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Introduction 

Background 
The preferred way of administering drugs is that of oral digestion. This 
administration route has many benefits, such as non-invasiveness, the 
possibility of self-medication and low production costs. However, it is also 
related to challenges in terms of the drugs’ characteristics, involving features 
such as formulation, solubility and chemical stability. In addition, the body 
has developed passive and active defence mechanisms to deal with exposure 
to foreign chemical entities (xenobiotics). A drug molecule needs to pass the 
intestinal epithelial barrier and escape elimination in the gut and the liver if it 
is to enter the blood circulation through the intestine. It then needs to reach 
the correct physiological location, where it is to interact with the intended 
pharmacologically active site. The pharmacological and toxicological effects 
of the drug are generally correlated to the drug’s concentration in the plasma. 
The plasma concentration is primarily determined by the dose administered 
and absorbed, the drug’s distribution to tissues, the presence of plasma 
proteins and the drug’s elimination rate. All processes involved in 
determining the level and change of the drug concentration in the body are 
collected under the term pharmacokinetics (PK). The term half-life (t½) is 
central in PK and describes the period of time it takes for the drug 
concentration to fall by one-half. 

The liver is the main eliminating organ for drugs and the rate of their 
elimination is generally determined by the specific capacity for each drug’s 
metabolism and the biliary excretion as well as the intra cellular exposure of 
the drug. The interplay between these two processes, metabolism and 
distribution, determines the hepatic elimination of the drug and is commonly 
referred to as the hepatic disposition.  

This thesis describes methods for the investigation of enzyme kinetics and 
cellular drug disposition. The emphasis of the work was to utilize common 
in vitro systems more efficiently by improving previously existing 
experimental setups and models for data analysis. These approaches could, 
hopefully, result in more efficient in vitro investigations and in vivo 
predictions in the process of drug discovery and development.  
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Drug discovery and development perspective 
The discovery and development process required to produce a new, safe and 
efficient drug involves many years of costly and complex investigations. It 
entails steps such as target identification and screening, lead generation and 
optimization, and preclinical and clinical studies before the final registration 
and launch of the drug on the market1-2. A schematic illustration of the drug 
discovery and development progression is shown in Figure 1. 

Drug discovery comprises the initial steps where a target is identified and 
lead compounds for this site are synthesized and optimized. Through 
combinatorial chemistry, huge numbers of new chemical entities are 
produced and screened for their ability to bind to the intended 
pharmacological site, which determines the molecules’ intrinsic efficacy. 
Other biopharmaceutical characteristics are also screened, and these can be 
classified into two groups: those determined solely by the relevant 
molecule’s structure, i.e. its intrinsic properties, and those that depend on 
some interaction with a biological constituent, i.e. the molecule’s biotic 
properties. Examples of the first class are pKa, solubility and chemical 
instability. Receptor affinity, enzyme inhibition and metabolic stability are 
examples of the latter class. During drug discovery, numerous decisions are 
made concerning the suitability of the new chemical entity as a drug. Only 
drugs deemed to be suitable will continue to be developed. Intrinsic property 
based decisions are more easily made than those based on biotic properties, 
as the meaning and importance of the latter are more problematic to interpret 
in relation to a system as complex as a whole organism. As the decisions are 
irrevocable “yes/no” judgments, it is crucial to obtain information that is as 
revealing and accurate as possible, to minimize the occurrence of false 
positive and false negative decisions during the process3. 

A few compounds identified as having the most advantageous 
characteristics will then be selected for the commencement of drug 
development. This phase is further divided into a preclinical phase and the 
clinical phases I to III. During the preclinical phase, animal studies are 
conducted to gather as much safety-related information as possible. In 
parallel, the in vitro investigations and profiling of the drug molecule are 
extended to produce detailed characterization of the compound. The initial 
clinical trials are conducted on a small scale in healthy volunteers, but as a 
candidate drug is revealed to have a promising effect, the numbers are 
increased and patients are included. 

In 2002 the average development time of a new drug up to its registration 
was 12 years, and its cost was approximately 900 million USD4. This 
tremendous cost not only includes the expenses directly associated with the 
drug in question, but also the cost of those drugs that failed during the drug 
development procedure and could not generate any revenue. One of the 
major causes of attrition in 1990s was unacceptable metabolic and PK 
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behaviour. However, by introducing better in vitro methods for the 
investigation of metabolism in the drug discovery phase, this source of 
attrition has been reduced and the major origins of the current high costs are 
related to efficacy and toxicity issues5-6. The benefits of metabolism 
investigations are, therefore, indisputable7. However, challenges still remain 
where the development of well-adapted investigations for the estimation of 
hepatic disposition is concerned, in particular relating to the involvement of 
drug distribution conducted by membrane transporter proteins8. Such 
information would, most likely, improve the accuracy of in vivo PK 
predictions, which, to a large extent, still remain an unsolved issue. 

Two classification systems based on drug molecular characteristics (i.e., 
the solubility, permeability and extent of metabolism) have been proposed 
for the prediction of the drugs’ in vivo PK behavior9-10. The main purpose of 
the systems is to waive in vivo bioequivalence studies for new and generic 
drugs to reduce development costs and regulatory management11. However, 
prediction of in vivo PK behaviour could also be used to identify when to 
expect clinically relevant PK implications, such as: involvement of 
membrane transporters, drug-drug interactions and genetic polymorphism12. 
The identification of possible risk areas could aid in the selection of where to 
focus the investigations during drug development. 

  
Figure 1. Schematic view of the progression of drug discovery and development. 
Characterization of a drug’s disposition is an ongoing process throughout the phases. 

The hepatobiliary system 
General liver physiology 
The liver is the body’s largest internal organ (accounting for approximately 
2% of the total body mass), and as one of its main functions is to guard and 
clean the body from xenobiotics, a large fraction of the cardiac output is, 
directly or indirectly, directed to it (~30%)13-14. All blood that passes the 
intestine is gathered in the portal vein and emptied in the liver, and 
oxygenated blood from the heart is supplied via the hepatic artery15. 
Branches of the artery and vein merge in physiological structures called 
sinusoids. Hepatocytes are aligned around the sinusoids up to where they 
drain into the hepatic vein16. To optimize the exchange of nutrients and other 
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compounds between the blood and the hepatocytes, the sinusoid endothelia 
is fenestrated, and separated to the hepatocytes by the space of Disse. The 
hepatocytes are arranged in pairs and connected by tight junctions15. 
Between these junctions bile canaliculus are formed that transfer bile in the 
opposite direction to that of the sinusoidal blood. The bile canaliculus 
merges into bile ductules, and finally into ducts, that subsequently lead to the 
gall bladder16-17. An illustration of two adjacent hepatocytes is shown in 
Figure 2. One third of the bile is directly passed to the duodenum and the 
rest is stored and concentrated in the gall bladder18. The gall bladder is 
emptied through contraction, triggered either on stimuli from feeding or, in 
the fasted state, by a regular migrating motor complex19. As the bile is 
released into the duodenum, recycling of bile constituents, i.e. bile salts, is 
possible. The same procedure can occur for xenobiotics, such as drugs. This 
process is referred to as enterohepatic circulation. 

The hepatocyte 
Hepatocytes constitute 65% of all liver cells, with an abundance of 
approximately 120 million cells per gram of liver. They comprise 80% of the 
total liver volume and are the type of cells with the main responsibility for 
elimination of xenobiotics in the body13, 20. The hepatocyte has a volume of 
approximately 4-5 pL. It is a cubic, polarized cell with three different main 
membrane specializations: the sinusoidal membrane facing the space of 
Disse and the blood, the canalicular membrane, forming the bile canaliculus, 
and the lateral membrane, which is the connective surface between adjacent 
pairs of hepatocytes. Both the canalicular and sinusoidal membranes are 
constituted with microvilli to increase the surface area available for the 
exchange of compounds between bile and blood, respectively21. Membrane 
transporter proteins are also highly expressed on these membranes to 
facilitate the distribution of endogenous and exogenous entities in and out of 
the cell22-24. Inside the cell resides a vast number of metabolic enzymes, 
either integrated with intra cellular components such as the endoplasmic 
reticulum (ER) or freely floating in the cytosol. Although the hepatocytes’ 
ability to eliminate drugs from the body is the focus of this thesis, it should 
be noted that they are also involved in many fundamental and important 
functions for the body, such as: protein synthesis, e.g. serum albumin and 
fibrinogen, synthesis of fatty acids, lipogenesis, and carbohydrate storage, 
metabolism and control25-29. 

Definitions of disposition, distribution and elimination 
A biological unit (e.g. a cell, organ and organism) exposed to a drug will 
interact with the drug molecule. Those processes determining the residence 
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time of the drug inside the unit can be described using two general terms, 
distribution and elimination. Distribution is the process of reversible transfer 
of a drug to, from and inside the unit. Elimination is the process of 
irrevocable loss of the drug. Traditionally, the latter process is further 
divided into the terms excretion and metabolism. Excretion is a distribution 
process that leads to a permanent loss of the drug. Metabolism refers to an 
irreversible conversion of the structure of the drug molecule to create a new 
chemical entity (a metabolite). Disposition is the term used to embrace both 
distribution and metabolism. It can be described as the sum of all the 
contributory processes occurring that affect the kinetics of the drug in the 
biological unit. 

  
Figure 2. Schematic representation of two adjacent hepatocytes showing the 
interconnecting canalicular space and the disposition of a drug (D), primary 
metabolite (M1) and secondary metabolite (M2). Blood passes the sinusoidal 
membrane and delivers and carries off solutes.  

Hepatic metabolism 
Introduction 
The main objectives of drug metabolism are either to detoxify the compound 
and/or to make it more hydrophilic to facilitate excretion. However, in some 
cases, the metabolite created is more pharmacologically potent (e.g. 
terfenadine and fexofenadine) or toxic (e.g. acetaminophen and 
benzo[α]pyrene) than the parent compound itself30-32.  

Metabolic processes have traditionally been classified into two phases: 
Phase I in which a functional group (e.g. -OH, -COOH) is created, and  

D
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Phase II where a larger molecular structure is conjugated to the substrate to 
increase the water solubility. However, even though the functional group 
created in Phase I metabolism is often used for Phase II conjugation, many 
compounds are directly eliminated by Phase II metabolism using functional 
groups present in the original molecular structure of the drug. 

Phase I 
Cytochrome P450 
The most abundant catalytic enzyme family in the liver is the Cytochrome 
P450 (CYP) superfamily33. On the basis of amino acid sequence homology, 
the CYP-enzymes have been divided into families (>40% resemblance) and 
subfamilies (>55% resemblance)34. The families are referred to by number 
and, in total, 57 genes coding for CYP have been identified in humans. 
These enzymes mediate oxidative, peroxidative and reductive metabolism 
over a wide range of substances and are located on the ER and on the 
mitochondrial membrane inside the cell35. It has been estimated that 80% of 
all drugs undergo some metabolism that is mediated by CYPs. Families 1 to 
3 have traditionally been considered to be the most important for drug 
metabolism. Additionally, they are the most abundant CYP-enzymes in the 
liver33, 36. The following two sections will focus on the CYP-enzymes that 
are most relevant for this thesis, CYP2C8 and CYP3A4. 

CYP2C8 
It is only in recent years that CYP2C8 has been recognized as an important 
enzyme for drug metabolism. It is a major human hepatic CYP-enzyme as it 
constitutes approximately 7% of the total microsomal CYP content37. 

Currently, CYP2C8 is considered to be highly relevant for the metabolism 
of several drugs such as repaglinide, cerivastatin, paclitaxel, amodiaquine 
and rosiglitazone38-42. Other drugs, such as fluvastatin, carbamazepin, 
verapamil and ibuprofen are metabolized by CYP2C8 to a minor or an 
intermediate extent43-46. The substrate specificity seems to be fairly flexible 
and span a large range of structures, sizes and pKa values37. 

