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Abstract:

Determination of metabolic properties of a new chemical entity (NCE) is one of the most important steps during the drug discovery

and development process. Nowadays, in vitro methods are used for early estimation and prediction of in vivo metabolism of NCEs.

Using in vitro methods, it is possible to determine the metabolic stability of NCEs as well as the risk for drug-drug interactions

(DDIs) related to inhibition and induction of drug metabolic enzymes. Metabolic stability is defined as the susceptibility of

a chemical compound to biotransformation, and is expressed as in vitro half-life (t1/2) and intrinsic clearance (CLint). Based on these

values, in vivo pharmacokinetic parameters such as bioavailability and in vivo half-life can be calculated. The drug metabolic

enzymes possess broad substrate specificity and can metabolize multiple compounds. Therefore, the risk for metabolism-based

DDIs is always a potential problem during the drug development process. For this reason, inhibition and induction in vitro screens

are used early, before selection of a candidate drug (CD), to estimate the risk for clinically significant DDIs. At present, most

pharmaceutical companies perform in vitro drug metabolism studies together with in silico prediction software and automated

high-throughput screens (HTS). Available data suggest that in vitro methods are useful tools for identification and elimination of

NCEs with unappreciated metabolic properties. However, the quantitative output of the methods has to be improved. The aim of this

review is to highlight the practical and theoretical basis of the in vitro metabolic methods and the recent progress in the development

of these assays.
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Introduction

The drug development process involves several steps,

from target identification and screening, lead genera-

tion and optimization, preclinical and clinical studies
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to final registration of a drug (Fig. 1) [13]. In 2002 the

average development time of a new chemical entity

(NCE) up to the registration was 12 years, and its cost

was approximately 900 million USD [42]. According

to the US Food and Drug Administration in 2002 only

17 NCEs were approved which was the lowest ap-

proval rate in the past decade [42]. In 1991, the major

reason for failure of NCEs was due to inadequate

metabolic and pharmacokinetic (PK) parameters [42].

During the past years, pharmaceutical companies

have invested and introduced a number of new ap-

proaches dedicated to improve the rate of success of

development of new drugs. One of the new strategies

is an in vitro approach for early determination and

prediction of drug metabolism of NCEs [59]. The use

of in vitro methods in drug metabolism studies has

several advantages. First, it allows for determination

of metabolic profiles of NCE early in the drug discov-

ery process, and, therefore, this information can be

used to guide further modifications of NCE in order to

obtain favorable metabolic properties. Secondly, it is

possible to use human enzymes, cells and liver frac-

tion and consequently the data are more relevant and

important for the human in vivo situation. The in vitro

approach is cost and time effective. Due to introduc-

tion of the in vitro approach, the failure rate of NCEs

related to inadequate metabolic and PK parameters

had been reduced to approximately 10% in 2000 [42].

Drug metabolism is a process of conversion of

a lipophilic compound to more water soluble metabo-

lites, which can be easily eliminated from the human

and/or animal body [58]. However, the drug metabo-

lism process not always leads to formation of more

hydrophilic metabolites, e.g. N-demethylation of imi-

pramine [58]. It has a large impact on drug absorp-

tion, distribution, elimination and toxicity of NCEs.

Since almost all drugs on the market are metabolized

and inter-individual differences in activity of drug

metabolic enzymes are responsible for different drug

activities, it is easy to understand that drug metabo-

lism has a key influence on the possible success of

NCEs. Generally, drug metabolism can be divided

into phase I and II. Phase I involves oxidation, reduc-

tion and hydrolysis reactions and is catalyzed by

a number of enzymes, the most important being cyto-

chrome P450 (CYP) and flavin-containing monooxy-

genases (FMOs) [26, 58, 63]. The phase II metabolic

enzymes, e.g. UDP-glucuronyltransferases (UGTs),

sulfotransferases, catalyze conjugation reactions of

lipophilic chemicals with endogenous co-factors, like

uridine diphosphate-glucuronic acid and 3’-phospho-

adenosine-5’-phosphosulfate, respectively [58, 84]. In

some cases, e.g. glucuronidation of morphine, chemicals

are directly conjugated by the phase II enzymes without

previous involvement of the phase I enzymes [58].

For the metabolism of most drugs, the CYP super-

family seems to be the most important enzyme family.

More than 500 different isoforms of CYP have been

identified in humans, animals and plants [64]. How-

ever, due to the content in human liver and high con-

tribution to drug metabolism, only few isoforms of

CYP are important for most drug metabolism studies

– CYPs: 1A family, 2A6, 2B6, 2C family, 2D6, 2E1

and 3A family [68]. CYP3A4 is the most abundant

cytochrome P450 isoform in human liver and this iso-

form has broad substrate specificity. CYP3A4 is in-

volved in the metabolism of almost 50% of all drugs

available on the market as well as in high number of

clinically significant drug-drug interaction [68, 82].

Identification of enzymes involved in the metabolism

of the drug in question is one of the most important

steps of drug metabolism studies during the drug dis-

covery and development process, and it is useful for

a better understanding of the possible role of genetic

polymorphism in drug clearance and for prediction of

potential metabolism-based drug-drug interactions

[12, 20, 21, 34]. The next important step of drug me-

tabolism studies is the determination of enzyme kinetic

parameters: Km, Vmax and CLint. The determination of

enzyme kinetic parameters for the metabolic reaction

can be used for a better estimation of the NCE pharma-

cokinetics in human and also to eliminate compounds

with non-linear dose-exposure relationships [31].

Previously, drug metabolism studies were per-

formed at a late stage of drug development process
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and very often not until the phase of clinical studies.

Therefore, inadequate metabolism and pharmacoki-

netic parameters were the major reason of failure for

NCEs [42]. Nowadays, introduction of in vitro ap-

proaches into drug metabolism enables the characteri-

zation of the metabolic properties of drug candidates

at an earlier stage in the drug development process, at

early preclinical studies performed during the drug

discovery phase. Recently the major reasons for high

attrition rates have instead been identified to be lack

of efficacy and safety, together accounting for ap-

proximately 60% of the failures [42].

The aim of this review is to highlight the practical and

theoretical basis of the in vitro metabolic methods, and to

discuss possible improvements of the in vitro based assays.

In vitro models to study drug metabolism

Recombinant expressed enzymes

Microsomes with cDNA-expressed metabolic en-

zymes are important in vitro models for studies on

drug metabolism. The recombinant expressed en-

zymes are routinely used for predicting drug clear-

ance [62] and the risk for DDIs related to enzyme in-

hibition [12]. The recombinant expressed enzyme sys-

tem is the simplest in vitro model that contains the

individual enzymes usually produced in the endoplas-

mic reticulum of eukaryotic host cells. The most com-

monly used expression systems are the baculovirus

system [5] and the human lymphoblastoid system

[15]. The major advantage of this model is its simplic-

ity, and providing an opportunity to study the activity

of the specific enzymes separately. The model is also

suitable for high throughput screening (HTS). The

major disadvantage is the difference in the activity of

metabolic enzymes per unit of microsomal proteins

compared to that in human liver microsomes. To over-

come this problem during in vitro-in vivo extrapola-

tion (IVIVE), two approaches have been proposed:

a relative activity factor (RAF) [16] and an intersys-

tem extrapolation factor (ISEF) [62].

