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ABSTRACT

Rat livers were utilized in this study to obtain experimental data on the
metabolism of diltiazem. This highly lipophilic heart drug was perfused in
isolated rat livers at concentrations ranging from 0.663 to S1.16 peh L This dada
along with data obtained by Hussain ct al. (19¢4) was used (o construct .
mathematical model to describe the importance of binding and partitioning of
diltiazem in the liver.

The data obtained was best described qualitatively by a three
compariment model. The first compartment represents the sinusoids and the
flow of material through the vasculature of the liver. The scecond and third
compartments are in parallel to cach other and represent the partitioning and
binding of drug to liver tissues respectively. ‘The partitioning of the drug was
considered a linear phenomenon. Binding, however, requires a specilic
binding site, most likely a liver protein, and was best described by a Langmuir
adsorption model.

Computer simulations of the mathematical model were completed using
Matlab (1993) to determine optimized parameters o describe cach experiment.
The estimated partition cocfficients for diltiazem «nd metabolites ranged from
95.27 10 463.5 and 1.466 to 28.81 respectively. These values show the lipophilic
properties of the drug and metabolites as well as the increased polarity of the
metabolites. The metabolic rate constant ranged from 0.1198 10 52.38 min ! and
was generally inversely dependent on diltiazem inlet concentration. The
metabolic rate constant was much lower than the partition rate constants in
the range of 30 to 50 pM inlet diltiuzem concentration, indicating that

mctlabolism was the rate limiting step in drug climination. The estimated



number of binding sites in the liver ranged from 57.62 to 309.7 ymol/g liver
~onlirming (hat the number of binding sites was very large.

‘The model was successful at describing the experimental data except at
carly influx times.  This is duc to the estimation of the metabolic rate as a
constant.  The model thus over-predicts the diltiazem concentration profile
when minor pathways have not yet been saturated and the metabolic rate is

dramuatically underestimated.
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SYMBOI. DEFINITION
A albumin concentration in the blood
C concentration
C concentration in the sinusoids
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SYMBOL DEFINITION
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Kp partition coefficient
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Kn Kinetic rate constant for reaction

L axial length of the liver

n, ng number of filled binding sites

N3z number of binding sites filled with diltiazem
N3z number of filled binding sites filled with mctabolites
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Ny, N3¥Y total number of binding sites available

P tissue permeability

Q volumetric flow rate
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SYMBOL.
r
R

SSR
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SSRyy
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Uf.

DEFINITION

radius of the capillary or sinusoid

rate of reaction of component j

sum of squared residuals

total sum of squared residuals

sum of squared residuals for diltiazem simulation
sum of squared residuals for metabolite simulation
time

time to steady state

flow velocity through the sinusoids

volume of the sinusoids

volume of the liver tissue

volume of distribution

volume of compartment |

total volume of the liver

axial distance

GREEK SYMBOLS

mixing parameter



GLOSSARY

agina: spasmodic, choking or suffocating pain. Used almost exclusively to
denote angina pectoris (Dorland's Med. Dict., 1982),

agina pectoris: paroxysmal pain in the chest, usually duc to interference with
the supply of oxygen to the heart muscle (Dorland's Med. Dict., 1982).

clearance: a measure of drug elimination from the body in terms of volume of
body fluid cleared of drug per unit time (Shargel et al., 1993).

conduction cell (of the heart): cells which carry the clectrical impulses
causing contraction of the muscle cells. ‘These cells arce also part of the
pacemaker system of tiie heart (DeCoursey, 1974).

coronary: of or relating to the heart or its blood vessels (New Merriam-
Webster Dict., 1989).

climination: the irreversible removal of drug from the body by all routes of
elimination. The two major routes of elimination are excretion, mainly
through urine, and metabolism, mainly through hcepatic enzymnatic
reactions (Shargel et al., 1993).

extraction ratio: the amount of drug removed from the blood as a (raction of
the inlet drug concentration.

hepatic_clearance: the volume of body fluid cleared of drug by the liver per
unit time (Shargel ct al., 1993),

hyvpertension: persistently high arterial blood pressure (Dorland's Med. Dict.,
1982).

mvocardial cells: muscle cells of the heart.

pharmacokinetics: the kinetic study of drug mectabolism including drug
absorption, distribution, and elimination (Shargel et al., 1993).

sacroplasmic reticulum: a network of channels within the muscle fiber which
regulates the calcium ion concentration surrounding the contractile
fibers of the muscle (Stryer, 1988).

smooth muscle cells: muscles that are involved with organs of the body which
contract involuntarily, i.e. intestinal walls (DeCoursey, 1974).

supraventricular: situated or occurring above the ventricles, especially in an
atrium or atrioventricular node (Dorland's Med. Dict., 1982).

tachycardia: abnormally rapid heart rate (Dorland's Med. Dict., 1982).



vascular: referring to many blood vessels (DeCoursey, 1974).

volume of distribution: a factor that must be taken into account in estimating
the amount of drug in the body from the concentration of drug found in
the sampling compartment. The volume of distribution can also be
considered as the apparert volume in which the drug is dissolved. It
doces not have a true physiologic meaning in terms of an anatomic space
(Shargel ct al., 1993).




CHAPTER 1 - INTRODUCTION

The liver is the primary site in the body for metabolism of many drugs.
Cnemical reactor models can be applied to the liver to describe mathematically
the physiological processes which arc occurring.  The basic processes
involved in drug metabolism include flow through the liver capillary
network, mass transfer between the capillaries and liver tissue, c¢nzyme
reactions within the liver cells, and binding of drug to proteins in the blood
and liver tissue.

The drug of interest in this study is diltiazem, which s often used in the
trecatment of heart patients. This drug is lipophilic and is rapidly climiaated
from the blood by the liver. Due to the lipophilicity of the drug, it is known to
partition from the blood into the lipid bilayer of the liver cells quite readily
(Saville et al., 1992a). It was suggested by Hussain ct al. (1994) that this process
is complicated by tight nonlincar protein binding of the drug and metabolites
to liver tissues. A model for the metabolism of diltiazem is desired to fully
understand the mechanisms involved. This model must account for the most
important processes involved: lipid partitioning, c¢nzyme reaction, and
protein binding to liver tissue. In this study a three compartment model is
proposed to describe the concentration profile of diltiazem and its mctabolites
in the liver.

Rat livers were used to collect experimental data on diltiazem
metabolism. The livers were surgically removed and connected to a perfusion
system to simulate physiological conditions in the rat. Diltiazem was perfused
until steady state conditions were achieved. The drug perfusion was then
stopped and the liver washed until all drug and mectabolites were remaoved.

The time-dependent kinctics of diltiazem in an isolated rat liver was
1



investigated by Hussain et al. (1994). These results as well as the experimental
results obtained in this study will be utilized to develop a mathematical model
for diltiazem metabolism. The proposed model must be consistent with the
known properties of diltiazem and with hepatic physiology and have the
ability to describe the experimental data. Due to the large interindividual
variation obscerved with the pharmacokinetic parameters diltiazem (Chaffman
ct al,, 1985, Hermann et al,, 1985) it is difficult tc obtain results that are
consistent for describing its metabolism. However, a model that describes the

data will provide insight to the mechanisms involved.

I



CHAPTER 2 - LITERATURE SURVEY

The liver is the primary organ in the body for metabolism of drugs.
This is accomplished by the following serics of steps:
1. Drug enters the liver through the net flow of blood into the vascular
network.
2. The drug is taken up from the vascular network into the liver cells.
3. Drug is eliminated by enzyme-mediated reactions within the liver
cells.
4. Metabolic products and unconverted substrate are released from the
liver cells back into the blood stream.
S. The drug or metabolites may bind to proteins in the blood or liver
tissue.
The major purpose of a liver model is to predict the liver outlet concentration
in response to transient changes in drug concentration, blood flow, and
metabolic activity. This is accomplished by mathematically describing cach
step of the drug elimination and accounting for the dominant physiology and
physical processes that are occurring. A model can then provide insight into
the nature and function of the liver.

2.1 Basic liver Phvsiology and Drug Metabolism

The liver is an extremely complex and important organ in the body. It
has five major functions in the human body (Decoursey, 1974):
1. Removal of blood degradation products which consist of worn out red

blood cells and foreign solid materials.



Manufacturing plasma proteins and blood clotting factors for the

N

circulatory system.

3. Producing bile acids to aid in digestion of fats.

4. Storage and regulation of glucose levels in the blood.

5. Detoxifying endogenous and exogenous poisons in the blood by

metabolism or conjugation.

The last function listed above is the function of interest in pharmacokinetics.
The liver interacts with a drug in the blood in the same way as a toxin and
attempts to climinate it from circulation through enzymatic reactions.

The enzyme reactions, or biotransformations, of drugs which occur in
the liver can be divided into two major types of reactions, phase | and phase Il
reactions (Shargel et al., 1993). Most biotransformations usually result in a
mectabolite which is more polar than the parent drug. This allows the
compound to be climinated from the body more quickly than the parent drug.
Phase | rcactions are known as asynthetic reactions which introduce or
expose a functional group on the drug compound. These reactions usually
occur first and include oxidation, reduction, or hydrolysis of the parent drug.
Phasc [l reactions follow phase | reactions and are conjugation reactions
which use conjugating reagents. These reagents are derived from compounds
involved in protein, carbohydrate, and fat metabolism. In the presence of the
appropriate transferase enzyme, these reagents are combined with the drug to
give metabolites such as sulfates and glucuronides. Liver enzyme reactions
constitute the major route of drug transformation in the body leading to
excretion through the kidneys.

