p<0.05), the parameter was

subject to non-parametric tests (Kruskal-Wallis and Mann-Whitney).

4.1 Intravenous Study

Pharmacokinetic parameters were analyzed according to a randomized complete
block design where dogs were blocks and sampling sites were the treatment groups (SPSS
Base 8.0 Application Guide, 1998). When F statistics indicated a significant difference
among sampling sites (p<0.05), LSD pair-wise comparison tests were performed to
identify the groups that were significantly different from each other (p<0.05).

To compare the blood flow reading at two different sampling time points, two-

tailed paired t-test was used.

4.2  Oral Studies

Statistical analyses of all pharmacokinetic parameters were performed according
to a randomized complete block design with two treatments (dose and dosing) (Milliken
and Johnson, 1992; Steel and Torrie, 1980). Based on this experimental design, dogs

were assigned to blocks and all possible combinations of dose (1 and 5 mg/kg) and
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dosing (single and multiple dosing) were randomly assigned within each block. When F
statistics indicated a significant difference (p<0.05) between the levels of dose (1 vs. 5
mg/kg) or/and dosing (single vs. multiple dosing), LSD pair-wise tests were performed
among all four treatment groups. Pair-wise tests were used to investigate whether the
difference between the levels of dose or/and dosing was significant at each level of the

other treatment (SPSS Base 8.0 Application Guide, 1998).
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5. RESULTS

5.1 Simulations Studies Using a Dog Physiological Model

5.1.1 The Location of a Sampling Site

Figures 5.1A and 5.1B show that following a bolus injection of propranolol into

the subclavian artery and vein, only data collected from the right heart and the pulmonary

tru

artery provide an accurate estimation of AUCn. and C/3. On the other hand, none of

the sampling sites provides an accurate estimation of V™. The estimation of kinetic

parameters at different sampling sites vary and appear to be influenced by their position
in relation to the injection site and the eliminating organ(s) (Fig. 5.1A and S.1B). Clz
and AUC estimations were affected by eliminating organs in all local sampling sites
except for anterior vena cava which is close to the injection site. }; estimations,

however, were also influenced by the variations in the mean transit time of the drug

between the injection sites and the sampling sites.

5.1.2 The Importance of Early Blood Sampling, Fitting Methods and Infusion
Time
Figure 5.2 illustrates that after an /v bolus dose, a lack of early blood sampling
during the first 5 minutes leads to an underestimation of AUC., and an overestimation

of Cl;y and VJ“. The errors in estimations varied depending on the location of

sampling site with respect to the injection site and were as high as 177% and 660% at the
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anterior vena cava for Clrg and V', respectively.

Table 5.1 shows that in situations where propranolol is given as an /v bolus dose
and no early blood sampling is performed, independent of the fitting method used, both
Clrs and V., estimations show deviations for both arterial and venous sites. The
deviations in the estimation of Clyg and V;, were greater at the arterial site. Table 5.1 also
shows, when the infusion time increased, the deviation caused by lack of early blood
sampling for both arterial and venous sites decreased. The extent to which the infusion
time must be increased is related to the time of the first sampling (;). Figure 5.3 shows

clearly that when LAGRAN is used to fit the data points, the minimum infusion time for

accurate estimation of C/;* and V']* is approximately equal to /;.

5.1.3 The Effect of Clearance and Volume of Distribution

Figures 5.4A and 5.4B depict the blood concentration vs. time curve for drugs that
have a volume of distribution similar to propranolol with varying hepatic extraction ratios
at iliac arterial and venous sampling sites. Based on these figures the contribution of
AUC).5mn to the total AUC is greater for drugs with higher hepatic extraction ratio for
both arterial and venous sites. As a result, a lack of early blood sampling leads to a higher
error in the estimation of pharmacokinetic parameters for a drug with higher hepatic
extraction ratio. For instance the percent error in estimation of total AUC increased by
two folds as hepatic extraction ratio was increased from 0.05 to 0.95.

Figure 5.5 shows the effects of varying the volume of distribution of a highly
cleared drug on Clrs and V,, estimations at arterial and venous sites. This figure

demonstrates that the lower the volume of distribution, the higher the deviation due to
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lack of early blood sampling will be. This is because, the lower the volume of
distribution, the higher the contribution of the AUCq.smn is to the total AUC. Therefore,
an error occurring in the estimation of the 4UCy.sm» Will lead to a greater deviation in the

estimation of total AUC, and hence greater error in estimation of Clrz.

5.2 Simulations Studies Using a Rat Physiological Model

5.2.1 The Effect of Plasma and Tissue binding on Clearance

The results in Table 5.2 show that Clrp is increased as the free fraction of the drug
in blood is increased. Using this model, it is shown that tissue binding has no influence

on the total body clearance.

5.2.2 The Effect of Saturable Tight Tissue Binding on Estimation of Clearance

Figures 5.6A-D are the results of simulations performed under conditions where
approximately 43% of the orally administered dose (Dp = 7.5 mg) is bound to the
binding sites in the hepatic tissue. Figures 5.6A and 5.6B show that the error in the
estimation of oral clearance and hepatic clearance increases, as the dissociation constant
for drug-protein complex decreases. Similarly, the earlier the last quantifiable sampling
was obtained the higher the error. Therefore, tight binding as well as sampling and assay
limitations lead to overestimations of both Cloe; and Clyy.r values. The overestimation
was much higher for Cl,.4; as compared to Clier (e.g. 103% vs. 14%). Increasing the oral
dose from 7.5 to 21.5 mg decreases the overall error committed in the estimations of

Clora (Fig. 5.6A vs. 5.7A) and Clier (Fig. 5.6B vs. 5.7B). Therefore, K4, tiasr, and D,
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influence the magnitude of error in the estimation of both Cl,,,; and Clj,.r. This, however,
does not mean that saturable tissue binding can change the true clearance of a drug from
the body, but merely indicates that the presence of saturable tissue binding could lead to
problems in accurate measurement of Clyver or Clorar.

Figures 5.6C, 5.6D, 5.7C, and 5.7D show that the haif-life of a drug changes with
respect to the last sampling time point at both femoral artery and hepatic vein. The humps
in these figures are due to the release of the drug from hepatic saturable tissue binding
sites which is causing an increase in the half-life. When the drug has a high affinity for
saturable binding sites, the drug will not be released from the binding sites. On the other
hand, when the drug has low affinity for saturable binding sites, saturable binding is

absent. Therefore, in both above situations, the half-life will be smaller.

5.3  In-Vivo Studies in Instrumented Dogs after Diltiazem iv Infusion

5.3.1 Pharmacokinetics

3.3.1.1 Diltiazem

During the 15-min /v infusion of diltiazem, the most significant increase in the
blood concentration was observed during the first S minutes (Csm») at right heart and
carotid artery (Table 5.3, Fig. 5.8). All drug concentrations peak at 15 min except for
hepatic vein (Table 5.3). After stopping the infusion, there was a sharp and significant
drop in the drug concentration at both CA and RH. AUC and Clzp estimations at portal

and hepatic veins were significantly different from the estimation using either carotid
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artery or right heart data (Eq. 3.54-3.57). The true total body clearance values which are
obtained by multiplying clearance and drug availability at a site, was similar among
different catheters (Eq. 3.58-3.60).

Figure 5.9 depicts the time course of mean extraction ratios of diltiazem across
the lung, the gut and the liver (Eq. 3.51-3.53). Initially, the extraction ratio is at its peak
for the lung, the gut, and the liver due to the distribution of drug into these tissues. But,
the ratios gradually level off to around -0.1, 0.0, and 0.65 for the lung, the gut, and the
liver respectively.

The flux curves for the gastrointestinal arteries (GA), portal vein (PV), hepatic
artery (HA), and hepatic vein (HV) are represented in figure 5.10. In this figure, GA, PV,
and HV fluxes represent /nfluxg,, Effluxg,., and Efflux,... respectively (Section 3.2.1.1).
Also, addition of PV and HA fluxes is equal to /mflux,.. (Section 3.2.1.1). The

availability estimations for the lung, the gut, and the liver were 1.00+0.01, 0.82+0.06, and
0.2820.12 respectively (Eq. 3.40, 3.42, and 3.45). The gut, the liver and other organs
contributed to 16%5, 70%10, and 14+12 percent of the total body clearance respectively

(Eq. 3.66-3.68).