Liver microsomes

Microsomes can easily be prepared from different tis-

sues, most commonly from the liver of animals and

human donors by ultracentrifugation. Therefore, hu-

man liver microsomes (HLM) have become a very

commonly and widely used in vitro model. The enzy-

matic activities are stable during prolonged storage of

the microsomes. In order to reflect the standard pro-

portion of the enzymes in human or animal livers,

liver microsomes from different donors are usually

pooled. By supplementing the liver microsomes with

relevant cofactors and other reaction components, it is

possible to investigate and distinguish between CYPs,

flavin-containing monooxygenase (FMO) and glucuro-

nosyltransferase (UGT) activities. Therefore, this model

is widely used by pharmaceutical companies for predic-

tion of clearance of NCEs in vivo, especially since it also

is a very convenient model for HTS. The major disad-

vantage of the model is the limited incubation time (the

enzyme activities decrease after 2 h of incubation).

Fresh and cryopreserved hepatocytes

Fresh and cryopreserved hepatocytes are valuable in

vitro models for estimation and prediction of clear-

ance and DDI of NCEs. Human hepatocytes are also

the most important in vitro model for studies on in-

ductive DDIs and possible adverse drug effects. This

model contains all, phase I and II metabolic enzymes

as well as all necessary co-factors. Therefore, depend-

ing on the conditions used incubation times can be

very long (up to 96–120 h for primary cultures). The

limited availability of fresh human hepatocytes is the

major disadvantage of this model. When available,

fresh human hepatocytes have to be cultured immedi-

ately after collection from donors, and the viability of

the cells limits their use to a few days after isolation.

However, recent progress in cryopreservation tech-

niques has resulted in an increased accessibility of hu-

man cryopreserved hepatocytes. If thawed correctly,

the hepatocytes possess comparable metabolic enzyme

activities with those found in fresh isolated hepatocytes

(a decrease of about 10–20% has been noted).

Tissue slices

Tissue slices are the most complex in vitro model, the

most closely mimicking the in vivo situation. Tissue

slices are a very useful model to study formation of

metabolites, but this model is not well established for

prediction of metabolic clearance and DDIs. There-

fore, it will not be described in detail in this review.
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Plasma protein binding

The free fraction of a drug in plasma or whole blood

has important effects on clearance since it is the un-

bound drug that is distributed and which, therefore, is

accessible for metabolism. A few theoretical assump-

tions are usually made that the reader should be aware

of, the unbound drug concentration is the same be-

tween plasma/blood and the hepatocytes, the equilib-

rium between plasma/blood and the hepatocytes is in-

stant and only unbound drug is available for permea-

tion. Correction for the free fraction of a drug in

plasma or whole blood has been shown to improve the

IVIVE of clearance and is used for scaling purposes

(see below). It has also lately become evident that

correction for non-specific binding to microsomes can

be important. Certain compounds are characterized by

high binding to microsomes, and thus the protein concen-

tration might have large effects on the prediction of clear-

ance [6, 36]. Determination of the degree of protein bind-

ing is usually made with high-throughput screening and

several methods are used for this purpose. The most com-

monly used procedures are microdialysis, equilibrium di-

alysis and ultrafiltration [93].

Practical aspects of in vitro metabolic

stability screening

The aim of screening for metabolic stability is to esti-

mate susceptibility of a chemical compound to bio-

transformation. Before metabolic stability assay is

performed, purity (preferably over 90%), chemical

stability and solubility (preferably over 10 µM) of

NCE are determined. Metabolic stability of NCE is

determined based on disappearance of the test com-

pound during incubation with human/animal liver

fractions, and metabolic stability is expressed as in vi-

tro half-life (t1/2) and intrinsic clearance (CLint).

Based on these values secondary pharmacokinetic pa-

rameters, such as hepatic clearance (CLH), bioavail-

ability and in vivo t1/2 can be calculated. If a test com-

pound is rapidly metabolized, its bioavailability in

vivo will probably be low. Therefore, only compounds

with expected suitable pharmacokinetic properties are

chosen for further development. Several good reviews

that describe current application of metabolic stability

screening in drug discovery and development process

have been published [65, 86].

Several assumptions have to be made for correct

interpretation of a metabolic stability assay:

– In vitro rate of metabolism and activities of the en-

zymes are representative of those that occur in vivo,

– Liver is the major organ of clearance of test compounds,

– The major elimination pathway of test compounds

is oxidative metabolism,

– The concentration of a test compound during the in-

cubation is below the Michaelis-Menten constant

(Km). Since only in this case the ratio of metabolism

will be linear with incubation time. Very often at early

drug discovery stage no information exists on Km values

for the test compounds, and, therefore, the concentration

used in the assay should be as low as possible. Normally,

this concentration is limited by the sensitivity of the ana-

lytical methods used in the metabolic stability screen (liq-

uid chromatography/mass spectrometry) and usually con-

centrations between 1 and 3 µM are used, which most

probably are lower than Km for most compounds.

– The absence of non-specific protein binding. It is

important to minimize the protein concentrations and

usually incubations are performed at concentration of

0.5–1.0 µg/µl of microsomal proteins or 1 × 106

cells/ml when hepatocytes are used.

– Absence of inactivation of the metabolic enzymes.

In our laboratory, the metabolic stability screen is

performed by incubation of human and/or selected ani-

mal liver microsomes (most often mouse, rat, dog and

monkey), at 37°C with a test compound at a final con-

centration of 1 µM, in the presence of 1 µg/µl microso-

mal protein and 1 mM NADPH (cofactor of CYP), in

a total volume of 150 µl of 100 mM phosphate buffer,

pH 7.4. The incubation is started by the addition of

NADPH and terminated with 75 µl of ice-cold acetoni-

trile at 0, 2.5, 5, 10, 20 and 40 min. Precipitated proteins

are removed by centrifugation at 3,200 rpm for 15 min

at 4oC before analysis. Concentrations of the test com-

pound are determined in supernatants using liquid

chromatography-tandem mass spectrometry technique

(LC/MS/MS). Incubations terminated prior to addition

of NADPH (time point 0 min) are used as standards, de-

fined as 100%. Percent of the parent compound remain-

ing is calculated by comparing peak areas.

Theoretical aspects of in vitro metabolic

stability screen

The first theoretical concepts for IVIVE of metabolic

clearance were published in the mid 1970s. Three ma-
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jor models: “well stirred” also called “venous equilib-

rium”, “parallel tube” and “dispersion” exist for de-

termination of in vivo metabolic clearance based on in

vitro data. In the “well stirred” model, the liver is rep-

resented by a single compartment, where the unbound

concentration of a drug leaving the liver is in equilib-

rium with the intracellular unbound concentration in

the hepatocytes [70, 89]. The hepatic clearance (CLH)

in “well stirred” model is expressed as shown in for-

mula (4). According to the “parallel tube” model, the

liver is composed of a number of parallel tubes [57].