Compounds that have been reported to be specific inhibitors of CYP2C8 
are bezafibrate, quercetin, montelukast, trimethorpim and a glucuronide-
conjugate of gemfibrozile40, 47-50. However, the specificity of quercetin can 
be questioned as it is reported to be a potent inhibitor of CYP1A251. Some of 
the best known specific inhibitors of other CYP-enzymes, such as 
ketoconazole for CYP3A4 and α-naphthoflavone for CYP1A, have also been 
reported to affect the activity of CYP2C852-53. However, the clinical 
implications of CYP2C8 interactions are hard to assess because the substrate 
specificity of the drugs studied overlaps with that of CYP3A4, and 
diagnostic tools specifically targeted at CYP2C8 are not yet available37. 
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CYP3A4 
CYP3A4 has an essential role in the metabolism of drugs and endogenous 
compounds and is the most abundant CYP-enzyme in the liver54. Like 
CYP2C8, it has a broad substrate specificity of drugs and has been estimated 
to be involved in the metabolism of a majority of the CYP-metabolized 
drugs used today55. This has been explained by CYP3A4’s large and flexible 
active site and the suggestion that multiple conformations exist at the same 
time56. The kinetic implications of a drug-drug interaction are also very hard 
to predict as the substrate binding to CYP3A4 is often atypical57. 

Examples of drugs that are metabolized by CYP3A4 with clinical 
relevance are atorvastatin, simvastatin, acetaminophen, felodipine, 
midazolam, erythromycin and cyclosporine33, 58. 

Due to the unselective specificity, the enzyme is susceptible to drug-drug 
interactions. A large number of CYP3A4 inhibitors and clinical drug-drug 
interactions have been reported59-60. Among the most well studied inhibitors 
are verapamil, itraconazole and erythromycin61-63. 

Phase II 
The three most important Phase II reactions are glucuronidation, sulfation 
and glutathion conjugation. These reactions are mediated by 
sulfontransferases, glutathione-S-transferase and UDP-glucuronosyl-
transferases (UGTs), respectively64. 

The glucuronidation reaction is the most relevant process for this thesis 
and seven UGTs have been identified as being of potential importance for 
drug metabolism in the liver65-66. The UGTs are localized to the ER and 
conjugate a glucuronic acid to the substrate by a functional group64. 
Substrate specificity has been shown for specific UGT isoforms. However, 
altogether,  the whole enzyme family has been shown to metabolize a high 
diversity of molecular structures67. 

Clinically relevant interactions with UGTs are rare, probably owing both 
to a low affinity of the substrate to the UGTs and to the fact that the majority 
of the drug metabolism is also mediated by CYPs65. However, zidovudine 
and olanzapine are, at least to some extent, metabolized by direct 
glucuronidation68-69. 

The purpose of the conjugation is to make the compound more 
hydrophilic to facilitate excretion. As the reaction occurs inside the cell and 
the conjugated compounds’ membrane permeability is low, many 
glucuronides are substrates for efflux membrane transporter proteins. 
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Other metabolic reactions relevant for the thesis 
The bioactivation of the double prodrug ximelagatran to melagatran is 
discussed in this thesis. This activation involves two metabolic reactions that 
are atypical for drugs: ester-hydrolysis and reduction70-71. These reactions are 
mediated by enzymes other than the traditional Phase I and Phase II enzymes 
and, as a consequence of this, they have not been thoroughly studied and 
have yet to be well characterized.   

The ester-hydrolysis discussed is performed by carboxylesterases. This 
family of enzymes is localized to the ER and to the cytosol and has been 
shown to be involved in the metabolism of drugs with ester and amine 
groups included in their molecular structure (e.g. irinotecan and cocaine)72-73. 

The reduction discussed is catalyzed by an N-hydroxylamine reductase 
enzyme system74. In general, reductive metabolism of drugs is uncommon, 
but certain prodrugs are activated by reduction, such as sulindac, activated 
by aldehyde oxidase, and mitomycin C, which is activated by xanthine 
oxidoreductase75-76. 

Hepatic distribution 
Introduction 
The distribution of drugs over cellular membranes has an important role to 
play in the drugs’ disposition. The primary structure of these membranes is a 
double layer of phospholipids, which forms a lipophilic barrier. This 
barrier’s purpose is to ensure the integrity of the cell, to control cellular 
functions and to facilitate the regulation of what goes in and out. 
Consequently, the process of distribution is important to many drug related 
aspects, such as intestinal absorption, tissue exposure and elimination. 

Non-carrier mediated distribution 
Non-carrier mediated distribution— more commonly referred to as passive 
diffusion— over the cellular membrane represents the most usual way of 
passing through a cell membrane. Passive diffusion is purely driven by the 
concentration gradient over the membrane in order to achieve intra- and 
extracellular equilibration. The ability of a compound to diffuse is dependent 
on the physiochemical properties such as size, ionization and lipophilicity. 
Small, neutrally charged and lipophilic compounds have a higher potential 
for translocation than big, charged and hydrophilic molecules. A commonly 
used name for non-carrier mediated distribution is passive distribution 
because the distribution process is not dependent on energy consumption. 
However, numerous membrane transporter proteins are energy independent, 
and consequently this term is somewhat misrepresentative. 
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Carrier mediated distribution 
Carrier mediated distribution is conducted by membrane transporter proteins. 
These proteins comprise a large group that is involved in the uptake and 
efflux of both endogenous compounds and xenobiotics. In direct contrast to 
passive diffusion, these processes can transfer the compound against the 
concentration gradient, maintaining or creating intra- and extracellular 
concentration differences. It was not until the last two decades that the 
importance of membrane transporters for drug distribution and elimination 
was highlighted. However, the role of membrane carriers in disposition has 
now gained widespread acceptance77.   

The membrane transporter proteins are divided into two major classes, the 
superfamilies of SLC (solute carrier) and ABC (ATP-binding cassette) 
transporters. Approximately 370 SLC and 50 ABC transporters have been 
identified, and these two superfamilies are further divided into families 
based on the proteins’ amino acid homology78-80.  

SLC proteins generally mediate uptake and execute transportation of 
compounds on the basis of processes such as co-transport of solutes and 
differences in the membrane potential. These processes are, in a sense, 
passive as no direct energy (as ATP) is used. However, the gradient of the 
co-transported agent needed is generally energy dependent, and therefore 
SLC transport is often referred to as secondary active transport. About 30 
SLCs are known to be involved in drug disposition80.  

ABC transporters use ATP directly through an intracellular ATPas 
domain, for the transportation process. This domain, together with two 
nucleotide-binding domains, seems to be the most important structure for the 
functionality of the ABC proteins. Nine of the identified ABC proteins have 
been reported to influence drug disposition24, 81.  

The following two sections will focus on the membrane transporters that 
are most relevant for this thesis, SLCO1B1 (OATP1B1) and ABCB1. 
 

SLCO1B1 (OATP1B1) 
The generic name of SLCO1B1 is the organic anion transporting peptide 
1B1 (OATP1B1). SLCO1B1/OATP1B1 is selectively localized in the 
sinusoidal membrane of the hepatocytes in the liver. OATP1B1 has an 
important function in transporting endogenous compounds like bilirubin, bile 
salts, conjugated steroids and peptides from the blood into the hepatocyte82-

83. Like other proteins in the OATP family, OATP1B1 is multispecific, but it 
mainly mediates passage through the membrane for negatively charged 
amphiphilic compounds84. 

Several drugs have recently been reported to be substrates for OATP1B 
such as statins (e.g. rosuvastatin and pravastatin), bosentan and 
fexofenadine85-87. 
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A few potent inhibitors that result in clinical drug-drug interactions have 
been reported, such as cyclosporine, rifampicin and gemfibrozil88-90. 
However, some of the reported interactions are unspecific as CYP mediated 
metabolism occurring simultaneously might be inhibited as well, and clear 
conclusions about the influence of OATP1B1 inhibition are, consequently, 
hard to draw. 

ABCB1 
ABCB1 is localized on the canalicular membrane of the hepatocytes 
mediating efflux transport from the hepatocyte to the bile. This transporter is 
multispecific, involved in the distribution of a wide range of many 
endogenous compounds, as well as xenobiotics. However, an amphiphilic 
structure is the common denominator of the substrates. ABCB1 is one of the 
most studied membrane transporter proteins91-93. It has been hypothesised 
that it has an important co-operative role with CYP3A4 in the xenobiotic 
detoxification as they exhibit an overlapping substrate specificity and tissue 
expression94-95. However, this characteristic has not yet been thoroughly 
elucidated and, therefore, is not generally accepted96. 

Numerous drugs have been reported to interact with ABCB1, such as 
anticancer drugs (e.g. vinblastine and paclitaxel), digoxin and loperamide97-

99. Several reports of drug-drug interactions have been published, but 
similarly to OATP1B1, clinical significance has been hard to determine as a 
consequence of the substrates and inhibitors overlapping with metabolic 
enzymes (mainly CYP3A4)96, 100-102. 

Basic aspects of modelling  
Velocity of biological processes 
The velocity of a biological process, such as metabolism or distribution, is 
often described by either non-saturable or saturable kinetics. The non-
saturable process mainly refers to processes with an infinite capacity, 
resulting in a proportional increase in the reaction velocity with increased 
substrate concentration.  In theory, these processes do not involve any 
biologically active proteins, and classical examples of non-saturable 
processes described in the literature are passive diffusion over a cell 
membrane and chemical instability of a drug. The non-saturable reaction is 
generally described by a mono-exponential equation, where the velocity is 
determined by the free (unbound) concentration of the compound (Cu) and a 
process-specific rate constant (k) (Equation 1). 
 

uCkv ×=  (1) 
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This attribute is also commonly called linear kinetics, referring to the direct 
proportionality between the rate and concentration.  

The alternative to this is the saturable process, which reflects a process 
with a limited capacity, like metabolism and carrier-mediated membrane 
transport. When the substrate concentration is negligible compared to the 
amount of active protein, the reaction rate is linear with concentration, in 
accordance with Equation 1, but with increased substrate concentration, the 
occupancy of the protein will eventually be so high that an increase in 
concentration will not lead to a proportional increase in rate. This 
phenomenon is generally called nonlinear kinetics, referring to the 
disproportionate increase in rate to concentration. Eventually the occupancy 
of the enzymes will be absolute, i.e. the enzyme is saturated, and then there 
will be no increase in the reaction rate when increasing the substrate 
concentration. A reaction rate that is independent of the substrate 
concentration is referred to as a zero-order reaction. Factors that are relevant 
for determining at which concentration the enzyme is saturated are, for 
example, substrate affinity to the enzyme and the rate at which the protein 
transmits the reaction and is ready for a new transition. Saturable biological 
reactions (involving enzymes) are often described by the Michaelis-Menten 
equation (Equation 2) or an adapted version of it. 
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where Cu is the unbound substrate concentration, Vmax is the maximum 
velocity of the reaction and Km (the Michaelis constant) is the substrate 
concentration that yields a reaction velocity corresponding to half Vmax. The 
traditional method used for the determination of Vmax and Km for a 
metabolic reaction is to fit the Michaelis-Menten equation to the initial 
formation rates of the metabolite at different substrate concentrations. 

However, many drug compounds are metabolized at multiple positions 
and, for new chemical entities, these are not usually identified early in the 
discovery process. In the papers included in this thesis, novel approaches to 
the estimation of enzyme kinetic parameters were proposed and evaluated. 

Mechanistic modelling 
When sufficient knowledge exists of specific biological processes and how 
they interact with each other, one can build integrated models describing 
their interplay and their combined effect. The theory is that additional 
information and an understanding of the synergetic effect of the processes 
involved can be gained through this computation. In practice, mechanistic 
modelling is an attempt to describe an observation with the aid of the 



 22 

fundamental processes behind the observations. The challenge is to build a 
sufficiently descriptive model from the underlying elementary processes to 
be able to discriminate between them. A substantial benefit of this modelling 
is that predictions can be made of how changes in the primary functions will 
influence the final outcome.  

A question central for this thesis, therefore, is: In what way will the 
hepatic disposition, and ultimately the pharmacokinetics, of a certain drug be 
influenced by a change in the metabolic and/or distribution rate?  

Through the introduction of measured or selectively chosen changes to 
the primary processes involved in drug disposition, it could be anticipated 
that one would be able to foresee the consequences on the PK. Thus, the 
potential of a mechanistic model is the ability to predict and draw 
conclusions on a level beyond the measurements of the input to the models.  

