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ABBREVIATIONS AND DEFINITIONS

ABBREVIATIONS AND DEFINITIONS

Ahr Arylhydrocarbon receptor

ANOVA  Analysis of variance

ARNT Ahr nuclear translocator

ATP Adenosine triphosphate

AUCo-t Area under the concentration-time curve from 0 to t hours

BCRP Breast cancer resistance protein

CAR Constitutive androstane receptor
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Cmax Peak concentration

COMT Catechol O-methyltransferase
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ER Endoplasmic reticulum

FAD Flavin adenine dinucleotide

FMO Flavin mono-oxygenase
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GST Glutathione transferase
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HDL High-density lipoprotein

HLM Human liver microsomes

HNMT Histamine N-methyltransferase
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ICso Inhibitor concentration causing 50% inhibition of the activity

ISEF Intersystem extrapolating factor

Kel Elimination-rate constant

Ki Inhibition constant for competitive inhibition

K1 Inhibitor concentration where inactivation rate of metabolism-
dependent inhibition is 50% of maximum

Kinact Rate of enzyme inactivation for metabolism-dependent inhibition

Km Michaelis-Menten kinetic constant

LC-MS-MS Liquid chromatography-tandem mass spectrometry

LDL Low-density lipoprotein

MAO Monoamine oxidase

MRP Multidrug-resistance-related protein

m/z Mass-to-charge ratio

NADPH Nicotinamide adenine dinucleotide phosphate

NAT Arylamine N-acetyltransferase
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OAT Organic anion transporter

OATP Organic anion transporting polypeptide
OCT Organic cation transporter

PAH Polycyclic hydrocarbon

PEPT Peptide transporter
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RXR Retinoid X receptor
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SULT Sulfotransferase
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ABSTRACT

ABSTRACT

INTRODUCTION Repaglinide is a short-acting oral insulin secretagogue, used to
reduce postprandial hyperglycaemia in type 2 diabetic patients. Repaglinide is
extensively metabolised, and due to considerable first-pass metabolism its oral
bioavailability is about 60%. Repaglinide is mainly eliminated by excretion into
bile as inactive metabolites. In previous studies, the cytochrome P450 (CYP) 3A4
inhibitors itraconazole and clarithromycin have moderately increased the area
under the concentration-time curve (AUC) of repaglinide. Gemfibrozil, a CYP2C8
inhibitor, has greatly increased repaglinide AUC, enhancing and prolonging its
blood glucose-lowering effect. Rifampicin has decreased the AUC and effects of
repaglinide.

AIMS The aims of this work were to investigate the contribution of CYP2C8 and
CYP3A4 to the metabolism of repaglinide, and to study other potential drug
interactions affecting the pharmacokinetics of repaglinide, and the mechanisms
of observed interactions.

METHODS The metabolism of repaglinide was studied in vitro using recombinant
human CYP enzymes and pooled human liver microsomes (HLM). The effect of
trimethoprim, cyclosporine, bezafibrate, fenofibrate, gemfibrozil, and rifampicin
on the metabolism of repaglinide, and the effect of fibrates and rifampicin on the
activity of CYP2C8 and CYP3A4 were investigated in vitro.

Randomised, placebo-controlled cross-over studies were carried out in healthy
human volunteers to investigate the effect of bezafibrate, fenofibrate,
trimethoprim, cyclosporine, telithromycin, montelukast and pioglitazone on the
pharmacokinetics and pharmacodynamics of repaglinide. Pretreatment with
clinically relevant doses of the study drug or placebo was followed by a single
dose of repaglinide, after which blood and urine samples were collected to
determine pharmacokinetic and pharmacodynamic parameters.

RESULTS In vitro, the contribution of CYP2C8 was similar to that of CYP3A4 in the
metabolism of repaglinide (< 2 upM). Bezafibrate, fenofibrate, gemfibrozil, and
rifampicin moderately inhibited CYP2C8 (K; 9.7 pM, 30.4 uM, 92.6 uM, and 30.2
MM, respectively) and repaglinide metabolism (ICso 37.7 uM, 111 uM, 164 uM,
and 13.7 uM, respectively), but only rifampicin inhibited CYP3A4 (K; 18.5 uM) in
vitro.

Bezafibrate, fenofibrate, montelukast, and pioglitazone had no effect on the
pharmacokinetics and pharmacodynamics of repaglinide in vivo. The CYP2C8
inhibitor trimethoprim inhibited repaglinide metabolism by HLM in vitro (ICso 129
MM) and increased repaglinide AUC by 61% in vivo (P < .001). The CYP3A4
inhibitor telithromycin increased repaglinide AUC 1.8-fold (P < .001) and
enhanced its blood glucose-lowering effect in vivo. Cyclosporine inhibited the
CYP3A4-mediated (but not CYP2C8-mediated) metabolism of repaglinide in vitro
and increased repaglinide AUC 2.4-fold in vivo (P < .001). The effect of
cyclosporine on repaglinide AUC in vivo correlated with the SLCO1B1 (encoding
organic anion transporting polypeptide 1, OATP1B1) genotype.



ABSTRACT

CONCLUSIONS The relative contributions of CYP2C8 and CYP3A4 to the
metabolism of repaglinide are similar in vitro, when therapeutic repaglinide
concentrations are used. In vivo, repaglinide AUC was considerably increased by
inhibition of both CYP2C8 (by trimethoprim) and CYP3A4 (by telithromycin).
Cyclosporine raised repaglinide AUC even higher, probably by inhibiting the
CYP3A4-mediated biotransformation and OATP1B1-mediated hepatic uptake of
repaglinide. Bezafibrate, fenofibrate, montelukast, and pioglitazone had no effect
on the pharmacokinetics of repaglinide, suggesting that they do not significantly
inhibit CYP2C8 or CYP3A4 in vivo.

Coadministration of drugs that inhibit CYP2C8, CYP3A4 or OATP1B1 may increase
the plasma concentrations and blood glucose-lowering effect of repaglinide,
requiring closer monitoring of blood glucose concentrations to avoid
hypoglycaemia, and adjustment of repaglinide dosage as necessary.

10



INTRODUCTION

INTRODUCTION

Repaglinide is a short-acting blood glucose-lowering drug aimed to be taken with
meals in the treatment of type 2 diabetic patients.! Repaglinide stimulates
insulin release from the pancreas,? and it can be used as monotherapy, or in
combination with e.g. metformin or a glitazone.?* Repaglinide is extensively
metabolised by the cytochrome P450 (CYP) system to inactive metabolites, and
the masin route of excretion of repaglinide and its metabolites is via bile into
faeces.