The liver consists of a large right and left lobe that merge in the middle.
It is located in the blood circulation path between the gastrointestinal tract

and spleen and the inferior vena cava leading to the heart as illustrated in

4



Figure 2.1. The liver is highly perfused, receiving blood from both the hepatic
artery and hepatic portal vein. The hepatic artery supplies approximately 25%
of the blood, but carries approximately 80% of the oxygen supply. The large
hepatic portal vein collects blood from various scgments ol the
gastrointestinal tract and supplies the remaining 75% of the blood and many
required nutrients to the liver (Shargel ct al., 1993). The terminal branches of
the hepatic artery and the portal vein fuse within the liver and mix within
smaller blood vessels known as sinusoids as shown schematically in Figure 2.2,
The blood leaves the liver by the hepatic artery which empties into the
inferior vena cava. The liver also secretes bile acids within the lobes that flow
through a network of channels eventually emptying into a common bile duct
and stored in the gall bladder.

The cells which make up the liver tissues are called hepatocytes or
parenchymal cells. A mono-layer of these cells are present for cach sinusoid.
The main liver enzymes for drug transformation are located in these cells and
thus is where most drug metabolism occurs. Lndothelial cells line the
sinusoids and contain fenestrae of various sizes. These fenestrac allow only
dissolved substances to pass through to the endothelial space of Disse before
entering the hepatocytes {Saville et al., 1992). Kupffer cells are also found
within the sinusoids and are responsible for ¢ngulfing worn out red blood
cells and foreign solid material in the circulatory system (Shargel ct al., 1993).
The blood vessels of the liver comprise approximately 15% of the towal liver
volume and the remaining 835% is primarily liver tissue (Shargel et al,, 1993).
The bile ducts are less than 1 to 2% of the total liver volume and arc usually
included in the cellular portion of the liver.

Figure 2.3 illustrates that the liver is a continuous ncetwork of highly

interconnected blood vessels. It is very unlikely that blood will pass directly
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Figure 2.3 Representation of the network of blood vessels and sinusoids in the
liver based on a micrograph of a polvmer cast of the liver by Motta ct al,
(1978). The black areas are tissue and the remainder is sinusoids. PVb is the
portal vein and HAb is the hepatic artery.
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from the inlet to outlet or follow a simple or predictable path. Numcrous {luid
flow studies in the liver have been reviewed by Saville ct al. (1992b). I'rom
this review four conclusions were made:;

1. Fow reversal within a sinusoid has been observed.

2. Adjacent sinusoids may have counter current flow.

3. Transient back flow into adjacent sinusoids can occur.

+. A volume of blood may follow any path through the liver depending

only upon the local pressure gradients that exist at that moment.

‘Therefore, the blood distribution in the liver changes from moment to moment
and mixing is quite extensive. Due to the time-dependent distribution of blood
flow in the organ, it is apparent that a complete model to describe the flow in
the vasculature of the liver is extremely complex. Thus a time and spatially

averaged model is more appropriate to describe the flow of blood.

2.2 Propertics and Metabolic Pathwavs of Diltiazem

Diltiazem belongs to a very important class of cardiovascular drugs
known as calcium channel blocking agents.  These drugs inhibit the
transmembranc influx of calcium ions in myocardial and vascular smooth
muscle cells (AHI'S Drug Info., 1991). Calcium ions are important in the
excitation-contraction coupling processes in these muscle cells (Chaffman et
al.,, 1985) and the discharge of clectrical pulses in the specialized conduction
cells of the heart (AHFS Drug Info., 1991). The membrances of these cells
contain channels that are sclective for calcium ions and carry a slow inward
current. It is thought that diltiazem inhibits the ion-control gating
mechanism of these channcls and/or interferes with the release of calcium

from its storage in the sacroplasmic reticulum (AHES Drug Info., 1991).
9



Diltiazem is therefore able to inhibit the contractile processes of myocardial
and vascular smooth muscle cells. This physiological action is useful in the
treatment of many different cardiovascular diseases such as supraventricular
tachycardia (Hermann et al.,, 1985), unstable angina, hypertension, stable
angina, and angina duc to coronary artery spasm (Chaffman et al,, 1985). Itis
seported that a plasma concentration of at least 100 ug/L is required 1o produce
therapeutic results (Chaffman et al., 1985).

Diltiazem is a benzothiazepine derivative with the chemical name of cis-
(+)-3-acctoxy-3-] 2-(dimethylamino)ethyl]-2,3-dihydro-2-(4-methoxyphenyl)-
t . S-benzothiazepin-+(SH)-one (Hermann et al.,, 1985). It is a highly lipophilic
drug with an octanol/water partitien coefficient of 200 (Hermann et al., 1985)
and an octanol/buffer partitior: ratio of 158 at a pH of 7.4 (Chaffman et al,,
1985). High lipophilicity leads to a high distribution of the drug in the tissues
and organs of the body since they generally have a higher lipid content than
the blood.

it was also found that 78 to 87% of the diltiazem found in the blood is
bound to plasma proteins (Chaffman et al., 1985). Of the bound fraction, 35 to
409% is bound to albumin and the remainder to o-acid glycoproteins and
various gammaglobulins.  Studies have also shown that diltiazem binds to
lipoproteins quite extensively and this binding is not associated with surface
apoproteins but with cither the phospholipids or the neutral lipid core
rawong ct al, 1983). lHussain et al. (1994) studied the reversible and
irteversible binding of diltiazem to liver tissue usiny -adiolabelled drug.
Their study showed that diltiazem is quite tightly bound e liver proteins.

It is very important to distinguish between the binding and
partitioning properties of diltiazem. Binding is a phenomenon which requires

a specihiic receptor site that the drug molecule must come in contact with.
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These receptor sites for drugs are usually proteins found either in the blood or
tissue. These proteins are distinctly different from the metabolic proteins
which are responsiblt for drug transformations.  Rinding to metabolic
proteins does occur, hewover this binding capacity is not large enough to give
the extent of macroscopic binding which occurs in the liver. Partitioning is a
phase equilibrium phenomenon which require the drug to diffusce from an
aqueous phase to a lipid phase. Since both partitioning and binding removes
diltiazem from the blood, it is very difficult to distinguish between these two
phenomena.

Volume of distribution, Vg4, is a measurement which describes the extent
of distribution of a drug in the body. This measurement is a combination of
both binding and partitioning. For diltiazem the volume of distribution is
reported to be between 3 to 8 L/kg (Hermann et al.,, 1985).  This very high
value is in good agreement with its lipophilic propertics and high binding
capacity. The large range of this value indicates that there is a wide
interindividual variability in the extent of binding and partitioning of
diltiazem in the body.

Diltiazem is extensively metabolized with a mean total clearance, Cl, of
11.5 to 21.3 mlL/kg/min in man, predominantly duc to liver metabolism
(Chaffman et al,, 1985). The major phase | metabolic pathways in humans arc
N-dealkylation and deacetylation (Chaffman ct al., 1985). Hussain ct al. (1992)
have proposed a metabolic network for the metabolism of diltiazem in humans
based on a review of many studies. This network is shown in Figure 2.4, where
not only N-dealkylation and deacetylation occur but also a minor pathway of
N-oxidation. Pharmacclogical studies have indicated that two of the diltiazem

metabolites have pharmacologic activity. The deacetyl metabolite, M1, and the
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Figure 2.4 Proposed metabolic pathways of diltiazem in humans taken from
Hussain et al. (1992). (MA = N-demethyldiltiazem, M1 = deacetyldiltiazem, M2 =
N-demethyldeacetyldiltiazem, M4 = O -demethyldeacetyldiltiazem, M6 = NO

-didemethyldeacetyldiltiazem, M1-NO = deacetyldiltiazem N-oxide, M4-NO = O
-demethyldiltiazem N-oxide)
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N-monodemethyl metabolite, MA, have approximately 50% and 20% of the
potency of diltiazem respectively (Chaffman et al., 19853).

Large interindividual variation has been observed when studying the
pharmacokinetics of diltiazem. With a single dose study, a three-fold variation
in parameters has been reported (Chaffman ct al., 1985). However, plasma
levels of diltiazem during chronic treatment can show a ten-fold variability
(Hermann et al., 1985). This variability is thought to arisc from the
interindividual variability in metabolism (Chaffman ct al., 1985). Howcever,
Kwong et al. (1985) proposed that the high variability may be due to highly
variable plasma levels of the major diltiazem binders including lipoproteins

and oy-acid glycoproteins.

2.3 Liver Models

In order for a liver model to provide insight as well as be uscful it must

meet the following criteria:

1. The model should accurately represent the physiological and
physical processes that are occurring in the liver. The parameters
should mathematically describe these processes and not just be
curve fitting parameters.

2. The model should be broadly applicable to a wide variety of
compounds and metabolic products.

3. The model should contain a minimum number of parameters so that

it may be used in a predictive fashion and reduce data requirements.
A complete liver model, incorporating all aspects of physiology, would be 160
complex mathematically, therefore it is often necessary to make some

approximations of the liver physiology and blood flow.
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Liver modcels may be classified based on the complexity of the model and
the types of approximations made. Nonparametric models have no parameters
for mixing within the blood vessels of the liver or mass transfer between the
blood and liver cells. Homogencous mixing models describe the extent of the
intrahepatic mixing, but do not explicitly account for mass transfer between
the cells and the blood. Heterogeneous models contain parameters for mass
transfer between the cells and blood as well as for the extent of mixing. Many
liver models have been recently reviewed by Saville et al. (1992b) and many
conclusions from this work are summarized in the following paragraphs.