Prediction of an in vivo situation from in vitro results 
The concept of prediction 
One of the first examples of using in vitro results for the prediction of drugs’ 
in vivo behaviour originates from work presented by Rane and coworkers103. 
This initiated a new field within drug discovery as the possibility to 
accurately predict a drug’s hepatic elimination would be highly beneficial 
from an efficiency perspective.  

Drug elimination in PK is traditionally described by the term clearance 
(CL). It is defined as the proportionality factor relating the elimination rate 
to the drug concentration through the equation: elimination rate = CL × C. 

Clearance can also be regarded as the volume completely cleared of the 
drug per unit of time, or as the loss of the drug across an organ. The latter 
physiological point of view opens up the possibility of incorporating 
biological factors, such as the protein binding, rate of blood flow and 
enzyme activity. This is extremely valuable when predicting how changes in 
biological factors will influence elimination. The following sections will 
focus on predictions of liver clearance (CLH). 

Traditional prediction of hepatic elimination 
The starting point of the traditional approach is to determine the capacity of 
the biological component to eliminate the compound under study. The 
capacity is referred to as the intrinsic clearance (CLint). The intrinsic in vitro 
clearance (CLint,invitro) is generally obtained from enzyme fractions (e.g. 
microsomes or S9 fractions) or hepatocytes20.  

The clearance for a saturable in vitro reaction (CLinvitro) is at any 
concentration defined by Equation 3. 
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However, CLint,invitro, which represents the fundamental (maximum) 
enzymatic capacity, obtained under linear conditions when Cu is negligible 
in comparison to Km, is defined in Equation 4. 
 

Km

Vmax
invitro int,CL =  (4) 

The most frequently used assay for the estimation of CLint,invitro is the “in 
vitro t½” method, in which CLint,invitro is derived from the monoexponential 
slope of a single depletion curve104. However, it is built on the assumption 
that the initial concentration (C0) is well below Km. This assumption is 
often valid, but if it is not, the method will underestimate CLint and therefore 
underpredict the rate of hepatic clearance in vivo. For simplicity, all 
statements from here onwards assume linear conditions. 

Through extrapolation, by using physiologically valid scaling factors 
(SF), the whole liver’s metabolic capacity, the in vivo CLint (CLint,invivo), can 
be calculated. Traditional scaling factors are 45 mg microsomal protein        
g liver-1 and 120 million hepatocytes g liver-1 20, 105.  

The second step is to integrate the liver’s metabolic capacity to the 
physiological environment by application of a ‘whole liver application 
model’. Three models, shown to perform equally well, have been proposed: 
the “well-stirred” model, the parallel tube model and the dispersion 
model)106-108. However, the “well-stirred“ model (Equation 5) is the most 
commonly adopted one owing to its mathematical simplicity in comparison 
to the other two models. 
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Where fuP is the unbound fraction in the plasma, B/P is the blood/plasma 
concentration ratio and QH is the liver blood flow. 

Whole liver application models are built on three assumptions: 1) within 
the liver, the enzymes are homogenously distributed, 2) the distribution into 
the liver cells from the blood is instantaneous, with no constraints being 
imposed by distribution barriers (i.e., the distribution is perfusion rate 
limited) and 3) only unbound drug molecules cross the cell membrane. 

One of the drawbacks of all these three models is that no information 
concerning the distribution is included (see the second assumption). This 
shortcoming reduces the possibility of attaining a mechanistic evaluation and 
interpretation of the influence of this process on the CLH 
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Cell disposition for the prediction of hepatic elimination 
Even though the distribution over cellular membranes was acknowledged as 
a factor of significance in hepatic and whole body disposition early on, it 
was not widely considered as a consequence of the inevitable complexity 
associated with its inclusion and the lack of computation possibilities109-110.  

However, as more knowledge has been acquired, as the possibility to 
measure membrane distribution processes has been realized and as computer 
power has increased, scientific effort in this area was revitalized111. In 
addition, recently the role of hepatic membrane transporter proteins for 
hepatic clearance was investigated comprehensively77, 112-116. Several models 
and equations have been derived for the calculation of hepatic clearance, 
integrating metabolism and membrane translocation (both sinusoidal and 
canalicular)114, 117-118. Equation 8 can be used for the prediction of hepatic 
clearance under the assumption that the rate of active efflux from the 
hepatocyte to blood is negligible compared to the rates of the other processes 
involved. 
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Where CLmet = CLint.invivo, CLdif is the passive diffusion clearance over the 
sinusoidal membrane, CLinf represents the active uptake clearance from 
blood to the hepatocyte and CLsec denotes the distribution clearance from the 
cell to bile (both active and passive). This model opens up the possibility of 
interpreting and predicting the importance of different processes for hepatic 
clearance. 

The drawback of adopting the disposition approach for the estimation of 
CLH is that the information needed generally requires advanced experimental 
methods. These methods are time consuming to validate and perform, and in 
some cases the results can be complicated to interpret. In the papers 
discussed in this thesis, a simple approach, based on commonly used in vitro 
systems and setups, is proposed and evaluated for cell disposition 
investigations of metabolized drugs. 

Physiologically based pharmacokinetic models 
Information on CLH alone can only give an indication of a drug’s metabolic 
stability and bioavailability, however, a large number of reports regarding 
the development of physiologically based pharmacokinetic (PBPK) models 
(of varying complexity) have recently been published118-124. The PBPK 
modelling approach is based upon prior knowledge of the physiology 
(including blood flows, tissue compositions, tissue weights etc.) together 
with physiochemical and biochemical properties of the drug. The structure of 
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the PBPK model will depend on the use to which it is to be put, but it is 
generally constructed of compartments connected by vascular flows or CL 
terms. It can be used for simulations and predictions of the time course of 
drug concentrations, or it can be used the other way around for the 
estimation of mechanistic processes for which no values previously existed. 
A large quantity of relevant input data for the PBPK model needs to be 
produced in vitro during the drug discovery process to obtain valid estimates 
for quantities such as the lipophilicity, solubility, protein binding, 
permeability, liver distribution and metabolic processes. 

The predictions from a robust and reliable PBPK model combining all 
available and relevant information can be used to get a better foundation for 
decision-making during drug discovery. It can also be used to facilitate the 
communication between different scientific professions when conveying the 
relevance of specific processes in a holistic drug related perspective124-125. 

The research conducted in conjunction with this thesis includes the 
construction of a PBPK model to improve the mechanistic interpretations of 
in vivo studies. The emphasis of the PBPK model developed was put on the 
processes involved in the hepatic disposition and it was designed to suit the 
animal model used.  
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Aims of the thesis 

The general aim of this thesis was to evaluate new approaches in terms of 
the experimental setup and data analysis for commonly used in vitro systems 
to improve the output of hepatic disposition investigations. 
 
The specific aims of the thesis were to; 
 

• Thoroughly evaluate the accuracy and robustness of a new 
approach to estimate enzyme kinetic parameters from substrate 
depletion data. 
 

• Optimize an experimental design for the estimation of enzyme 
kinetics suitable for a drug discovery screening environment.  

 
• Develop and evaluate a novel methodology for in vitro 

investigations of the impact of membrane transporter function on 
the hepatic disposition of metabolized drugs.  
 

• Construct a PBPK model suitable for the multiple sampling site 
pig model to improve the mechanistic interpretations of the in 
vivo studies performed.  
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Methods 

In vitro investigations 
Cell fractions (Papers I, III and IV) 
Investigations performed with cell fractions 
Cell fractions were used in Papers I, III and IV for the estimation of enzyme 
kinetics.  

Paper I: Seven model compounds, benzyloxyresorufin, diclofenac, 
dextromethorphan, ethylmelagatran, ethoxyresorufin, flutamide and N-
hydroxymelagatran, were investigated as part of an evaluation of different 
approaches to the estimation of enzyme kinetics. To enable a valid 
comparison to be made between the methods, it was important to account for 
the majority of the metabolic routes. Substrates were therefore selected 
based on the criteria of a maximum of two dominating measurable metabolic 
routes contributing to at least 80% of the total metabolism. Chemical 
structures and associated reactions are shown in Figure 3. 

 
Figure 3. Chemical structures and metabolic reactions investigated in Paper I. 
*Specific reaction pathway unidentified 
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Papers III and IV: The enzyme kinetics were determined for ximelagatran 
and repaglinide as a part of an investigation of the respective drugs’ in vitro 
hepatocyte disposition. Figure 4 shows the molecular structures and 
biotransformation of ximelagatran (metabolites: ethylmelagatran, N-
hydroxymelagatran and melagatran) and repaglinide (metabolites: (2-
Despiperidyl-2-amino-repaglinide (M1), 2-Despiperidyl-2-(5-carboxypentyl-
amine)-repaglinide (M2) and repaglinide-acyl-β-D-glucuronide (M7)) its 
metabolites. Cell fractions were also used in these two studies to investigate 
the included inhibitors’ effect on the enzyme kinetics. 

 
Figure 4. Chemical structures and biotransformation of ximelagatran, repaglinide 
and the respective drugs’ metabolites. 

Microsomes 
Microsomes were used to study metabolic reactions mediated by CYP-
enzymes. Rat liver microsomes were a kind gift from AstraZeneca (Mölndal, 
Sweden). Pig (Yorkshire and Swedish landrace) liver microsomes were 
prepared by homogenization of liver biopsy samples in NaKPO4 (0.01 M, 
pH 7.4), followed by centrifugation at 10,000g for 20 min at 4°C. The 
supernatant was collected and ultracentrifuged at 105,000g for 60 min at 
4° C, after which the pellet was redissolved in cold phosphate buffer. This 
was followed by an additional ultracentrifugation at 105,000g for 60 min at 
4°C. The final pellet was redissolved in NaKPO4 buffer (0.05 M, pH 7.4), 
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and the total protein concentration was determined using the method of 
Lowry126. 

S1 fractions 
S1 fractions were used to study metabolic reactions mediated by 
carboxylesterases and reductases. Liver S1 fractions were prepared as 
follows: fresh male porcine (Yorkshire and Swedish landrace) livers were 
flushed with ice cold isotonic saline solution to remove blood and to cool the 
tissue. Pieces of the liver were homogenized in ice cold KPO4 buffer (0.1 M, 
pH 7.4) (1:5 v/w) and then centrifuged at 1000g for 10 minutes. The 
supernatant was collected as the S1 fraction and used within four hours to 
minimize the risk of enzyme degradation. The preparation was conducted on 
ice in a refrigerated room at 8° C and S1 fractions were kept on ice until use. 
The total protein concentration was determined using the method of 
Bradford127. 

General incubation procedure 
Incubations were conducted by shaking under air at 37˚ C. The incubation 
matrices consisted of KPO4 buffer (final concentration 0.1 M, pH 7.4) and 
selected cell fractions at optimal protein concentration for the investigated 
substrates. Incubations were performed by adding the substrate to the matrix; 
this was followed by a 5-min equilibration time. The reaction was started by 
adding one or more co-factors, NADPH (microsomes) or NADPH and 
NADH (S1 fractions), to a final concentration of 1 mM. The concentration 
of organic solvent did not exceed 0.5% in any of the incubations. Samples 
were removed at consecutive optimized time points and terminated by 
adding the samples to organic solvent containing the internal standard. 

Primary hepatocytes (Papers III and IV) 
Investigations performed with primary hepatocytes 
Primary hepatocytes in suspension were used in Papers III and IV for in vitro 
hepatocyte disposition investigations. The mechanisms behind the 
disposition were investigated by co-incubation of metabolism inhibitors 
and/or membrane transporter inhibitors. 

Isolation procedure 
Isolation of porcine (Yorkshire and Swedish landrace) hepatocytes was 
performed using a modified version of the collagenase digestion technique 
used for biopsies128. In the isolation procedure, the general buffer used, 
hepatocyte suspension buffer (HSB), consisted of 2.8 g Na HEPES, 5 ml   
7.5 % (w/v) NaHCO3, 200 ml Hank’s buffered salt solution 1X, 100 ml 
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Hank’s buffered salt solution 10X diluted to a volume of 1200 ml in water 
and adjusted to pH 7.4.  