CYP enzymes play a central role in the metabolism of drugs, and inhibition or
induction of these enzymes can alter the plasma concentrations and effects of
their substrate drugs.® CYP2C8 and CYP3A4 participate in the biotransformation
of repaglinide, but their contributions at clinically relevant repaglinide
concentrations in vitro have been unclear.” Clarithromycin® and itraconazole®
(inhibitors of CYP3A4) have increased repaglinide area under the concentration-
time curve (AUC) by about 40%. Gemfibrozil has caused the largest increases in
the plasma concentrations of repaglinide, an approximately 8-fold increase in the
AUC, and has strongly enhanced its blood glucose-lowering effects.® Rifampicin
(inducer of CYP enzymes and transporters) has decreased the plasma
concentrations and effects of repaglinide.'1?

When this work was initiated, the mechanism of the drastic interaction between
gemfibrozil and repaglinide was unclear. Gemfibrozil had been shown to increase
the plasma concentrations of the CYP2C8 substrate cerivastatin,’®> but the
inhibitory effect of gemfibrozil on CYP2C8 in vitro had been only moderate.*
Furthermore, gemfibrozil does not inhibit CYP3A4,'®> and it seemed unlikely that
moderate inhibition of only one of the two CYPs participating in the metabolism
of repaglinide would explain the observed interaction.® In addition, the cause of
the wvariation in the observed effects of rifampicin on repaglinide
pharmacokinetics'®!? was not known, and the effect of transporter inhibition on
repaglinide pharmacokinetics had not been studied.

The aim of this work was to investigate repaglinide metabolism in vitro using
therapeutic repaglinide concentrations, particularly the relative contributions of
CYP2C8 and CYP3A4. The susceptibility of repaglinide to other pharmacokinetic
interactions was studied in humans. The drugs studied with repaglinide in vivo
included fibrates (bezafibrate and fenofibrate), selective in vitro inhibitors of
CYP2C8 (trimethoprim and montelukast),’®!’ and the CYP3A4 inhibitor
telithromycin.'® The effect of pioglitazone (inhibitor of CYP2C8 and CYP3A4 in
vitro)'® on repaglinide was also studied to determine whether their synergistic
effect, observed in diabetic patients,?®° was caused by inhibition of repaglinide
metabolism. The effect of cyclosporine, an inhibitor of CYP3A4, organic anion
transporting polypeptide 1 (OATP1B1), and P-glycoprotein,?'** on repaglinide
was also investigated.
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REVIEW OF THE LITERATURE

1 Drug interactions

The pharmacologic effects of drugs are based on interaction of the unbound drug
with their targets (enzymes, receptors) in their target tissues.?® Route of
administration, dose, drug pharmacokinetics, the distribution to the site of
action, the concentration-response relationship, and drug removal
(redistribution, elimination) determine the rapidity and duration of
pharmacological effect.>>?® Drug exposure is usually described by the peak drug
concentration (Cmax) and AUC, and drug elimination by half-life (ty,) and
clearance (CL).?

With the increasing availability of new drugs, the concurrent use of multiple
medications is very common, particularly in elderly patients. Drug interactions
are an important aspect of clinical drug application in patients receiving multiple
drug regimens. In drug interactions, the combined effects of interacting drugs
are greater (or less) than the arithmetic sum of their individual actions, usually
due to pharmacokinetic or pharmacodynamic interference. The underlying
mechanism of pharmacokinetic drug interactions is usually a change in the
systemic clearance or distribution of one drug by another drug. In
pharmacodynamic drug interactions the coadministered drugs have overlapping
pharmacologic mechanisms or similar target systems. Drug interactions can lead
to therapeutic failure (due to lack of effect) or drug overdose (exaggerated
pharmacological response and/or drug toxicity), but drug interactions may also
be modest and lack clinical significance.?’8

When any two drugs are administered together, the risk for interaction has been
reported to be 6%,%°3° increasing exponentially with the number of
coadministered drugs.?'? Up to 10% of all hospital admissions in the elderly
have been reported to be drug-related,?® with fatal adverse drug effects being
the 6th leading cause of death in the USA.3* Of all adverse drug reactions, up to
20 to 30% are assumed to be caused by drug interactions.?®3°>3¢ In the
pharmacological therapy of type 2 diabetes, drugs with additive glucose-lowering
effects are used to gain better glycemic control, but such combinations carry a
higher risk of hypoglycaemic episodes.>’

1.1 Pharmacokinetic drug interactions

In pharmacokinetic drug interactions, e.g. the absorption, distribution, protein
binding, metabolism or excretion of a drug is altered by a coadministered drug.
The concentrations of the victim drug are altered, and if the change is great
enough, the clinical effect of the drug may also be changed.>®

Reversible inhibition of cytochrome P450 (CYP) enzymes is probably the most
common cause of pharmacokinetic interactions, because CYPs have a pivotal role
in the metabolism majority of drugs. Whether a reversible inhibitor will cause a
clinically significant impairment of drug metabolism, will depend on the affinities
of the substrate (Kn) and inhibitor (K;) to the drug-metabolising enzyme, and the
concentration of each drug at the relevant site of the biological process (affected
by dose, distribution, protein binding, etc.).3%3°

12
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A pharmacokinetic interaction caused by direct competitive inhibition of drug
metabolism (or transport) starts as the target protein is exposed to the inhibitor,
and ends when the inhibitor is no longer present. The onset and offset of effect
are rapid, and no prior exposure to the inhibitor is needed. Inhibitor
concentration at the target site and its inhibitory potency determine the
magnitude of interaction. The effect of induction of drug metabolism (or
transport) is seen more slowly, and depends also on the duration of exposure to
the inducer. Onset and offset of the inducing effect are slow, and
pharmacokinetics of the victim drug can remain altered even if the inducer is no
longer present.?’383°

Orally administered drugs that have a low bioavailability due to presystemic
metabolism are particularly susceptible to inhibitory interactions. Potent
inhibition of their metabolism can cause drastic increases in their bioavailability
and peak plasma concentrations, greatly affecting their clinical effects and
adverse reactions. For drugs with high bioavailability that are also eliminated by
metabolism, potent inhibition of their metabolism probably leads to prolonged
elimination half-life and effects, but after a single dose of the victim drug, the
peak concentrations are unlikely to be significantly affected.?’-3%3°

1.2 Pharmacodynamic drug interactions

In pharmacodynamic interactions the effects of one drug are changed by the
presence of another drug at its site of action. Though the interaction can be
direct (e.g. two drugs share the same target receptor), pharmacodynamic
interactions are often indirect, and result from interference with physiological
mechanisms.*°

If two drugs that have the same pharmacological effect are given together, their
effects can be additive. For example, even moderate amounts of alcohol can
cause excessive drowsiness, if therapeutic doses of sedative drugs are taken
simultaneously. Additive effects can occur both with the main effect of drugs, as
well as with their adverse effects. For example, increased nephrotoxicity can
occur with coadministration of otherwise unrelated nephrotoxic drugs.*

In contrast to these additive pharmacodynamic effects, some drug combinations
can oppose the activities of each other. For example, increased vitamin K intake
can cancel the therapeutic effects of oral anticoagulants that inhibit vitamin K
activation, and glucocorticoids can oppose the hypoglycaemic effect of oral
antidiabetic drugs.*°