The classical nonparametric models are the well stirred model and the
parallel tube model.  These models both incorporate a means to describe
substrate concentration in the liver by assuming an extreme in mixing profile
coupled with a reaction term. The well stirred model assumes that compounds
arc cqually and instantancously distributed throughout the entire liver. Thus
no concentration gradients exist within the liver and it may be considered a
homogencous continuous stirred tank reactor as shown in Figure 2.5 a). The
outlet concentration profile of a substrate exiting the liver is therefore given
by:

dC_Q(C, -0y

dt A2 2.1
where Cis the concentration of the substrate in the liver, t is time, Ci, is the
inlet concentration, Q is the volumetric flow rate through the liver sinusoids,
Vi is the total volume of the liver, and R; is the rate of reaction of component j.
On the other extreme, the parallel tube model assumes plug flow of blood
through a single unbranched hepatic tube which vields an exponential

concentration gradient across the liver. Therefore, the liver is considered

homogencous and flow is unidirectional as in a plug flow reactor depicted in
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b) parallel tube model

Figure 2.5 Schematic diagram of the nonparametric models adapted from
Levenspicel (1972).



Figure 2.5 b). The resulting equation describing the steady-state

concentration in the liver for this model is:

. R
dVL =T (_ 2.2

A key advantage of the well stirred model is that the solution is
mathematically simple and casily applied to the prediction of drug and
metabolite levels in the liver. The paralle]l tube model requires the solution of
a partial differential equation if the time-dependent behavior is studied and
thus is more complex mathematically. The major drawback of the
nonparametric models is that they are not physiological models nor can they
predict the metabolism of materials which are limited by mass transfer into
the liver cells.

Homogencous mixing models attempt to describe the extent of mixing
between the extremes of the well stirred and the parallel tube models. Two
such models have been proposed for liver modeling are the axial dispersion
model and the sceries compartment model as illustrated in Figure 2.6. The axial
dispersion model assumes that the liver is a packed bed in which different
degrees of axial mixing can occur. The full range of mixing phenomenon can
be simulated by adjusting a mixing parameter, v, in the equation below:

aC a°C aC
——=v. - u-—-KkgC
Jat ox~ X

2.3

In this cquation x is the axial distance through the liver, u is the flow velocity
through the sinusoids, and Ky is the Kinetic rate constant for reaction. The
series compartment model is also known as the tanks-in-series model. The
liver is assumed to be a sequence of well-mixed compartments connected in
series. The number of compartments, N, is not indicative of liver physiology

but is an arbitrary parameter used to correlate the extent of mixing. This
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Figure 2.6 Schematic diagram of the homogencous models adapted from Fogler
(1992).
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modcl is also capable of describing the full range of mixing behavior. When N
is onc the well stirred model equation is obtained and when N is greater than
30 the parallel tube model is applicable. The concentration profile for this
model is thus:

dc, Q¢ -C) ., ..
@ty K 2.4

where i is the compartment number and V; is the volume of compartment i
calculated by dividing the total liver volume by the number of compartments,
N.

‘The axial dispersion model suffers from mathematical complexity. It
requires the solution of a partial differential equation with two boundary
conditions. The model only has a sound theoretical basis if the dispersion
paramecter, defined as v;/ul. where L is the axial length of the liver, is less
than 0.15. l'or most compounds the dispersion parameter in the liver has been
found to be between 0.2 and 0.5. Hence, for the flow and mixing conditions
observed in the liver, the model does not have a sound theoretical basis, but
provides only an empirical method for analyzing drug climination by the
liver. The simplicity of the series compartment model has made it an attractive
model for describing complex flow and reaction and, for the liver, provides the
same type of empirical modeling as the axial dispersion model. The primary
limitation of the model is that it does not explicitly include physiological
phenomena in the liver such as variable transit times through the sinusoids,
saturable binding, or the effects of mass transfer into tissue.

Two heterogeneous models that have found to be very useful in liver
modceling are the tubular and compartmental models illustrated in Figurc 2.7.
The tubular model assumes the liver is a single, straight hepatic tube

surrounded by a concentric tissue compartment. Within the tissue, both axial
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Figure 2.7 Schematic diagrams of the heterogeneous models adapted from
Saville et al. (1992b).
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and radial diffusion can occur. This model is an extension of the axial
dispersion model. The compartmental model is used when the time scale for
mass transfer is much larger than the time for mixing in the sinusoids. The
flow of materials is restricted to the sinusoids and materials gain access to the
tissuce compartment by mass transfer. Complete mixing is assumed within each
compartment,

The model equations for the tubular model are found below.

aC aC
. . —_— = ~u=——-2ar.P(C-C Y-
Sinusoids: it ax e ( ts) 25
- aC #C, Dy 0 oC
I'issuc: —L Dy —t s R —r— 2.6
at *aNe r arl at

‘The radius of the sinusoid is symbolized as r, P is the tissue permeability, C,, is
the concentration at the interface between the tissue and the sinusoids, C; is
the concentration in the tissue, r is the radial distance, and Dy and D1 are the
cocfficients for axial and radial diffusion respectively. This model is based on
net rates of diffusion and neglects physiological effects such as bypassing,
variable blood flow velocities in a network of sinusoids, transient back flow
and no provision is made for chemical reaction of the substance. The
cquations are mathematically complex and require numerical solutions to
obtain a concentration profile. In order to estimate the tissue diffusion
coeflicients Dyg and D1y, accurate tissue concentrations must be known. These
measurements are virtually impossible to obtain and thus only approximations
can be made.

In the compartmental model, each compartment is described? hy an
ordinary differential equation. The model equations for the compartmental
model illustrated in Figure 2.7 are found below.

Sinusoids: V, —(:T(;L = QCy -QC; - ViK1 L) + Vok» Gy 2.7
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Tissue: Vsz(:t:'= vlkl'_(jl - V_)k_r IC.’ - V_)kmc_r 2.8

The volume of the sinusoids and tissue are given by V, and V., respectively, Cp,
is the inlet concentration of drug, C; and C, are the concentration of the drug
in the sinusoids and tissue respectively, k,, is the rate constant for metabolism
of the drug, and k;» and k», are the rate constants for cellular uptake and
release respectively.

A broad spectrum of conditions can be handled by a compartmental
model, suggesting that it would be applicable to a varicety of compounds and
physiological conditions. The model accounts for the heterogencous nature of
the organ, combining cellular uptake and rclease with intraceflular reaction.
The model is relatively simple mathematically, consisting of a set of ordinary
differential equations which may be casily integrated to predict intracellular
and sinusoidal levels of a drug and its metabolites. The primary limitation of
the model is that it does not explicitly account for the processes that control

intrahepatic mixing.

2.4 Liver Models for Drug Binding and Partitioning

Binding of drugs is analogous to chemisorption in that drugs only bind
to certain binding molecules or sites, which are usually protein molecules.
Thus most drug binding models incorporate a Langmuir type modcel 10 account
for drug binding. Much of the work on drug binding has bcen focused on
binding of drugs to albumin in blood, which can significantly alter the
concentration of free drug available in plasma since drug that is bound cannot
be utilized at the site of action nor can it be metabolized. Weisiger (1985)

developed a compartmental model which desceribes drug metabolism in the
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liver combined with mass transfer between the sinusoids and tissue and the
dynamic exchange between bound and free drug in plasma. This model is

illustrated in Figure 2.8 and the model equations are as follows:

Unbound drug in sinusoids:

dcC,,; . . .
—ad = (l((‘s,i-l - Cyi) - (kl +KpA)VgiCsi + KoV iCoi + kdisvsicsbi

Vai dt

29
Bound drug in sinusoids:

d(.,‘: b

s Q(Cuhj-1 - Cobi) - KaisVsiCopi + KpAV,;Cy

V.si
2.10

Drug in tissuc:

dcC. .
— 2 KV G = (Ko + K3) Ve G

V('/ dt

2.11
where Cy; is the unbound drug concentration in the sinusoids, Cg; is the bound
drug concentration in the sinusoids, C; is the tissue drug concentration, A is
the albumin concentration in the blood, k; is the rate constant for cellular
uptake, K, is the rate constant for release from the cells, k; is the rate constant
for intracellular reaction, kg is the rate constant for binding to albumin, kg is
the rate constant for dissociation of the bound complex, and V; and V; are the
volume of individual sinusoidal and cellular compartments respectively and
are cqual to the total volume of the region divided by the total number of
compartmental units, N.

This model is an extension of the series compartment model and can
account for a wide variety of physiological conditions. Since the total albumin
concentration far exceeds the concentration of bound drug, there is no need to
account for the decrease in available sites as drug binds. This yields a linear
system of cquations that are mathematically simple and easily solved

analytically.
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A revised form of Wesiger's model (1985) was developed by Saville et al.
(19924) to describe the kinetics of lidocaine and its metabolites in the liver. It
was obscrved that for lipophilic compounds, distribution of the drug through
the liver tissue requires 3 to 5 minutes to complete, whereas vascular mixing
within the sinusoids was complete in approximately 20 seconds. Thus the time
scale for distribution was significantly larger than the time for mixing and
well stirred conditions would be appropriate.  The model therefore required
only one set of compartments to adequately describe experimental results.
Since the experimental procedure utilized isolated perfused rat livers with a
Kreb's buffer solution, the compartment for drug-albumin binding was not
required.  The firal model was very similar to the compartmental model
illustrated in lgure 2.7 with a modification in the rate constant for reaction,
Kn, to account for the deactivation of metabolic enzymes upon initial exposure
to lidocaine. Therefore, Saville et al. (1992a) concluded that transport of the
drug into the tissue and deactivation of the metabolic enzymes control the
trunsient response of the liver 1o infusion of lidocaine.

Parameter estimates revealed that the rates of transport of lidocaine
were significantly  higher than the rate of reaction, and therefore
intraccllular reaction was clearly the rate limiting step. The rate of uptake
was consistently higher than the rate of release from the cells suggesting a
high affinity for the cellular region of the liver. Therefore the
experimentally observed long time to steady state was partly due to a
partitioning effect. The liver tissue can act as a large reservoir for the drug
and metabotites thus the distribution of drug into tissue can delay the onset of
steady state. It was concl ded that for lipophilic compounds, transport and

reaction dominate over any processes within the sinusoids, and vascular



mixing and changes in flow should have a negligible effect on drug
metabolism.