Briefly, a liver biopsy was placed upon a steel wire screen and the 
exposed blood vessels were cannulated with up to four cannulas. The 
isolation procedure commenced with a wash out perfusion of HSB 
containing 0.5 mM EGTA for 7.5 min followed by a second wash out 
perfusion of HSB for     10 min. This was followed by a digestion perfusion 
of HSB containing 5 mM CaCl, collagenase (150 CDU ml-1) and trypsin 
inhibitor (700 BAEE ml-1) until the biopsy showed evidence of extensive 
digestion (15 - 20 min). All perfusions were performed with solutions heated 
to 37 °C at a flow rate of 5 ml min-1 cannula-1. The digested liver sample was 
then gently moved to a plastic petri dish filled with ice cold HSB containing 
DNase (1600 Dornase ml-1) and the hepatocytes were gently dissociated 
from the connective tissue. The suspension was filtered through a nylon 
mesh and the filtrate was washed in three successive centrifugation (3 min at 
25 g) and resuspension steps: the first was conducted in HSB containing 
DNase (1600 Dornase ml-1) and the following two in HSB. All steps were 
performed with ice cold media. 

The resulting pellet was resuspended in Williams’ medium E (pH 7.4), 
containing 2 mM L-glutamin and 25 mM HEPES and the cell yield and 
viability were obtained using a NucleoCounter (ChemoMetec, Allerød, 
Denmark). The cell suspensions were inspected microscopically. The cell 
yield (on average, 100 × 106 cells) was corrected for a 20 % prevalence of 
cells with two cell nuclei. Only cell yields with a viability of > 85 % were 
used and all experiments were conducted within 60 min of isolation. 

General incubation procedure 
Incubations were conducted by shaking at 37° C under 5% CO2. The 
incubation matrix consisted of porcine hepatocytes (final concentration        
1 × 106 viable cells ml-1) and Williams’ medium E (pH 7.4) containing         
2 mM L-glutamine and 25 mM HEPES. The reaction was initiated by the 
addition of the substrate being investigated and samples were removed at 
consecutive selected time points. The concentration of organic solvent did 
not exceed 0.5% in any of the incubations. Prior to removing the samples, 
the incubation tubes were vortexed for 2-3 s to ensure that the samples 
contained a homogeneous cell suspension, i.e., both media and cells. The 
reactions were terminated by adding the samples to ice-cold acetonitrile 
containing the internal standard. 
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In vivo investigation in pig (Paper IV) 
Study design 
The in vivo study in pigs was performed with a multiple sample sites model 
to allow a profound study of the hepatobiliary disposition. Repaglinide was 
selected as the model drug as it is almost completely eliminated by liver 
metabolism (mainly by CYP2C8 and CYP3A4) and is also a substrate for 
OATP1B139, 129-132. The following inhibitors were used to investigate the 
influence of metabolism and carrier-mediated distribution on the 
hepatobiliary disposition and, consequently, the PK of repaglinide: CYP3A4 
and CYP2C8: ketoconazole (KCZ), bezafibrate (BEZ) and trimethoprim 
(TMP); and OATP1B1: diclofenac (DFN) and quinine (QIN)47, 49, 59, 133.  

With the aim of permitting each animal to act as its own control, the 
individual animals were administered two doses of repaglinide during the 
day on which the study was conducted. The second of these was preceded by 
the administration of inhibitors. More specifically, the pigs were given a   
1.5 mg dose of repaglinide intravenously as a 2.5 min intravenous infusion 
through the central venous catheter (CVC). After 140 min, the pigs were 
either administered metabolism inhibitors (TI, n=3) (KCZ:BZF:TMP, 
0.1g:0.2g:0.3g), uptake inhibitors (TII, n=3) (DFN:QIN 1g:0.5g) or both 
metabolism and uptake inhibitors (TIII, n=3) (KCZ:BZF:TMP:DFN:QIN 
0.1g:0.2g:0.3g:1g:0.5g) by a 60 min-long infusion through the CVC. At   
210 min, the pigs received a second dose of repaglinide (1.5 mg) in the same 
way as the first dose. The animal was terminated after 420 min. 

At designated time points (0, 10, 20, 30, 45, 60, 75, 90, 105, 120, 150, 
180, 200, 210, 220, 230, 240, 255, 270, 285, 300, 315, 330, 360, 390, and 
420 min) 2.5 ml blood samples were collected from the hepatic vein (VH), 
the portal vein (VP) and the right femoral vein (VF). Bile was continuously 
collected in tubes kept on ice and gathered in 20 min fractions throughout 
the study. The urine accumulated was gathered after termination. 

Animals 
The study was approved by the local ethics committee for animal 
experiments and the handling of animals followed the national guidelines. 
The study included 10 male pigs of mixed breed (Yorkshire and Swedish 
Landrace) of which one experienced complications during surgery and did 
not complete the study. The animals were 10 to 12 weeks old and weighed 
25.6 ± 2.1 kg (21.4–28.0 kg). Food was withheld on the night before the 
experiment, but water was allowed ad libitum. The animals were delivered 
directly from the breeder to the laboratory on the day of the study. 
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Surgery  
The surgery was performed according to the previously reported procedure 
for the multiple sample sites pig model134-136. The abdominal cavity was 
opened through a midline incision. The catheters for the blood sampling 
were introduced in the VP, VH, and VF and a catheter was placed to enable 
the urine from the urine bladder to be drained and accumulated. The body 
temperature of the animals was maintained by using a thermostat-controlled 
heating pad. The blood gases, electrocardiograms, heart rate, and arterial and 
central venous pressures were monitored throughout the experiment to 
ensure normal physiological values. The animal was allowed to stabilize 
after the surgery for at least 20 min before commencing the study protocol. 
Immediately after the end of the experiment, each pig was sacrificed by 
administration of 20 to 30 nmol of potassium chloride, given as a bolus dose 
in a superior caval vein. 

Data analysis 
Enzyme kinetics  
Initial formation rate of the metabolite (Paper I) 
The rates of metabolite appearance at different substrate concentrations were 
calculated by plotting the metabolite concentration as a function of time. The 
formation rates were normalized to protein concentration and the Michaelis-
Menten equation (Equation 2) was fitted by non-linear regression to the 
formation rate versus free substrate concentration.  

Multiple depletion curves method (Papers I-IV) 
The enzyme kinetics in Papers I and II were determined by generation of 
substrate depletion curves for multiple concentrations and by non-linear 
regression fitting of Equation 2 to all of these curves, simultaneously. Vmax 
was obtained by normalization to the protein concentration. The depletion 
curves were generally generated over a 60 min incubation time. For that 
reason, was the impact of the change in enzyme activity on the acquired 
estimates and the possibility to correct for that impact in the data analysis 
investigated in Paper I.  

The enzyme kinetic investigations in Papers III and IV were performed by 
adopting the same approach as in Papers I and II. However, these studies 
also included the metabolites created during the incubation in the analysis. 
This generated a system of equations that incorporated the disappearance 
kinetics of the parent compound and appearance-disappearance kinetics of 
the metabolites. Optimization of the kinetic models was performed by 
iterative incorporation of the enzymatic instability and the formation of 
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unidentified metabolic pathways. The effect of the inhibitors included in the 
enzyme kinetics in these studies was investigated and modelled as a simple 
adaptation of non-competitive inhibition (Equation 9). 
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where Vmax,inhib represents the maximum rate of velocity during the 
inhibition. 

Cell disposition 
Enzymatic parameters (Vmax and CLint) determined in the cell fraction assay 
were scaled to the hepatocyte environment by multiplying the parameters 
with the intracellular protein concentration in the hepatocyte (Cprot.hep). The 
concentration time-profiles from the incubation of the compounds studied 
(for model drugs and their respective metabolites) were simultaneously fitted 
by non-linear regression, in analogy to the multiple depletion curves method. 
However, the cell disposition model also included the relation between intra 
and extra cellular concentration at pseudo equilibrium. This represented the 
sum of distribution processes mediated by membrane transporters and was 
described by the constant D, giving the final equations for linear 
(Equation 10) and non-linear kinetics (Equation 11). 
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Where Ctot is the total concentration measured in the incubation, Vmax, Km 
and CLint,invitro are the enzyme kinetic parameters determined in cell fractions, 
fuH is the fraction unbound in the hepatocyte and Vi, Ve, and Vtot are the 
intracellular, extracellular and total volumes, respectively.  

The contribution of metabolism and distribution to the cellular disposition 
of the compounds studied was investigated and determined by the co-
incubation of inhibitors of these processes.  

Physiologically based pharmacokinetics   
A physiologically based pharmacokinetic (PBPK) model was constructed for 
PK analysis of the data obtained from the multiple sampling sites pig model, 
following an intravascular administration of the investigated drug. The 
model was also intended for use in conjunction with simulations of the effect 
of hepatocyte influx and/or metabolism inhibition on the PK. The specific 
application of the model presented in this thesis was for repaglinide and 
three of its metabolites (M1, M2 and M7), but it could be adapted for the 
future analysis of other compounds. 

The PBPK model consisted of six tissue compartments, three plasma 
compartments, one bile compartment and a urine compartment. The kinetics 
of the metabolites (M1, M2 and M7), determined using the plasma 
concentrations measured in the VP, were simultaneously described by one-
compartment models that included metabolism and excretion to bile and 
urine (see Figure 5). Briefly, the dose is administered to the mixed arterial 
compartment (MAC), described by the concentration time-profile obtained 
from the VP. Drug is transferred, by physiologically related blood flows, 
from the MAC to the kidney, the liver vascular compartment (LVC), lumped 
tissue associated with the VF (LTVF) and lumped tissue (LT). VH and VF 
represent the outlet from the LVC and the LTVF, respectively. The lung then 
closes the circular system as it receives blood from the kidney, LT, VF and 
VH and delivers it to the MAC at a blood flow equivalent to the cardiac 
output (CO).  

The rationale for relating the MAC to the VP concentrations was that the 
arterial concentration entering various tissues after the administration of an 
intravenous dose will be equal to the concentration in VP when the 
contribution of metabolism and distribution in the intestines are considered 
to be negligible. Both the liver and the kidney were assumed to be 
eliminating organs. All tissues, except the liver, were modelled by perfusion-
limited distribution, where a partition coefficient constant (KP) was used to 
calculate the tissue distribution at each time point (Equation 12). This 
assumption was made because the main focus of the study was to investigate 
the mechanism involved in the drug disposition in the liver and the effect of 
inhibition of these processes. 
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where CT is concentration, QT is the blood flow, VT is the volume and KP,T is 
the partition coefficient constant of the observed tissue. These parameters 
determine the rate at which the drug is removed from the tissue, i.e., the 
outlet rate. The inlet rate to the observed tissue is determined by the sum of 
the outlet rates (v) from tissues up-stream in the blood circulation. 

The liver was modelled as two compartments: the LVC, linked to the 
blood stream, and the liver cell compartment (LCC), from which elimination 
was assumed to occur by metabolism and biliary excretion. The access of 
drug from the LVC to the LCC was modelled using permeability limited 
distribution as membrane uptake (CLinf) and passive diffusion (CLdif) 
clearances. Unspecific binding to liver tissue was described, with a Kp 
applied to the LVC. The drug concentration in the LVC and the LCC was 
described by Equations 13 and 14, respectively. 
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where CLdif and CLinf represent the passive (diffusion) and active (influx) 
clearance from LVC to LCC, respectively. QH represents the blood flow 
through the liver and vMACLVC and vLCCLVC represent the inlet rates from 
MAC and LCC, respectively. 
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where vLVCLCC represents the inlet rate (including both the passive and active 
processes) from LVC to LCC, ΣCLmet represents all the metabolic pathways 
involved and CLbile is the biliary excretion clearance. 
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Figure 5.A schematic depiction of the physiologically based pharmacokinetic 
(PBPK) model applied to repaglinide and three metabolites (2-Despiperidyl-2-amino 
repaglinide (M1), 2-Despiperidyl-2-(5-carboxypentylamine) repaglinide (M2) and 
repaglinide-acyl-β-D-glucuronide (M7)) used for simulations and analysis of porcine 
in vivo data. The model consisted of nine physiologically related compartments 
described by their respective volume and partition coefficient. Tissues and vascular 
compartments were connected through physiologically relevant blood flows (dotted 
arrows). The elimination and distribution rates (solid arrows) were obtained from in 
vitro experiments or from the literature. The kinetics of the metabolites studied were 
modelled with one-compartment models including elimination through metabolism, 
bile and urine. In all, samples were collected from 14 (coloured grey) out of 23 
compartments. The abbreviations are as follows: Mixed arterial compartment 
(MAC), portal vein (VP), hepatic vein (VH), femoral vein (VF), lumped tissue (LT), 
lumped tissue associated with VF (LTVF), liver vascular compartment (LVC), and 
liver cell compartment (LCC). 
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Simulations 
Monte Carlo simulations (Papers I and II) 
Monte Carlo simulations were used to investigate the robustness of the 
models suggested, expressed as the accuracy and precision in parameter 
estimates.  