13
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2 Drug metabolism and transport

Drugs are eliminated from the body by excretion and metabolism. Most drugs
are lipid-soluble compounds, which require biotransformation into more
hydrophilic form before they can be excreted from the body. A drug may be
excreted by the kidneys into urine, by the liver cells into the bile and pass into
the intestine, or end up in saliva (or milk). Drugs are most often metabolised in
the liver by enzymes localised in the endoplasmic reticulum of hepatocytes, but
significant drug metabolism occurs also in other tissues, e.g. gut wall during
drug absorption.*'*2

The metabolism of drugs has been traditionally divided into “phase I” reactions
(e.g. oxidation or hydrolysis) and “phase II” reactions (e.g. conjugation).*
Phase I reactions usually produce functionalised and pharmacologically less
active metabolites, whereas phase II reactions increase the water-solubility of
the compounds and enhance their excretion.*® Drug transporters are involved in
the cellular uptake of many drugs, and in the export of their metabolites.**

Oxidation is a common pathway of xenobiotic metabolism, taking most often
place in an intracellular organelle called the endoplasmic reticulum by the CYP
system. Reduction is a relatively uncommon pathway of drug metabolism, but
hydrolysis of drugs by CYP enzymes and non-specific esterases is common.*1:#°4

Typically, the pharmacologically less active drug metabolite produced by
oxidative (or other) reactions is conjugated to a water-soluble compound to
produce an end product that can be more readily excreted. The
biotransformation of a drug may produce several, even dozens of different
metabolites.*

The CYP system is often a crucial step in the overall elimination of drugs, and
therefore a change in the activity (e.g. by inhibition) or amount (e.g. by
induction) of CYP enzymes often results in alteration of the pharmacokinetics of
drugs.®#’>° Inhibition or induction of drug transporters may also alter the
absorption, distribution or elimination of drugs.**

2.1 CYP enzyme system

2.1.1 Overview

The cytochromes P450, CYP enzymes, are a superfamily of heme-containing
enzymes, of which over 2700 individual members are currently known to exist in
nature.®! They have been named after their characteristic absorption wavelength
maximum (450 nm), seen when the reduced form of the enzyme is bound to
carbon monoxide.’?> The CYPs are able to metabolise a diverse group of
substrates, both endogenous and xenobiotic, most often by catalysing oxidative
reactions.

The CYP system is arguably our most important xenobiotic metabolizing system,
and approximately 80-90% of human drug metabolism is CYP-mediated.>>™>>
Most of the CYP-catalysed reactions lead to detoxification of xenobiotics,
involving the formation of more polar metabolites that are more readily
excretable. However, the CYPs can also activate pro-drugs, or produce

14
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more toxic and reactive metabolites. To date, a total of 57 CYP enzymes have
been identified in humans.*® The families CYP1, CYP2, and CYP3 are primarily
associated with the metabolism of exogenous compounds, whereas the other
CYPs have mainly endogenous roles.*® Degree of similarity in the amino acid
sequence divides the CYPs into families (>40% identical, e.g. CYP1 family),
subfamilies (>55% identical, e.g. CYP1A subfamily), and individual enzymes
with unique sequence (e.g. CYP1A1 enzyme).>®

STRUCTURE AND TISSUE DISTRIBUTION The function of CYP enzymes is based on
the catalytically active centre of the protein, formed around a heme.”” The
overall sequence variability among CYP proteins is great, but they have a high
conservation of their central structure and general topography.’® The most
variable regions are associated with anchoring to membrane, and substrate
binding and recognition. The substrate-recognition sites are flexible and move
upon substrate binding to facilitate the catalytic process.”® CYPs are anchored on
the outer face of the endoplasmic reticulum (ER) by hydrophobic anchors, with
the active site exposed at the cytosolic face of the membrane.*®

The functions of CYPs are extremely diverse —from biosynthesis and catabolism
of signalling molecules and steroid hormones to detoxification or activation of
xenobiotics- and they can be found in all types of tissues, with developmentally
regulated patterns of expression.®® The highest levels of CYPs are found in the
liver, where they were first described.®® The small intestine has the second
highest CYP content,®” and CYPs are present in lower quantities in many other
tissues, such as the kidney, brain, and the respiratory tract.®?

In the liver, CYP3A4 is quantitatively the most important, with CYP2C8, CYP2C9,
CYP2A6, CYP2E1 and CYP1A2 present in somewhat lower quantities; CYP2C19
and CYP2D6 are of relatively minor quantitative importance, but their clinical
importance is high.®* CYP3A4 is the major form of CYP expressed in enterocytes,
and members of CYP2C subfamily are also significantly expressed.®® Microsomal
proteir(155 content decreases along the small intestine from the duodenum to
ileum.

CATALYTIC MECHANISM CYPs most often catalyse the insertion of one of the
atoms of molecular oxygen into the substrate being biotransformed, while the
second atom of oxygen is reduced to water. The most frequently catalysed
reaction is hydroxylation, but the result of CYP-mediated catalysis can be e.g. a
dealkylation, dehydrogenation, isomerisation or carbon-bond cleavage.®® The
variety of CYP enzyme structures and the intrinsic reactivity of all their
substrates explains the diversity of reactions catalysed by CYPs.*®

The details of the mechanism by which CYPs carry out all types of reactions are
not fully understood. The best-documented aspect is the hydroxylation reaction
that is common to most CYPs (Figure 1).

15
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Figure 1. A simplified scheme of a hydroxylation reaction, common to most CYPs.*®

1. Binding of the substrate

2. Reduction of the heme iron and
binding of molecular oxygen

-w 3. Release of water and formation

S of an activated oxygen intermediate

3
4 /
.E 4. Insertion of the activated oxygen
H-O
F‘es*

intermediate into the substrate

5. Release of the hydroxylated
metabolite

SUBSTRATE SELECTIVITY The CYPs have broad and often overlapping substrate
specificities. It is possible that two or more CYPs contribute to the metabolism of
a single compound, or that a single CYP can catalyse two or more metabolic
reactions for the same substrate. Although more than one CYP can catalyse the
biotransformation of a drug, they may do so with markedly different affinities.
The selectivity of a substrate towards a particular CYP enzyme is based on
differences in the number and spatial disposition of the relevant complementary
structures on both substrate and enzyme molecules. The lipophilic character and
molecular mass of the substrate also play a role in substrate recognition. Drug
biotransformation in vivo is often determined by the CYP with the highest affinity
for the drug. Thus, the rate of elimination of drugs can be largely determined by
a single CYP enzyme or a combination of specific CYPs.®>!