3.3. 1.2 Metabolites

Only MA, M1, and M2 were detected in blood during the /v infusion study. Ml
and M2 levels, however, were less than the lowest quantifiable limit of S ng/mi. A
significant rise in the concentration of MA was first noticed at the portal vein, implying
production of MA in the gut (Fig. 5.11 and Table 5.4). The MA area under the curve

from time O to the last sampling point at PV was significantly higher than that at the right
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heart and carotid artery (Table 5.4). The MA to drug AUC ratios at both portal vein and
hepatic vein were significantly different from the ratios at the right heart and the carotid
artery, suggesting elimination of diltiazem and/or production of MA in the gut and the

liver.

5.3.2 Splanchnic Hemodynamics

5.3.2.1 Pharmacodynamic modeling

During the infusion of diltiazem, there was an increase in both hepatic artery and
portal vein blood flow. After the cessation of drug infusion, the blood flow in both
hepatic artery and portal vein began to decline to the baseline values (Fig. 5.12). A good
correlation was noticed between the hepatic artery and the drug concentration at right
heart and carotid artery (Table 5.5). The data were successfully fit to a simple Emax and
sigmoidal En,« model for both carotid artery and right heart (Tabie 5.5). The correlation
coefficients and AIC values were relatively better for the sigmoidal En.c model as
compared to the simple Em.x model. Both E,q and ECs, estimations were higher using

the simple Ema model.

3.3.2.2 Food effect

Figure 5.12 shows the effects that feeding and the sight of food have on the portal
venous and hepatic arterial blood flow. When the dogs were shown food (255-260 min),
there was a slight increase in portal blood flow (440+91 vs. 532+122 mi/min). However,
a greater increase in portal blood flow is observed (532+122 vs. 649+65 ml/min, p<0.05)

during feeding (260-265 min). A significant drop in the portal blood flow is noticed
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(649+65 vs. 563193 ml/min, p<0.05) for a short period of time after eating (265 to 270
min). A more prominent maximum in portal blood flow is detected approximately 40
minutes after feeding (826+215 vs. 563+93 ml/min, p<0.05). For the hepatic artery, the
mean blood flow reaches a maximum at the end of feeding (125+34 vs.154+38 ml/min,
260 and 265 min, p<0.05), and then it declines significantly between 265 min and 400

min (154+38 vs. 106£14 ml/min. p<0.05).

5.4  In-Vivo Studies in Instrumented Dogs after Single and Multiple

Oral Doses of Diltiazem

5.4.1 Pharmacokinetics

5.4.1.1 Diltiazem

The blood concentration vs. time profiles after oral doses of diltiazem at carotid

artery are depicted in figure 5.13. A summary of pharmacokinetic parameters is listed in

Table 5.6. Forty-65% of diltiazem is absorbed intact from the gut (F/2 = 40-65%).

sut
Diltiazem also undergoes first-pass metabolism in the liver (Ej.r = 0.48-0.75). Total
body clearance estimation of diltiazem is similar to its hepatic clearance, indicating that
liver is the main eliminating organ in clearing of diltiazem after oral administration.
Statistical analysis of the data showed that only after a lower oral dose, pharmacokinetics
of diltiazem is time-dependent (Table 5.6). The fraction of diltiazem absorbed from the
gut after single and multiple doses was not changed at the 1 mg/kg level. However, the

hepatic availability was increased by 60%. Hence AUC values are higher and C. lorat Values
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are lower after repeated dosing. The 5-mg/kg treatments showed that Fi..- and F}; are

increased leading to a significant drop in oral clearance.

35.4.1.2 Metabolites

Figure 5.14 is a depiction of the MA blood concentration vs. time profile at the
carotid artery after oral dosing of diltiazem. The data are summarized in table 5.7.

Approximately 11% of diltiazem is absorbed from the gut as MA. The amount absorbed

ratios for MA and diltiazem (F, g’;‘,‘ ! Ff,) decreased significantly after increasing the dose

indicating saturation of MA formation during the absorption from the gut. The half-life of
MA s significantly lower than other treatment groups after 1 mg/kg single dosing. An
increase in the dose and multiple dosing appear to increase the elimination half-life of
MA, suggesting inhibition of MA elimination pathways.

The blood levels for M1 and M2 were below the lowest quantifiable limit for the
1-mg/kg-treatment groups. Therefore, only the data for 5 mg/kg single and multiple
dosing groups were considered for pharmacokinetic analysis. The levels of M4 for all
treatment groups were below the lowest quantifiable limit. Figures 5.15 and 5.16
represent respectively M1 and M2 blood levels at the carotid artery after single and
multiple dosing with 5 mg/kg. Approximately 2% of the orally administered diltiazem is
absorbed from the gut as M1. There were no significant differences detected between the
kinetic parameters reported in table 5.8. In the case of M2, the AUC measurements as
well as the Cp. were significantly higher after multiple dosing as compared to single
dosing (Table 5.9). The long half-life of M2 and also the increasing trend in its gut

availability (0.012+0.003 vs. 0.022+0.009) account for its accumulation after multiple
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dosing and hence to its higher Cpnax and AUC upon multiple dosing with 5 mg/kg (Table

5.9).

5.4.2 Splanchnic Blood Flow Data

The means for blood flow rate measurements during the absorption of diltiazem
(Section 3.2.2.2) for different dosing regimens are presented in table 5.10. Total hepatic
blood flow is the lowest after a single dose of | mg/kg of diltiazem. This may lead to the

lower hepatic availability.
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Table 5.2 The effects of hepatic and non-hepatic saturable tissue binding on total

body clearance

Blood free fraction Total body clearance, ml/min
saturable tissue binding No tissue binding
(fiver <0.5) (fiver = 1)

0.00 0 0

0.05 2.61 2.61

0.25 7.64 7.64

0.50 10.07 10.07

0.75 11.26 11.26

1.00 11.97 11.97
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Table 5.3 Diltiazem pharmacokinetic parameters (mean + SD) at different sampling

sites in instrumented dogs (n = 4) after a 15-min femoral vein infusion of diltiazem HCI

(1 mg/kg)

Pharmacokinetic Sampling sites

Parameters Carotid Artery  Right Heart ~ Portal Vein ~ Hepatic Vein
Csmn ngiml 284+73" 392+31" 1411 23+40"
tnax, mMin' 1540 150 1540 2547
Coax, ng'ml 557492 615+108 277145 110+124'
1,5 min 176423 190+26 159+42 168+40
AUC, pg.minml 28.845.0 28.745.3 24.3+4.7" 7.3+3.2
Clrg, mbmin' 678+112 683+121 807+150" 31771713
CI7 . mlmin 683+121 683+121 668+99 638+69
MRT. min 12515 12115 137421 115434
Vie Lkg' 3.440.2 3.340.2 '4.410.4 '14.446.7

"Non-parametric tests were used for statistical analysis.
"Parametric tests were applied to inverse transformations of the data (Section 4).
'Significantly different from the estimations at other sampling sites (p<0.05).
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Table 5.4 MA (N-desmethyldiltiazem) pharmacokinetic parameters (mean + SD) at
different sampling sites in instrumented dogs (n = 4) after a 15-min femoral vein infusion
of diltiazem HCI (1 mg/kg)

Pharmacokinetic Sampling sites

Parameters Carotid Artery  Right Heart Portal Vein Hepatic Vein
Lnaz, Min 11350 94131 38+29' 56+14
Conax, ng'ml 12+4 1343 2143 21£7*
1,2, min 273£135 280198 297+86 285195
AUC, ug.minml 4.8+1.6 4.8+1.8 6.3+1.7° 5.242.5
AUCwAUCp; " 0.1410.02 0.14£0.02 0.2340.03° 0.68+0.27°

" Parametric tests were applied to inverse transformations of the data (Section 4).
'Significantly different from the estimations at carotid artery (p<0.05).