The enzymes are regularly distributed within the

tubes. The assumption is that the blood unbound drug

concentration is in equilibrium with the intracellular

unbound concentration in the hepatocytes, in every

tube. The “dispersion model” is the most mathemati-

cally complex and the most consistent with liver

physiology, compared to the two previously described

models [66, 67]. The model is characterized by two

numbers: the efficiency (Rn) and the dispersion (Dn).

The Rn value characterizes the efficiency of irreversi-

ble removing of the drug from blood by passing

through the liver, and it is dependent on the intrinsic

clearance, blood flow and binding to blood cells. The

Dn value is the rate of the dispersion of the compound

during its passing through the liver. The “dispersion

model” describes axial dispersion of blood caused by

branching and connecting of sinusoids. The assumption

of the “dispersion model” is that diffusion of a drug

along the sinusoids is faster than the blood transfer

through the liver.

Although the models differ in their description of

drug concentration profile in the liver, none of the

models was shown to be better for IVIVE, based on

prediction of hepatic clearance for 28 compounds us-

ing data obtained with liver microsomes and for 21

compounds evaluated using isolated hepatocytes [30].

In our laboratory, the in vitro t1/2 and CLint of a test

compound in the liver microsomes are calculated ac-

cording to “in vitro half-life” approach, based on the

“well stirred” model [29, 55]. This approach was cho-

sen for its simplicity and at present the “in vitro half-

life” approach also seems to be the most widely used

model in other in vitro drug metabolism laboratories.

The percent of the parent compound remaining is

plotted versus time. From this plot, time points in lin-

ear range are chosen to plot the natural logarithm of

percent parent compound remaining versus time. The

slope of the linear regression fit gives the rate con-

stant for the disappearance of parent compound, k,

from which an in vitro t1/2 can be calculated (eq 1):

In order to calculate CLint the rate constant k or the

in vitro t value, (eq 2) can be used:

where [V] is the incubation volume in µl and [P] is the

amount of microsomal protein in the incubation.

CLint is defined as the maximum activity of the

liver (microsomal proteins or hepatocytes) towards

a drug in the absence of other physiological determi-

nants such as hepatic blood flow and drug binding

within the blood matrix. In order to extrapolate in vi-

tro clearance data on NCE metabolism to in vivo

metabolic clearance, two critical factors have to be

considered. The first one is the scaling factor (SF) to

re-calculate in vitro CLint to CLint expressed per gram

of liver, and it is known as the amount of microsomal

protein per gram of liver (MPPGL) when microsomal

proteins were used to determine the CLint in vitro (in

the case of hepatocytes this value is known as the

amount of hepatocytes per gram of liver [hepatocellu-

larity] – HPGL). The scaling factor is very difficult to

determine because of inter-individual variability in

levels of human microsomal protein as well as hepa-

tocellularity per gram of liver. In the studies per-

formed on 20 donors, the value of MPPGL ranged be-

tween 26 and 54 mg per gram of liver (geometric

mean value [meangeo] = 33) and hepatocellularity be-

tween 65 and 185 × 106 cells per gram (meangeo = 107

× 106) [92]. The second scaling factor is needed for

expression of metabolic clearance per whole liver.

Two crucial values are required for determination of

this factor, namely liver size and its co-variation with

body size. Radiographic measurements of liver size

performed on 1365 donors determined the mean liver

size to be 1480 g [27]. Using these two factors, in vi-
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tro CLint can be extrapolated to whole liver clearance

(eq. 3):

According to the “well-stirred” model, the intrinsic

clearance can be converted to hepatic clearance using

the following equation (eq. 4) [70, 89]:

fu is the free fraction in blood and Q is the hepatic

blood flow (liver blood flow for human is estimated to

be 1400 ml/min and for rat 20 ml/min).

When the blood/plasma ratio is known and differs

from unity, the hepatic clearance value can be con-

verted to blood clearance (CLBl) by correcting for the

blood/plasma ratio:

Determination of enzyme kinetic

parameters

The in vitro data obtained from a metabolic stability

screen are used to predict and optimize the human

pharmacokinetic parameters of NCEs during the drug

discovery process. Additionally, during the drug de-

velopment process the enzyme kinetic parameters

(Km – Michaelis-Menten constant, Vmax – maximal

velocity and CLint = Vmax/Km) are determined, which

significantly contributes to a better understanding of

the metabolism of NCEs. The Km value is an indicator

of the affinity between an enzyme and a substrate and

it can also reflect at which concentration of the sub-

strate the enzymatic system will be saturated. Satura-

tion of the enzymes may lead to non-linear kinetics of

the drug candidate, which in turn may cause difficul-

ties in prediction of dose and drug response [31, 56].

The aims of the enzyme kinetic studies are:

– Identification of the drug metabolic enzymes re-

sponsible for metabolism of NCEs,

– Assessment of the influence of genetic polymor-

phisms on the clearance of NCEs,

– Better understanding of the mechanisms of clearance of

NCEs in humans over a broad range of concentrations,

– Prediction of potential risks for inter-individual

variability in pharmacokinetics of NCE,

– Identification of candidate drugs with atypical ki-

netic profiles. Atypical kinetic profiles can be divided

into five categories: activation, autoactivation, sub-

strate inhibition, partial inhibition and biphasic me-

tabolism [44].

The first step in order to determine the enzyme ki-

netic parameters is identification of all metabolites of

NCEs using LC/MS and LC/MS/MS techniques [43].

The second step involves identification of meta-

bolic enzymes responsible for formation of the me-

tabolites. This step involves the following experiments:

– Incubations of NCE with recombinant expressed

metabolic enzymes to identify the ability of the en-

zymes to generate the metabolites. This type of ex-

periment gives direct evidence that the enzyme can be

involved in the metabolism of the NCE.

– Incubations with specific, chemical inhibitors of the

metabolic enzymes. This experiment can be used to

confirm the previous findings and may also signifi-

cantly contribute to quantitative estimations of the

role of particular metabolic enzymes in the metabo-

lism of the NCE. The list of specific chemical inhibi-

tors for the CYPs most relevant to the pharmaceutical

industry is presented in Table 1.

– Correlation studies performed with metabolic en-

zyme marker activities (Tab. 1). The correlation stud-

ies enable estimations of how metabolism correlates

with different activities of specific metabolic enzymes.

This approach is also helpful for the identification of the

expected minimum and maximum values of clearance.

The third step of the determination of enzyme ki-

netic parameters entails series of incubations with re-

combinant expressed enzymes and liver microsomes,

performed at a broad range of concentrations of the

NCE. The incubations need to be performed in the

linear range in terms of incubation time, concentra-

tion of proteins as well as formation of metabolites.

The lowest concentration used should be approxi-

mately 1/10 of the Km value, and the highest 10 times

higher than the Km value. The results are plotted using

different types of plots. In our laboratory we routinely

use three types of plots:
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– Michaelis-Menten. This classical plot presents the

effect of a drug concentration [S] on the initial veloc-

ity [V] of an enzyme-catalyzed reaction. The drug

concentration at which the initial velocity is half

maximal is the Michaelis-Menten constant (Km).