VARIATION IN CYP ACTIVITY The levels and activity of each CYP have been shown
to vary from one individual to the next due to genetic, environmental, and host
factors. Environmental and host factors include medications (e.g.
anticonvulsants, rifampicin, antifungals, macrolides), foods (e.g. cruciferous
vegetables, grapefruit), habits (alcohol consumption, smoking), age, hormonal
status and disease status (infections, hyper- or hypothyroidism, hepatic
failure).39:6¢

Genetic variation observed in genes encoding CYP enzymes, are most commonly
single nucleotide polymorphisms (SNP), but complete deletions and

16
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insertions of another gene copy also occur. Only a fraction of genetic variations
have any functional consequence, but some of them lead to altered gene product
function.®” In addition to interindividual differences, there are differences
between ethnic groups in the frequencies of polymorphic variations of CYPs.%® A
genetic polymorphism is defined as an inherited genetic difference that occurs
with >1% population frequency. The gene encoding the enzyme protein (e.qg.
CYP1A1l enzyme) is presented in italics (e.g. CYP1A1), and specific alleles are
presented by * and allele mark (e.g. CYP1A1*3 allele). The allele considered
prevalent is called the “wild-type” allele.®®

2.1.2 Mechanisms of CYP induction

CYP induction increases the capacity for metabolic detoxification. This is usually
advantageous, protecting the individual against exposure to xenobiotics, but can
also be harmful, e.g. if the induced enzyme catalyses the activation of a
procarcinogen. Induction can alter drug efficacy or lead to drug-drug
interactions. The predominant mechanism of human enzyme induction is
increased gene transcription, leading to an increase in the amount of induced
enzyme. Enhanced enzyme activity can also result from reduced degradation of
the enzyme or stabilisation of the messenger RNA (mRNA). Although a given
inducer can be quite selective for a single enzyme, there may be significant
inductive effects on one or more additional CYPs and other enzymes.’%"?

Induction usually involves a transient increase in the rate of transcription that
begins soon after exposure to the inducer, and returns to basal level when the
inducer is eliminated from the body. Transcriptional activation of CYP gene
expression occurs via binding of an inducing agent to an intracellular receptor,
binding of the inducer-receptor complex to DNA response elements, followed by
enhanced gene transcription. The overall inductive effect is a combination of
several nuclear receptor-mediated processes. For example, the glucocorticoid
receptor contributes indirectly to CYP induction by upregulating the nuclear
receptors which themselves control the expression of CYPs.”?

The induction of the genes in the CYP1 family is under the control of the
arylhydrocarbon receptor (Ahr), a transcription factor located in the cytosol and
activated by binding of the appropriate inducing chemical (e.g. polycyclic
hydrocarbons, PAHs).”%’! Three “orphan” nuclear receptors, constitutive
androstane receptor (CAR), preghane X receptor (PXR), and peroxisome
proliferator activated receptor (PPAR), are key elements in the induction of the
hepatic CYP2, CYP3, and CYPA4 families. Their endogenous ligands were
previously unknown (hence the name “orphan”), but recently several ligand
candidates have been identified (e.g. androstenol, corticosterone and arachidonic
acid).”! Following activation by binding of appropriate ligand (e.g. phenobarbital
for CAR, rifampicin for PXR, and clofibric acid for PPAR), they heterodimerise
with retinoid X receptor (RXR) and bind to corresponding response element on
the DNA, followed by subsequent increase in gene transcription. In addition to
CYP enzymes, other drug-metabolising enzymes (e.g. UGTs)’®> and P-
glycoprotein’* have been shown to be regulated by these nuclear receptors. CAR
and PXR bind to the same DNA response elements, suggesting that their
regulatory functions are overlapping.”>”’

2.1.3 Mechanisms of CYP inhibition
A drug can inhibit the activity of the CYP that metabolises the drug itself, but
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inhibition of other CYPs that play no role in the metabolism of the inhibitor itself
also occur. The mechanism of CYP inhibition divides the inhibitors into reversible
and irreversible (and quasi-irreversible) categories.>°

REVERSIBLE INHIBITION Reversible CYP inhibition is thought to be the most
common mechanism causing pharmacokinetic drug-drug interactions. This type
of inhibition is dose-dependent, and when the inhibitor is eliminated from the
body, the normal metabolic function of the inhibited enzyme continues.
Reversible inhibition can be further divided into competitive (prevalent),
noncompetitive and uncompetitive types (Table I). The affinity with which the
inhibitor binds to the enzyme is described by the inhibition constant (K;), used to
describe the inhibitory potency of a competitive inhibitor. The subtypes of
reversible inhibition can be recognised according to the changes they produce in
the observed kinetic constants of affected substrates in vitro, and K; can be
determined with graphical plotting methods or nonlinear regression models.”*

In competitive inhibition, the substrate and inhibitor compete with each other for
the active site of the enzyme. The inhibitor can share structural similarity with
the substrate(s) of the inhibited CYP, but this may not be apparent. Binding of
the inhibitor to the active site of the enzyme prevents the binding and
biotransformation of the substrate.”! In non-competitive inhibition, the inhibitor
binds to the enzyme at a site distinct from the active site. The binding of the
substrate to the enzyme active site is not affected, but the catalytic function of
the enzyme-inhibitor-complex is not normal.”! In uncompetitive inhibition, the
inhibitor binds only to the enzyme-substrate complex, that is, binding of the
substrate to the enzyme must precede binding of the inhibitor.”?

IRREVERSIBLE INHIBITION Irreversible and quasi-irreversible inhibition require
metabolical activation of the inhibitor by the affected CYP enzyme before forming
an enzyme-inhibitor complex (Table I).”® Irreversible inhibitors are commonly
called “catalysis-dependent”, "“mechanism-based” or “suicide” inhibitors.
Covalent binding of the activated inhibitor to the enzyme leads to irreversible
inactivation of the enzyme.”® The formed covalent bonds between an irreversible
inhibitor and enzyme cannot be broken to regenerate the enzymatic activity. In
vivo, this sort of inhibition may start more slowly than reversible inhibition, but
the fir;gl effect is usually more profound and is reversed only by synthesis of new
CYPs.
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Table I. The typical characteristics of different types of CYP inhibitors.