2Significantly different from the estimations at right heart and carotid artery (p<0.05).
*Significantly different from the estimations at other sampling sites (p<0.05).
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Table 5.6

Diltiazem pharmacokinetic Parameters (mean = SD) in instrumented dogs

(n=4) after single vs. multiple (q8h for 5 days) oral dosing with diltiazem HCI (1 and 5

mg/kg).
Pharmacokinetic 1 mgrkg 3 mgkg
Parameters Single Multiple Single Multiple
Fr? 0.41+0.13'  0.40%0.10° 0.6520.22 0.62+0.11
Fuver™ 0.25:0.11"°  0.40+0.09° 0.44+0.17 0.52+0.11
Flung 1.03£0.04 1.02+0.02 1.02+0.03 1.00+0.02
Froud™ 0.10£0.06" 0.16+0.05* 0.2620.05 0.31+0.03
Flverposn 0.44+0.10 0.49+0.10 0.47+0.15 0.40+0.09
Eper™® 0.75+0.11"? 0.60+0.09° 0.56+0.17 0.48+0.11
Clowioraty mEmin™® 4846424612 221421529* 15784833 12924516
CLE, mimin 439£115 403173 431£197 431151
Cl, mbmin®® 2101£1415' 12294774 1275+1028 872+464
Cliver, ml:min 440491 441+157 443+153 416+137
t).2 min 135428 143+17 16223 15117
AUC.q pg.minml™  578£3.56'°  13.69£7.02%2  85.79+37.64  99.53+32.88
Conar Ng'mi™? 44+28' 109+40° 5494251 7974225
tmaz, MM 69+62 31420 53+57 46x17

' Parametric tests were applied to log transformations of the data (Section 4).
*1 mg/kg treatment groups are significantly different from 5 mg/kg treatment groups

(p<0.05).

®Single dosing treatment groups are significantly different from muitiple dosing treatment

groups (p<0.05).

'Significantly different from 5 mg/kg single dosing (p<0.05).
“Significantly different from 5 mg/kg multiple dosing (p<0.05).
*Significantly different from | mg/kg multiple dosing (p<0.05).
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Table 5.7 N-desmethyldiltiazem (MA) pharmacokinetic parameters (mean + SD) in
instrumented dogs (n=4) after single vs. multiple (q8h for 5 days) oral dosing with
diltiazem HCI (1 and 5 mg/kg).

Pharmacokinetic 1 mgrkg 53 mgrkg

Parameters Single Multiple Single Multiple
Fi 0.11£0.01 0.11+0.05 0.11+0.04 0.10+0.02
Fi pree 0.30+0.12" 0.2940.10? 0.17+0.04 0.15+0.02
1.2, min™® 192461 255+73 245463 257+63
AUC, ug.min-mf® 3.90+2.49" 13.08+7.50>°  62.80+19.30*%  121.09+32.22
Lnax, M 92467 46130 76+52 64+19
Corex, g mP® 3314 73+15? 2244537 566+141

"Non-parametric tests were used for statistical analysis.
*1 mg/kg treatment groups are significantly different from S mg/kg treatment groups
(p<0.05).
®Single dosing treatment groups are significantly different from multiple dosing treatment
%roups (p<0.05).
Significantly different from 5 mg/kg single dosing (p<0.05).
*Significantly different from 5 mg/kg multiple dosing (p<0.05).
3Significantly different from 1 mg/kg multiple dosing (p<0.05).
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Table 5.8 Desacetyldiltiazem (M1) pharmacokinetic parameters (mean * SD) in

instrumented dogs (n=4) after single vs. multiple (q8h for 5 days) oral dosing with

diltiazem HCI (5 mg/kg).

Pharmacokinetic Single Multiple
Parameters
Fg‘:"‘ 0.020+0.003 0.021+0.008
s, min 224+52 219452
AUC, ug.min-ml 7.97£3.63 8.08+3.39
Linax, MIN 54+16 SIxl1
Conax, ng'ml 24420 36x14
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Table 5.9 N-desmethyldesacetyldiltiazem (M2) pharmacokinetic parameters (mean
+ SD) in instrumented dogs (n=4) after single vs. multiple (q8h for 5 days) oral dosing
with diltiazem HCI (5 mg/kg).

Pharmacokinetic Single Multiple
Parameters
FA2 0.012+0.003 0.022+0.009
1.5, min 408+70 407+71
AUC, ug.minvml 5.07+2.86' 15.916.21
Imax, min' 270+143" 8315
Crnan Ng-mi ESK 39+14

'Parametric tests were applied to inverse transformations of the data (Section 4).
'significantly different from the estimations for multiple dosing (p<0.05).
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Table 5.10  Splanchnic blood flow data (mean + SD) during absorption in
instrumented dogs (n=4) after single vs. multiple (q8h for 5 days) oral dosing with
diltiazem HCI (1 and 5 mg/kg).

Blood Flow 1 mg'kg S mgkg

Single Multiple Single Multiple
Ohatabsyy ml:min® 11340 190462 23068 231437
Opwabsy, ml.min® 475+88% 557+132 525467 564+88
Olvertabsyy mbmin*® 5894952 748+173 755485 795+120

*l mg/kg treatment groups are significantly different from 5 mg/kg treatment groups
(p<0.05).
*Single dosing treatment groups are significantly different from multiple dosing treatment
roups (p<0.05).
Significantly different from 5 mg/kg single dosing (p<0.05).
*Significantly different from | mg/kg multiple dosing (p<0.05).
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Figure 5.1  Predicted effects of sampling sites on the estimation of kinetic parameters
after a bolus injection (7,,r = 5 sec) of propranolol (4.5 mg) into the left subclavian vein

(A), and left subclavian artery (B).
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Figure 5.3  Predicted effects of increasing infusion time with respect to the time of
first sampling (¢;) on the estimations of Vs and Cly at the right iliac artery after bolus

injection of propranolol (4.5 mg) into the left subclavian vein.
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Figure 5.4  Predicted concentration vs. time profiles at the arterial (A) and venous (B)
iliac sites after an v infusion (7,,-= 2 min) to the left subclavian vein. The simulation was
performed for a hypothetical drug which has similar pharmacokinetic properties to

propranolol except the hepatic extraction ratio (E(h)).
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Figure 5.5  Predicted effects of changing the volume of distribution on the percent
deviation from early sampling estimations for V,, and Clrz at the iliac arterial and venous
sampling sites after a bolus injection into the left subclavian vein. Pharmacokinetic
parameters of this hypothetical drug are identical to that of propranolol except V;; values

are varied for the simulation purpose.
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Figure 5.8  Mean (+ SD, n=4) blood concentration vs. time profiles for diltiazem at
right heart (RH), carotid artery (CA), portal vein (PV), and hepatic vein (HV) after an iv
infusion (7,,r= 15 min, D,, = 1 mg/kg).
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Figure 5.9  Mean (+ SD, n=4) extraction ratio vs. time profiles for diltiazem across the

lungs, the gut, and the liver after an iv infusion (7,5, = 15 min, D,, = | mg/kg).
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Figure 5.10 Mean (x SD) flux (ug/min) vs. time profiles for diltiazem at
gastrointestinal arteries (GA), portal vein (PV), hepatic artery (HA), and hepatic vein
(HV) in instrumented dogs (n = 4) that received a 15-min infusion of diltiazem HCI (D,

= | mg/kg).
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Figure 5.11 Mean (+ SD) blood concentration vs. time profiles for N-
desmethyldiltiazem (MA) at right heart (RH), carotid artery (CA), portal vein (PV), and
hepatic vein (HV) in instrumented dogs (n = 4) that received a |5-min infusion of

diltiazem HCI (D,» = | mg/kg).
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Figure 5.12 Time course of hepatic artery and portal vein blood flow (Mean + SD)
during and after cessation of the 15-min infusion of diltiazem (D,, = | mg/kg) in
instrumented dogs (n =4). Dogs were shown the site of food at 255 min and were fed at