– Lineweaver-Burk. Linearization of the Michaelis-

Menten hyperbola, also called “double-reciprocal”

plot. 1/V is plotted versus 1/[S] and fitted to a straight

line with linear regression. The Lineweaver-Burk plot

is also useful in analyzing enzyme inhibition patterns,

i.e. to distinguish between different types of inhibition.

– Eadie-Hofstee. The particular advantage of this plot

is that it is possible to distinguish between reactions

catalyzed by single or multiple enzymes when using

microsomes as the enzyme source.

Examples of all three plots, obtained for O-dealkyl-

ation reaction of a new NCE, are presented in Figure 2.

Examples of prediction of in vivo

clearance from in vitro data

One example of prediction of in vivo clearance from

in vitro data was obtained as a part of the EUROCYP

project, and involved an intermediate clearance drug,

Almokalant, an orally active class II antiarrhythmic

agent [4]. All in vitro studies (with liver slices, hepa-

tocytes and liver microsomes supplemented with glu-

curonic acid) identified that the major metabolic path-

way for the drug was direct glucuronidation to two

stereoisomers. These predictions were confirmed by

results obtained in vivo, and the authors concluded

that in vitro models, especially those involving phase

II metabolism, were valuable for prediction of in vivo

metabolism.

Another example described the evaluation of in vi-

tro data for prediction of in vivo metabolism of four

CYP2C9 substrates: tolbutamide, fluvastatin, ibupro-

fen and diclofenc [2, 3]. The authors used hepatic

clearance calculated according to the “well-stirred”

model, and intrinsic clearance obtained from enzyme

kinetic data. The predictions including or excluding in

vitro unbound fraction in plasma (fup) data resulted in

under- or overestimation of in vivo clearance of the

compounds (Tab. 2). However, reanalysis of the data

using unbound fraction in blood (fub) instead for un-

bound fraction in plasma, resulted in a better correla-

tion between in vitro and in vivo clearance data [71].

For two compounds: diclofenac and ibuprofen, the

clearance data for other metabolic pathways not re-
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Tab. 1. Summarized data and recommended in vitro probe substrates as well as inhibitors for eight most important CYPs for drug metabolism

CYP1A2 CYP2A6 CYP2C8 CYP2C9 CYP2C19 CYP2D6 CYP2E1 CYP3A4

Content in HLM1) 8% 12% 12% 18% 4% 2% 9% 20%

Contribution to

drug metabolism2)
7% 3% 5% 9% 6% 21% 1% 48%

Preferred

substrates3)

(characteristic

reaction)

Ethoxyresorufin,

(O-deethylation)

Phenacetin

(O-deethylation)

Coumarin

(7-hydroxylation)

Paclitaxel

(6�-hydroxylation)

S-Warfarin

(7-hydroxylation)

Diclofenac

(1-hydroxylation)

S-Mephenytoin

(4-hydroxylation)

Omeprazole

(oxidation)

Dextromethorphan

(O-demethylation)

Bufurolol

(1-hydroxylation)

Chloroxazone

(6-hydroxylation)

Testosterone*

(6�-hydroxylation)

Midazolam*

(1’-hydroxylation)

Preferred

inhibitors3)
Furafylline 8-methoxypsoralen Glitazone Sulfaphenazole Tranylcypramine Quinidine Clomethiazole Ketoconazole

Itraconazole

Inducible

Human CYP

(Inducers)4)

[responsible

receptor]

Yes

(�-naphthoflavone)

[Ah]

Yes

(Rifampicin,

Dexamethasone)

[PXR]

Yes

(Ethanol)

Yes

(Rifampicin)

[PXR]

Polymorphic

Human CYP5)
Yes Yesa) Yesb) Yesc)

��
Specific content of individual CYP proteins determineted by immunoblotting procedures in native human liver microsomes (HLM) [68].

��
Con-

tribution of the major, individual CYPs into metabolism of marketed drugs, based on 403 drugs from the US and/or Europe [14].
��

[83].
��

[52].
��

[33]. * For CYP3A4 it is recommended to use at least two structurally unrelated substrates.
��

Three allelic variants of CYP2C9 exist: 2C9*1
(wild type), 2C9*2 (Arg to Cys at position 144), and 2C9*3 (Ile to Leu at position 359). CYPs: 2C9*2 and 2C9*3 showed reduced rates of me-
tabolism than compared to CYP2C9*1 [24, 95].

��
CYP2C19 poor metabolizers (PMs) include approximately 3% of Caucasians and between

18–23% of Asians [11].
��

Approximately 7% of Caucasians and less than 1% of Asians are PMs of CYP2D6 [1, 80]



lated to CYP2C9 but also important for in vivo clear-

ance (diclofenac acyl glucuronide and ibuprofen 2-

hydroxylation) were included into the calculation, and

the final in vitro results were almost consistent with

the in vivo clearance data (Tab. 2). This example

shows how complex and difficult the evaluation of in

vitro metabolism data is, and also indicates how use-

ful they are for prediction of in vivo clearance of

NCEs. Additionally, this case suggests some very im-

portant issues and questions for correct in vitro-in vivo

prediction of metabolism data [3, 71]:

– Prediction has to involve all possible metabolic

pathways.

– Which unbound fraction is the most correct: plasma,

microsomes and/or blood?

– How to estimate the clearance due to glucuronida-

tion, especially for direct conjugation of a NCE with

glucuronic acid?

Practical aspects of in vitro inhibition

screen

The majority of new NCEs are substrates for CYPs

and other metabolic enzymes, like FMOs, UGTs and

SULTs, and as the drug metabolic enzymes can me-

tabolize more than one compound, the risk for

metabolism-based DDIs has also to be addressed dur-

ing the drug development process. Several examples

of clinically significant DDIs have been reported e.g.

blood concentrations of imipramine and desipramine,

substrates of CYP2D6, increased several-fold by co-

administration of fluoxetine, another CYP2D6 sub-

strate [9]. Some drugs have been withdrawn from the

market due to metabolism-based DDIs. One of the

best investigated is terfenadine, which is metabolized

by CYP3A4 and whose concentration was found to
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Fig. 2. The representative Michaelis-Menten (MM), Lineweaver-Burk
(LWB) and Eadie-Hofstee (EH) plots for determination of enzyme ki-
netic parameters using human liver microsomes for O-dealkylation
reaction of NCE

Tab. 2. Summary of the evaluation of in vitro data for prediction of in

vivo metabolism for four CYP2C9 substrates: tolbutamide, fluvasta-
tin, ibuprofen and diclofenc, accoridng to Andersson et al., (*) [2, 3]
and Rowland Yeo et al., (**) [71]

Clearance Diclofenac Tolbutamide Ibuprofen Fluvastatin

Blood CL in vivo*

CLH in vitro (-fup)*

CLH in vitro (+fup)*

CLH in vitro (+fup, +fum)*

CLH in vitro (+fub)**

CLH in vitro (+fub, +mp)**

424–667

1340

96

112

191

321

31

120

2.6

2.6

13

NR

64–127

718

15

15

26

53

329–648

1227

175

272

449

NR

CL	 – hepatic clearance, fu
 – (+) including, (–) excluding unbound
fraction in plasma, fu� – (+) including unbound fraction in microso-
mal proteins, fu� – (+) including unbound fraction in blood, mp – (+)
incuding metabolic pathways, NR – not reported



increase in patients taking erythromycin, another

CYP3A4 substrate [28]. For this reason, inhibition

and induction in vitro screens should be performed

early during drug discovery, before selection of the

candidate drug, to estimate the risk for clinically sig-

nificant DDIs.