The important properties that control the metabolism of diltiazem are its
lipophilicity and protein binding. These two properties must be included
when attempting to model this drug. The work done previously by Weisiger
(1985) and Saville et al. (1992a) provide a strong base to begin to understand
the metabolism of diltiazem in the liver and mathematically model its

behavior.



CHAPTER 3 - EXPERIMENTAL METHODS AND MATERIALS

3.1 lLiver Perfusion

All experiments utilized rat livers isolated from male Sprague-Dawley
rats, weighing between 226 - 281 g, supplied by Biosciences Animal Services,
University of Alberta. The animals were housed in the Dentistry-Pharmacy
animal facility for at least two days prior to an experiment. The liver isolation
and perfusion methods used were described by Miller (1973) and Tam et al.
(1987) with slight modifications.

The rats werce anesthetized prior to surgery with methoxyflurane
obtained from Pitman-Moore (Mississauga, Ont.). The liver was isolated by
surgical cannulation of the hepatic and portal veins and the inferior vena
cava. The portal vein was cannulated with an intravascular over-the-needle
catheter, called a Quick-Cath, from Baxter Healthcare Corporation (Dearfield,
l1.). The liver was perfused with Kreb's bicarbonate buffer solution with a pli
of 7.4. The buffer was oxygenated with carbogen gas consisting of a mixture of
carbon dioxide and oxygen in a ratio of 5:95. The perfusion rate was kept
constant during the experiment with a flow rate of 3 to S mL/(min-g liver).
The perfusion apparatus and solution was maintained at 37°C by enclosing the
cquipment in a constant temperature controlled cabinet.

The general physical appearance of the liver, the consistency of
perfusion pressure, and the consumption of oxygen by the liver were used as
guides to its viability over the course of the experiment. Standard liver
function tests for aspartate and alanine transferase levels in the perfusate
cffluent before and after the experiment, as well as the stability of diltiazem

and metabolite levels at steady state confirmed liver viability during the
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experiment. The results of liver function tests are shown in Table A.2 in
Appendix A.

After surgery, the liver was allowed to equilibrate for approximately 20
minutes before drug infusion began. A mixture of radiolabelled and cold
diltiazem was dissolved in Kreb's buffer solution and perfused until steady state
was obtained. The liver was then washed with blank buffer until all drug and
metabolites were removed. Rat and liver weights, inlet drug concentrations,
and perfusion flow rates for cach experiment are given in Table Al in
Appendix A.

Samples of the effluent perfusate were taken during the drug perfusion
and washout periods. Inlet samples were taken at various times during the
perfusion of drug to guarantee a constant inlet concentration of diltiazem. All
samples were collected on an ice bath and 25 ul. of 3 N hydrochloric acid was
added to give a pH of approximately 5. These samples were then stored at -259C
and HPLC analysis was performed within two weeks. ‘This was done to ensure
the stability of diltiazem and its metabolites prior to analysis. At the end of the

experiment the liver was blotted dry and its weight determined.

3.2 HPLC Analvsis

Experimental samples were analyzed by high performance ligquid
chromatography, HPLC, to determine the concentration of diltiazem and five of
its metabolites (M1, M2, M4, M6, and MA) using the procedure outlined by
Hussain et al. (1992) with slight modifications. Cold Drug and metabolites werce
supplied by Nordic Merrell Dow Rescarch (lLaval, Quc.). The HPLC
instrumentation consisted of a Shimadzu 1.C-600 liquid chromatography pump,

a SPD-6AV UV-VIS spectrophotometric detector, and a Waters WISP 7108
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automatic injector. Separation of all six compounds was achieved using a 4 um
Watcers Novapak C;g reversed phase cartridge column (10 cm x 8 mm LD.). The
optimum absorbance of the compounds was found at 214 nm. The internal
standard used was benzylamphetainine. The mobile phase consisted of an
agucous solution containing 0.149% triethylamine and 0.045% H3PO4 mixed
67:33 (v/v) with acetonitrile and was pumped at a flow rate of 2.0 mL/min.
Data acquisition and processing was accomplished with the Waters Baseline 810
Workstation on an IBM compatible computer.

Standard curves were constructed by injecting samples of diltiazem and
its metabolites ranging in concentration from 100 to 2000 ng/mlL and
calculating the ratio of the area of each respective peak to the area of the
internal standard. A chromatogram of a standard at 1500 ng/mL of diltiazem
and its metabolites along with the internal standard is shown in Figure 3.1.
ldentification of each peak and its typical retention time is listed in Table 3.1.
Lach standard concentration was analyzed three times and linear regression
was usced to determine the best fit line through each set of standards. A typical
standard curve for diltiazem is shown in Figure 3.2. Typical standard curves
for the five remaining metabolites ai @ shown in Appendix B. Quality control
samples were prepared by an authorized person in the laboratory to establish
the accuracy and precision of the assay. The quality control samples covered

the range of concentrations of the standard curve.

Table 3.1 Typical HPLC retention times.

Compound Retention Time

min

M6 21

M4 3.1

M2 4.5
MA 7.7

M1 9.3
INTSTD 12.8
DZ, 16.5
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Figurce 3.2 Typical standard curve for diltiazem. The coefficient of
determination, r2=0.9954. The calibration equation was calculated to be:
DZ concentration = 34.45 + 4132 * Peak Response * Internal Standard Area
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3.3 Radioisotope Analysis

The radiolabelled diltiazem tracer obtained from NEN Resecarch Products,
DuPont Canada Inc. (Markham, Ont.) is illustrated in Figure 3.3. It was a
tritium label in the N-methyl position. Radioactive samples were prepared for
analysis by adding 1.0 mL of effluent sample to 9.0 ml. of scintillation (Tuor.
The contents were then mixed for approximately § minutes. The radioactivity
of each sample was then determined with a LKB Redirack Liquid Scintillation
Counter corrected for tritium counting in decays per minute, dpm.

As a check of the purity of the tracer, a 5 mlL solution containing
concentiated amounts of unlabelled diltiazem and M1 was prepared with
approximately 0.1 uL of radioactive diltiazem tracer. A 100 ul. sample of this
solution was injected to the HPLC and the diltiazem and M1 pceaks were
collected. These two samples along with a 100 pl. sample of the original
solution were counted and the results are found in Table 3.2 below. This test

proved, within experimental error, the tracer was in fact a diltiazem tracer.

Table 3.2 Results of tracer purity test.

Sample Counts
dpm

Blank .0

Original Solution 67647.9

D7 Peak 64290.8

M1 Peak 494.8
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CHAPTER 4 - RESULTS AND DISCUSSION

4.1 Qualitative Features of Diltiazem Modeling

Figure 4.1 shows the typical experimental outlet concentrations of
diltiazem and five of its metabolites obtained by infusing 37.71 uM diltiazem in
an isolated rat liver for 60 minutes followed by a 60 minute washout period.
Figure 4.2 shows the observed outlet concentrations of diltiazem, total
measured metabolites, and total radioactive species for the same experiment.
The radiolabelled and unlabelled outlet concentration profiles and raw data for
the remaining experiments can be found in Appendix C. LExperiments with
rats #3 and 4 yielded outlet concentration profiles which were too low to he
detected by HPLC methods, however the radiolabelled profiles were still
measured. Variability in the experimental data arose from a wide varicty of
sources. The HPLC techniques provided the largest source of noise in the data
while the variable levels of binding sites and the rate of metabolism provided a
large interindividual variability.

Conventional pharmacokinetic parameters of diltiazem arce listed in
Table 4.1. The time to steady state, ty, is an important meuasure of the dynamics
of the hepatic system. The extraction ratio at steady state, Ly, is a measure of
how much diltiazem is extracted or metabolized from the inlet flow and is
calculated as:

: Cin - Cout s .
Eg = —T— 4.1
where Cy, is the inlet concentration of diltiazem and Courss is the steady state

outlet concentration of diltiazem. Hepatic clearance, Cly, is defined as a rate at
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Figure 4.1 Outlet concentration of diltiazem and five of its metabolites for Rat
#7 obtained by infusing 37.71 pM diltiazem for 60 minutes followed by a 60
minute washout period.
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which drug is cleared from the blood by the liver and is calculated as follows:
Clp =Qk 4.2

where () is the volumetric flow rate through the liver. The parameters in
Table 4.1 were calculated using steady state data from computer simulations.

This steady state value reduces the error associated with scatter of the data.

‘Table 4.1 Conventional pharmacokinetic parameters.

Rat /# Cin Cout,ss Fﬁ Clh ls
uM uM ml/min min
S 11.59 0.128 0.989 30.1 0.279
) 12.05 0.0535 0.996 299 1.09
7 37.71 2.24 0.941 259 5.42
8 51.15 2.68 0.948 269 0.903
63* 41.18 3.79 0.908 27.2 15.6
64 34.73 4.24 0.878 26.3 20.5
65* 39.79 3.90 0.902 26.2 13.5
00* 30.89 2.65 0914 26.5 184
67* 42.87 7.20 0.831 24.9 19.5

* - experimental data from Hussain et al.

‘The first step in developing a model to describe diltiazem metabolism is
to consider the qualitative features of Figures 4.1 and 4.2 to determine the
significant mecchanisms involved. These mechanisms must also be consistent
with known properties of diltiazem and its metabolites, specifically its high
partitioning and tight binding.

The important qualitative features of Figure 4.1 which must be
considered in the proposed model are:

1. Initial lag in diltiazem and metabolite concentration profiles giving a

sigmoidal profile in the efflux concentrations.

2. long time to achieve steady state for diltiazem and metabolites.

3. The metabolite profiles follow the same time profile as for diltiazem,

except during the prolonged washout.
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+4. During washout there is an initial rapid drop in both diltiazem and
metabolite concentrations.