260 min.
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Figure 5.13 Mean (= SD) diltiazem blood concentration vs. time profiles at the carotid
artery in instrumented dogs (n = 4) after single vs. multiple (q8h for 5 days) oral doses of
diltiazem HC! (1 and 5 mg/kg).
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Figure 5.14 Mean (= SD) N-desmethyldiltiazem (MA) blood concentration vs. time

profiles at the carotid artery in instrumented dogs (n = 4) after single vs. multiple (q8h for
5 days) oral doses of diltiazem HCI (1 and 5 mg/kg).
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Figure 5.15 Mean (= SD) desacetyldiltiazem (M1) blood concentration vs. time
profiles at the carotid artery in instrumented dogs (n = 4) after single vs. multiple (q8h for

S days) oral doses of diltiazem HCI (5 mg/kg).
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Figure 5.16 Mean (+ SD) N-desmethyldesacetyldiltiazem (M2) blood concentration vs.
time profiles at the carotid artery in instrumented dogs (n = 4) after single vs. multiple

(q8h for 5 days) oral doses of diltiazem HCI (5 mg/kg).
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6. DISCUSSION

6.1 Simulation Studies

6.1.1 Dog Physiological Model

6.1.1.1 The location of the sampling Site

In designing an in-vivo kinetic experiment, it is of utmost importance to choose
the right sampling site with respect to the administration site and elimination organ(s).
Drugs with different kinetic properties may require different experimental designs for
accurate estimation of kinetic parameters. Figure 5.1 shows that when a drug is given via
the left subclavian artery or vein, different sampling sites provide different estimations of
AUC and Clrg. In the case of propranolol, since both the liver and the lung have been
considered as elimination sites, the blood collected from the outlet of both organs can
fead to an underestimation of AUC and overestimation of clearance. The simulation
results obtained showed that all arteries except for the right heart, the pulmonary artery
and the left subclavian artery® and all veins except for left subclavian vein’ and anterior
vena cava are sites that provide an underestimation of A4UC and an overestimation of
clearance. Samples collected down stream of the injection site such as the left subclavian

artery® or vein and the anterior vena cava provide an overestimation of AUC and an

% When the injection site is the left subclavian artery, the % deviation is 1659 and -94 for AUC and Clp
respectively.
° The % deviation is 1659 and -94 for AUC and Clyp respectively.
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underestimation of clearance. Therefore, based on the simulation data the only sites for
which AUCr. and Cl° (Eq. 3.17) can be estimated accurately are the right heart and

the pulmonary artery. This is contrary to the general belief that after intra-arterial drug
administration, dose to area under the curve ratio at the arterial or venous sites of the
opposite limb represents the actual total body clearance irrespective of the eliminating
organs involved (Gibaldi and Perrier, 1982b). The results in figure 5.1 also show that
extremities' arterial blood sampling can not bypass an eliminating organ such as lung as it
is commonly assumed to be the case in the literature (Gibaldi and Perrier, [982c).
Incomplete mixing of administered drug in the blood compartment or so called "slug
effect" has always been of great concern to us (Section 1.5.2). It was postulated that
collecting this early portion of the blood could lead to unreasonably high drug
concentrations at any sampling site. Based on the results in figure 5.1, however, it can be
concluded that this early portion of the blood profile is absolutely essential for accurate
estimation of Clrg and AUC at the right heart and the pulmonary artery. The slug effect at
other sites downstream from the injection site (e.g. anterior vena cava), however, leads to
errors in estimation of AUC and Clrz. This is because the administered drug is only
diluted by the local blood flow as compared to the total blood flow. Figure 5.1 also
explains a very commonly encountered observation in our laboratory and that is
underestimation of Clrz at the jugular vein catheter when the drug is infused into the
cephalic vein of the dog (Skerjanec et al., 1996a; Ngo et al., 1997). This is because the
tip of the catheter is close to the anterior vena cava, which is down stream to the injection

site. Therefore, due to the slug effect, the AUC could be greatly overestimated. On the
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other hand, in case of a drug that is also cleared by the liver and administered into the
subclavian vein, sampling down stream from the elimination organ (e.g. posterior vena
cava down stream to the liver) will underestimate the true AUC estimation (Fig. 5.1). The
fact that blood sampling from posterior vena cava leads to an underestimation of 4UC
could be one reason for the comparatively lower levels of lidocaine at the posterior vena
cava in a study by Upton et al. (Upton et al., 1988).

V., a parameter used to describe the extent of distribution of a drug in the body is
even more prone to inter-site variations than AUC and Clrs. An important drawback of
V. estimation is its clearance-dependence. The so called model independent volume of
distribution (V) is estimated based on the initial assumption that the drug is eliminated
in the central compartment (Benet and Ronfeld, 1969). Since in a real physiological
system, this assumption does not hold, an estimation of V. will deviate from the true V'
and each sampling site will give different estimations of this important kinetic parameter.
The results from figure 5.1 confirm that the estimation of ¥, is site-dependent. There is a

high deviation from the V™ value (Eq. 3.21) in every sampling site. After an

intravenous administration, the arterial sites provide an underestimation of }';;. Based on
our preliminary studies, it appears that this underestimation is a function of C/rz and as a

result, for drugs with a high total body clearance, the extent of deviation from true Vi, is

greater. [ estimated from a venous site such as cephalic vein is, however, greater than

cephalic artery due to additional transit time of the drug in the regional tissue
compartment(s). This difference between arterial and venous V;“ in a non-eliminating

tissue compartment has been estimated to be proportional to the total body clearance and

117



inversely related to the organ or tissue perfusion rate'’, and is equal to AV> =
g p q P

nssue

Clig™ -MTT, where CI7;™ and MTT;q. respectively are the total body clearance

nssue
estimation and the mean transit time of the drug at the left anterior limb (Chiou, 1989b;

Weiss, 198-). This means that drugs with high Clr and volume of distribution will show

greater arteriovenous difference in V,, estimations, and this can translate into greater
deviations from V. This could also mean that a change in the venous V, estimation

might not be an indication of a change in the true volume of distribution of a drug, but the
result of a change in clearance or blood flow. This finding can have important clinical
implications and opens to question many clinical data in the literature that indicate a
change in volume of distribution simply based on a change in V.. Therefore, it is
important to evaluate the volume term in pharmacokinetics from a critical point of view.
Before making a conclusion about distribution changes, one requires additional evidence
such as plasma protein binding. This finding underlines the effects that changes in
regional blood flow induced by many cardiovascular drugs can have on their own and
other drugs' V', estimations. Daily activities such as eating or exercising can have great
influence on regional blood flow as well (Donald, 1983; Shepherd, 1983). After feeding,
the limb blood flow decreases, whereas the hepatic flow increases (Donald, 1983).
Exercising, however, has the opposite effects on blood flow distribution (Donald, 1983,
Shepherd, 1983). Cardiovascular diseases such as congestive heart failure (CHF) reduces
the total and regional blood flow significantly (Adamopoulos and Coats, 1991, Leier,

1988). This means that daily activities such as exercising and eating or certain disease

'° Preliminary studies
118



states such as CHF may decrease or increase venous V,, estimations even though, there
has not been a change in the true volume of distribution. Therefore, blood flow changes
can be as important as protein binding changes in explaining a change in venous V,
estimations. The arterial V,; estimations will also be affected by changes in the blood
flow to the eliminating organ. Any decrease in blood flow can decrease the clearance and

therefore can increase the arterial V', estimation.