Type of inhibition

Onset of inhibition

In vitro characteristics

Reversible Competitive Inhibitor binds to the enzyme Vmax remains constant, but K,
active site decreases with increasing
inhibitor concentration
Noncompetitive Inhibitor binds to a site distinct Km remains constant, but Vmax
from the enzyme active site decreases with increasing
inhibitor concentration
Uncompetitive Inhibitor binds to the enzyme- Vmax @and K., decrease with
substrate complex increasing inhibitor
concentration, but their ratio
remains constant
Quasi- Metabolically activated inhibitor Enzyme activity can be
irreversible forms a quasi-irreversible complex restored under experimental

with the enzyme

conditions

Irreversible

Metabolically activated inhibitor
binds covalently to the enzyme

Enzyme activity cannot be
restored; Kot describes the

rate of enzyme inactivation
and K; is the inhibitor
concentration where this rate
is 50% of maximal

2.1.4 CYP1 family

The members of the CYP1 family (CYP1A1, CYP1A2, and CYP1B1) are involved in
the metabolism of many aromatic compounds and in the generation of
carcinogenic metabolites from PAHs.8082

CYP1A2 CYP1A2 is the most important isoform of the family, accounting for
approximately 10% of the total liver CYP content (Table II).°*%3 CYP1A2 is
mainly expressed constitutively in the liver,®® and it has about 10-20 different
substrate drugs (e.g. melatonin, caffeine, clozapine, and theophylline).581:84
CYP1A2 inhibitors include furafylline and fluvoxamine.®>®® The plasma
concentrations and effects of the CYP1A2 substrate tizanidine are drastically
increased by fluvoxamine.8”:88

2.1.5 CYP2 family

This is the largest and most diverse of the CYP families. Its members are
primarily expressed in the liver, but CYP2C enzymes are found in significant
quantities also in the intestine.®’

CYP2A6 CYP2A6 is predominantly a hepatic enzyme, representing about 10% of
hepatic CYP proteins, and its substrates include nicotine and coumarine (Table
I1).° CYP2A6 is inhibited by e.g. methoxalen, and it is induced by phenobarbital.®
CYP2A6 is a highly polymorphic enzyme, with at least 16 distinct alleles
identified, associated with absent or decreased enzymatic activity. CYP2A6
polymorphism may have a role determining smoking behaviour as CYP2AG6 is the
major nicotine oxidase and defective CYP2A6 variants have decreased nicotine
clearance.®??
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CYP2B6 Hepatic expression of CYP2B6 has been reported to vary from 0.2 to 7 %
of total hepatic CYP, and it metabolises e.g. bupropion and propofol (Table
11).93% CYP2B6 activity is inhibited by e.g. clopidogrel and ticlopidine,®® and it is
inducible by phenobarbital and rifampicin. In addition to the wild type allele,
seven variant forms of CYP2B6 have been identified, but their functional
significance is not completely understood.>%®’

CYP2C SUBFAMILY This family comprises CYP2C8, CYP2C9, CYP2C18, and
CYP2C19, which collectively are responsible for the metabolism of about 20% of
clinically prescribed drugs.®’ CYP2C enzymes are expressed in the liver and
intestine, where they are the most expressed CYP subfamily after CYP3A.%>8°

cyYP2c8 CYP2CS8 constitutes about 12% of total microsomal CYP content in the
liver (Table II), and the enzyme is characterised by a relatively large active
site.®? Though CYP2C8 is found also in the intestine, intestinal CYP2C8 content is
small and unlikely to play an important role in drug metabolism.%°

CYP2C8 metabolises arachidonic acid and retinoid acid,’>°® and it also plays an

important role in the metabolism of drugs such as amiodarone,®’ cerivastatin,®®
paclitaxel,® and repaglinide.” Extrahepatically, CYP2C8 appears to be important
in the activation of arachidonic acid in the kidney.!°® CYP2C8 inhibitors include
trimethoprim, montelukast, quercetin, and gemfibrozil.1°:1%2 CYP2C8 expression
is induced by e.g. rifampicin, phenobarbital, and dexamethasone.®

In addition to the wild-type allele, at least four variant CYP2C8 alleles are
known. CYP2C8*2 is very rare, CYP2C8*3 has a frequency of 13% and
CYP2C8*4 a frequency of 7.5% in Europeans; in Africans the frequencies are
different. Variant CYP2C8 forms are associated with a decreased activity
compared to the wild type enzyme when using paclitaxel as substrate.!%?

CYP2c9 CYP2C9 is expressed both in the liver and in the intestine, and the
CYP2C9 content of the liver is approximately 10-fold higher than in the intestine
(Table II). CYP2C9 is the predominant CYP2C isoform both in the intestine and
liver.%? Substrates of CYP2C9 include S-warfarin, S-ibuprofen, losartan, and
phenytoin.'®* CYP2C9 is inhibited by e.g. sulfaphenazole, voriconazole, and
fluconazole,’®* and it is induced by rifampicin, dexamethasone, and
phenobarbital.®

Several variant CYP2C9 alleles have been described, characterised by impaired
enzymatic activity. The variants forms alter the pharmacokinetics of CYP2C9
substrate drugs, and about 1% of Caucasians have a low CYP2C9 activity.>°®’
For example, a relationship between warfarin dose requirement and CYP2C9
genotype has been found in several studies.'>"107

cYP2c19 CYP2C19 is functionally expressed in the liver and intestine,® and its

substrates include diazepam, protein pump inhibitors (e.g. omeprazole), and
citalopram (Table II).>®> CYP2C19 is inhibited by fluconazole and fluvoxamine,
and induced by phenobarbital and rifampicin.® Some variant CYP2C19 alleles
(CYP2C19*2 and *3) do not produce functional protein, leading to impaired
metabolism. For example, the absence of functional CYP2C19 has been
associated to better response to peptic ulcer treatment with omeprazole and
impaired diazepam elimination.”®®’ Recently identified CYP2C19*17 allele has
been reported to cause ultrarapid metabolism by enhancing CYP2C19
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expression. %8

CcYP2D6 CYP2D6 is expressed in the gut wall and the liver, and it represents
about 2% of total hepatic CYP content (Table II).>! CYP2D6 substrates include
amitriptyline, codeine, and metoprolol.>®> CYP2D6 is inhibited by e.g. quinidine,
and it has not been shown to be inducible by drugs. There is considerable
genetic variation in CYP2D6 activity, and people can be divided into poor,
extensive, and ultrarapid metabolisers based on the CYP2D6 genotype.>%®’

CYP2E1 CYP2E1 is mainly found in the liver, and it accounts for about 7-9% of
hepatic CYP content (Table II). CYP2E1l substrates include acetone, ethanol,
benzene, halothane, isoflurane, and paracetamol,®®> and CYP2E1 is inhibited by
e.g. disulfiram. Increased metabolic function of CYP2E1 in response to inducing
agents (e.g. ethanol, acetone) is mediated through multiple induction
mechanisms. CYP2E1 is the major enzyme converting paracetamol to its reactive
intermediate, and CYP2E1l induction (by e.g. excess ethanol consumption)
predisposes to liver damage from therapeutic paracetamol doses.>%®’

2.1.6 CYP3 family

The CYP3A subfamily accounts for approximately 30-40% of the total CYP
content in the human liver,>® and CYP3A4 is involved in the metabolism of about
50% of drugs.®’ CYP3A genes are highly inducible, by e.g. rifampicin,
barbiturates and dexamethasone.®

CYP3A4 CYP3A4 is the most abundant CYP isoform in the liver and intestine
(Table II).** Observed CYP3A4 activity varies considerably between individuals,
at least partly due to substrate overlap with variably expressed CYP3A5 and
CYP3A7 enzymes.?!