Prolonged washout of low concentration metabolites with negligible

N

amounts of diltiazem.,
A qualitative description of these data may be given with the use of Figure 4.3,
Phase 1 of this figurc shows an initial lag which is consistent with very strong
binding which removes all drug and metabolites from the sinusoids and holds
them very tightly in the liver tissues. Once the binding sites are saturated, the
drug and metabolites begin to partition, as in Phase 2, into other tissues in the
liver and the concentration in the sinusoids begins to rise. As an cquilibrium
between the sinusoids and tissue is reached, Phase 3 or steady state is achieved.
During washout, the drug partitioned into the tissues is removed very quickly
giving a rapid drop in sinusoid concentration as shown in Phasce 4.
Subsequently, in Phase 5 the bound drug and metabolites clute very slowly duc
to the tightness of the binding.

It is difficult to distinguish from the data of Figure 4.1 whethaer or not
the metabolites bind. Figure 4.2 provided insight to this problem. The
radioactive species did not show any lag initially or a sigmoidal cfflux profile.
This observation can be explained by considering the pathway for diltiazem
found in Figure 2.4 and the location of the radioactive lubel shown in Figure
3.3. There are several pathways in Figure 2.4 whereby the tritium label could
be cleaved from the drug or metabolite and be released as radiolabelled
methanol. Since radioactivity was detected in the effluent before diltiazem or
metabolites had appeared, methanol must be released during this time
indicating that the metabolites are retained in the liver after they are formed.
Metabolism was occurring during the initial lag phase, therefore the

metabolites were bound to the liver tissue.  Since the profiles for the
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Figure 4.3 Typical diltiazem concentration profile from a perfused rat liver
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metabolites follow the profile for diltinzem, it is reasonable to assume binding
is approximately equivalent for all compounds. Otherwise the metabolites
would emerge before or after diltiazem depending on their affinity. The
possibility of unknown metabolites produced, when diltiazem concentration is
low, would also increase the unaccounted amount of radioactivity.

Fgure 4.4 shows the relationship between the time to steady state and
the concentration of diltiazem in the outlet of the liver observed by Hussain et
al. (1994). The outlet concentration was used as the independent variable in
this figure since, in the well stirred model, this is the concentration that is in
equilibrium with the liver tissue. The scatter of the data in this figure was
very large which was consistent with the large interindividual variwdon
observed by other researchers (Chaffman ct al., 1985, Hermann ct al., 1985).
Thus the data are most useful for their qualitative features. As the outlet
concentration of diltiazem decrecased below approximately 5 pM, the time to
steady state increased dramatically. In this region the dynamics of diltiazem
effluent concentration was dominated by tissue binding and a longer time was
required to fill the binding sites in the liver at low concentration of drug. At
higher concentrations, the binding sites were saturated very quickly and the
dynamics were dominated by the partitioning of the drug into tissue.  This
partitioning was a lincar phenomenon, thercfore, the time to steady state was
constant cven at higher outlet concentrations. ‘The data in this figure were,
therefore, also consistent with the two phenomenon important in diltiazem
Kinetics: saturable or nonlinear binding and lincar partitioning.

The washout data from the efflux profiles obtained in this study ure
shown on a normalized concentration scale in Figure 4.5. On a log-lincar scale
no linear behavior was observed thus it can be concluded that the processes

involved in washout are not first-order processes. This conclusion provides

39



v
g o
;; [ ] '\\ [ ] )
D40 lee w
1 | *
i ' N '
CA0 ‘. -
a
Rs e w =
i - RN

20 s s . .

[ ] -;TA\“—EI“I‘
10)
oL B e EIS Y S B B
i 5 10 15 20 25 30
Diltiazem Ooiet Concentration, u

Figure 4.4 Time to reach steady state vs. diltiazem outlet concentration.
Experimental data taken from Hussain et al. (1994).

+40



| |
| f
’ w0.663 uM
| € ¢ 0.708 uM
(= D
' ® 411.59 uM L
§ { 112.05 uM | |
L D
N --37.71 uM N

E’ ~51.16 uM o

©

£

o

2
| @

o '; * e

| \ 7 \/ L}* \.»\ -, ¢ !
s - A ks
O “n o S o ! e r‘ :
| 60 80 100 120
Time, min l

Figure 4.5 Normalized washout profiles of six different radioactive
experiments.

4]



cevidence that nonlinear binding must be important to the dynamics of
diltiazem metabolism. Figure 4.5 also shows that the normalized washout
concentration profile is relatively insensitive to the steady state concentration
in the liver. This may suggest that more binding is available at higher
concentrations.

A good liver model must be physiologically consistent. A simplified
diagram of a hepatocyte is shown in Figure 4.6. A qualitative description of
the steps involved in diltiazem metabolism in terms of this simplified
physiology are as follows:

Step 1@ Transport into membrane and/or binding to a membrane

protein binding.

Step 2: Diffusion through the cytosol.

Step 3: Binding or metabolism by cytosolic, mitochondrial, and

microsomal proteins.

It is assumed in this description that active proteins are either binding sites or
metabolic sites.  Binding of substrate to metabolic enzymes would be
insignificant to non-reactive binding to a variety of tissue proteins. Cellular
proteins, which may be considered potential binding sites, are located within
the cytoplasm and the cell wall. It is very difficult to distinguish which of
these sites is most dominant in the binding of diltiazem and its metabolites.
The conclusions of Kwong et al. (1985) that show strong binding of diltiazem to
lipoproteins provide some evidence for a strong binding site in the cell
membrane lipoproteins, however, this result does not rule out binding to
cyvtosolic proteins.

The schematic physiology of Figure 4.6 may be described

mathematically by a three compartment model as shown in Figure 4.7. This
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model accounts for flow through the sinusoids, partitioning of drug into the
tissue in parallel with binding to membrane proteins, metabolism and
formation of metabolites within the cytosol and microsomes, and binding to
cytosolic proteins. Although this model appears complete, the equations
required would over specify the problem and the parameters would be
meaningless. Mathematically it is very difficult to distinguish whether the
drug and metabolites enter the binding compartment from the sinusoids or
from the tissue. Since Kwong et al. (1985) demonstrated binding to a class of
proteins that would be abundant in the cell membrane, we sclected the model

wherein binding occurs in parallel to tissue uptake from the sinusoids.

4.2 Development of Model Equations

The Langmuir adsorption model is frequently used in pharmacokinetics
10 model saturable binding of drugs to proteins (Gibaldi ct al., 1982). T'his
model is shown in a compartmental form in Figurce 4.8. The rate of binding of
drug and metabolites in the protein compartment is given by the following
equation:

%rll = Vikp (Mg - n)C; - kyisn 4.3

where n is the number of sites with drug bound, ng,; is the total moles of sites
available for binding, k;, is a second order rate constant for binding, and K, is
a first order rate constant for dissociation of the binding complex. In this
model the rate of adsorption is transport and capacity limited, and depends on
the concentration of adsorbate, C,, the rate constants for binding, ky, and k.,

as well as the moles of adsorption sites available, (ng - n).
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The assumptions inherent in the Langmuir adsorption model are as
follows (Gates, 1992):

1. All binding sites are equivalent.

2. Interactions between bound molecules arc negligible.

3. Only one molecule of adsorbate can be bound to cach binding site.
When using this model for binding to liver tissue these assumptions are not
necessarily valid. It is possible that many different binding proteins may be
available to the drug or metabolites. These proteins may have multiple
binding sites and the interaction between bound molecules is unknown. Thus
the model is used to give an approximate overall binding isotherm. The
parameters of ng, Kp, and kg must be regarded as apparcent parameters to
describe this average binding isotherm.

In order to describe the dynamics of diltiazem and its metabolites,
three compartment model has been proposed which combines the two
compartment model of Saville et al. (1992a) and the langmuir model described
above. This model is illustrated schematically in Figure 4.9, The first
compartment represents the sinusoids where material can flow through the
liver. The second compartment represents partitioning of the drug into the
liver tissue. The third compariment represents saturable binding to liver
proteins. The amount of drug and mectabolites in cach compartment can be

described by the following c¢quations:

Diltiazem in compartment 1:

dC, . . . ‘
Vi (itw = Q(Cyy - Cipz) - Viki202Cipz + VoK, 107207

=Viks(n$ - n3)Crpz + ksmspy 4.4
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Diltiazem in compartment 2:

dCZ D7
dt

\E = ViK1 2p2Cipz - VK2 102C 072 = Vo Kmn2Capz 45

Diltiazem inp compartment 3:

dn,,,

dt - Vik, 3(“?“ -n3)Cipz - Kanapy 4.6

Metabolites in compartment 1:

dc . ‘
\Z _d—lt& = -QCin1 - VIK 2mCint + VoK mCon

. sat . ) 7
=ViK3(n3' =n3)Cia + Kymy g +.7

Metabolites in compartment 2:

dC'_’ M
dt

V. = ViK2mCinm = VoKo (mCon + VoKimCany 4.8

Metabolites in compartment 3:

dn; ;
3M . s . .
T ViK 303 - ng)Cia - Kyngn -+.9
where,
N3 =N3zpz + N3N 410

The rate constants for cellular release and uptake are given by ky, and k
respectively for both diltiazem, D7, and total metabolites, M. ‘The rate constants
for binding and dissociation of both diltiazem and metabolites are k; and kg,
respectively. The rate constants for metabolism of diltiazem and formation of
metabolites is given by kp,p; and Ky respectively. If all diltiazem was reacted

to form the measurced metabolites these two valuces would be cequal. However,
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there are metabolites that are formed, particularly at low concentrations of
diltiazem (Sugawara et al., 1988), that were not measured in these experiments.
The following assumptions are inherent in this model:

1. Diltiazem partitions differently than its metabolites, since metabolites

are usually more polar than the parent compound.