6.1.1.2 The importance of early sampling

Ducharme ¢t al. have previously emphasized the importance of early arterial
blood sampling for estimation of pharmacokinetic and pharmacodynamic parameters of
vecuronium (Ducharme et al., 1993). The goal of the current study was to compare the
effect of early blood sampling at different sites in the body. The results of the study can
be used directly in designing sampling regimens for different pharmacokinetic studies.
Figure 5.2 shows that the arterial sites are especially sensitive to limited early sampling.
Since all the calculations for figure 5.2 were performed using lagrange interpolation (lag
mode) and log-linear trapezoidal (Jlog mode) methods, it was important to know whether
the same pattern was true for other fitting methods. Table 5.1 shows that all the tested
fitting methods are sensitive to early blood sampling (Table 5.1, columns 3, 6, 13 and 14)
and therefore the importance of early blood sampling is not dependent on the fitting
method used. From figure 5.2, it appears that the influence of limited early sampling is
less noticeable, the greater the mean transit time is between the injection site (e.g.,
subclavian vein) and the collection site (e.g., in ascending order, anterior vena cava, right

heart, iliac artery, and iliac vein). This is because the drug will distribute into tissues and
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therefore, drug concentration at the sampling site will not be as high in the first few

minutes of sampling.

6.1.1.3 The effect of increasing infusion time

Even though early arterial blood sampling seems to be the ideal sampling regimen
especially after an /v bolus dosing, in a real situation early blood sampling may be
impractical. For instance, the maximum blood volume that can be collected from an
animal sometimes prevents any early blood sampling. The data in figure 5.3 and table 5.1
illustrate that a good sampling regimen should always be modified according to the
length of the infusion. In other words, there won't be a need for early sampling if the
infusion time is increased appropriately. If intra-site variation is defined as deviations in
the estimation of kinetic parameters for limited early sampling as compared to early
sampling (Section 2.1.1.4), then, figure 5.3 shows that increasing the infusion time can
diminish the intra-site variations in estimation of Clrg and V. For instance, increasing
the infusion time to 2 minutes for limited early sampling (¢, = 2 min.) will eliminate the
intra-site variations completely for the estimation of Vy, and Clzz. This useful effect of
increasing infusion time could be due to an increase in mean transit time of the drug
between the injection apparatus and the collection site. Table 5.1 also shows that
regardless of the estimation method used, increasing the infusion time can eradicate the
need for early blood sampling. In other words, by adjusting the infusion time, one can
avoid the cumbersome task of early blood sampling and still achieve the same level of
accuracy in the estimation of kinetic parameters. Also, the volumes of biological fluids

removed from the experimental subjects will be kept within an acceptable range.
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6.1.1.4 The effect of changing clearance and volume of distribution

The extent by which limited early sampling can alter the estimation of kinetic
parameters may depend on the intrinsic properties of a drug such as its clearance and
volume of distribution. Figures 5.4A and 5.4B show that the AUCo.sm» is almost the same
(within 5%) for different extraction ratios, whereas the 4 UC s,un. increases as the hepatic
extraction ratio decreases. This means that for drugs with low extraction ratios, AUCy.smn
is a small portion of the total AUC and therefore underestimation of AUCy.smn due to lack
of early blood sampling will not underestimate the total AUC to a great extent. Therefore,
limited early blood sampling is less of a problem with low extraction drugs such as
phenytoin and carbamazepine. This means that high extraction drugs such as lidocaine
and diltiazem, however, could be sensitive to a lack of early blood sampling. Figure 5.5
shows that for a high extraction drug, assuming different volumes of distribution, the
need for early sampling is greater when volume of distribution values are low. These
values are less affected when limited early samples are collected from a vein (Fig. 5.5).
Therefore, following an v bolus, drugs with high volume of distribution and low
clearance (e.g., carbamazepine) do not require early blood sampling; whereas, drugs with
a small volume of distribution and/or high clearance (e.g., antipyrine, or lidocaine) have

to be sampled early.
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6.1.2 Rat Physiological Model

6.1.2.1 Effects of plasma and tissue binding on total body clearance

The results of this study (Table 5.2) confirm the previous findings that only the
free fraction of the drug in blood or plasma, and not its free fraction in tissue, affects total
body clearance. Therefore, elimination of the drug from the body is not influenced by the
free fraction of the drug in eliminating or non-eliminating tissues. In other words,
saturable tissue binding in an eliminating organ has no effect on the clearance of the drug

from the body.

6.1.2.2 Effects of tight tissue binding on the estimation of oral and intrinsic clearance

Even though saturable tissue binding in an eliminating organ may not affect the
clearance of a drug, lack of detection of the release of the drug from saturable binding
sites in a tissue could lead to underestimation of total area under the curve (Fig. 1.5). The
degree by which the release of the drug from saturable binding sites may go undetected is
influenced by the free drug concentration at which the drug is released from the binding
sites and the last quantifiable sampling point.

The affinity constant Kjuwer is the free drug concentration at which half of the
hepatic binding sites are occupied, and is a measure of how tightly the drug is bound to
the binding sites. The 7,5, on the other hand, is the last quantifiable sampling point and is
affected by both assay sensitivity and time of the last sampling point. In situations when
the free drug concentration at the last quantifiable sampling point is much higher than

Kwen, the release of drug from its saturable binding sites is not detected, therefore, Fiiver
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is underestimated and Cliver, Clrg, Cl,, and Cl,.o are overestimated. Figure 5.6A shows
that the smaller the affinity constant (the tighter the binding), the larger the error will be
in the estimation of oral clearance. Also, the earlier the last quantifiable sampling time
point, the larger the error in the estimation of oral clearance. Therefore, tight saturable
tissue binding, and assay or sampling limitations can lead to overestimation of oral or
intrinsic clearance after single dosing. After oral administration of a 7.5 mg dose of
quinidine, since the number of binding sites are approximately 45% of the oral dose, one
can conclude that all the tight saturable binding sites have already been occupied. As a
result, during steady state dosing, tight saturable tissue binding will not lead to an
underestimation of AUC and overestimation of oral clearance, and the estimations for
both Cljver and Clory will be accurate.

The number of binding sites and the dose administered can also influence the
percent error inherent in the estimation of oral clearance or hepatic clearance. Figures
5.6A and 5.7A demonstrate that increasing the relative dose with respect to tight binding
sites decreases the error committed in the estimation of Cl,,o and Clyver. This means that
increasing the dose will diminish the difference between oral clearance estimations after
single and multiple dosing (Figures 5.6A vs. 5.7A). After oral administration of 21.5 mg
of quinidine, the saturable binding sites will be only 15% of the oral dose and as a result
the overestimation of Fj..r and underestimations of Cliver, Clrs, Cl,, and Cl,q will be
smaller. Therefore, the presence of saturable tissue binding can lead to both time- and
dose-dependent estimation of oral clearance after single oral dosing. The former,
however, is going to be less noticeable as the dose is increased with respect to the number

of tight binding sites. It is also important to note that this time- and dose-dependent
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estimation of oral clearance is affected by how tightly the drug is bound to the liver

binding sites, the assay sensitivity, and the last sampling time point.

6.2 In-Vivo Studies

6.2.1 Intravenous Study

6.2.1.1 The role of lung, gut, and liver in the elimination of diltiazem

Sudden rise in diltiazem concentration observed during the first 5 minutes at both
right heart and carotid artery is partly due to the incomplete distribution of the infused
drug, the so called "slug effect"; whereas, the gradual rise in diltiazem concentration from
5 to 15 minutes is due to gradual accumulation of the drug in the body. After cessation of
the infusion, there is a sudden drop in concentration of diltiazem at right heart and carotid
artery mainly due to the absence of the slug effect. The area under the curve estimations
for different catheters show that both gut and liver are involved in the clearance of
diltiazem.

