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Abstract 
 
Drug metabolism is a series of enzyme catalysed processes that modify foreign compounds into a form 
that is more easily excreted from the body. Compounds can affect the activity of metabolizing enzymes 
and this may lead to toxic concentrations of a drug that is metabolized via the enzyme. With prodrugs, on 
the other hand, the drug might not achieve its biologically active form and therefore the treatment will not 
be effective. Recognizing and preventing metabolic interactions is important already in the early stages of 
drug discovery and development. 
 
Cytochrome P450 (CYP) enzyme inhibition is one of the major reasons for adverse drug-drug interactions 
(DDIs). The inhibition can be time-dependent (TDI), which means that the potency of inhibition increases 
over time. TDI may be reversible or irreversible, latter being more severe as new enzymes need to be 
produced in the body to restore the enzymatic activity. IC50 shift assay is a method that gives information 
of new compounds potential to cause TDI. IC50 shift assay does not show whether the TDI is reversible or 
irreversible, however further studies, e.g. dialysis assay, can be conducted to find it out. If the study 
compound is irreversibly bound to the enzyme, the enzyme activity should not recover in the dialysis. 
 
The aim of this master’s thesis was to develop a dialysis method that could determine the reversibility of 
the TDI observed in the IC50 shift assay. A dialysis method conducted with microsomes is described in 
earlier literature. Known inhibitors (both time-dependent and direct) for four CYP isoforms were studied in 
this work: CYP1A2 (furafylline and fluvoxamine), CYP2C9 (tienilic acid and sulphaphenazole), CYP2D6 
(paroxetine and quinidine) and CYP3A4 (verapamil, azamulin and ketoconazole). IC50 shift assays were 
conducted to each inhibitor before the dialysis experiment. 
 
The studied compounds behaved in the dialysis assay mostly as assumed based on the literature. The 
workflow from IC50 shift assay to dialysis assay worked successfully and the IC50 shift data could be utilized 
when choosing the test concentrations for dialysis assay. Both the IC50 shift assay and dialysis assay were 
reproducible and the deviations between replicates and separate studies were relatively low. The method 
still requires some optimising, but so far, the results are promising. In the future the dialysis method may 
be part of in vitro CYP inhibition studies at Orion Pharma. 
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Tiivistelmä  
 
Lääkeainemetabolia on useita entsyymivälitteisiä reaktioita sisältävä prosessi, jossa lääkeaineita 
muokataan paremmin elimistöstä poistuvaan muotoon. Kemialliset yhdisteet, kuten lääkeaineet, voivat 
vaikuttaa metaboloivien entsyymien aktiivisuuteen, jolloin kyseisen entsyymin kautta metaboloituvan 
lääkeaineen pitoisuus elimistössä voi kasvaa jopa toksiseksi. Aihiolääkeiden kohdalla sen sijaan voi olla, 
ettei lääke pääse biologisesti aktiiviseen muotoonsa, eikä näin ollen lääkkeen tehoa saavuteta. 
Lääketutkimuksessa ja -kehityksessä onkin tärkeää mahdollisimman varhaisessa vaiheessa tunnistaa ja 
välttää edellä mainittuja tilanteita. 
 
Sytokromi P450 (CYP) -entsyymien inhibitio on merkittävimpiä syitä haitallisille lääke-
lääkeyhteisvaikutuksille. Inhibitio voi olla ajasta riippuvaa (engl. time-dependent inhibition, TDI), jolloin 
inhibitio voimistuu ajan kuluessa. TDI:ta on sekä palautuvaa että palautumatonta, joista jälkimmäinen on 
usein haitallisinta, sillä entsyymin toiminnan palautuminen vaatii uusien entsyymien syntetisoinnin. 
Yhdisteiden taipumusta aiheuttaa TDI:ta voidaan tutkia IC50-siirtymämenetelmällä, mutta se ei kerro, onko 
inhibitio palautuvaa vai palautumatonta. Tätä on kuitenkin mahdollista tutkia jatkokokeilla, kuten 
dialyysimenetelmällä. Mikäli tutkittava yhdiste on sitoutunut entsyymiin irreversiibelisti, entsyymiaktiivisuus 
ei palaudu dialyysin aikana. 
 