CYP3A4 substrates include, for example, midazolam, simvastatin, cyclosporine,
and triazolam.>®> CYP3A4 inhibitors include e.g. ketoconazole, itraconazole,
erythromycin, and grapefruit juice.’!® CYP3A4 inducers include rifampicin,
phenytoin, phenobarbital, and carbamazepine.®!! Induction of CYP3A4 has been
shown to occur both in the liver and in the intestine.!!?

A substantial number of variant CYP3A4 alleles have been described, but their
population frequencies are very low, and they are unlikely to explain the
variability of CYP3A4 activities. The observed activity differences may be
explained by variation in the functions of transcriptional regulators of CYP3A4
(e.g- PXR).50'67

CYP3A5 CYP3AS is found mainly in the liver but also in extrahepatic tissues such
as the intestine.!!®* The substrate specificity of CYP3AS5 is similar (but not
identical) to that of CYP3A4, but the catalytic efficiency of CYP3A5 is usually
smaller than that of CYP3A4. Erythromycin and midazolam are metabolised
efficiently by CYP3A4 and CYP3A5, whereas CYP3A4 is a more efficient
metaboliser of quinidine, testosterone, and irinotecan than CYP3A5.® CYP3A5
shows a polymorphic expression pattern, and significant amounts of the enzyme
(product of CYP3A5*1) are expressed in only 10-20% of caucasians. CYP3A5%*3,
producing a nonfunctional protein, is very common in all ethnic groups.>%®’

CYP3A7 CYP3A7 is normally expressed only in the in the fetal liver, but some
adults continue to express this enzyme. CYP3A7 expression may be a
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contributory factor to the high overall variability of CYP3A activity in adults.>%®’

2.1.7 Other drug-metabolising enzymes

In addition to CYP enzymes, there are also many other enzymes localised in the
endoplasmic reticulum or cytosol that contribute to drug metabolism, and many
of these enzymes catalyse the same reactions as CYPs. Flavin mono-oxygenases
catalyse the oxidation of e.g. nortriptyline, verapamil, and cimetidine.!'*
Monoamine oxidases (MAOs) metabolise the brain transmitters dopamine and
serotonin, and MAO inhibitors are used as antidepressants (e.g. moclobemide) or
to treat Parkinson’s disease (e.g. selegiline).'*!® Alcohol and aldehyde
dehydrogenases catalyse the oxidation of alcohols and aldehydes to carboxylic
acid metabolites.!!* Xanthine oxidase metabolises purine compounds to uric acid,
and its inhibitor allopurinol is used in the treatment of gout.''* Members of the
paraoxonase enzyme family hydrolyse several insecticides, and appear to be
protective against the development of atherosclerosis by hydrolysing derivatives
of oxidised cholesterol. 1%’

22



Table I1. Examples of substrates, inhibitors, and inducers of CYP enzymes, and their relative abundances in the human liver.

Relative hepatic abundance of Substrates Inhibitors Inducers
CYP isoforms*
Amiodarone Nifedipine Erythromycin Carbamazepine
CYP3A4 # Cyclosporine Simvastatin Itraconazole Phenobarbital
Felodipine Tacrolimus Ketoconazole Phenytoin
Midazolam Triazolam Ritonavir Rifampicin
+ Glimepiride Phenytoin Amiodarone Phenobarbital
CYP2C9 Glipizide S-Warfarin Fluconazole Rifampicin
Ibuprofen Tolbutamide Sulfamethoxazole
Amiodarone Repaglinide Gemfibrozil Phenobarbital
CYP2C8 Cerivastatin Rosiglitazone Trimethoprim Rifampicin
Paclitaxel Montelukast
Caffeine Ropivacaine Cimetidine Omeprazole
CYP1A2 Clozapine Theophylline Fluvoxamine Tobacco smoke
Olanzapine Tizadinide Furafylline
Coumarin Methoxalen Phenobarbital
CYP2A6 Nicotine
Ethanol Paracetamol Disulfiram Ethanol
CYP2E1 Halothane Methoxypsoralen Isoniazid
+ | Citalopram Omeprazole Fluconazole Phenobarbital
CYP2C19 Diazepam S-mephenytoin Fluvoxamine Rifampicin
Bupropion Nevirapine Clopidogrel Phenobarbital
CYP2B6 Halothane Propofol Ticlopidine
T Nortriptyline Dextromethorphan | Quinidine Not known
CYP2D6 Metoprolol Tramadol Fluoxetine

* Individual CYP contents vary considerably, data from Rodrigues 1999 (n=12) and Shimada et al. 1994 (n=60).
# polymorphically expressed CYP3AS5 shares several substrates with CYP3A4.
T These enzymes exhibit significant polymorphism.

Table adapted from Pelkonen et al. 1998 and Ingelman-Sundberg 2003.
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2.2 Conjugating enzymes

The conjugating enzymes use the functional groups originally present in their
substrates, or introduced by drug-metabolising enzymes, to attach them to
additional molecules. The addition of a conjugate, such as glucuronic acid,
usually results in pharmacological inactivation of the drug or metabolite, but in
some cases this can be an activating step. The product conjugates are more
water-soluble and more readily eliminated from the body.*!

UDP-GLUCURONOSYLTRANFERASES (UGT) The UGTs are a superfamily of
membrane-bound enzymes that catalyse the conjugation of glucuronic acid to
their substrates. The tissue distribution and intracellular location of UGTs is
similar to that of CYPs, but their active site is inside the endoplasmic reticulum.
UGTs have broad and overlapping substrates specificities and can conjugate
different types of functional groups. Their substrates include endogenous
compounds such as steroids, bilirubin and retinoid acid in addition to
xenobiotics. 118

SULFOTRANSFERASES (SULT) Sulfonation modulates the biological activity of
xenobiotics, hormones and neurotransmitters, but also the receptor activity of
e.g. estrogens and androgens. SULTs are enzymes found primarily in the cytosol,
and they catalyse the transfer of a sulfonate group to their substrates. SULTs
form a large superfamily of genes; SULT1 and SULT2 families are responsible for
the sulfonation of the greatest number of compounds.**1?

GLUTATHIONE TRANSFERASES (GST) The GSTs are mainly cytosolic enzymes that
catalyse the conjugation of glutathione group to suitable substrates, but act also
to remove reactive oxygen species. The conjugates produced by GSTs are water-
soluble, and require active transport out of the cell by e.g. multispecific organic
anion transporter (MOAT) or P-glycoprotein.*:12°

ARYLAMINE N-ACETYLTRANSFERASES (NAT) The function of NATs is to conjugate
an acetyl group to appropriate substrates. Humans express two distinct
isoenzymes, NAT1 and NATZ2. Clinically relevant NAT substrates include the
antiarrhythmic procainamide, several antibacterial sulphonamides, caffeine, and
many industrial and environmental carcinogens.*!*?!