In the gut, metabolic conversion of diltiazem to MA accounts for approximately
28% of the total diltiazem cleared by the gut (Fig. 6.1), and causes the early rise in MA
concentration in the portal vein following iv administration (Table 5.4). Subsequent
conversion of MA to other metabolites is less likely because incubation studies using
rabbit intestinal tissue homogenates have shown a very slow disappearance rate for MA
(Homsy et al., 1995). Although other metabolic pathways such as conversion of diltiazem

to its acidic metabolites (Fig. 6.1) have been shown to occur in all species (Sugawara et
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al., 1988b; Sugawara et al., 1988a), the role of the gut in such biotransformation is not
clear. Passive diffusion of diltiazem and its carrier-mediated exsorption are other possible
explanations for clearance of the diitiazem from the gut (Fig. 6.1). Diltiazem or MA
could also passively diffuse into the gut contents. Diltiazem is a weak base with pK, of
7.7 (Hermann and Morselli, 1985) and since pH of the stomach (Lui et al., 1986;
Youngberg et al.. 1985) and upper intestine is reported to be lower than the pH of the
blood, diltiazem could partition into the gut contents where pH is more acidic. Many
drugs including diltiazem have been shown to be good substrates for the p-glycoprotein
mediated transport system (Emi et al., 1998, Rabbaa et al., 1996, Su and Huang, 1996,
Bair et al., 1992b; Bair and Huang, 1992a;, Huang, 1990). Therefore, it is possible that
diltiazem would undergo carrier-mediated exsorption in the luminal side of the gut.

Liver plays a major role in the clearance of diltiazem from the body. In human, N-
demethylation of diltiazem to MA has been suggested to be the major metabolic pathway
in the elimination of diltiazem in the liver (Pichard et al., 1990). Interestingly, in the
present study, no net production of MA across the liver was observed. On the contrary,
there was a net loss of MA across the liver, suggesting that the elimination rate constant
of MA is greater than its production rate constant in the liver. Therefore, if N-
demethylation pathway was the only major pathway involved in elimination of diltiazem,
then one would expect to see MA half-life the same as that of diltiazem (Pang, /985).
But MA half-life in this study and previous studies is longer than diltiazem. Thus, the
conversion of diltiazem to MA in the dog may be only one of the various elimination
pathways in the liver. Diltiazem has also been shown to undergo deamination to form

acidic metabolites (Nakamura et al., 1990). In our study, acidic metabolites were not
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quantified in blood samples. But, previous reports have confirmed the tormation of such
acidic metabolites in biological fluids (Sugawara et al., 1988b;, Sugawara et al., 1988a).
It is also suggested that the deamination pathway is the main metabolic pathway in the
clearance of diltiazem (Sugawara et al., 1988a). Therefore, deamination of diltiazem in
the liver may contribute to elimination of the drug. Biliary excretion is another possible
elimination pathway in the clearance of diltiazem from the liver (Nakamura et al., 1987).
Previous studies in beagle dogs and rats have shown that cumulative fecal excretion of
radioactivity within 48 hours after intravenous administration of diltiazem was 68% of
the total dose (Nakamura et al., 1987). In the rat, even though the cumulative excretion of
radioactivity in the bile was around 50% of the dose at 6 hours after a bolus injection of
diltiazem, only a small portion of the biliary excretion was due to the intact drug.
Therefore, it is highly possible that in the dog also a small portion of clearance of
diltiazem from the liver may be via the biliary system.

Approximately 14% of the clearance of diltiazem involves other organs such as
kidney or esterases in the body. Even though oral studies in dogs have shown that only a
small portion of the orally administered diltiazem (less than 1%) is renally excreted as
intact drug (Yeung et al., 1990), other iv studies show that as much as 30.6% of the total
radioactivity in the 6-h urine is due to the intact drug (Sugawara et al., 1988a).
Therefore, after /v administration of diltiazem, renal excretion of diltiazem could still
contribute to its total body clearance. Metabolism of diltiazem to M1 is another metabolic
pathway which may take place in many organs such as plasma, liver, intestine and other
organs in the body (Homsy et al., 1995). Therefore, the metabolism of diltiazem to M1 in

plasma and other organs (excluding lung, gut, and liver) may account for the remaining
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portion of diltiazem eliminated from the body.

6.2.1.2 Clearance and volume of distribution estimations at different sampling sites

Previous reports by Weiss, Chiou et al., and others have shown that the estimation
of pharmacokinetic parameters such as total body clearance (Clrz) and steady state
volume of distribution (V) can be very site-depeadent. (Chiou, 1989a; Chiou, 1989b;
Skerjanec et al., 1996a;, Chiou et al., 1981, Weiss, 1984)

The total body clearance estimations can be different at different sampling sites
because the availability of the injected drug is different for different sampling sites. After
administration of diltiazem into the femoral vein, the drug is going to be completely
available at the right heart. Therefore, the estimation of clearance should be the most
accurate if we use the right heart data. Diltiazem is not cleared at the lung
(Fung=1.00£0.01); therefore, the estimation of the total clearance (Clrz) at the carotid
artery is also similar to that of the right heart (Table 5.3). The gut and the liver are the
two eliminating organs and therefore the availability of the infused dose at the portal vein
and the hepatic vein will be incomplete. This means that clearance estimations using the
area under the curve estimations at these sites will lead to an overestimation of clearance
(Table 5.3).

The steady state volume of distribution estimations at different sampling sites are
dependent on both the mean residence time and the total body clearance estimation of the
drug at that sampling site. V,, estimation at the carotid artery is greater than the
estimation at the right heart due to the greater mean residence of the drug at the carotid

artery as compared to the right heart. The difference between the MRT at the right heart
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and carotid artery can be attributed to the pulmonary mean transit time (M77pumonary)
(Chiou, 1989b; Weiss, 1984). If the cardiac output (Q.) is known, it is possible to
estimate distribution volume of the pulmonary circulation (Vpumonary) using the equation
Vouimonary = MT T puimonary*Qco. The higher Vi, estimation at the portal vein is due to both
higher MRT and Clrp estimations at this vein. MRT at the portal vein is higher than the
MRT at carotid artery due to the mean transit time of the drug in the gut (MTTg,). The V;
estimation at the hepatic vein, however, is an exception because it is higher only due to
the higher estimation of clearance at the hepatic vein. Interestingly, the MRT of diltiazem
at the hepatic vein is even lower than that it is at other sampling sites. One would have
expected to observe higher MRT estimations in hepatic vein as compared to portal vein
due to additional mean transit time of the drug in the liver (MT7},..,). However, this is not
observed due to the high elimination rate of the drug in the liver. It is important,
therefore, to note that the MRT estimations before and after an eliminating organ cannot
be used for accurate estimation of an organ’s mean transit time and volume. Using

similar arguments, it is highly possible that M 7T, was also underestimated.

6.2. 1.3 Pharmacodynamic modeling

Previous studies have shown that diltiazem can cause an increase in renal, hepatic,
portal, and femoral blood flow (/shikawa et al., 1978). Our study confirms previous
findings and also confirms that the changes in hepatic artery blood flow can be best
related to diltiazem’s drug concentration at the right heart or carotid artery using a
Sigmoidal Eqac model (Table 5.5). Previous studies have shown that other hemodynamic

effects of diltiazem (Dias et al., 1992), its metabolites (Yeung et al., 1998b; Yeung et al.,
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1998a) or other calcium channel biockers (Soons et al., 1993, Harder et al., 1992; Mikus
et al., 1991; Van et al., 1988) may also be fitted to the Sigmoidal Emax model. In this
study, the hemodynamic effects of MA, M1 and M2 were ignored because of low
concentrations of the metabolites and/or their lower vasodilatory potency as compared to

diltiazem.

6.2.1.4 Food effect

Food causes a significant increase in the portal blood flow. It is very interesting,
however, that the increase in portal blood flow is biphasic. It is clear from this study that
the sight of food by itself caused an insignificant increase in hepatic blood flow.
Therefore, sight of the food by itself does not change hepatic clearance of a drug
significantly. During eating, however, the hepatic blood flow increases significantly.
Based on a previous report in human subjects, the food contact with gastric mucosa and
the expansion of stomach have been shown to increase the gastric blood flow (Kato et al.,
1989). Interestingly, this increase in gastric blood flow has been shown to be transient,
and results in a decrease in the portal blood flow after cessation of feeding. Movement of
the food from the stomach into the intestine causes the reiease of intestinal secretion. The
presence of food and gastrointestinal secretions in the intestine causes an increase in the
intestinal blood flow, and hence a second rise in portal blood flow (Sieber et al., 1992, Sit
and Chou, 1984). The latter increase in portal blood flow is more prominent and longer
lasting.