Tämän työn tarkoituksena oli kehittää Orion Pharman käyttöön dialyysimenetelmä, jolla pystyttäisiin 
tutkimaan IC50-siirtymäkokeessa havaitun ajasta riippuvaisen inhibition palautuvuutta. Mikrosomeilla 
suoritettava menetelmä on esitetty aiemmin kirjallisuudessa. Työn aikana dialyysimenetelmää testattiin 
neljän eri CYP-isoformin tunnetuilla inhibiittoreilla (sekä ajasta riippuvia että suoria inhibiittoreita): CYP1A2 
(furafylliini ja fluvoksamiini), CYP2C9 (tieniilihappo ja sulfafenatsoli), CYP2D6 (paroksetiini ja kinidiini) ja 
CYP3A4 (verapamiili, atsamuliini ja ketokonatsoli).  
 
Työssä esitetty dialyysimenetelmä toimi tutkituilla lääkeaineilla pääosin kuten kirjallisuuden perusteella 
saattoi odottaa. Työnkulku IC50-siirtymäkokeesta dialyysimenetelmään oli toimiva, ja IC50-
siirtymäkokeesta saatua dataa voitiin hyödyntää dialyysikokeen konsentraatioita valittaessa. Sekä IC50-
siirtymäkoe että dialyysikoe tuottivat toistettavia tuloksia ja replikaattien sekä eri koepäivien väliset 
hajonnat olivat suhteellisen pieniä. Dialyysimenetelmä vaatii vielä optimointia, mutta tähänastiset tulokset 
vaikuttavat lupaavilta. Tulevaisuudessa menetelmä saattaa olla osana in vitro CYP-inhibitiotutkimuksia 
Orion Pharmalla. 
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1 INTRODUCTION 

 

ADME properties (absorption, distribution, metabolism and excretion) of a drug 

molecule have a significant effect on its efficacy and toxicity. For a new compound to 

become a successful drug product, it should have certain suitable properties called drug-

like properties (Kerns & Di, 2008). ADME properties are part of these. A field that studies 

ADME properties and what happens to a drug in the body as a function of time is called 

pharmacokinetics.  

 

As ADME properties play a crucial role in the efficacy and safety of drugs, authorities 

require extensive ADME studies for new drug candidates (European Medicines Agency, 

2013, Wan, 2013). The inhibition and induction potential of a compound on cytochrome 

P450 (CYP) enzymes is an extremely important part of the studies. The inhibition and 

induction studies give information of the drug-drug-interaction (DDI) risk of a compound. 

It is very common that a patient has several drugs in use at a time and it is essential to 

know that the drugs are safe to use concurrently. 

 

It is a well-known fact that developing a new drug requires a lot of time and resources. 

Only a small percentage of new compounds make it through the development pipeline. 

Problems may rise with many factors, and pharmacokinetic and metabolic properties of 

compound are among the most common issues, even though the attritions caused by these 

seem to have decreased in recent decades (Prentis et al., 1988, Kola & Landis, 2004).  

The decrease is due to investments in pharmacokinetic and drug metabolism studies in 

lead optimization phase (Boyer et al., 2015). The earlier the problems are recognized in 

the drug discovery, the quicker the drug-like properties of the compound can be optimized 

or if it is not possible, rejected for further development. Therefore, there is also a 

significant economic and environmental side on this issue. 
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2 REVIEW OF THE LITERATURE 

 

2.1 Drug clearance 

 

After oral dosing, a drug goes through the stomach to the small bowel, where it can 

already be partly metabolized (Coleman, 2010). In some cases, this intestinal metabolism 

can have a significant role in the biotransformation of the compound, for example with 

CYP3A4 substrate midazolam (Thummel et al., 1996). The drug needs to pass through 

the gut epithelial cells to be absorbed. After passing the cells the drug goes through portal 

vein straight to the liver, where numerous drug metabolizing enzymes (DMEs) can 

modify the compound before it enters the systemic circulation. The process described 

above is called first pass metabolism and a simple illustration of the process is pictured 

in Figure 1.  The amount of the drug that goes to the systemic circulation after oral dose 

compared to the amount in the systemic circulation after intravenous dose defines the 

absolute bioavailability (%) of the drug. 