In Monte Carlo simulations, simulated observations are generated with a 
random error described by a specified error model. These simulated 
observations are then used for parameter estimation by the model to be 
evaluated. The simulation and estimation process is repeated to obtain a 
parameter distribution (e.g. the mean and the standard deviation) from which 
the robustness of the model is assessed. 

In Papers I and II, respectively, the number of simulation-estimation 
cycles performed was 100 and 500. The error model for the stochastic 
simulations performed in Paper I was described by a proportional error of 
7.3%; in Paper II a combined proportional (7.5%) and additive 
(SD=0.00185) error was used instead (representing a 20% CV at the lowest 
possible/permitted observation). 

Predictive and sensitivity simulations (Papers III and IV) 
Predictive and sensitivity simulations were performed in order to predict or 
investigate the importance of various mechanistic processes, e.g. carrier 
mediated distribution or metabolism. 

A predictive simulation is based on two major aspects: 1) the construction 
of a sufficiently descriptive model for the purpose for which the model is 
intended, and 2) the gathering of relevant data on which the model will be 
dependent.  

In Paper IV, physiological characteristics for the pig, such as tissue 
volumes, blood flow tissue composition and the volume of extra cellular 
space, were collected for the construction of the PBPK model used for the 
predictions14, 137-138. The structure of the PBPK model was developed based 
on the focus of the study and the available data. Molecular properties, such 
as pKa and logP, for the drug being studied (i.e., repaglinide) were gathered 
from the literature and used for in silico prediction of the values of KP in 
accordance with the specifications laid down by Poulin and co-workers139-140. 
Finally disposition specific parameters, such as Vmax, Km and D, were 
generated through in vitro experiments or gathered from existing 
publications. The expectation was that the compiled model would provide an 
accurate forecast of the eventual result obtained from an authentic study, 
were such a study to be conducted. 

Sensitivity simulations were basically conducted as follows: A model 
based on equations describing biological processes replicating the specific 
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area of interest was implemented. The model’s sensitivity was determined by 
assessing the influences of the respective processes on the model by 
selectively varying the capacity of the processes involved and observing the 
model’s response to these changes. 

Optimal experimental design (Paper II) 
A penalized ED-optimal design with a discrete parameter distribution was 
used to find an optimal experimental design for the assessment of enzyme 
kinetics in a screening environment. A data set for enzyme kinetic data (Vmax 
and Km) was collected from previously reported studies and every Vmax/Km 
pair (n=76) was considered to represent a unique drug compound. The 
design was restricted to 15 samples, an incubation time up to 40 min and a 
range of start concentrations (C0) for the incubation between 0.01-100 µM. 
The optimization was performed by identifying the sampling times and C0 
that returned the lowest uncertainty (SE) in the estimates of the model’s 
parameters. 

For the design to be optimal for numerous drug compounds with different 
Vmax and Km values, a modified ED-optimal design criterion with penalty 
was optimized. The penalty function was formulated to determine a general 
optimal design that (on average) was closest to all the individual optimal 
designs. Given this, the objective function value (OFV) to maximize was a 
value in the range of 0 to n, where n is the number of Vmax/Km pairs 
included. This could be interpreted as a sum of the information relative to 
the individual optimal designs of the compounds included. For example, an 
OFV of n corresponds to the best possible design, i.e., the general optimal 
design is just as good as the individual optimal designs for every compound. 
Furthermore, an OFV of 0 corresponds to a general design with no 
information compared to the individual optimal designs. 

Software used for the data analysis and simulations 
Analyses of the in vitro and in vivo kinetic data in Papers I, III and IV were 
performed with non-linear regression using WinNonlin Professional 
software V5.2 (Pharsight Corp., CA). This software was also used in Paper 
IV for parameter estimations based on simulated data. A weighting scheme 
of 1/ŷ2 was applied, with the sole exception of the initial formation rate in 
the metabolite investigations in Paper I. Akaike information criterion, visual 
examination of data, residual plots and the precision of parameter estimation 
were used for the evaluation and comparison of the goodness of fit for the 
different models. 
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A Visual Basic program developed in-house was used for the Monte 
Carlo simulations performed in Paper I. Simulated data were generated using 
the Runge-Kutta algorithm to solve values from the differential equation, 
and the parameters were estimated from the generated data by non-linear 
regression carried out using Levenberg-Marquardt’s curve fit algorithm 
linked to the Runge-Kutta algorithm for the numerical solution of the 
differential equation. 

The optimal design in Paper III was performed using the software PopED 
v2.10 with a discrete parameter distribution. All the simulations and re-
estimations in this project were carried out in NONMEM VII with the 
FOCEI method. 

Predictive and sensitivity simulations in Papers III and IV were generated 
with the Berkeley Madonna software v8.0.1 (University of California, 
Berkley, CA, USA). 

Bioanalytical methods 
Three papers included in this thesis (Papers I, III and IV) involved the use of 
bioanalytical methods to quantify the concentration of investigated model 
substrates and associated metabolites in samples gathered from in vitro and 
in vivo investigations. These methods are only briefly acknowledged in the 
following paragraphs, but are described in detail in the respective papers. 

The following bioanalytical methods were used for the respective 
compounds in Paper I. High-performance liquid chromatography (HPLC) 
separation with fluorometric detection was used for the quantitation of 
benzyloxyresorufin, ethoxyresorufin and resorufin, as well as for 
dextromethorphan and dextrorphan. HPLC separation with ultra violet 
detection was used for concentration measurements of diclofenac, 4’-OH-
diclofenac and 5-OH-diclofenac, as well as for flutamide and 2-OH-
flutamide. Ethylmelagatran, N-hydroxymelagatran and melagatran were 
determined by liquid chromatography separation with tandem mass 
spectrometry detection. 

 The quantitation of ximelagatran, ethylmelagatran, N-hydroxymelagatran 
and melagatran in Paper III was performed with a bioanalytical set-up 
including online capillary solid phase extraction, liquid chromatographic 
separation and tandem mass spectrometric detection. 

Ultra performance liquid chromatography separation with tandem mass 
spectrometric detection was used for concentration measurements of 
repaglinide, M1, M2 and M7 in Paper IV. 
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Results and discussion 

The multiple depletion curves method (Paper I) 
The evaluation of the multiple depletion curves method (MDCM) was 
performed by comparing the results (Vmax, Km, CLint) with those gained with 
the initial formation rate of metabolite method (IFRMM). Seven compounds 
were investigated in the study, but two were excluded from the evaluation as 
the metabolic reactions examined did not represent a sufficiently large 
proportion of the total metabolism of the respective substrate. Figure 6 
shows the substrate saturation plot (used for the IFRMM) and substrate 
depletion plot (used for the MDCM) for benzyloxyresorufin to illustrate 
some primary data from the investigation.  

 
Figure 6. A) The substrate saturation plot (IFRMM) and B) the substrate depletion 
plot (MDCM) of benzyloxyresorufin 

The possibility of compensating for the loss of enzyme activity during the 
incubation was also investigated and evaluated. The data were well 
described by the models adopted and the MDCM estimates were in good 
overall agreement with those from IFRMM. With very few exceptions, the 
difference in the parameter estimates was within a factor of two. An overall 
improvement was also seen for correction of loss in enzyme activity over 
time. A summary of enzyme kinetic parameters included in the MDMC 
evaluation is shown in Table 1. 
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Table 1. Summary of the enzyme kinetic variables included in the evaluation of the 
MDCM obtained with the initial formation rate of metabolite method (IFRMM), the 
multiple depletion curves method without (MDCM) or with (MDCM+ke) loss of the 
enzymatic activity variable (ke). The values are shown as means with the SE.  

a, diclofenac 4’-hydroxylation reaction, b, diclofenac 5-hydroxylation reaction, BRES = 
benzyloxyresorufin, DFN = diclofenac, DXM = dextromethorphan, EMEL = ethylmelagatran, ERES = 
ethoxyresorufin. 

The Monte Carlo simulations conducted to investigate the robustness of the 
MDCM showed that optimal conditions were met when the initial 
concentrations covered Km and the relative turnover was high (see Table 2). 
An interesting finding was that these two factors compensated for each other 
at sub-optimal conditions. This suggests that it is not absolutely necessary to 
include a concentration well above Km for accurate estimations to be 
obtained as long as the turnover is sufficiently high. For the opposite 
situation, i.e. for compounds with low turnover, an advantageous C0 range 
could still generate accurate parameter estimates. 

Table 2. Summary of the Monte Carlo simulation study investigating the robustness 
of the multiple depletion curves method. Accuracy and precision (estimated 
value/true value ± coefficient of variation) of the kinetic variables estimated, Vmax 
and Km, for different relative initial concentration levels, C0/Km (High, Medium 
and Low) and a relative turnover (% min-1). 

Variable Method BRES DFN DXM EMEL ERES 

Km 
(µM) 

IFRMM 0.0937 ± 0.012 
19.8 ± 2.1a 
19.6 ± 2.4b 

0.795 ± 0.13 4710 ± 2400 0.152 ± 0.016 

MDCM 0.179 ± 0.099 17.8 ± 2.2 5.15 ± 0.95 2340 ± 800 0.174 ± 0.038 

MDCM+ke 0.166 ± 0.082 16.4 ± 1.9 3.18 ± 0.50 2340 ± 790 0.157 ± 0.038 

Vmax 
(pmol min-1 mg-1) 

IFRMM 12.0 ± 0.48 
668 ± 20a 
473 ± 16b 

665 ± 17 42800 ± 17000 71.3 ± 2.0 

MDCM 11.8 ± 6.8 784 ± 85 875 ± 140 36100 ± 12000 54.2 ± 7.5 

MDCM+ke 26.9 ± 13 1060 ± 120 1210 ± 120 46900 ± 16000 56.1 ± 10 

CLint 
(ml min-1 g-1) 

IFRMM 128 ± 17 
 

33.7 ± 3.8a 
24.2 ± 3.0b 

836 ± 130 
 

9.10 ± 5.9 
 

470 ± 51 
 

MDCM 66.1 ± 7.5 44.0 ± 1.2 170 ± 5.9 15.5 ± 0.77 311 ± 28 

MDCM+ke 162 ± 28 64.7 ± 4.4 380 ± 31 20.1 ± 3.0 358 ± 67 

ke (min-1) MDCM+ke 0.034 ± 0.008 0.013 ± 0.002 0.025 ± 0.002 0.0094 ± 0.005 0.0061 ± 0.005 

 Relative turnover (% min-1) 

  5   0.5   0.05  

C0/Km (H-M-L) Km Vmax Km Vmax Km Vmax 

20-2-0.2 1.0 ± 0.088 1.0 ± 0.077 1.0 ± 1.3 1.0 ± 1.1 0.99 ± 16 0.97 ± 13 
2-0.2-0.02 1.0 ± 1.2 1.0 ± 1.0 0.98 ± 17 0.97 ± 15 14 ± 670 9.5 ± 680 

0.2-0.02-0.002 1.2 ± 43 1.1± 41 6.9 ± 770 5.4 ± 730 * * 
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The results from this study showed that the MDCM can be used to precisely 
and accurately estimate enzymatic variables governing overall metabolism. 
The method is also expected to be widely applicable, as the numerical range 
for the variables studied (Vmax, Km and CLint) was large and the Monte Carlo 
simulation study demonstrated that factors like the C0 range and metabolic 
turnover compensate for each other under sub-optimal conditions. Correction 
for loss of enzyme activity was possible and improved the accuracy of the 
estimations. 