Both diltiazem and food can greatly influence the hepatic blood flow. Diltiazem is

a medium to highly extracted drug and is mainly metabolized by the gut and the liver.
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Therefore, changes in hepatic blood flow can influence its hepatic and total body

clearance.

6.2.2 Oral Studies

6.2.2.1 Time- and dose-dependent kinetics of diltiazem

Data presented in table 5.6 indicate that the pharmacokinetics of diltiazem are
both dose and time-dependent, and that the time-dependent kinetics of diltiazem is
present at a lower oral dose of diltiazem. The changes in pharmacokinetics of diltiazem
were the result of dose and time-dependent changes in its availability from the gut and
the liver.

Diltiazem availability from the gut increased by as much as 50% after increasing
the dose from 1 mg/kg to 5 mg/kg (Table 5.6). Such a dose-dependent increase in
availability of drug from the gut could be caused by 1) saturable metabolic pathways in
the gut such as N-demethylation or other metabolic pathways, 2) saturable tight tissue
binding to the gut tissue, and 3) saturable carrier-mediated transport systems such as the
p-glycoprotein system.

During its absorption from the gut, diltiazem is N-demethylated to form MA. If

N-demethylation of diltiazem in the gut occurred linearly during absorption, one would

expect to see similar ratios of MA and diltiazem absorbed (F% F’?) with different

gut gut

doses. According to table 5.7, however, the ratio F.'/F/; decreased significantly after

5 mg/kg dosing as compared to 1 mg/kg dosing. Therefore, saturable metabolism of

diltiazem to MA in the gut is one of the mechanisms, if not the only one, that is causing
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the increase in availability of diltiazem from the gut. The total amount of diltiazem and
MA absorbed from the gut cannot account for the total dose administered (Fig. 6.3).
Since previous studies have shown that the absorption of diltiazem from the gut is
complete, it is likely that this lack of mass balance is due to formation of other undetected
metabolites in the gut.

Saturable tight tissue binding of diltiazem to gut tissue could be another
explanation for lower gut availability of diltiazem with lower doses. If there were a
saturable tight tissue binding, one would expect to see an increase in drug availability
from the gut after multiple dosing with 1 mg/kg. But the data from the present study
shows that the availability of diltiazem from the gut is almost the same after single vs.
multiple dosing with | mg/kg (Table 5.6). Previous data from tissue distribution studies
in the rat also do not provide support for tight tissue binding in the gut. Figure 1.2 is the
tissue to plasma total count ratios after diltiazem 3 mg/kg /v administration in rats
(Nakamura et al., 1987). If there was saturable tight tissue binding, one should see a rise
in gut to plasma count ratios with time. Therefore, it is very unlikely that saturable tight
tissue binding was involved in the dose-dependent increase in gut availability.

Other explanations for the increase in gut availability are saturation of carrier
mediated pathways, such as the p-glycoprotein pathway, which are involved in
exsorption of drugs back into the gut. Previous reports indicate that diltiazem is a very
good substrate for p-glycoprotein (Emi et al., 1998, Saeki et al., 1993). Like all the other
carrier mediated processes, p-glycoprotein pathway is saturable, therefore, it is possible
that with higher doses of diltiazem, in addition to the saturation of the N-demethylation

pathway, the p-glycoprotein dependent exsorption of diltiazem was saturated and
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therefore contributed to a further increase in the gut availability.

The changes in availability of diltiazem from the liver were both dose and time-
dependent (Table 5.6). The dose dependency is present for both single and multiple
dosing groups. The time dependency, on the other hand, appeared to be only present for
the lower dose of 1 mg/kg. The availability of the drug from the liver is a function of 1)
hepatic blood flow during absorption (Quverss)) and 2) hepatic intrinsic clearance of
diltiazem (Cl,) (according to the well-stirred model: Fiver = Ouverabss  (Cl + Quverrabs)).

Both repeated dosing and increasing the administered dose appear to increase the
average hepatic blood flow during absorption (Table 5.6). Assuming that diltiazem
elimination in the liver follows a well-stirred model, such an increase in hepatic blood
flow can increase the availability by ~20%. Therefore, the increase in hepatic availability
of diltiazem could be, in part, due to a rise in the hepatic blood flow. But it is
questionable whether changes in hepatic blood flow alone can explain the changes in
hepatic availability.

According to table 5.6, the decrease in total intrinsic clearance of the liver is
another reason behind the dose and time-dependent changes in hepatic availability of
diltiazem. The change in hepatic intrinsic clearance of diltiazem could be due to 1)
saturable tight tissue binding, 2) saturable elimination pathways (metabolic or biliary), or
3) product inhibition in the liver.

Previous studies by Hussain ef al. have shown that diltiazem and its metabolites
distribute widely into the liver tissue. It has been suggested that presence of reversible
tight tissue binding in the liver is the mechanism behind time dependent kinetics of

diltiazem (Hussain et al., 1994). The tissue to plasma activity ratios in figure 1.2 strongly
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suggests the presence of tight tissue binding for diltiazem and its metabolites in rat liver
(Nakamura et al., 1987). Figure 1.2 shows that the tissue to plasma ratio for only liver
increases with time. Approximately 4.3 pg of *C-diltiazem equivalent per gram of rat
liver was present in the liver even when the plasma diltiazem concentration was as low as
3 ng/ml (as much as ~2.2 mg of diltiazem equivalent per 500 gram dog liver). To
evaluate the effect of saturable tight tissue binding, there are three different scenarios
where relative sequence of binding and elimination could have a significant impact on
hepatic availability. In the first scenario, it is assumed that the drug first binds to the tight
binding sites and then the free drug is cleared by the metabolic enzymes and by the
biliary route. On average after a single 1-mg/kg oral dose of diltiazem, liver is exposed to
approximately 9 mg of diltiazem. This means that as much as 24% of this dose could be
tightly bound which leaves 6.8 mg to be cleared. If liver clears the remaining 76%, then
the hepatic availability could b;.underestimated by as much as 24%. During multiple
dosing, however, the tight binding sites were already saturated; therefore the tight tissue
binding sites didn't affect the availability of the drug from the liver. After a 5 mg/kg
single dose, since the liver is exposed to approximately 110 mg of diltiazem, tight
binding (2.2 mg) accounts for an estimated decrease in availability of only 2%. In the
second scenario, it is assumed that the drug is first eliminated and then the intact drug
binds to the tight binding sites. As a result, the decrease in availability of the drug from
the liver due to tight tissue binding could be much greater. Assuming the same tight
binding and elimination (Ey..r = 0.6) capacity as in the first situation, Fiver can be
underestimated by ~60% and 5% after single dosing with 1 and 5 mg/kg respectively. In

the third scenario, elimination and tight binding occur simultaneously. In this situation,
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the hepatic availability underestimation will be between 24-60% after | mg/kg single
dosing. The underestimation of Fj..r leads to overestimation of C/,. The observed higher
Cl, estimation for | mg/kg single drug dosing is thus explained (Table 5.6).