2. 'The binding parameters K3, k3j, and n;st are the same for both
diltiazem and its metabolites since there is no qualitative evidence to
support a difference. This model will vield apparent binding
parameters that will describe an average binding isotherm.

3. The rate constant for metabolism of diltiazem is constant during the
experiment. Due to the saturable kinetics of some of the minor
pathways (Hussain et al., 1994), the apparent first order rate
constants will be larger at low concentrations of diltiazem. The error
duc to this approximation will be most significant at early times when
binding is decreasing the diltiazem concentration significantly, and
during the prolonged washout when diltiazem concentration is low.

This model accounts for both partitioning of the drug into the liver tissue and

nonlincar binding to liver proteins and thus qualitatively agrees with the

cexperimental observations of Hussain et al. (1994).

4.3 Numerical Mcethods

In order to determine the quantitative ability of the proposed diltiazem
model to describe the experimental results of Hussain et al. (1994) as well as the
experiments completed in this study, computer simulations of the experimental
data were performed. The model equations were expected to be stiff equations

and thus were numerically integrated using Gear's method (Burden et al.,
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1989). This method of numerical integration is recommended due o its ability
to use special predictor-corrector pairs suitable for stiff cquations (lambert,
1973). Gear's method can also control the step size and order of the
approximation and thereby minimize the computational effort required to

meet the specified local error (Lambert, 1973).

In order 1o estimate the model parameters that best deseribed the
experimental data, the simplex scarch technique of Nelder and Mead (1963)
was used. This technique minimized the error between the simulation and the
experimental data by manipulating the six model parameters Koo Ko, ks Kgg
Km, and ng, (Adby et al.,, 1974). The error was calculated as the sum of squared
residuals (SSRyop) for both the simulated diltiazem (SSRyy,) and metabolite

(SSRyp) curves as given by the following equations:

SSRyo = SSRpz + SSRyy -H11
- ) )
SSRpz = ¥ (Cpy.exp = Crivzsim ) 412
i1
N - )
SSRyt = Y (Chatenp - Cratsim )° 413
i

Parameter estimation along with numerical intcgration were accomplished
using Matlab (1993). A sample of these Matlab m-files can be found in

Appendix D.

4.4 Simulation Results

The three compartment model was very successful at describing the
dynamic metabolism of diltiazem. Figure 4.10 demonstrates the ability of the

simulation to describe the stop-flow experiments completed in this study. The
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simulations of the three other experiments completed in this study as well the
five experiments of Hussain et al. (1994) can be found in Appendix L The
error is given in Table 4.2 measured as the sum of squared residuals. The
parameter estimates for each simulation are listed in Tables 4.3, 4.4, and 4.5.
The parameters obtained by the simulations appear consistent within the
interindividual variability obscrved previously (Chaffman ct al., 1985,
Hermann et al., 1985) with the exception of Rat #8. The high interindividual
variability of these experiments is translated to a wide range in the
magnitudes of the data, however the trends of the variables for cach rat is
gencrally maintained in all simulations. The experimental data for Rat #8
shows a large scatter in the data and the paramcters appear to be very

different from the other experiments and thus is considered to be an outlier.

Table 4.2 Sum of squared residuals.

Rat # SSIE}){L SSRy SSRyo1
5 0.06860) 41.83 41.90
0 0.0646 28.47 28.5+4
7 7.201 1.1 448.3
8 29.20 311.0 3-4).2
63* 0.853 27.92 34.78
o4 0.074 2.840) 8.914
65~ 11.91 12.60 24.51
66* 1.995 7.377 9.372
67* 10.73 9.299 26.03

*-experimental data from Hussain et al. (1994).

Table 4.3 Three compartment optimization parameters.

Rat Kizpz Kooz kmiz Koz
min-! min-! min’!
5 1586 1.010 11.23 277.3
6 3908 1.488 52.38 463.5
7 2537 4.699 0.5051 95.27
8 30651 5143 4.008 12.53
63* 1994 1,527 0.1630 230.5
O4* 1088 0.7810 00.1198 245.9
65* 1731 1.533 0.1839 199.2
66* 2026 1.173 0.1417 304.9
67* 1086 1.165 0.1221 164.4

*-experimental data from Hussain et al. (1994).
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Table 4.4 Three compartment optimization parameters for total measured

metabolites.
Rat # Kizm k21 m Kem Kpm
min’! min-! min-!

S 377.0 2.313 10.20 2881

6 735.7 S5.687 44.57 22.83

7 2440 20.68 0.5045 20.82

8 15450 83.60 3.528 32.61

63~ 483.3 8.432 0.1036 10.12
O4* 26.03 2.458 0.08790 1.869
65* 579.0 11.00 0.1666 9.289
O0O* 159.3 0.579 0.1021 4.272
O7* 23.39 2.816 0.08120 1.466

*-experimental data from Hussain et al. (1994).

Table 4.5 ‘Three compartment optimization parameters for binding.

Rat # Kis | Y] n st
umol/min min! ~umol/g liver
5 2.365 33.75 104.0
6 11.92 28.53 309.7
7 10.20 163.1 187.3
8 181.8 1895 46.40
63* 15.52 7.162 83.39
O4* 7.322 13.98 85.30
65* 10.45 34.70 161.5
06* 3.569 10.66 57.62
G7* 3.286 9.188 102.4

*-experimental data from Hussain et al. (1994).

The rate constants for mass transport of diltiazem into the liver tissue
were significantly higher than for metabolism, therefore, cellular metabolism
was considered to be the rate limiting step in the dynamic process. The rate
constants for cellular uptake of both diltiazem and metabolites were
consistently higher than for release from the cells, in accordance with a high
affinity for the liver tissue. A partition coefficient, Ky, was defined to describe
the magnitude of partitioning in the liver for both diltiazem and the

metabolites:

4.14



These values for diltiazem and its metabolites are also listed in Tables 4.3 and
4.4. These values generally show a high partitioning of diltiazem into the
tissue. The metabolites show a lower extent of partitioning but retain the
lipophilic properties of diltiazem. This result was in agreement with the
polarity of the metabolites relative to the parent drug. Thus, in summary, the
parameters obtained with the proposed three compartment model appear to be
consistent with the qualitative properties of diltiazem mectabolism.

At carly times the predicted concentration of diltiazem was higher than
the experimentally observed concentration. This mismatch was likely due to
the assumption that the metabolism of diltiazem was constant. At carly times
the rate constant for metabolism would be much higher due to minor pathways
which saturate as the concentration of diltiazem increases. This conclusion is
supported by the simulation results for Rats #5 and 6. The inlet concentration
for these two experiments was 11.59 and 12.05 uM respectively.  ‘The rate
constants for metabolism and formation of metabolites were much larger than
in experiments whose inlet concentrations were between 30.89 and 51.160 uM.
From these data it can be inferred that the rate constant for metabolism of
diltiazem increases as the concentration decrcases. However, the metabolism
was analyzed using an apparent first order rate constant for simplicity which
yields the conclusion that the reaction was not a first order reaction.

In summary, the three compartment model was successful in including
the main features involved in the metabolism of diltiazem and in representing
the experimental data.  Protein binding and partitioning arc the two most
important processes in this dynamic process. The Langmuir model for protein
binding of drug and metabolites, in combination with lincar partitioning was

appropriate to describe the liver functions involved in diltiazem metabolism.
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CHAPTER 5 - CONCLUSIONS AND FURTHER WORK

The three compartment model proposed for the metabolism of diltiazem
in ligurce 4.7, which incorporates a Langmuir adsorption model for protein
binding and lincar partitioning occurring in parallel, provides a good
description of experimental data from the isolated perfused rat liver. The only
exception was for Rat #8, which was considered to be an outlier. The estimated
partition cocfficients for diltiazem, Kz, and metabolites, K,n, ranged from
95.27 10 463.5 and 1.466 to 28.81 respectively. These values agree with the
lipophilic properties of diltiazem and metabolites as well as the increased
polarity of the metabolites produced. The metabolic rate constant for diltiazem,
Kz, ranged from 0.1198 to 52.38 min-! and appears to be dependent on the
inlet concentration of diltiazem. In the range of 30 to 50 uM inlet diltiazem
concentration, the metabolic rate constant for diltiazem was between 0.1198
and 0.5051 min-! which is much lower than the partition rate constants for
diltiazem. Therefore, in this concentration range, the metabolism of diltiazem
was considered to be the rate limiting step in this dynamic system. The
estimated number of available binding sites in the liver ranged from 57.62 to
309.7 umol/g liver, indicating that the number of sites was very large.

The concentration profiles for diltiazem and total metabolites were
adequately described with the three compartment model expect at carly efflux
times. Since the metabolism of diltiazem was described by a constant rate of
metabolism, the model over-predicts the concentration profile when minor
pathways have not yet been saturated and increase the metabolic rate constant
dramatically. It may be useful to have a greater understanding of the changes

in the rate of metabolism with diltiazem concentration in the liver.



Extending the diltiazem model to predict the concentration profiles for
the M1 and MA metabolites may be useful since it has been found that these
metabolites also have pharmacological activity in the body (Chaffman ct al.,
1985). In order to achieve this an estimate for the metabolic rate constants
must be obtained by infusing the metabolites into the isolated rat liver and
measuring the effluent metabolite concentration profiles.  This would also
yield a more accurate estimate for the binding and partitioning characteristics
of these metabolites.

This model may be extended to a variety of applications. Since diltiazem
is predominantly metabolized by the liver (Chaffman ct al., 1985), a whole body
model may be constructed by simply connecting the inlet and outlet of the
liver compartment with another compartment representing the peripheral
tissues. The model may also be used to predict the outlet concentration profile
for a transient inlet concentration such as the case with orally administered
drugs which absorb into the blood from the guslmin.lcslinul system. However,
this would require an adequate mathematical expression to describe the inlet

concentration profile.
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Table A.1 Experimentally measured valuces.