Human recombinant expressed metabolic enzymes

have been shown to be valuable tools to study DDIs

related to inhibition. Human liver microsomes and/or

fresh hepatocytes may be useful alternatives, espe-

cially in late drug development phase [12, 32, 83].

Two values, IC50 – the concentration of an inhibitor

that caused 50% of inhibition and KI – the equilibrium

constant for inhibition, are used for characterization

of metabolism-based DDIs. It has been proposed that

KI rather than IC50 values should be determined, in

order to distinguish the mechanism of inhibition [83].

In order to perform an in vitro inhibition screen for

estimation of metabolism-based DDIs in vivo, a selec-

tive marker substrate for each CYP isoform or other

drug metabolic enzymes has to be selected. The fol-

lowing criteria for the selection of metabolic enzyme

marker substrate can be distinguished: (i) the com-

pound should possess a high affinity for the specific

enzyme, (ii) it is metabolized to form one specific

product-metabolite, and (iii) both substrate and prod-

uct can be separated and detected using a generic sys-

tem (fluorescent and/or HPLC). The turnover of

marker substrate in the test system has to be opti-

mized for each enzyme:

– The turnover of the marker substrate should be lin-

ear with time,

– The turnover of the marker substrate has to be less

than 20%.

Several specific marker substrates exist for all ma-

jor isoforms of cytochrome P450, and the most com-

monly used are presented in Table 1. Assessment of

the extent of inhibition of a specific CYP isoform is

calculated by comparison of percent of the marker activ-

ity remaining in the presence of test compound with the

content of the marker substrate in control incubations.

A short description of standard protocols used for

inhibition screens in our laboratory for five, major cy-

tochrome P450 isoforms is presented below. Test

compound is usually dissolved in DMSO (not if

CYP2E1 is tested, since DMSO is a substrate/inhibi-

tor for this isoform) and added directly into incuba-

tions to a maximum final DMSO concentration of

1%. The control incubations are performed only with

DMSO. The test compound concentrations range be-

tween 1–100 µM. The concentrations of marker sub-

strates should be at Km value for each marker sub-

strate. The reaction is started by addition of NADPH

to a final concentration of 1 mM and terminated with

50 µl of acetonitrile.

The activity of CYP1A2 is estimated using

[14C]-chloroxazone as a marker substrate at a concen-

tration of 18 µM. The marker substrate is incubated

for 30 min at 37oC in the presence of 2 pmol of

CYP1A2, 1 mM NADPH and test compound. The

samples are analyzed using Hewlett Packard 1100

HPLC system connected to a flow scintillation detec-

tor, Packard Radiomatic 500TR series.

Inhibition of CYP2C9*1 (Arg144) is measured us-

ing [14C]-diclofenac as a marker substrate at a con-

centration of 10 µM. HPLC analysis of the marker

substrate is performed using Hewlett Packard 1100

HPLC system connected to flow scintillation detector,

Packard Radiomatic 500TR series.

CYP2C19 is measured using 3-cyano-7-ethoxyco-

umarin as a marker substrate at a concentration of

30 µM. The amount of 3-cyano-7-hydroxycoumarin

formed is detected with a fluorescence method using

an excitation wavelength of 405 nm and emission

wavelength of 460 nm. The fluorescence is measured

with a Victor 2, 1420 multiple counter instrument

from Wallac (EG&G Wallac, Turku, Finland).

Inhibition of CYP2D6 is measured using 1 µM

[14C]-dextromethorphan as a marker substrate and

3M Empore extraction plate Ethyl (C2) to separate the

metabolite dextrophan. The detection is made using

a TopCount NXT.

Since CYP3A4 is involved in metabolism of ap-

proximately 50% of all drugs available on the market,

this isoform is one of the most important for the phar-

maceutical industry [68]. Studies indicate that the ac-

tive site of CYP3A4 is large enough to accommodate

a bulky molecule, like e.g. erythromycin. It has also

been postulated that CYP3A4 may be able to bind

more than one molecule simultaneously [77]. There-

fore, the in vitro inhibition screen of CYP3A4 is often

performed using two different marker substrates: tes-

tosterone (product: 6�-hydroxytestosterone) and tria-

zolam (products: 1’-hydroxytriazolam and 4-hydroxy-

triazolam) or midazolam (products: 1’-hydroxymidazolam

and 4-hydroxymidazolam) [12]. In our laboratory, tes-

tosterone 6�-hydroxylation and triazolam 1’-hydroxy-

lation are used as marker substrates for CYP3A4 ac-

tivity, at the final concentrations of 50 and 30 µM, re-

spectively. After incubation for 40 min and termina-
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tion of the reactions each corresponding well of testo-

terone and triazolam incubations are pooled together.

Detection of each metabolite is then made using

a LC/MS/MS based method. The following mother

and daughter ions are measured: 289 > 109 for testos-

terone and 305 > 269 for 6�-hydroxytestosterone, 343 >

239 for triazolam and 359 > 176 for 1’-hydroxytriazolam.

Theoretical aspects of in vitro inhibition

screen

The metabolism of many drugs follows the Michaelis-

Menten enzyme kinetics. Therefore, the relationship

between IC50 and KI for a competitive inhibitor is de-

scribed as:

If [I] = IC50 and [I] is a competitive inhibitor, equa-

tion 6 is reduced to equation 7.

[S] is marker substrate concentration, Km is the

Michaelis-Menten constant, v and vi are the rate with

and without inhibitor, respectively.

Under the same conditions, the relationship between

IC50 and KI for a non-competitive inhibitor is as follows:

The quantitative IVIVE of the extent of metabolic

based DDIs is dependent on the free concentration of the

inhibitor/test compound at the active site of the enzyme.

In the presence of an inhibitor, Michaelis-Menten

constants for a given drug, assuming first-order con-

ditions could be described as:

CLI
int is intrinsic clearance in the presence of in-

hibitor. It is clear that the primary determinant for in-

hibition of drug metabolism is the [I]/KI ratio.