Saturable hepatic elimination is another factor that may be causing the changes in
hepatic intrinsic clearance. Diltiazem is metabolized to a variety of different metabolites,
both basic and acidic. Some of the important basic metabolites of diltiazem are MA, M1
and M2. In the dog and human, the most abundant basic metabolite of diltiazem is MA. It
is commonly suggested that after multiple dosing, the N-demethylation pathway is
saturated or inhibited (Smith et al., 1983, Maskasame et al., 1992; Tsao et al., 1990,
Sutton et al., 1997). If N-demethylation of diltiazem were saturated or inhibited after
multiple dosing with 1 mg/kg, one would expect to see a decrease in AUC ratios. The
results in the present study, however, did not show a decrease in the AUC ratios at the
carotid artery after multiple dosing as compared to single dosing (1.23 £ 0.23 vs. 1.22 £
0.10). Therefore, it is very unlikely that N-demethylation was affected after multiple
dosing with 1 mg/kg. Acidic metabolites have also been found in abundance in human,
dogs, and rats (Sugawara et al., 1988b; Sugawara et al., 1988a). In fact the levels of
acidic metabolites can be higher than any other metabolite in rats (Sugawara et al.,
1988b). In rats, it has been shown that they are formed through oxidative deamination
and are not formed as secondary metabolites of N-demethylation pathway (Nakamura et
al., 1990). It is suspected that this metabolic pathway may also be as important as the N-
demethylation pathway in metabolic degradation of diltiazem in the liver; and thus, the
saturation of this pathway after multiple dosing with 1 mg/kg may also explain the

decline in hepatic intrinsic clearance. Previous reports in dogs indicate that diltiazem and
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its metabolites are also excreted to a great extent into the bile (Vakamura et al., 1987). It
is not clear, however, what portion of the biliary excretion is due to diltiazem alone. It is
possible that the biliary excretion of diltiazem is saturated due to high drug
concentrations. During the absorption of diltiazem from the gut, levels of diltiazem in the
hepatic vein can be as high as 4 ug/ml after 5 mg/kg multiple dosing. If any elimination
processes, metabolic or biliary, were saturated due to high concentrations of diltiazem
during absorption phase, then one would expect to see a lower hepatic availability post-
absorption (Fiverpposn) as compared to the overall hepatic availability, Fiy.r. In fact,
contrary to what was observed in all the other treatment groups, Fiveriposy 1S lower than
the Fi..r after 5 mg/kg multiple dosing (0.52+0.11 vs. 0.40+0.09, p<0.05). Therefore, it is
highly possible that the lower C/, after multiple dosing with 5 mg/kg was partly due to a
decrease in hepatic elimination of diltiazem during the absorption phase.

Product inhibition is another mechanism that may cause the changes in Cl. /n
vitro studies have shown that MA competes with diltiazem for CYP3A4 and that MA will
inhibit its own production because of its greater affinity for this isozyme (7sao et al.,
1990, Sutton et al., 1997). The levels of MA are significantly lower after single dosing
with | mg/kg as compared to other treatment groups. If product inhibition by MA were
the cause of nonlinear kinetics of diltiazem then one would expect to see a lower Fiverpos
after single dosing with 1 mg/kg as compared to other treatment groups. According to the
results, however, the Fiverposy is not significantly different among different treatment
groups, indicating that product inhibition by MA is not the mechanism behind the higher
Cl, after | mg/kg single dosing. Also, the levels of MA after multiple dosing with 1

mg/kg of diltiazem is significantly lower than the levels of MA after 5 mg/kg single
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dosing. Assuming that product inhibition by MA would decrease the hepatic elimination
of diltiazem, one would expect to see a higher intrinsic clearance after | mg/kg multiple
dosing as compared to what was observed after 5 mg/kg single dosing. According to the
results, however, the intrinsic clearance of diltiazem is very similar in the two treatment
groups (Table 5.6). Therefore, product inhibition by MA is not likely to cause the time-
dependent kinetics of diltiazem.

Because of changes in hepatic extraction ratio (Table 5.6), one may expect to see
a change in the hepatic clearance and total body clearance of diltiazem for different
treatment groups especially after 1 mg/kg single dosing as compared to other groups. The
decrease in hepatic extraction ratio and the increase in hepatic blood flow appear to
cancel each other out. As a result, both the hepatic clearance and the total body clearance
estimation for diltiazem appeared to be the same for all the treatment groups. This means
that the nonlinear accumulation of diltiazem is mainly due to the changes in its oral
bioavailability and not its systemic clearance.

The total body clearance estimation after oral administration is similar to hepatic
clearance estimation (Table 5.6). This is contrary to the findings in the iv study. This

discrepancy between the /v and the oral data could be caused by 1) the nature of the

estimation of £, 2) the lower percent of the orally administered dose excreted into the

urine as intact drug, and 3) experimental error. Both the absorption of diltiazem from the

gut and the systemic clearance of diltiazem in the gut are inherent in the estimation of
F.22 (Section 3.2.2.1). It is also questionable whether the gut will play a role in clearing

diltiazem from the blood because after oral administration the net flux of the drug is from
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the gut to the blood. Approximately 14% of iv-administered diltiazem were eliminated by
organs other than the gut and the liver. Under linear conditions, when the drug is
administered orally (assuming Fo = 0.2), only 2.8% of the orally administered drug will
be eliminated by organs other than the gut and the liver. Therefore, the percentage of an
oral dose eliminated by these routes is so small that it will be easily masked by the

experimental error.

137



Lumen
MA Diltiazem

ﬁ Passive ditfusion
A

..............) Carrier mediated

———3p Metabolism

7 N

v v

MA Diltiazem

Mesenteric Capillaries
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7. SUMMARY AND CONCLUSIONS

The linear physiological model was used to evaluate the effects of different
sampling sites and early blood sampling on estimations of kinetic parameters. In the case
of anterior limb intra-arterial and intravenous administration of drugs that are cleared by
lung and liver, the only sites that will give a true estimate of AUC and therefore Clzg are
located between the right heart and the lung. There is no site in the body, however, that
would give a true estimate of volume of distribution. Volume of distribution estimation is
both clearance- and site-dependent. Lack of early blood sampling further adds to
problems associated with the estimation of pharmacokinetic parameters especially for
drugs with low volume of distribution and/or high E after iv bolus dosing. Increasing the
infusion time, however, can diminish the need for early blood sampling significantly.

Simulation studies using the rat physiological model demonstrated the effect of
saturable tight tissue binding in relation to assay sensitivity, sampling, and drug dosage
on the estimation of kinetic parameters such as Cljver and Clooi. This study showed that
saturable tight tissue binding could result in both time- and dose-dependent changes in
Cl,,. estimation.

The instrumented dog model has been successfully used to evaluate the role of the
lungs, the liver, the gut and other organs in clearance of diltiazem. Using this dog model,
it has been shown that the liver and the gut are the major organs involved in the
elimination or uptake of intravenously administered diltiazem. Lung was not involved in
elimination or uptake of diltiazem. Metabolism of diltiazem to MA is one of the

mechanisms involved in clearance of diltiazem from the gut. Both food and diltiazem
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alter the hepatic blood flow and therefore change the clearance of diltiazem from the
body. The hepatic arterial blood flow can be correlated to right heart or carotid artery
diltiazem concentrations using a simple Eq,x or sigmoidal Emax model.

Pharmacokinetics of diltiazem in dogs is both dose- and time-dependent. The increase
in availability from both gut and liver has contributed to dose-dependency of diltiazem.
On the other hand, only the increase in hepatic availability contributes to its time-
dependent kinetics. The increase in gut availability is most likely due to the inhibition of
the N-demethylation pathway in the gut. The increase in availability of diltiazem from the
liver is caused by changes in both hepatic blood flow and intrinsic clearance. The
changes in hepatic intrinsic clearance are attributed to tight tissue binding and saturable
elimination. The metabolic data do not support the possibility that the time-dependent
kinetics of diltiazem is caused by inhibition of the N-demethylation pathway. Similarly,
product inhibition by MA does not appear to be the mechanism behind the non-linear
kinetics of diltiazem in the liver.

Time- and dose-dependent changes in pharmacokinetic disposition of a drug have
been commonly attributed to enzymatic changes in the liver, namely inactivation (Saville
et al., 1989), autoinduction (dbramson, 1988), saturation (Smith et al., 1983, Hermann
and Morselli, 1985), and product inhibition (Klotz and Reimann, 1981). However, less
attention has been devoted to studying the role of hepatic tight tissue binding and changes
in drug absorption from the gut. This study showed the importance of saturable tight
tissue binding in dose- and time-dependent kinetics of diltiazem. Our findings also
showed that N-dealkylation is saturated in the gut which contributes to a dose-dependent

increase in bioavailability. Better understanding of the mechanisms behind nonlinear
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kinetics of diltiazem makes diltiazem therapy and its administration with other
medications safer and more efficient. These findings can be further extended and applied
to other drugs which may also display saturable tight tissue binding and/or saturable gut

first-pass metabolism.
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