Enzyme kinetics in screening (Paper II) 
Paper II involved the generation of individual optimal designs, one general 
optimal design (G-OD) and one experimental optimal design (OD) for the 
Vmax/Km pairs collected. OD was constructed by pragmatic modifications of 
G-OD to better suit the experimental conditions. In addition, a standard 
design (STD-D), representing a commonly applied approach for metabolic 
stability investigations, was constructed. G-OD, OD and STD-D are shown 
in Table 3. 

Table 3. The experimental designs generated and evaluated in this study; the 
standard design (STD-D), the general optimal design (G-OD) and the experimental 
optimal design (OD). The starting concentration (C0) and the time points for 
sampling the respective C0 (Time) as well as the objective function value (OFV) are 
shown for each design.  

 STD-D 
(OFV=0.011)

G-OD 
(OFV=28)

OD 
(OFV=17) 

Sample C0 (µM) Time 
(min) 

C0 (µM) Time 
(min) 

C0 (µM) Time 
(min) 

1 1 0 0.427 40 0.45 40 
2 1 0 0.427 40 0.45 40 
3 1 0 0.427 40 0.45 40 
4 1 10 0.427 40 2.5 5 
5 1 10 0.433 40 2.5 40 
6 1 10 0.436 40 18 5 
7 1 20 2.38 40 18 40 
8 1 20 17.6 40 30 5 
9 1 20 30.3 40 30 40 
10 1 30 62.1 40 60 40 
11 1 30 92.5 40 90 40 
12 1 30 93.0 40 90 40 
13 1 40 100 40 100 40 
14 1 40 100 40 100 40 
15 1 40 100 40 100 40 
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Simulations were performed for OD and STD-D using the Michaelis-Menten 
(MM) equation (Equation 2) and enzyme kinetic parameters were estimated 
both with the MM and a mono exponential (EXP) decay (Equation 1). 

 
Figure 7. Performance plots for the experimental optimal design (OD) (open 
squares) and the standard design (STD-D) (solid triangles) displayed as (A) RMSE 
(%) in CLint estimates versus t½ and (B) RSE (%) in CLint estimates versus t½. For 
both designs, the values indicated are the minimums from estimates derived using 
either the Michaelis-Menten equation (MM) or a mono exponential decay (EXP). 
Circles in panel A, indicate those reactions where it was possible with OD-MM to 
determine both Vmax and Km with a RMSE <30%. 
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For 99% of the data set, OD returned lower estimates than STD-D, with an 
average of 49% RSE in CLint (Figure 7, panel B). OD also returned CLint 
values with equally good or better RMSE% in the majority (78%) of cases 
(Figure 7, panel A). 

As the RMSE is a combined value that represents precision and accuracy, 
these results advocate the usage of OD. However, analysis of high CLint 
entities required analysis with the MM, whereas compounds with a low CLint 
required analysis with EXP. In a real situation, where the parameters CLint, 
Vmax and Km are truly unknown, it is important to have methods to 
discriminate between the MM and EXP models, and choose the better of the 
two. This dilemma could be addressed by using both OD and MM for 
estimation and then choosing the best output using normal modelling 
discrimination methods, such as an analysis of the Akaike criteria, the log 
likelihood, conditional weighted residual, etc.  

One alternative possibility, albeit less sophisticated, is to stipulate a crude 
rule, on the basis of the available information, for when one method of 
analysis or the other should be used. Our results suggest that entities with a 
t½ < 130 min should be analyzed with the MM as this generated better 
results than EXP in this region. In addition, all estimates of CLint within this 
region were returned with a RMSE < 30%. Under linear conditions, a half 
life of 130 min, corresponds to a 19% turnover, a direct comparison of Ct 
toward C0 for the lowest concentration used (0.45 µM, for OD) would 
indicate whether it was preferable to use MM or EXP for the analysis. If the 
turnover is less than 19% at 0.45 µM, this study suggests that data analysis 
with EXP is preferred. 

For many compounds (26%) OD-MM could be used to discriminate and 
estimate both Vmax and Km with a low expected error (RMSE <30%). The 
results indicated that the determinative factor for this discrimination was 
primarily the turnover, as discrimination was only possible for compounds 
with a value for t½ of < 40 min. The results did not indicate that the value of 
Km had any significance for the estimations. Theoretically, information 
concerning when saturation occurs, i.e. proportionality changes between the 
concentration and reaction rate, needs to be available to make this 
distinction. However, as 50% of the compounds (n=2800) included in a 
reference data set provided by AstraZeneca had a t½ < 40 min, this result 
indicates that a considerable amount of information can be gained in an 
authentic screening environment. Information about Km may be very useful 
as it reflects the potential for saturation of the metabolic reaction. 
Consequently, drugs with low Km values are at risk of exhibiting non-linear 
kinetics in an in vivo situation. 

The results presented in this study demonstrate that the output could 
generally be improved over that obtained from the standard approaches used 
today. 
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The simple disposition model (Papers III and IV) 
The evaluation of the simple disposition model was carried out by 
investigation of two model substrates, ximelagatran (Paper III) and 
repaglinide (Paper IV). Ximelagatran was chosen as inhibition of transporter 
proteins, and in particular ABCB1, has been suggested as the cause of the 
reported drug-drug interactions with erythromycin136, 141-142. The clinical 
drug-drug interactions documented for repaglinide have been suggested to be 
related to inhibition of metabolism (CYP3A4 and CYP2C8) and/or hepatic 
distribution (OATP1B1). However, these previously reported results were 
ambiguous and, in view of this, the mechanisms underlying the reported 
interactions for the ximelagatran and repaglinide were also of specific 
interest. Moreover, the metabolites of ximelagatran: ethylmelagatran, N-
hydroxymelagatran, melagatran, and the metabolites of repaglinide: M1, M2 
and M7, were observed and included in the analysis. The investigations were 
conducted by combining the results from cell fraction assays with a novel 
disposition model (Equations 10 and 11) applied to data obtained from 
primary hepatocytes in suspension assays.  

In Paper III, the metabolism and disposition of ximelagatran, with and 
without co-incubation of several known inhibitors of ABCB1, were 
monitored. The metabolism was significantly influenced by verapamil and 
KCZ and also, to some extent, by quinidine, but it was not inhibited by either 
erythromycin or QIN. Erythromycin and QIN were, therefore, selected as 
inhibitors for the disposition analysis.  

The results obtained from the control hepatocyte analysis suggested that 
the intracellular unbound concentrations for ximelagatran and 
ethylmelagatran were higher than those of extracellular concentrations. Co-
incubation of inhibitors showed that the metabolism of ximelagatran was 
reduced to a minor extent by the presence of QIN and the combination of 
QIN and erythromycin. This indicated that the disposition of ximelagatran 
was independent of transport proteins inhibited by erythromycin and QIN. 
Ethylmelagatran was the only entity that was significantly influenced by co-
incubation of erythromycin. 

A more interesting result, however, was that hardly any metabolic 
turnover could be detected for N-hydroxymelagatran which was not in 
agreement with observations made in cell fractions. This indicated that, after 
its formation from ximelagatran, N-hydroxymelagatran was rapidly 
transported to the extracellular space, or in some other way made 
unavailable to the metabolic enzymes, preventing it from being further 
metabolized. A deficiency in the reductase activity is unlikely to be the 
explanation for this as ximelagatran was metabolized to ethylmelagatran. 
These results suggest that the principal pathway for the hepatic metabolic 
formation of melagatran in pigs is the route via ethylmelagatran. Distribution 
constants estimated, with and without inhibitors are shown in Table 4. 
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In Paper IV, the relative importance of metabolism and distribution for 
the disposition of repaglinide was determined through the selective 
inhibition of respective processes. KCZ, BZF and TMP were used as 
CYP3A4 and CYP2C8 inhibitors and DFN and QIN as OATP1B1 inhibitors. 
Estimated distribution constants obtained from control hepatocyte analysis 
indicated a considerable intracellular accumulation (D=8.3) of repaglinide. 
This was reduced by 50% through co-incubation with DFN and QIN. The 
distribution constants obtained, with and without inhibitors, are displayed in 
Table 4. Reliable estimates of the distribution constants for the metabolites 
investigated could only be obtained for M1. Direct glucuronidation to M7 
represented the main (60%) metabolic pathway in hepatocytes, and CYP 
mediated biotransformation of repaglinide to M2 and M1 represented 25% 
and 8.3%, respectively. The metabolic conversion of repaglinide mediated 
by CYP-enzymes was significantly reduced by the presence of KCZ, BZF 
and TMP.  

The results for the hepatocyte disposition presented in Paper IV indicated 
that co-incubation with CYP inhibitors decreased the overall turnover of 
repaglinide by 40%, OATP1B1 inhibition caused a 47% reduction and the 
combination of both inhibitions resulted in a 70% reduction. This proved 
that distribution processes are of direct relevance for the hepatic disposition 
of repaglinide. 

Table 4. Summary of distribution constants (D) obtained in Papers III and IV. The 
values are shown as the mean with the SE. 
Condition XIM ETM OHM REP M1 
Control 3.02 ± 0.15 1.89 ± 0.10 0.00100 ± 0.071 8.26 ± 0.78 1.42 ± 0.31 
ERY (50 µM) 3.36 ± 0.27 6.43 ± 0.46** 0.00102 ± 0.13   
QIN (50 µM) 2.52 ± 0.19* 5.01 ± 0.32** 0.343 ± 0.12*   
ERY + QIN (50+50 µM) 1.95 ± 0.20** 5.42 ± 0.41** 0.00440 ± 0.11   
DFN + QIN (10+10 µM)    4.31 ± 0.25** 0.35 ± 0.12** 
*, p < 0.05; **, p < 0.01, XIM = ximelagatran, EMEL = ethylmelagatran, OHM = N-hydroxymelagatran, 
REP = repaglinide, ERY = erythromycin, QIN = Quinine, DFN = diclofenac 

Sensitivity simulations were carried out to investigate whether reasonable 
rates of efflux could significantly influence the disposition of an 
intracellularly formed and metabolized compound to the level seen for N-
hydroxymelagatran. The simulations showed that such behaviour could 
indeed occur under physiological conditions. For instance, the turnover was 
reduced to 13 % at an efflux/elimination rate ratio of 10 compared to a 
system with an efflux/elimination rate ratio of 0.1. The results from the 
sensitivity simulation study and the model used are shown in Figure 8. 

The studies performed in Papers III and IV showed that it is possible to 
obtain detailed information on the general mechanisms of importance in the 
drug liver disposition with the combination of simple in vitro systems and 
the simple disposition model proposed. It is, however, important to highlight 
that this method is only intended and designed for metabolized drugs. 
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Another noteworthy aspect is that no direct discrimination of the specific 
transport direction (in terms of sinusoidal efflux/influx or canalicular efflux) 
is performed as the analysis concerns the absolute sum of distribution 
processes. Nevertheless, as membrane transporter inhibition resulting in a 
reduction of intracellular accumulation of the parent compound only can be a 
result of influx inhibition, such processes can in fact be discriminated with 
this approach. 

 
Figure 8. Simulated concentration-time profiles for A) an intermediate metabolite 
and B) the end product (drugD) at investigated efflux/elimination rate relations 
(kie/kmet ) as follows: kie/kmet = 10 (solid squares); kie/kmet = 3 (solid diamonds); 
kie/kmet = 1 (solid triangles); kie/kmet = 0.3 (solid circles) and kie/kmet = 0.1 (open 
diamonds). Solid line represents the concentration of the double prodrug and the 
dotted lines represent the results from control simulations, i.e. they show the 
maximum and minimum metabolism of the intermediate metabolite. C) A simple 
two-compartment model used to analyze the effects of efflux of an intracellularly 
formed and metabolized intermediate metabolite. The diagram indicates: the double 
prodrug (proD), the intermediate metabolite (intM), the active drug (drugD), the 
formation rate constant (kapp), efflux rate constant (ki→e), influx rate constant (ke→i), 
elimination rate constant (kmet) and second metabolic pathway rate constant (ksec). 
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In vivo study of repaglinide (Paper IV) 
A thorough investigation of the hepatic disposition of repaglinide and its 
metabolites was performed in Paper IV. The study comprised in vitro and in 
vivo investigations, simulations, PBPK modelling and mechanistic 
quantitative analysis of both in vitro and in vivo data.  