For a drug that is cleared via a single pathway a [I]/KI

ratio of unity will decrease the metabolic clearance of

a particular drug by half. Therefore, high risk for

DDIs in vivo is predicted if [I]/KI ratio � 1. If the KI

value is higher than the inhibitor concentration the

[I]/Ki ratio is consequently < 1. A [I]/KI ratio of 0.1

would theoretically result in a 10% decrease in drug

metabolism and in this case the risk for in vivo DDIs

is predicted to be low [12, 83].
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Fig. 3. The preliminary results and comparison to classic, HPLC
based method, for HTS method of determination of K� value of NCEs
in inhibition screen. The CL�� for a marker substrate: 1 µM dex-
tromethorphan was obtained based on percent of parent compound
remaining in the presence and absence of inhibitors: quinidine and
debrisoquin. The K� values were calculated according to formula (9).
The experiments were performed in triplicate
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Fig. 4. Kinetic parameters obtained in vitro for mechanism-based inhibitor verapamil and CYP3A4, using triazolam 1’-hydroxylation as a marker
activity. (A) Time- and concentration- dependent inhibition obtained from inhibition screen assay; (B) IC�� graph without preincubation (solid
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inactivation of CYP3A4 by verapamil (K� = 1.3 µM and k
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); (D) Determination of partition ratio (25 ± 3) for CYP3A4 and verapamil



Equation (9) indicated a new possibility for a high

throughput screening method for estimation of DDIs

of NCE. When intrinsic clearance of a maker sub-

strate in the presence and absence of potential inhibi-

tor is known, and the concentration of the potential in-

hibitor is constant, the KI value can be easily calcu-

lated. This approach was tested for two well-know,

competitive inhibitors of CYP2D6 (quinidine and de-

brisoquine) using dextromethorphan as the marker

substrate. The preliminary results showed good corre-

lation with a classical, HPLC based method (Fig. 3).

Therefore, further studies in order to validate this ap-

proach with well-know inhibitors and for all major

CYP isoforms is now performed in our laboratory.

Examples of prediction of in vivo

drug-drug interactions from in vitro data

Several reviews have described different methodolo-

gies and examples for prediction of in vivo drug-drug

interactions based on in vitro data [37, 78, 96]. For ex-

ample, Shou described a good correlation between

predicted data and observed in vivo AUC ratios

(AUCpo[I]/AUC po) for several competitive inhibitors

and substrates of CYP2C9 and CYP3A4 [78]. Al-

though the examples of the predictions are promising,

there are several uncertain factors that may influence

the accuracy of the predictions. Some of the factors

affecting predictions are:

– Inhibitor concentration at the active site of the en-

zyme. Ideally, the unbound concentration of inhibitor

in plasma should be used, but many studies use total

plasma inhibitor concentration or total inlet concentration

to the liver. This may lead to unsuccessful predictions,

– Non-specific binding to microsomal protein should

be determined and integrated into calculations of IC50

and KI values detected in in vitro studies,

– Impact of multiple inhibitors. Although such situa-

tion is most probably clinically relevant, no in vitro

strategy has been established for prediction and inter-

pretation of this type of DDIs. However, a first attempt

to analyze and discuss the significance of multiple in-

hibitors on drug metabolism has been published [69],

– Effect of transporters and role of other than CYP

metabolizing enzymes.

Mechanism-based inhibition of cytochrome

P450

A mechanism-based inhibitor is a substrate of an en-

zyme which is unreactive in the absence of the target

enzyme but is converted, enzymatically, to a reactive

metabolite. This metabolite may react covalently with

the enzyme and consequently inactivate it, in a time-

and concentration-dependent manner [79]. This kind

of inhibition results in irreversible or quasi-

irreversible inactivation of an enzyme, and thus can

lead to clinically significant DDIs.

An in vitro approach for identification and charac-

terization of mechanism-based inhibitors performed

during the preclinical stage may involve the following

steps [22]:

1) Inhibition screen of potential inhibitor with and

without preincubation (Fig. 4A).

2) Determination of IC50 with and without preincuba-

tion (Fig. 4B).

An IC50 value is the concentration of an inhibitor

required for 50% inhibition in vitro, and this value is

lowered when a mechanism-based inhibitor is prein-

cubated with its specific isoenzyme.

3) Determination of KI and kinact (Fig. 4C).

For a mechanism-based inhibitor, the inactivator

concentration causing half-maximal rate of inactiva-

tion is represented by KI in the same way as Km

(Michaelis-Menten constant) represents the substrate

concentration that causes half-maximal metabolism

rate. KI is not a dissociation constant of the enzyme-

inhibitor complex (50% binding), as often is the case

with Km, except when the initial binding is rapid (kon

and koff) and k2 is rate determining (Fig. 5). kinact is the

rate constant that describes the maximal rate of en-

zyme inactivation and is a result of k2, k3 and k4 (Fig.

2) according to the following equation: kinact = k2 × k4

/(k2 + k3 + k4) [79].

464 Pharmacological Reports, 2006, 58, 453–472

Fig. 5. Scheme of mechanism-based inhibition. The unreactive
mechanism-based inhibitor (MI) binds to its target enzyme (E) and
forms a reversible enzyme-inhibitor complex (E • MI). In the next step
the inhibitor reacts with the enzyme and a new complex is formed (E • MI)’.
This is the reaction generally responsible for the observed time, de-
pendence. In the next step, it can either form an irreversibly bound
enzyme-inhibitor complex (E • MI”) or the chemically altered inhibitor
can leave the enzyme as a product (E + MI’) [79]



4) Determination of partition ratio (Fig. 4D).

Not every turnover in the presence of a mecha-

nism-based inhibitor (MI) results in an inactivation of

the enzyme. When the new complex E • MI’ has been

formed (Fig. 5), it can have three fates: (1) If MI’ is

not a reactive species, it can act as a non-covalent tight

binding inhibitor; (2) The MI’ can be reactive and

a reaction with the enzyme can take place which may

lead to a covalent complex, E-MI”: (3) the third op-

tion is the formation and release of a product, MI’. As

previously described, the mechanism-based inhibitor

may form a covalent bond with its target enzyme and

accordingly inactivate it, although this is not the case

for each enzyme turnover. The partition ratio is the ra-

tio by which the inhibitor is released as a product or

inactivates the enzyme and it is described by k3/k4. It

shows the efficiency of the mechanism-based inhibi-

tor and depends on the rate of diffusion of MI’ from

the active site, its reactivity and the proximity of

a suitable nucleophile, electrophile or radical on the

enzyme to form a covalent bond. The more efficient

the inhibitor is, the lower the partition ratio is. If the

ratio is 0 then every turnover leads to an inactivation

of the specific enzyme. The number of inhibiting

molecules required to inactivate one enzyme mole-

cule is called the turnover number and when assuming

a 1:1 stoichiometry (of inactivator and enzyme) this

number is the partition ratio plus one [79].

Using this approach a potential mechanism-based

inhibitor – verapamil, has been characterized in our

laboratory (Tab. 3 and Fig. 4A–D). Verapamil is a cal-

cium channel blocker commonly used for treatment of

angina pectoris, coronary artery disease and cardiac

arrhythmias [53]. The healthy volunteers after treat-

ment with different doses of verapamil showed 2- to

6-fold increase in oral area under the curve (AUC) for

midazolam, simvastatine and buspirone, well known

CYP3A substrates [7, 38, 45]. Previously, in vitro

studies indicated that verapamil can be a mechanism-

based inhibitor of CYP3A4 (Tab. 3) [51, 72, 87].