METHYLTRANSFERASES Methyltransferases catalyse the methylation of many
drugs, neurotransmitters and hormones, and even macromolecules such as
proteins and DNA.*! Catechol O-methyltransferase (COMT) is found in a cytosolic
and a membrane-bound form, and its substrates include neurotransmitters
dopamine, noradrenalin and adrenaline and drugs L-dopa and methyldopa.
Thiopurine methyltransferase (TPMT) is a cytosolic enzyme, which catalyses the
S-methylation of e.g. 6-mercaptopurine. Methylation mediated by the cytosolic
histamine N-methyltransferase (HNMT) has been shown to be a major pathway
of histamine metabolism.*!/1%?

2.3 Drug transporters

The physicochemical properties of a drug (pKs, size, lipophilicity) affect drug
movement through biological barriers, but the action of drug transporters also
has a significant impact on drug disposition and elimination. The substrate
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selectivity, direction of action (moving substrates into or out of the cell),
intracellular location (in the basolateral or apical cell membrane), and tissue
distribution (in e.g. the intestine, kidney, liver, or brain) of transporters
determine how they affect drug movement between biological compartments. In
addition to drugs, these transporters also transport endogenous substances
(sugars, lipids, amino acids, bile acids and hormones).**12312>

In the small intestine, enterocytes contain several transporters that are
important in the absorption of dietary constituents and drugs, but also
transporters that limit drug absorption. P-glycoprotein is a particularly important
efflux transporter that limits the extent of drug absorption by pumping its
substrate drugs back into the gut lumen.*?

In the liver, uptake transporters (e.g. OATPs) expressed on the basolateral
membrane of hepatocytes extract their substrate drugs from the portal blood.
Once inside, drugs often undergo metabolic transformation and/or conjugation,
or they may be excreted unchanged into bile. The final step of transport of drugs
from portal blood into bile can be mediated by efflux transporters (e.g. P-
glycoprotein) localised on the canalicular membrane of the hepatocyte.*123-12>

In the kidney, combined function of uptake and efflux transporters localised to
the basolateral and apical membranes of tubular cells can affect the direction
and efficacy of drug passage. Other factors, such as urine pH and glomerular
permeability of the drug are often more important in determining the amount of
drug excreted into urine.*?

In the blood-brain barrier, formed mainly by capillary endothelial cells, drug
transporters are an important component limiting the access of drugs into brain
tissue. While uptake transporters act to import glucose and amino acids to brain,
efflux 45ransporters such as P-glycoprotein prevent entry of their substrate
drugs.

The placenta is the structural barrier between the mother and the developing
fetus, and there are various transporters both in the maternal-facing and fetal-
facing placenta membranes. For example, P-glycoprotein has a major functional
role in the maternal blood-placenta barrier,’*® while OAT4 is localised in the
fetal-facing surface, and thought to have a role in the placental uptake of fetal-
derived compounds,**123-125

Compared to the CYP enzymes, relatively little is known about the functions of
drug transporters. Differentiation of the role of a particular transporter in drug
pharmacokinetics is difficult, because the substrate specificities of different
(efflux and influx) transporters, expressed variably in organs relevant to
pharmacokinetics (e.g. intestine, liver, and kidney) may overlap considerably. A
complicating factor is that in studies conducted in humans, drug concentrations
are usually measured only from blood (and urine), and knowledge of tissue
concentrations is lacking. Furthermore, the study of drug transporters in vitro is
more complicated than that of drug-metabolising enzymes, because the action of
transporters is directional and requires a cell membrane.**123-125

The induction and inhibition of drug transporters follow the same principles
described for drug-metabolising enzymes. Induction of several drug transporters
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is mediated by the same nuclear receptors that regulate CYP gene expression.
PXR activation has been shown to induce P-glycoprotein, MRP2 (also induced by
CAR activation), and OATP1B1. Inhibition of drug transporters important to drug
elimination (e.g. hepatic uptake or biliary/renal excretion) or limiting absorption
(in the intestine) can lead to drug-drug interactions. For example, inhibition of P-
glycoprotein by clarithromycin has been shown to increase the AUC of digoxin (a
high-affinity P-glycoprotein substrate).**127:128

2.3.1 Uptake transporters

Uptake (influx) transporters facilitate the entry of drugs into cells. Uptake
transporters include the organic anion transporting polypeptide (OATP), the
organic anion transporter (OAT), organic cation transporter (OCT), and peptide
transporter (PEPT) families (Table III).44123:129

Three organic anion transporting polypeptides (OATPs) have been identified in
the human liver, located at the sinusoidal membrane of hepatocytes and extract
compounds from portal venous blood. Efflux of intracellular glutathione has been
suggested to be a driving force for OATP-mediated transport.**124129

Organic anion transporters (OATs) are multispecific transporters expressed in a
variety of tissues, such as kidney, liver, brain and placenta. The transport
mechanism of OAT1 and OAT3 utilises the Na® gradient of the plasma
membrane, but the mechanism of OAT2- or OAT4-mediated transport is not well
characterised. In the kidney, OAT1 and OAT3 are localised on the basolateral
membrane of the proximal tubule cells and take up drugs from blood.**12412°

The members of the organic cation transporter (OCT) family act to transport
various small organic cations, but interact also with larger cations.**12%129
Peptide transporters (PEPTs) are located in the membrane of intestinal and renal
epithelial cells, where they mediate the uptake of peptides produced by protein
digestion, as well as structurally related compounds (e.g. B-lactam
antibiotics). 44130

2.3.2 Efflux transporters

Efflux transporters act to limit the entry of drugs or enhance their removal from
the cell, and are present in many tissues (e.g. intestine, blood-brain barrier,
hepatocytes, and placenta). P-glycoprotein (MDR1), multidrug resistance-
associated protein family (MRP), and the breast cancer resistance protein (BCRP)
are the efflux proteins most relevant to drug disposition, but their substrates
also include sugars, amino acids, cholesterol and proteins. 123128131

P-GLYCOPROTEIN (MDR1) P-glycoprotein is found at the hepatocyte canalicular
membrane, on the apical side of gastrointestinal epithelial cells, on the surface of
endothelial cells of brain capillaries, in the placenta, and in the testis. P-
glycoprotein reduces the absorption in the intestine and enhances the excretion
of drugs into the bile or into urine. P-glycoprotein plays also an important role in
protecting the brain and testis by limiting their exposure to drugs.!?//131-133
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Table III. The tissue distribution of selected uptake transporters, and examples of their
substrates.

Transporter family  Location Examples of substrates

Organic anion OATP1B1, OATP1B3, OATP1B1: methotrexate, rifampicin, atorvastatin,
transporting and OATP2B1 in the pravastatin, rosuvastatin, fexofenadine
polypeptides liver; OATP2B1 also in

(OATPs) the lung, brain, kidneys

Organic anion Kidney, liver, brain, OAT1: NSAIDs, B-lactam antibiotics, diuretics and
transporters (OATs) and placenta ACE-inhibitors; OAT2: NSAIDs, antibiotics; OAT3:

steroid conjugates, NSAIDs, and diuretics; OAT4:
steroid conjugates, antibiotics.