Rat # Inlet Liver IFlow Rate  Rat Weight

Concentration Weight (ml./min) ()
(uM) (g)

3 0.663 129 28.1 2058.5
4 0.708 140 28.0 281.2
5 11.59 125 304 250.0
o 12.05 11.8 30.0 2487
7 37.71 11.8 275 230.0
8 51.16 13.0 284 2206.0
63* 41.18 10.3 30.0 NA
04* 3473 9.9 30.0 NA
65* 39.79 9.6 29.0 NA
66* 30.89 9.4 29.0 NA
67* 42.87 9.5 30.0 NA

* - experimental data from Hussain ct al. (1994)
NA - not available

Table A.2 Results of Liver Function ‘T'ests.

Rat # Time of ALP AST ALT
Test
min 1U/L JU/L U/l
3 0 2.1 15.0 1.4
3 120 1.1 54 5.5
4 0 1.1 10.2 1.7
4 120 1.7 10.2 0.0
5 0] 0.9 0.2 1.0
5 120 1.2 9.8 0.8
(5 0 1.2 14.0 3.8
(6 120 1.3 13.5 2.6
7 0 1.0 9.0 1.4
7 120 0.7 8.0 19.3
8 0 0.9 11.1 2.3
8 120 0.8 15.5 3.5

IU/L = Imperial Units per Litre
ALP = Alkaline Phosphatase

AST = Aspartate Amino Iransferase
ALT = Alanine Amino Transferase
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Figure B.1 Typical standard curve for M6. The coefficient of determination,
r?=0.9984. The calibration equation was calculated o be:
M6 concentration = -20.91 + 3544 * Peak Responsce * Internal Standard Arcua
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Figure B.2 Typical standard curve for M4. The coefficient of determination,
rZ=0.9987. The calibration equation was calculated to be:
M+ concentration = 13.57 + 3219 * Peak Response * Internal Standard Area
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M2 Standard Curve
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Figure B.3 Typical standard curve for M2, The cocfficient of determination,
r<=0.9961. The calibration equation was calculated to be:
M2 concentration = 35.91 + 3241 * Peak Response * Internal Standard Arca

65



MA Standard Curve
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Figure B.4  Typical standard curve for MA. The coefficient of determination,
r=-0.9973. The calibration equation was calculated to be:
MA concentration = 33.84 + 3579 * Peak Response * Internal Standard Area
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Figure B.5 Tyvpical standard curve for M1. ‘The cocefficient of determination,
r2=0.9965. The calibration equation was calculated 1o be:
M1 concentration = 8.528 + 33064 * Peak Response * Internal Standard Arca
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Appendix C - Experimental Concentration Data

Figure C.1  OQutlet concentration of radioactive species for Rat #3
obtained by infusing 0.663 uM diltiazem with a radiolabelled tracer
for 60 minutes followed by a 60 minute washout period.

Table C.1 Experimental data from Rat #3.

Figure C.2 Outlet concentration of radioactive species for Rat #4
obtained by infusing 0.708 uM diltiazem with a radiolabelled tracer
for 60 minutes followed by a 60 minute washout period.

Table C.2 Ixperimental data from Rat #4.

Iigure C.3  Outlet concentration of diltiazem and five of its
mectabolites for Rat #5 obtained by infusing 11.59 uM diltiazem for
60 minutes followed by a 60 minute washout period.

ligure C.4 Outlet concentration of diltiazem, DZ, total measured
mectabolites, M, and total radioactive species, H3, for Rat #5
obtained by infusing 11.59 uM diltiazem with a radiolabelled tracer
for 60 minutes followed by a 60 minute washout period. The total
radioactive species concentration was obtained by a scintillation
counter whereas the diltiazem and metabolite concentrations was
obtained by HPLC.

Table C.3 Experimental data from Rat #5.

ligure C.5 Outlet concentration of diltiazem and five of its
metabolites for Rat #6 obtained by infusing 12.05 uM diltiazem for
60 minutes followed by a 60 minute washout period.

Figure C.6  Outlet concentration of diltazem, DY, total measured
metabolites, M, and total radioactive species, H3, for Rat #6
obtained by infusing 12.05 uM diltiazem with a radiolabelled tracer
for 60 minutes followed by a 60 minute washout period. The total
radioactive species concentration was obtained by a scintillation
counter whereas the diltiazem and metabolite concentrations was
obtained by HPLC,

Table C.4 Experimental data from Rat #6.

Table C.5 Ixperimental data from Rat #7.
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Figure C.7 OQutlet concentration of diltiazem and five of its
metabolites for Rat #8 obtained by infusing 51.16 uM diltiazem for
60 minutes followed by a 60 minute washout period.

Figure C.8 Outlet concentration of diltiazem, D7, total measured
metabolites, M, and total radioactive species, H3, for Rat ~8
obtained by infusing 51.16 pM diltiazem with a radiolabelled tracer
for 60 minutes followed by a 60 minute washout period. The total
radioactive species concentration was obtained by a scintillation
counter whereas the diltiazem and metabolite concentrations was
obtained by HPLC.

Table C.6 Experimental data from Rat #8.

Figure C.9 Outlet concentration of diltiazem and six of its
metabolites for Rat #63 obtained by infusing 41.18 uM diltiazem for
40 minutes followed by a 30 minute washout period.

Figure C.10 Outlet concentration of diltiazem and six ol its
metabolites for Rat #64 obtained by infusing 34.73 pM diltiazem for
40 minutes followed by a 30 minute washout period.

Figure C.11 Outlet concentration of diltiazem and six of its
metabolites for Rat #65 obtained by infusing 39.79 uM diltiazem for
40 minutes followed by a 30 minute washout period.

Figure C.12 Outlet concentration of diltiazem and six of its
metabolites for Rat #66 obtained by infusing 30.89 uM diltiazem for
40 minutes followed by a 30 minute washout period.

Figure C.13 OQutlet concentration of diltiazem and six of its

metabolites for Rat #67 obtained by infusing 42.87 uM diltiazem lor
40 minutes followed by a 30 minute washout period.
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Flgure C.1 Outlet concentration of radioactive species for Rat #3 obtained by
infusing 0.663 uM diltiazem with a radiolabelled tracer for 60 minutes followed
by a 60 minute washout period.
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Concentration Profile, uM - Rat #3.

Time, min H3
0 0

1 0.0675825

3 0.1918556

5 0.3066586

7 0.3705889

10 0.4769563
13 0.4500655
15 0.4945387
17 0.5629293
20 06035241
23 0.5762131
25 0.5230456
30 0.5349396
35 0.5668078
40 0.6664524
50 05641577
60 0.6659676
61 0.6020373
62 0.4905633
63 0.4196194
64 0.3772793
65 0.3536852
66 0.343892
68 0.2881389
70 0.2306081
75 0.1682938
80 0.1364579
85 0.1100196
90 0.0924048
100 0.0653201
110 0.066516
120 0.0455398

Table C.1 Ixperimental data for Rat #3,
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Figure C.2 Outlet concentration of radioactive species for Rat #4 obtained by
intusing 0.708 M diltiazem with a radiolabelled tracer for 60 minutes foilowed
by a 60 minute washout period.
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Concentration Profile, uM - Rat #4

Time, min H3
0 0

1 0.0648029

3 0.2042816

5 0.3404821

7 0.4238491

10 04317017
13 0.4283443
15 0.4830865
17 0.5331373
20 0.5500241
23 0.5570381
25 0.5875717
30 06733784
35 0.6856147
40 0.7070377
50 0.6941915
60 0.5551321
61 0.6517647
62 0.3471911
63 0.3065177
64 0.2072549
65 0.222922
66 0.1897581
68 0.1514101
70 0.1475981
75 0.0968613
80 0.1404698
85 0.1240023
80 0.0996059
100 0.0899236
110 0.0831002
120 0.0599999

Table C.2 Ixperimental data for Rat #4.
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Figure C.3 Outlet concentration of diltiazem and five of its metabolites for Rat
#5 obtained by infusing 11.59 pM diltiazem for 60 minutes followed by a 6
minute washout period.
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Concentration Profiles, uM - Rat #5

Time, min

M6
0
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M1

0

0
0.7039414
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3.2186967
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0
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0.0615033
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0.0852311
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0.1031851
0.0747104
0.0640964
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Table C.3 Experimental data for Rat #5.
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H3

0
1.2109952
46378778
7.7377806
8.5076037
7.9444407
8.9638158
9.0250897
9.8066105
10.263937
10.063377
9.9091051
10.488449
9.4865758
10.124121
10.423249
10.507361
8.7316319
8.3599892
8.2162741
7.2381197
6.5290135
6.5407112
4.9470325
4.1109222
2.5288413
1.8774761
1.7056428
1.4131991
1.018818
0.6355775
0.6974085
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Figure C.5 Outet concentration of diltiazem and {ive of its metabolites for Rat
“6 obtained by infusing 12.65 uM diltiazem for 60 minutes followed by a 60

minute washout period.
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Figure .6 Outicet concentration of diltiazem, total measured metabolites and
radivactive species for Rat #6 obtained by infusing 12.05 uM diltiuzem with a
radiotabelled tracer for 60 minutes followed by a 60 minute washout period.