Based on the obtained in vitro data, the fold reduction

in CLint calculated for co-administration with verapa-

mil varied between 5.1 and 45.6 depending on the in

vitro data used [22]. This example illustrates that for

accurate prediction of in vivo consequences of

mechanism-based inhibition, a well-validated and

relevant in vitro approach is needed.

Drug-drug interactions related

to UDP-glucuronosyltransferses

Metabolism-based drug-drug interactions can also be

related to other metabolic enzymes, like UGTs. UGTs

appear to be the major family of enzymes involved in

phase II of drug metabolism, and this family of en-

zymes is involved in elimination of a large number of

structurally diverse drugs from several therapeutic

classes [41, 84]. One of the first examples of clini-

cally significant DDIs related to glucuronidation was

reported by Lee et al., between Atovaquone and Zi-

dovduine [46]. Recently, sixteen human UGT proteins

have been identified (UGT 1A1, 1A3, 1A4, 1A6,

1A7, 1A8, 1A9, 1A10, 2A1, 2B4, 2B7, 2B11, 2B15,

2B17 and 2B28) and expressed in different in vitro

systems [84]. These expressed human UGTs are used

within pharmaceutical industry to develop a new in

vitro assay for assessment of risk for DDIs related to

UGTs. The main focus is concentrated on UGTs pre-

dominantly expressed in human liver, like 1A1, 1A3,

1A4, 1A6, 1A9 and 2B7. The theoretical and practical

principles of the assay are the same as described ear-

lier for CYP isoforms.

Glucuronosyltransferases are known to have very

broad substrate specificity, which makes it difficult to

identify a specific substrate for each UGT isoform.

One of the first approaches involved using 14C-

labeled cofactor of UGT, uridine 5’-diphospoglucu-

ronic acid (UDPGA), and a HPLC separation method

[19]. The major disadvantage of the method is the
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Tab. 3. Literature data (marker activity: testosterone 6�-hydroxyl-
ation) and summary of kinetic parameters determined for
mechanism-based inhibitor verapamil, using human recombinant
CYP3A4 and testosterone 6�-hydroxylation as marker activity

IC50 [µM]
without/with
preincubation

KI [µM] Kinact

[min–1]
Partition ratio

± SEM
Reference

3.7/1.1

20/1.8

23–26/4.8–5.6

NR

NR

2.2

0.5

2.9

4.2

4.6

0.048

0.030

0.15

0.092

0.43

27 ± 3

NR

NR

NR

NR

Preclinical R&D,
Biovitrum

[51]

[72]

[61]

[87]

NR – not reported



long HPLC separation method that is used. Therefore,

this method is not recommended for HTS. Recently,

two new approaches were presented using fluorescent

properties of general UGT substrates: 4-methyl-

umbelliferone and 1-naphthol [8, 85]. This approach

is sufficient for screening large numbers of NCEs us-

ing human expressed UGTs during the drug discovery

process. However, new specific substrates for each

UGT isoform are needed in order to improve predic-

tion using this approach and to establish the inhibition

screen in liver microsomes and/or human hepatocytes.

Practical and theoretical aspects of

in vitro induction of cytochrome P450 assay

Induction of metabolic enzymes is another kind of

metabolism-based DDIs, where NCEs act as activa-

tors of ligand-activated transcription factors such as

the aryl hydrocarbon (Ah) receptor and the pregnane

X receptor (PXR), which both are involved in regula-

tion of metabolic enzymes.

Activation of the receptor results in an increase in

the amount of functional drug metabolizing enzymes,

resulting in altered pharmacokinetic properties and,

possibly, efficacy as well as safety of co-admin-

istrated drugs. In order to study induction of CYPs in

vitro both the receptor and the enzyme are needed.

The most widely used in vitro systems to study induc-

tion are, therefore, cell-based, e.g. reporter gene assay

and human cryopreserved and/or fresh hepatocytes.

In our laboratory, the induction screen is routinely

performed using a reporter gene assay for two recep-

tors, Ah and PXR, which are responsible for the regu-

lation and induction of CYP1A and CYP3A, respec-

tively [10, 50]. For CYP1A induction studies (Ah re-

ceptor), TV101L cell line (a stable cell line, derived

from HepG2, expressing the human CYP1A1 5’-flanking

and promotor region) is seeded at a density of 0.75

× 105 cells/ml in 6-well plates (2 ml per well). The cells

are allowed to recover for 48 h before the treatment

with test compound is started. Stock solutions of a test

compound are prepared in DMSO and diluted in cul-

ture medium. Incubations are performed in triplicates

with a test compound at final concentrations of: 1 and

10 µM, for 24 h. �-Naphthoflavone (10 µM) is used

as positive control for CYP1A induction. DMSO at

0.1% (v/v) in the absence of any test compound is

also incubated as a control. Luciferase activity is

measured using a Turner Designs luminometer Model

TD-20/20 with a dual auto injector and luminescence is

measured, following cellular lysis, for 10 s per sample.

For CYP3A induction studies (PXR receptor),

OST-GHR cell line (a human osteosarcoma cell line,

derived from SaOs-2 cells) is seeded at a density of

0.75 × 105 cells/ml in 6-well plates (2 ml per well).

After a 24 h recovery period, the cells are transfected

transiently with a mixture containing the Gal4-LUC,

a luciferase reporter plasmid, and the GAL4-hPXR

expression plasmid, encoding the chimeric protein of

the ligand binding domain of the hPXR receptor and

the yeast GAL4 protein, at a ratio of 10:1 using Su-

perfect (Qiagen) and the procedure recommended by

the manufacturer. After 2–3 h the medium is replaced

with culture medium containing serum and after an

additional 24 h the cells are treated and analyzed as

described above. Rifampicin (10 µM) is used as

a positive control for CYP3A4 induction (Fig. 6). The

results of the induction screen are usually reported

relative to the positive controls (for Ah receptor and

CYP1A – �-naphthoflavone, and for PXR receptor

and CYP3A – rifampicin).

Human cryopreserved and/or fresh hepatocytes are

also used to study inductive DDIs. In this case, plated

human cells are incubated with different concentra-

tions, routinely between 1 and 50 µM, of a test com-
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pound for 48 hours, and, thereafter, activity of CYPs

is determined by using the respective marker sub-

strates for each CYP of interest (Tab. 1).

The knowledge of in vitro induction mechanisms

and development of screening methods have been re-

cently reviewed [52, 73, 81]. One of the problems in

prediction of in vivo induction effects is lack of the

nervous and endocrine systems in vitro, which play

a significant role in the enzyme regulation. The major

disadvantages of the induction studies are the lack of

a simple, clear strategy for prediction of in vivo ef-

fects based on in vitro data, as well as the lack of

knowledge concerning the importance of induction,

especially regarding quantitative estimates. In fact,

the number of inducers present on the market is limited,

most probably because the progress of in vitro methods

has enabled an early identification and removal of possi-

ble inducers of metabolizing enzymes [81].