The fast elimination of repaglinide made it possible to use the suggested 
study design with a second dose of repaglinide being given 3 h after an 
infusion of selected inhibitors of 1 h duration. This enabled a direct 
comparison to be made of the inhibitors’ effect on the PK of repaglinide as 
each animal acted as its own control. All measurements between the 
commencement of the infusion of inhibitors at 140 min up to the second 
administration of repaglinide at 210 min were excluded from the analysis as 
it was recognized that the PK during this period was affected by the 
inhibitors. Figure 9 illustrates the plasma, bile and urine concentration-time 
profiles including the fit of the PBPK model for a typical individual. 

 
Figure 9. Typical plots from the in vivo study analyzed with the PBPK model. A) 
Plasma concentrations of repaglinide in VH, VP and VF (solid diamonds), M7 (open 
circles) and M2 (open triangles) in VP. B) Accumulated amount repaglinide 
(squares), M1 (triangles), M2 (diamonds) and M7 (circles) in bile (solid symbols) 
and urine (open symbols). 

Repaglinide was almost entirely eliminated through metabolism. However, 
the hepatic clearance was low, and therefore, so was the extraction over the 
liver (EH), (CLH=4.3±2.0 mL min-1, EH=7.5%). This was not a consequence 
of a low metabolic capacity (CLint,invitro= 19 µl min-1 mg prot.-1) but of high 
levels of plasma protein binding (fu=0.013). Still, as a result of a small 
distribution volume (Vd.ss=0.28 L kg-1), the half-life was short (t½ = 43 min). 
About 60% of the administered dose was excreted through the bile and urine, 
mainly as M7 (bile: 40%, urine: 8%) and M2 (bile: 6%, urine: 3%). The 
metabolites M1, M2 and M7 were accumulated in bile, M1 up to a 100 fold 
higher than the lower limit of quantitation in bile (i.e., 5 nM) and M2 and 
M7 up to 1000 times higher than the observed VP plasma concentrations. 
Repaglinide was not significantly accumulated in bile, and in accordance 

0 100 200 300 400
0.1

1

10

100

1000

time (min)

co
nc

. (
nM

)

0 100 200 300 400
0.1

1

10

100

1000

10000

time (min)

am
ou

nt
 (n

m
ol

)

A B



 49

with previous reports, only a small fraction of the administered dose was 
eliminated as unchanged drug through the bile and urine (<1%). The 
accumulated amount in bile is shown, for all the entities included, in 
Figure 10. 

 

 
Figure 10. Accumulated amount (nmol) in bile of repaglinide, M1, M2 and M7 per 
treatment phase and treatment group (grp). The number assigned to the treatment 
group corresponded to the treatment received in the inhibition phase, i.e. group 1 
received TI, et cetera. The dotted line represents the mean for all the treatment 
groups in the control phase (p1all). Inset shows p2/p1all. 

Significant acute DDIs that altered the PK of repaglinide were observed. 
Inhibition of OATP1B1 mediated influx (TII) had a larger effect on the 
overall pharmacokinetics (CLH: -43%, t½: +60%) than inhibition of CYP-
mediated metabolism (TI) (CLH: -29%, t½: +45%). The highest impact, a 
57% reduction of CLH and a 70% increase of t½, was observed for the 
combination of influx and metabolism inhibition (TIII). This illustrated the 
combined importance of these processes for the disposition.  

No significant change in the fraction extracted into bile and urine could be 
detected by concomitant administration of selected inhibitors (Table 5), 
however, although it was difficult to draw clear conclusions from the bile 
excretion profiles, some trends could be distinguished. The excretion of 
repaglinide was consistently higher for TI that it was for the control. 
Initially, for TII and TIII, the excretion was lower, but over time it attained 
the same level as for the control. These findings concur with theory as 
inhibition of metabolism (TI) makes more repaglinide available inside the 
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hepatocytes for excretion. The opposite will initially occur for TII and TIII, 
as inhibition of influx reduces the rate at which repaglinide reaches the 
intracellular space of the hepatocytes. This theory was also applicable to M2 
and M7, as all three of the combinations of inhibition tested initially caused 
a decrease in the biliary excretion as an effect owing to the metabolism 
and/or influx inhibition of repaglinide. However, this was not always the 
case for M1. 

Table 5. Amount excreted to bile and urine, displayed as a percentage of the 
administered dose. The values shown are the mean and SD, and p1 and p2 are the 
control and inhibition phases, respectively. 
   Bile    Urine Bile+urine 
 p1  p2  p1+p2  p1+p2 p1+p2 
  TI: 0.41±0.34 TI: 3.0±2.4  
Repaglinide 0.27±0.16 TII: 0.34±0.22 TII: 0.73±0.52  
  TIII: 0.33±0.11 TIII: 0.27±0.26  
  TI: 0.030±0.0094 TI: 0.27±0.11  
M1 0.022±0.011 TII: 0.025±0.0056 TII: 0.27±0.030  
  TIII: 0.021±0.0068 TIII: 0.17±0.020  
  TI: 5.7±3.2 TI: 4.2±5.0  
M2 6.3±2.6 TII: 6.1±2.6 TII: 2.2±3.8  
  TIII: 4.0±0.50 TIII: 2.9±2.0  
  TI: 37±5.6 TI: 12±8.6  
M7 43±13 TII: 41±8.0 TII: 6.2±0.60  
  TIII: 32±5.9 TIII: 5.0±1.6  

  TI: 44±5.4 TI: 42±8.8 TI: 19±11 61±3.2 

total 50±14 TII: 48±14 TII: 50±11 TII: 12±4.0 62±9.2 

  TIII: 36±11 TIII: 46±1 TIII: 8.3±2.2 55±9.8 

Parameters applied in the PBPK model gathered from the literature, derived 
from in vitro hepatocyte investigations or obtained from the in vivo data are 
summarized in Table 6. 

The volume in each of the three plasma compartments in the model (VH, 
VF and MAC (VP)) was designated the same value, that is, one third of the 
total volume of blood. This was done to enable the differences in the 
concentration of the blood compartments to be related to elimination and 
distribution processes, and not to volume differences. The values of VT, Q 
and KP assigned to LTVF and LT for the initial model, used for predictive 
simulations, were specified from their physiological origin. As the VF 
sample was drawn from the femoral vein located in one of the hind legs, 
LTVF was designated the approximate VT, Q and associated KP value of a 
leg. Then, as the renal and biliary excretion of unchanged repaglinide was 
reported to represent only a small fraction of the total elimination, these 
processes were set to zero in the simulations. Predictive simulations were 
performed on the basis of the data gathered from the literature and on 
hepatocyte-related in vitro results (control, TI, TII and TIII). The plasma 
profiles acquired were analyzed with a 2-compartment model. Simulated 
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concentration-time profiles for control and inhibition phases are shown in 
Figure 11. The hepatic clearance was underpredicted (CLH = 1.5 ml min-1   
kg-1), but the relative change under inhibitory conditions was predicted 
accurately (TI: -34%, TII: -47%, TII: -67%). Analysis of the origin of the 
underprediction showed that the discrepancy could originate from several 
sources, such as fuP, metabolism, liver distribution and tissue distribution. 
Furthermore, the shape of the concentration-time profile for the VF 
compartment did not agree fully with the observed profiles. 

Table 6. Parameters applied in the PBPK model. 

Tissue  WT (L) Q (L min-1) KP 
LTVF  0.27×BWT 

(0.20×BWT)* 
0.42×CO 
(0.20×CO)* 

0. 044 
(0.087)* 
 

LT  0.60×BWT 
(0.67×BWT)* 

0.07×CO 
(0.29×CO)* 

0. 154 
(0.081)* 
 

KIDNEY  0.0055×BWT 0.114×CO 0.175 
 

LUNG  0.0109×BWT CO=0.147×BWT 0.245 
     
BLOOD  0.0719×BWT VP=CO 

VH=QLIVER 
VF=QLTVF 

0.507 

 Plasma 0.0496×BWT   
 Blood cells 0.0223×BWT   
 fuP=0.0137  

(lit: 0.01)* 
   

 B/P=0.575  
(lit: 0.6)* 

   

 E: P=0.0546    
LIVER  0.0316×BWT   

- LVC  0.13×WT,LIVER 0.396×CO 4.37 
(0.0806)* 

- LCC  0.71×WT,LIVER   
HPGL (cells g liver-1) 120×106    
Vhep (µl 10-6) 5    
Cprot.hep (mg ml-1) 50.8    
Pdif (µl min-1 mg prot.-1) 19    
fuH 0.869    
In vitro data Control TI TII TIII 
D 8.3 + 4.3 ++ 

 
CLint (REP→M1)** 1.6 0.13 + 0.094 

 
CLint (REP→M2)** 5.0 0.3 + 0.205 

 
CLint (REP→M7)** 12 11 12 10 

 
Body weight (BWT), blood flow (Q), cardiac output (CO), Tissue partition coefficient (KP),  portal vein 
(VP), hepatic vein (VH), femoral vein (VF), fraction unbound in plasma (fuP), Blood plasma ratio (B/P), 
erythrocyte plasma ratio E:P, lumped tissue (LT), lumped tissue associated with VF (LTVF), liver 
vascular compartment (LVC), liver cell compartment (LCC), Heptocytes per gram liver (HPGL), 
hepatocyte volume (Vhep), hepatocyte protein concentration (Cprot.hep), Passive diffusion rate constant (Pdif), 
fraction unbound in hepatocyte (fuH). * Indicate the value introduced initially in the model, ** CLint is 
expressed as (µl min-1 mg-1)  
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With the initially designated physiological parameters (Q, VT and KP) 
representing the muscles of a hind leg, the concentrations simulated in the 
VF demonstrated slower equilibration than was observed in vivo. Prior to the 
analysis of the in vivo study, the plasma concentration profiles were 
analyzed visually and the parameters (VT and Q) were assigned to VFLT, 
and LT was adjusted to better represent the observed PK profiles. The LT 
compartment was designated the sum obtained for all values of VT and Q 
associated with the tissues that were not specified in the model. The analysis 
of the control phase and the inhibition phase for each individual was 
performed simultaneously. The estimated parameters were either global 
(with the same value being used for both the control and inhibition phase, 
implying that they were phase independent) or local (in which case they 
were estimated individually for each phase and they were phase dependent). 
The model considered the inhibition phase to start at 200 min. The PBPK 
model made it possible to estimate scaling factors (SF) for elimination 
processes (CLmet, CLren and CLbile), liver distribution processes (CLdif and 
CLinf), the level of inhibition, and KP for the VFLT, LT and LVC. 

Table 7. Pharmacokinetic parameter estimates. Values shown as the mean with the 
SD. The percentage in brackets is the mean change from individual control. 

 Control  TI TII TIII 

Primary parameters    
CL inf (mL min-1 kg-1) 550±230 + 220±150 

(-56%) 
400±42 
(-50%) 

CLdif (mL min-1 kg-1) 100±74 + + + 
 

CL inf/ CLdif 6.1±3.2 + 2.6±2.0 3.2±1.4 
 

CLmet (mL min-1 kg-1) 89±32 36±16 
(-44%) 

+ 43±28 
(-35%) 

Secondary parameters    
CLH (mL min-1 kg-1) 4.3±2.0 2.7±0.40 

(-29%) 
2.3±1.0 
(-43%) 

1.9±0.11 
(-57%) 

CLH (mL min-1 kg-1)+# 1.5 1.0 
(-34%) 

0.80 
(-47%) 

0.50 
(-67%) 

EH (%) 7.5±3.5 4.6±0.68 3.9±1.7 3.2±1.1 
 

CLbile (µL min-1 kg-1) 4.3±4.2 - - - 
 

CLR (mL min-1 kg-1) 50±69 - - - 
 

ER(%) 0.3±0.4 - - - 
 

Vd.ss 0.28±0.14 0.37±0.18 
(+1.8%) 

0.31±0.16 
 (+1.3%) 

0.19±0.25 
 (+0.67%) 

t½+ 43±10 56±5.4 
(+45%) 

70±16 
(+60%) 

74±19 
(+70%) 

+, estimated with 2-compartment model, #, predicted from simulated plasma concentration time profiles 
with the PBPK model using the initial input of parameters. 