Organic cation OCT1: liver, intestine; OCT1: dopamine, cimetidine, metformin
transporters (OCTs) OCT2: kidney

Peptide transporters PEPT1: small intestine, PEPT1, PEPT2: Dipeptides, tripeptides, B3-lactam
(PEPTS) kidney, liver; PEPT2: antibiotics, ACE inhibitors

kidney, brain, lung,

mammary gland

References in text.

The substrates, inhibitors, and inducers of P-glycoprotein are structurally
diverse, but overlap with those of CYP3A4. It has been suggested that P-
glycoprotein and CYP3A4 function together to limit oral drug bioavailability, but
evidence in humans is limited.!** P-glycoprotein substrates include digoxin,
doxorubicin and vinblastine, and its activity is inhibited by e.g. quinidine,
verapamil or cyclosporine. Inducers of P-glycoprotein include e.g. rifampicin and
St. Johns wort,127/131-133

MDR-RELATED PROTEINS (MRP) MRPs are organic anion efflux pumps that
transport glutathione, glucuronide or sulphate conjugates of drugs, and also
unconjugated drugs (e.g. macrolide antibiotics). They are found in several
tissues, e.g. in the liver, gut, kidney, brain and placenta. Due to their cellular
locations, MRP1 and MRP3 secrete drugs into, while MRP2 moves drugs out of
the body_128,131,135

MRP1 is located in various tissues, but has low expression in the liver. MRP2 is
located in the canalicular membrane of the hepatocyte, on the apical membrane
of intestinal enterocytes, and in the proximal tubule in kidney. MRP2 substrates
include pravastatin, ceftriaxone, and ciprofloxacin, and its activity is inhibited by
e.g. probenicide. MRP3 is expressed in the basolateral membrane of the
hepatocyte and basolateral membrane in kidney tubules.1?8:131,135

BREAST CANCER RESISTANCE PROTEIN (BCRP) BCRP is present in the placenta,
intestine, liver, and capillaries, and its substrates include mitoxantrone,
anthracyclines, and topotecan. The role of BCRP in the hepatic distribution of
drugs remains to be determined, but it appears to be have an active role limiting
drug entry into CNS. 28131
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3 In vitro studies on drug metabolism

In vitro drug metabolism studies are used to estimate risks of drug-drug
interactions, and also to predict human pharmacokinetics in the development of
drugs. The properties of drugs characterised using in vitro methods can be used
to guide the planning of studies conducted in humans. For example, when the
principal enzymes responsible for the biotransformation of a drug have been
identified in vitro, estimates can be made of its susceptibility to drug-drug
interactions caused by inhibition of its metabolism. Conversely, the inhibitory
properties of a drug can be used to estimate its effect on the metabolism of
other drugs.83136:137

Compared to clinical studies, the in vitro drug metabolism studies are faster and
cheaper to conduct, and do not require human exposure. However, they have
numerous intrinsic problems (e.g. non-specific binding of drugs to microsomes,
the need for organic solvents) and cannot incorporate many determinants of
human drug disposition (e.g. plasma protein binding, hepatic blood flow).
Though in vitro data can be used to predict the likehood of clinical drug
interactions, studies conducted in humans are needed to draw reliable
conclusions. Human liver microsomes (HLM) are the most widely used source of
human enzymes used in in vitro drug metabolism studies, while other
alternatives include cDNA-expressed CYP enzymes (rhCYPs), isolated/cultured
hepatocytes, liver slices, and purified CYP enzymes.138140

3.1 In vitro systems

HUMAN LIVER MICROSOMES (HLM) HLM are prepared from homogenised liver
tissue by differential centrifugation. HLM contain all the CYP enzymes expressed
in the human liver in the same proportions that they occur in vivo. By pooling
several liver tissue samples, the individual variation in enzyme content can be
minimised, but each HLM batch is still slightly different. Pooled HLM contain the
“average” levels of all CYPs expressed in the livers taken into the pool. The ratio
of NADPH-reductase to CYP, the amount of cytochrome bs, and the type of lipids
are same as those in the intact liver. The same sample of pooled HLM can be
used to study all CYPs of interest, and they contain the enzymes required to
study metabolism-dependent inhibition. HLM contain, however, large amounts of
lipids and proteins that can significantly bind the studied drugs, though this
problem is common to all in vitro systems. In HLM, enzyme-selective inhibitors
must be used when assessing the role of a particular CYP in the metabolism of a
substrate,83:141-143

cDNA-EXPRESSED HUMAN CYP ENZYMES (rhCYP) rhCYPs can be produced e.g. in
insect cells and human lymphoblast-derived cells, and in this system all the
activity comes from the particular expressed CYP enzyme. In contrast to HLM,
the metabolism of the substrate by a specific CYP can be directly evaluated. The
variable expression of cytochromes bs and/or NADPH-reductase can affect the
Vmax determined for a given enzyme, although the K., values towards marker
substrates are generally comparable between rhCYPs and HLM. When a
substrate is metabolised by several CYPs, the K, observed in HLM differs from
that obtained using a single rhCYP. rhCYPs are useful when e.g. trying to
differentiate relative importance of different CYPs that metabolise the same
compound. Generally, rhCYPs are not suitable for metabolism-dependent
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inhibition experiments, if the target of the inhibitory metabolite is other than the
enzyme responsible for its formation. Studies with rhCYPs give information only
about one CYP at a time, and the properties of e.g. different polymorphic CYPs
can be compared.83/137:141-143

PURIFIED RECONSTITUTED CYP ENZYMES A functional CYP can be reconstituted
from homogenous purified enzymes by mixing CYP, NADPH-reductase and
phospholipids. However, it is often difficult to reconstitute them reproducibly,
and the amount of NADPH-reductase is often higher than that present in HLM.
Furthermore, not all CYPs are available in purified form,83:137,141-143

HEPATOCYTES AND LIVER SLICES Hepatocytes offer some advantages over HLM
system and are useful for the study of induction or integrated metabolism, but
have several additional problems. For example, the interaction between two
specific drugs might be studied successfully in hepatocytes if the mechanism of
inhibition is complex. Michaelis-Menten enzyme kinetic equations do not usually
apply to hepatocytes, and it is extremely difficult to interpret the obtained data
mechanistically. The inhibitor may compete for cellular uptake in addition to
metabolic biotransformation, and conjugation of the substrate may complicate
the determination of metabolite formation. Isolated hepatocytes are hard to
obtain, and repetition of experiments is difficult as CYP expression of
hepatocytes is markedly decreased in culture. Liver slices, in addition to having
the problems mentioned above, have a barrier to the diffusion of drugs to the
cells inside the slice,83137,141-143

3.2 Enzyme kinetics

Most CYP-mediated reactions follow simple Michaelis-Menten (MM) kinetics. The
MM model assumes that the active site of the enzyme contains one binding site,
where the catalytic process occ