An example of CYP3A inducer is the anti-diabetic

agents: troglitazone and rosiglitazone. Troglitazone

used at 200–600 mg per day, was shown to lower the

plasma concentrations of known substrates of CYP3A,

such as cyclosporine, terfenadine and atorvastatin

[48]. The retrospective in vitro study using reporter

gene assay as well as primary cultures of human hepa-

tocytes showed that both drugs were potent activators

of PXR and thus potential inducers of CYP3A4 (Fig.

6) [74]. However, rosiglitazone has no clinically sig-

nificant effect on the pharmacokinetics of another

substrate of CYP3A4, nifedipine [25]. The major dif-

ference between troglitazone and rosiglitazone was

affinity for the target – peroxisome proliferators-

activated receptor � ligand binding domain (PPAR�)

322 and 36 nM, respectively [54]. Therefore, rosigli-

tazone can be used at a significantly lower dose

(2–12 mg) and thus shows no clinically significant in-

duction of CYP3A4. This example shows how chal-

lenging prediction of the effects of induction is.

Another challenge for DDI sciences is the prediction

of in vivo drug-drug interactions from in vitro data where

a NCE is both an inducer and inhibitor of the same en-

zyme at the same time. The first example of such phe-

nomena has already been described for a patient treated

with the HIV protease inhibitor – ritonavir, which is not

only CYP3A inhibitor but also a potent inducer of

CYP3A [23]. This case was discovered only in clinical

studies, and an appropriate in vitro approach to investi-

gate this type of interactions needs to be established.

High Throughput Screening in the drug

discovery process

As a result of the high throughput approach and paral-

lel synthesis of combinatorial chemical libraries, the

number of NCEs is significantly increasing. In re-

sponse to the increased throughput demands, pharma-

ceutical companies have established preclinical labo-

ratories with automated HTSs for in vitro analysis of

absorption, distribution, metabolism and excretion

(ADME) assays. The aim of this approach is to screen

and identify potential development liabilities of NCEs

related to absorption, metabolism, and physico-

chemical properties as early as possible, thereby mini-

mizing the risk of late failure of new drug candidates

[40]. The HTS usually use protocol simplifications,

microtiter plates (96-, 384- and 1536-well plate for-

mat) for incubations, and robotic system for pippeting

of the samples (e.g. Packard MultiPROBE® II,

SAGIANTM robotic system supplied by Beckman

Coulter) combined with fluorescent substrates or high

capacity LC/MS detection methods. All screens de-

scribed in this review: metabolic stability [35, 39], in-

hibition screen [65, 88, 94], and determination of the

enzyme kinetic parameters [75] can be performed in

HTS format. For the induction screen, the reporter

gene assay in comparison to human hepatocytes, is

recognized as the first choice, early HTS screen [49].

Crystal structure of cytochrome P450s

and in silico approach in drug discovery

CYP isoforms are membrane associated heme-

containing proteins and, therefore, the molecular

structures of the enzymes are very complex and diffi-

cult to study and understand. However, this informa-

tion would be very useful for predictions of drug me-

tabolism and potential drug-drug interactions, and

large efforts have been made in this field. The mo-

lecular structure of human CYP2C8 was determined

using X-ray crystallography [76], and the crystal struc-

tures of human CYP2C9 and CYP3A4 bound to war-

farin, and metyrapone as well as progesterone, respec-

tively, have also been reported [90, 91]. Investigations of

potential mechanisms of molecular recognition and enzy-
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matic activity, as well as importance for prediction

and understanding of drug-drug interactions are ongo-

ing [90].

An alternative approach to understanding and pre-

diction of drug metabolism in vivo is quantitative

structure-activity relationship (QSAR) studies and in silico

simulations to assess in vivo consequences of in vitro

drug metabolism data. In order to achieve and built

a QSAR model, well-characterized data sets of struc-

turally diverse substrates, inhibitors or inducers of

CYP isoforms are required. The in vitro methods with

their high capacity, simplicity and accuracy are inte-

gral parts of QSAR approach. Several predictive

models for different CYP isoforms substrates, inhibi-

tors and inducers have been reported [17, 18, 69]. An

example of a predictive QSAR model for inhibitors of

CYP2D6 is presented in Figure 7. Predictive models

based on relevant in vitro data may add significant

value to the drug discovery and development process.

The major controversy of the approach is interpreta-

tion and value/quality of the in vitro methods and,

therefore, the level of confidence in using in silico

methods to prediction of in vivo situation may vary

between pharmaceutical companies [47].

Conclusions

In the past few years, in vitro methods have been in-

troduced by all major pharmaceutical companies for

preclinical prediction of metabolic properties of drug

candidates. Development and rapid progress of in vi-

tro drug metabolism testing methods have resulted in

screening of a large number of NCEs and in genera-

tion of large amount of data. In vitro methods also en-

hance the knowledge of the drug metabolism pro-

cesses as well as the mechanisms, e.g. for drug-drug

interactions, CYP induction etc. Available data sug-

gest that the in vitro methods are useful tools for early

identification and elimination of NCEs with drasti-

cally unappreciated metabolic properties, e.g. metab-

olically unstable and/or drug candidates with high risk

for DDIs. In fact, during the last fifteen years the attri-

tion rate caused by inadequate metabolic and pharma-

cokinetic properties of NCEs has decreased from

~ 40% in 1991 to ~10% in 2002, and recently the ma-

jor reasons for high attrition rates of NCEs has been

shown to be lack of efficacy and safety [42]. How-

ever, the in vitro methods do not seem to have reduced

time and costs for the drug discovery and develop-

ment process, and they have not increased the number

of NCEs on the market. Several factors may be the

reason for this outcome. The in vitro methods are very

simple systems, and they are easy and fast to perform.

On the other hand, the in vivo situation is very com-

plex, and, therefore, the major limitation of the in vi-

tro methods is the lack of a rapid and secure extrapo-

lation strategy to the in vivo human situation. Our

knowledge about human physiology, inter- and intra-

individual differences is not complete. Recently,

available information indicated that the in vitro drug

metabolism studies can identify extreme examples but

again the quantitative IVIVE has to be improved [60]. In

vitro drug metabolism is a growing science and it is our
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strong belief that further development and progress will

result in safer and more potent drugs on the market.

As we see, high expectations and demands upon the

pharmaceutical industry may also be responsible for

the continuous high costs and long new drug develop-

ment times. Due to the high numbers of withdrawals

of new drugs from the market during the last years,

the regulatory authorities as well as many pharmaceu-

tical companies have decided to sharpen the criteria

for NCEs. In turn, this might result in higher attrition

rates during early discovery phase and in lower ap-

proval rates of NCEs. Therefore, in order to improve

quality and number of new drugs on the market, the

Research & Development (R&D) parts of the pharma-

ceutical industry need to refine the NCE discovery and

development processes even more and we are con-

vinced that the in vitro approach presented here will be

a very useful and effective part of this refinement.
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