In agreement with the in vitro result, the mechanistic analysis showed that 
the rate of transporter mediated influx (CLinf = 550±230 mL min-1 kg-1) was 
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about six times as fast as passive diffusion (CLdif = 100±74 mL min-1 kg-1). 
The metabolic intrinsic clearance (CLmet) was estimated to 89±32 mL min-1 
kg-1. The primary and secondary parameters estimated are summarized in 
Table 7.  

Considering the fraction unbound in plasma and in the hepatocytes, it was 
clear that the rate determining parameters for the influx ((CLinf + CLdif)×fuP) 
were approximately 7 times lower in relation to those for metabolism 
(CLmet×fuH). The mechanistic analysis also identified how the reduction of 
the influx processes affected had a greater impact on the PK profile for 
repaglinide than inhibition of CYP450 metabolism. This was probably a 
result of the glucuronidation of repaglinide being largely unaffected by the 
inhibitors used. The introduction of SFs increasing the metabolic capacity of 
the liver was needed as, initially, the elimination was considerably 
underpredicted. Previously reported studies have also introduced SFs to 
compensate for underpredicted elimination. Different approaches have been 
suggested, either increasing CLinf (by a factor 10) or CLmet (by a factor 5), or 
both to some extent (CLinf × 3.7, CLmet × 1.7)118, 121-122. The scaling factors 
are displayed in Table 8. In this study, a general SF of 4.8 was estimated for 
CLmet from the in vivo analysis, which is similar to the value reported by 
Paine et al118. 

Table 8. Estimated scaling factors. Values shown as the mean with the SD. 

Scaling factors 
CLmet 

REPM1 
CLmet  

REPM2 
CLmet  

REPM7 
CLmet  

M2M1 
CLmet  
general 

CLinf CLdif 

4.5±5.9 7.7±4.8 5.2±2.0 4.1±5.7 4.8±2.0 0.91±0.39 1.05±0.090 
 

In addition to SFs for CLmet, an increased unspecific binding was required to 
the liver than had been predicted to fully describe the plasma profiles. 
Simulations performed with the adjustments discussed in the physiological 
parameters and the addition of SFs clearly showed the improvement of the 
PBPK model (Figure 11). 
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Figure 11. Observed and simulated repaglinide plasma profiles for VP, VH, VF 
(dotted lines) obtained with the PBPK model based on initial (panel A) and adjusted 
(panel B) input. Ctrl (n=9): control, TI (n=3): metabolism inhibition, TII (n=3): 
influx inhibition, TIII (n=3): metabolism and transport inhibition. 

A natural area of application for the approach suggested, and presented in 
Paper IV, is the assessment of a drug’s susceptibility to drug-drug 
interactions. This area is one that is currently being highlighted owing to the 
impending guidelines for investigation of drug interactions from the 
European Medicines Agency143. Knowledge of which disposition process is 
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being inhibited would not only be valuable when decision-making about 
further investigations, but it would also give an indication of which 
processes are of importance, and consequently are more likely to cause 
clinically relevant drug-drug interactions. The difference between utilizing 
the suggested approach and the commonly performed analysis is that the 
information obtained in the former case is not restricted to particular 
processes (metabolism/distribution), but also has the possibility to determine 
the interplay between these processes, and hence their relative importance 
for the hepatic disposition.  
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Conclusions 

Novel approaches for investigation of processes involved in the hepatic 
disposition were in this thesis developed and evaluated. Various 
experimental techniques were used for gathering of biological samples and 
for the chemical analysis of those. Mechanistic models were developed and 
used for the analysis of the obtained data as well as for simulations. The 
methods investigated were shown to generate robust and detailed 
information. Insight of the hepatic disposition of a drug at an early stage in 
drug discovery would be very valuable as predictive assessments of hepatic 
elimination and potential drug-drug interactions can be made from it. The 
principal conclusions drawn were: 

The multiple depletion curves method (MDCM) is a robust and efficient 
method for estimating enzyme kinetic variables with high accuracy and 
precision. The method may potentially be used in a wide range of 
applications, from the examination of pure enzyme kinetics to in vitro-based 
predictions of the pharmacokinetics of compounds with multiple and/or 
unknown metabolic pathways. 

 Loss of activity may be a significant issue for in vitro assays conducted 
with cell fractions or hepatocytes over prolonged incubation times. It was 
demonstrated that data analysis correcting for activity loss was not only 
possible, but also improved the accuracy of the estimations. 

The widespread approach, of studying the depletion from a single starting 
concentration with multiple sampling points distributed over the incubation 
time, for the estimation of CLint was demonstrated to be sub-optimal. It is in 
most cases more advantageous to study depletion from multiple starting 
concentrations with a single measurement. In addition to this, the estimation 
of Vmax and Km is possible with this approach if data analysis is performed 
with the Michaelis-Menten equation. 

A model for the investigation of cellular disposition of metabolized drugs 
was developed based on primary hepatocytes in suspension. The information 
on the relative importance of metabolism and membrane protein related 
distribution was obtained by analysis of the changes in the kinetics caused 
by specific inhibition of these respective processes. It was shown that it is 
possible to obtain insightful information on the general mechanisms that are 
important in the drug liver disposition through the combination of commonly 
used in vitro systems and the simple disposition model proposed in this 
thesis.  
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The carrier-mediated transport is not particularly important for the hepatic 
disposition of ximelagatran in pig, but it is most likely that it is significant 
for the intermediate metabolites, ethylmelagatran and N-hydroxymelagatran. 
The suggested route of hepatic biotransformation from ximelagatran to 
melagatran in pig is via the intermediate metabolite ethylmelagatran. 

Carrier-mediated influx was shown to be of significance for the hepatic 
disposition of repaglinide in pig. Inhibition of influx processes had a greater 
impact on the in vivo half-life than inhibition of CYP-mediated metabolism. 
The major route for repaglinide elimination was through direct 
glucuronidation forming repaglinide-acyl-β-D-glucuronide (M7). This study 
clearly demonstrates that carrier-mediated influx processes are of potential 
importance for the pharmacokinetics of drugs in general. 

 A physiologically based pharmacokinetic (PBPK) model for analysis of 
in vivo concentration time profiles was developed. This model was 
especially constructed for data obtained after intravenous administration 
from the pig model using multiple sampling sites. The model consisted of six 
tissue compartments, three plasma compartments, one bile compartment and 
one urine compartment. Simultaneous analysis of the kinetics of the 
metabolites investigated by one-compartment models that included 
metabolism and excretion to bile and urine was included. The liver was 
modelled with permeability limited distribution, which allowed a 
mechanistic analysis of the hepatic disposition to be conducted. 

  
Hepatic disposition is influenced by many aspects related to both the 
intrinsic and the biotic properties of the drug. On the whole, it is true to say 
that many of the steps and aspects involved in hepatic disposition 
investigations could be further developed and improved. The models 
discussed in this thesis are examples of alternatives to commonly adopted 
procedures. Further evaluations conducted through investigations of 
alternative drug compounds and by other laboratories are necessary to 
establish the utility of these approaches and to confirm their future potential 
in drug discovery and development. Nowadays it is possible to study specific 
proteins of interest accurately with techniques such as transfected cell lines 
and recombinant enzymes. This is extremely useful for pin-pointing selected 
mechanisms, although it can be complicated to combine all protein-specific 
data obtained in an attempt to establish a picture of the overall metabolism 
and distribution. However, when adopting the perspective of disposition, it is 
always important to ensure that one does not get so focused on the details 
that one misses the big picture. 
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Populärvetenskaplig sammanfattning 

Din kropp är uppbyggd av små enheter, celler, som alla har specifika 
uppgifter i kroppen. I levern finns celler som heter hepatocyter. En av deras 
huvuduppgifter är att göra sig av med ämnen som kroppen inte vill ha. Det 
kan vara restprodukter från din egen kropp, gifter från maten eller, som 
denna avhandling handlar om, läkemedel. För kroppen är läkemedel något 
okänt som måste bort, elimineras. En hepatocyt kan eliminera ämnen på två 
sätt. Antingen kan den kasta ut läkemedlet till gallan med hjälp av så kallade 
transportproteiner. Gallan töms sen i tarmen. Det andra sättet är att 
hepatocytens aktiva proteiner, så kallade enzymer, binder läkemedlet och 
förändrar dess struktur. Denna process kallas metabolism och den produkt 
som skapas av enzymets arbete kallas läkemedelsmetabolit eller kort 
metabolit. Metaboliten är lik läkemedlet men räknas nu som ett helt nytt 
ämne och läkemedlet är således eliminerat. För att dessa två processer 
överhuvudtaget ska kunna ske måste läkemedlet först ta sig från blodet och 
in i hepatocyten. De flesta ämnen kan utan problem passera över cellens 
hinna, membran, men vissa ämnen behöver aktiv hjälp.  Därför har 
hepatocyten transportproteiner även där som förmedlar intransporten. 
Ämnens förflyttning in, ut och i cellen kallas för distribution.  

Om metabolismen eller distributionen påverkas, av till exempel ett annat 
läkemedel som tas samtidigt, så kommer eliminationen av läkemedlet att 
påverkas. Ett sådant fenomen kallas för interaktion och innebär oftast att 
proteinernas förmåga minskar, hämmas. Om eliminationen hämmas så 
innebär det att läkemedlet kommer att stanna kvar och ansamlas i blodet 
under en längre tid. Detta kan i sin tur medföra att nivån av läkemedlet i 
blodet blir så hög att oönskade effekter uppstår, så kallade biverkningar. 
Biverkningar är vanligtvis dåliga och ibland livsfarliga.  

När man utvecklar ett läkemedel är det bra att så tidigt som möjligt veta om 
det finns risk för interaktioner som kommer att påverka eliminationen. Det 
skulle också vara bra att veta om både metabolism och distribution, eller 
bara en av dessa processer, är betydelsefulla för eliminationen. Sådan 
information kan användas till att förutse, prediktera, hur läkemedlets 
elimination skulle påverkas av olika förändringar i till exempel 
kroppsfunktion eller av andra ämnen. 
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I denna avhandling föreslogs och utvärderades nya experimentella metoder 
för bestämning av enzymernas kapacitet till metabolism i levern. Även en 
metod för utvärdering av metabolismens och distributionens relativa 
betydelse för eliminationen utarbetades och utvärderades. Resultaten 
jämfördes mot observationer från en studie i gris och resultaten var mycket 
lovande. En viktig del i avhandlingen och en förutsättning för många 
analyser var matematiska datamodeller. De utvärderade metoderna visades 
vara både tillförlitliga, effektiva och smidiga. Dessa egenskaper gör att de 
skulle kunna användas inom läkemedelsindustrin för att få ut mer och bättre 
information i utvecklingsarbetet av nya läkemedel. 
 

 
Figure 12. En förenklad bild över läkemedlets väg till, i och från kroppen. 1) En 
tablett med läkemedel sväljs. 2) Tabletten löser upp sig i tarmen. 3) 
Läkemedelsmolekylerna (LM) löser sig i tarmvätskan. 4) LM tas upp från 
tarmvätskan och till blodet. 5) Blodet passerar först levern. 6) En viss del av LM 
elimineras i levern. 7) Blodet pumpas sen till hjärtat. 8) Viss del av blodet går mot 
tarmen, resten går mot övriga delar av kroppen. 9) Blodet med LM når kroppen och 
pumpas sen tillbaka till hjärtat. Läkemedlet cirkulerar nu runt i kroppen och det som 
passerar levern kan elimineras. 

Enkel ordlista: 
Metabolism = omvandling av ett ämne 
Distribution = förflyttning av ett ämne 
Disposition = metabolism + distribution 
Hepatocyt = den vanligaste levercellen 
Enzym = ett protein som påskyndar en reaktion 
Datamodell = matematiska formler som förklarar observationer 
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lunchrummet framöver. Foad, Oy! Where’s my sandwich! Thank you for the 
linguistic assistance, Shakespeare. Pär, Jättesalami och nicotugg. Tobias, The 
master of pranks. Peter, Förkroppsligad skepsis.  
 
Tack för frack. 
//Erik 
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