Concentration Profiles, uM - Rat #6

Time, min
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Table C.4 Experimentai data for Rat 746,

tH3

0
12762499
3.4969582
55380628
7.0716888
82019873
8 8492626
9 1044007
9 2026717
96715943
8 3554172
9 8597436
10 337568
9 7836498
10 109287
10 90995
10 922269
9 7137107
9 2481956
9 3321226
7 7296765
79171134
6 5440677
5 3450277
4 3983342
3.1192867
2.2078395
16729448
1 0937669
0882012
0 7156175



Concentration Profiles, uM - Rat 7

Time, min
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Table C.5 Experimental data for Rat /7.
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H3

0
4.4035454
12.866523
21.22093
26.844513
29.014083
31.417355
33.075355
32.335604
32.210472
34.201544
29.332434
32.762525
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35.392139
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27.488576
24.674944
23.532193
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10.012407
6.7368908
4.9942425
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2.8246729
2.4584775
0
12402798
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Figure C.7 Outlet concentration of diltiazem and five of its metabolites for Rat
#8 obtained by infusing St.16 pM diltiazem for 60 minutes followed by a 60

minute washout period.
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Figure C.8 Outlet concentration of diltiazem, total measured metabolites and
radioactive species for Rat #8 obtained by infusing 51.16 M diltiazem with a
radiolabelled tracer for 60 minutes followed by a 60 minute washout period.



Concentration Profiles, uM - Rat 8

Time, min
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M2
0
0
1.0485188
2.7052725
6.8794528
7.2165162
5.8782578
7.7966858
5.8973491
6.8954602
7.4950798
7.67161
7.7674657
8.7072253
8.8891816
9.3467092
7.9385909
8.4848589
6.7709779
7.7927636
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7.3021388
5.5574032
4.6720529
4.6819357
2.9337535
3.2372289
2.8895401
0.6181325
0.434559
0.5473493

MA
0
0
0.3841106
0.72595
1.63.5658
1.4261063
0.962739
0.743C45
0.8588565
0.8812131
0.8021207
0.8995912
0.9069029
1.0636416
1.0196184
0.9514721
0.9214831
0.859137
0.7382635
0.7463813
0.6126224
0.4598984
0.5674681
0.2406613
0.1961706
0.1962867

[eNoRoNoNeNal

M1

0

0
1.3377589
3.6308091
9.8092317
13.148103
11.418133
15.361338
12.403521
14.724038
16.334337
17.512975
19.205831
20.433179
20.963672
21.721278
22.28612
21.341153
17.112974
17.267937
14.208288
11.910493
12.335862
7.9283824
7.2881534
5.4351707
2.0217173
26264144
1.8100107
0.2194638
0.117597
0.1149679

Dz

0

0
1.1213078
1.5823079
2.€580886
3.1646201
2.4481695
3.2683896
2.3350038
2.622847
25751126
2.5991105
27425211
2.9480443
3.0982857
3.1987507
3.2712965
2.9000534
2.0426399
1.6628118
1.0439959
0.6183501
0.6529967
0.3005149
0.2488244
0.1632888
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Table C.6 Experimental data for Rat #8.
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H3

0
5.8222617
14.229617
28.268949
33.534278
38.948123
44.466393
45.536166
44.062617
44.898015
43.391978
44.303854
48.234967
45.960827
46.763738
44.501201
44.252902
356.077444
37.806412
37.58828
31.429539
27.77003
22.954888
17.654966
13.004366
9.0803149
7.8736285
5.1144938
4.4090463
3.7662538
1.967827
1.5779745
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Iigure C.9 Outlet concentration of diltiazem and six of its metabolites for Rat
#63 obtained by infusing 41.18 uM diltiazem for 40 minutes followed by a 30
minute washout period.



mM4-NO
o M6
15 e ) A M4
= o
> \ M1
= /
"9-' // A MA
£ 10 /
c
Q
Q
[ ==d
[«]
(&

Time, min

Figure C.10 Outlet concentration of diltiazem and six of its metabolites for Rat
#6064 obtained by infusing 34.73 uM diltiazem for 40 minutes followed by a 30
minute washout period.
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Figure C.11 Outlet concentration of diltiazem and six of its mecwabolites for R
#65 obtained by infusing 39.79 uM diltiazem for 40 minutes followed by a 30

minute washout period.
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Figure C.12 Outlet concentration of diltiazem and six of its metabolites for Rat
#0606 obtained by infusing 30.89 uM diltiazem for 40 minutes followed by a 30
minute washout period.
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Fgure C.13 Outlet concentration of diltiazem and six of its metabolites for Rat
#07 obtained by infusing 42.87 uM diltiazem for 40 minutes followed by a 30
minute washout period.
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Appendix D - Matlab m-files

The following appendix includes copiecs of Matlab m-files used to
complete the computer model simulations. Below is listed the file names and a

brief description of the use of each file.

I'ile Use Page

simp.m File to define parameters to manipulate by Simplex 90
algorithm.

fun.m File to define the sum of squared residuals as the 91

function to minimize by the Simplex algorithm.
This calculation requires the numerical
integration of the model equations using the GEAR
method.

fsimp3in.m File to define the equations describing the drug 92
influx portion of the experimental data.

fsimp3out.m File to define the equations describing the drug 93
washout portion .f the experimental data.
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Appendix E - Simulation Results

Figure E.1 Experimental (x) and simulated (—) concentration
profiles for diltiazem and experimental (*) and simulated (- -)
concentration profiles for total metabolites in the ceffluent of an

isolated liver from Rat #5 with inlet diltiazem concentration of

11.59uM.

Figure E.2 Experimental (x) and simulated (—) concentration
profiles for diltiazem and experimental (*) and simulated (- -)
concentration profiles for total metabolites in the cffluent of an
isolated liver from Rat #6 with inlet diltiazem concentration of
12.05uM.

Figure E.3 Experimental (x) and simulated (—) concentration
profiles for diltiazem and experimental (*) and simulated (- -)
concentration profiles for total metabolites in the cffluent of an

isolated liver from Rat #8 with inlet diltiazem concentration of

51.16uM.

Figure E.4 Experimental (x) and simulated (—) concentration
profiles for diltiazem and experimental (*) and simulated (- -)
concentration profiles for total metabolites in the effluent of an

isolated liver from Rat #63 with inlet diltiazem concentration of

41.18uM. Experimental data taken from Hussain ct al. (1994).

Figure E.5 Experimental (x) and simulated (—) concentration
profiles for diltiazem and experimental (*) and simulated (- -)
concentration profiles for total metabolites in the effluent of an

isolated liver from Rat #64 with inlet diltiazem concentration of

34.73uM. Experimental data taken from Hussain ct al. (1994) .

Figure E.6 Experimental (x) and simulated (—) concentration
profiles for diltiazem and experimental (*) and simulated (- -)
concentration profiles for total metabolites in the effluent of an

isolated liver from Rat #65 with inlet diltiazem concentration of

39.79uM. Experimental data taken from Hussain ct al. (1994).
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Figure L7 [ELxperimental (x) and simulated (—) concentration
profiles for diltiazem and experimental (*) and simulated (- -)
concentration profiles for total metabolites in the effluent of an
isolated liver from Rat #66 with inlet diltiazem concentration of
30.89uM. Experimental data taken from Hussain et al. (1994).

Figure E.8 Experimental (x) and simulated (—) concentration
profiles for diltiazem and experimental (*) and simulated (- -)
concentration profiles for total metabolites in the effluent of an
isolated liver from Rat #67 with inlet diltiazem concentration of
42.87uM. Experimental data taken from Hussain et al. (1994).

Page
102

103



Influx/Washout Curve for Minimized Function
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Figure E.1 Experimental (x) and simulated (—) concentration profiles for
diltiazem and experimental (*) and simulated (- -) concentration profiles for
total metabolites in the effluent of an isolated liver from Rat #5 with inlet
diltiazem concentration of 11.59 uM.
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Figure L2 Lxperimental (x) and simulated (—) concentration profiles for
diltiazem and experimental (*) and simulated (- -) concentration profiles for
total metabolites in the effluent of an isolated liver from Rat #6 with inlet
diltiazem concentration of 12.05 pM.



InfluxyWashout Curve for Minimized Function.
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Figure E.3 Experimental (x) and simulated (—) concentration profiles for
diltiazem and experimental (*) and simulated (- -) concentration profiles for
total metabolites in the effluent of an isolated liver from Rat #8& with inlet
diltiazem concentration of 51.16 uM.
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Influx/Washout Curve for Minimized Function.
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ligure L4  Experimental (x) and simulated (—) concentration profiles for
diltinzem and experimental (*) and simulated (- -) concentration profiles for
total metabolites in the effluent of an isolated liver from Rat #63 with inlet
diltiazem concentration of 41.18 pM. Experimental data taken from Hussain et

al. (1994).
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Influx/Washout Curve for Minimized Function.
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Figure E.5 Experimental (x) and simulated (—) concentration profiles for
diltiazem and experimental (*) and simulated (- -) concentration profiles for
total metabolites in the effluent of an isolated liver from Rat /64 with inlet
diltiazem concentration of 34.73 uM. Experimental data taken from Hussain ct

al. (1994).
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Influx/Washout Curve for Minimized Function.
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Figure 1.0 Experimental (x) and simulated (—) concentration profiles for
diltiazem and experimental (*) and simulated (- -) concentration profiles for
total metabolites in the effluent of an isolated liver from Rat #65 with inlet
diltiazem concentration of 39.79 uM. Experimental data taken from Hussain et
al. (1994).
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Influx/yWashout Curve for Minimized Function,
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Figure E.7 Experimental (x) and simulated (—) concentration profiles for
diltiazem and experimental (*) and simulated (- -) concentration profiles for
total metabolites in the effluent of an isolated liver from Rat #66 with inlet
diltiazem concentration of 30.89 uM. Experimental data taken from Hussain ct
al. (1994).
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Influx/Washout Curve for Minimized Function.
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Figure E8 Experimental (x) and simulated (—) concentration profiles for
diltinzem and experimental (*) and simulated (- -) concentration profiles for
total metabolites in the effluent of an isolated liver from Rat #67 with inlet
diltiazem concentration of 42.87 uM. Experimental data taken from Hussain et

al. (1994).
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