 

 

Figure 1. The first pass metabolism of a highly cleared drug after oral dosing. Most of the 

drug (85%) goes to the faeces or is metabolized before entering systemic circulation in 

this case. (Modified from Coleman, 2010) 

 

Along with bioavailability, drug clearance (CL) is one of the most important 

pharmacokinetic parameters of a drug compound as it describes the rate of drug removal 

from the body. CL is measured in ml/min or l/h, describing the volume of plasma or blood 

that can be cleared per time unit. Several aspects can influence CL, including age, sex, 

diseases, genotype, diet and DDIs (Yang & Li, 2012, König et al., 2013, Zanger & 

Schwab, 2013, Prasad et al., 2016). Most of these affect via DMEs or transporters, which 

are both introduced in a more detail later in this literature review. 
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The main drug elimination routes are renal excretion, biliary secretion and metabolism, 

which occur in the liver, kidney and intestine (Kimoto et al., 2020).  Factors that 

determine hepatic CL are blood flow in the liver, drug’s binding with plasma components, 

and the liver’s capacity to clear a drug with DMEs or transporters or both. This literature 

review focuses mainly on drug metabolism, which is discussed in the next chapter in a 

more detail. 

 

2.1.1 Drug metabolism  

 

Drug metabolism is a process in which drugs and other xenobiotics are modified usually 

into more water-soluble forms by enzymes. Xenobiotics is a term used for compounds 

that are not normally found in the body, e.g. pesticides and drugs. Metabolism is crucial 

for the excretion of many drugs from the body. DMEs can be found almost everywhere 

in the body, but their expression is highest in the liver (Kimoto et al., 2020).  

 

The metabolism reactions have traditionally been grouped into two categories: phases I 

and II (Almazroo et al., 2017). Phase I reactions involve e.g. oxidation, hydrolysis and 

reduction, which are described in Table 1. These reactions result in a modest increase in 

molecule’s water solubility. CYP enzymes represent the most important enzyme family 

in phase I metabolism, but there are many other enzyme families, e.g. monoamine 

oxidases, amidases, esterases and reductases, that play a part in this phase. Aldehyde 

oxidases (AOs) are also an enzyme family participating phase I reactions, but their role 

in drug metabolism has been recognized only recently (Manevski et al., 2019). Many AO 

substrates have poor pharmacokinetics and they cause adverse effects, and therefore AO 

metabolism should be considered in drug design. 
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Table 1. Phase I reactions of drug metabolism and an example of each reaction. 

 

 

Phase II involves conjugation reactions: transferase enzymes attach polar moieties to the 

molecule resulting in even more water soluble compound (Almazroo et al., 2017). An 

example of phase II enzyme family is UDP-glucuronosyltransferases (UGTs).  

 

The classification of metabolism reactions in phases has been criticized to be misleading, 

as it divides some mechanistically related reactions into different groups and on the other 

hand it groups some unrelated reactions together (Josephy et al., 2005). In addition, the 
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enzymatic reactions are not always sequential as one could think based on the phase 

classification. 

 

It has been proposed that classifying metabolism reactions to (a) functionalisation 

reactions and (b) conjugation reactions would be a more correct way to describe 

metabolism (Rowland et al., 2013). (a) Functionalisation reactions involve addition or 

reveal of a polar group, like carboxyl, hydroxyl or amino group into the molecule. In the 

(b) conjugation reactions a polar endogenous compound like glucuronic acid or 

glutathione, is covalently linked to the substrate. 

 

The metabolism pathway of a compound may have several intermediate metabolites 

before the formation of the final metabolite, and there may be several final metabolites 

(Obach, 2013). Regardless of the way of classifying, the metabolism reactions usually 

result in biologically less active and more easily excreted compounds in the end. The 

intermediate metabolites can instead be toxic, or on the other hand, more 

pharmacologically active than the compound itself (Baillie & Rettie, 2011, Obach, 2013). 

 

Compounds that are pharmacologically inactive and need to be metabolized to become 

active are called prodrugs (Ortiz De Montellano, 2013). For example, antiplatelet drug 

clopidogrel needs to be oxidized to its active form by CYP enzymes (Polasek et al., 2011). 

Enzymatically activated prodrugs can be useful in some cases, for instance in cancer 

treatment. This is because some enzymes, e.g. CYP1B1 and CYP2W1, are selectively 

expressed in cancer cells (Murray et al., 1997, Karlgren et al., 2006). By using a prodrug 

that is activated only in the cancer cells, the drug is mainly targeted to tumour and is 

probably less toxic to other cells. 

 

2.1.2 Cytochrome P450 enzymes 

 

CYP enzymes are proteins that have a single haem-iron prosthetic group in the active site 

(Ortiz De Montellano & De Voss, 2005). Prosthetic group means a specific non-amino 

acid unit that is tightly bound to the protein and is essential for its function. CYPs  are 

involved in the oxidative metabolism of various endo- and exogenous compounds 
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(Zanger & Schwab, 2013, Manikandan & Nagini, 2017). The mechanism behind CYPs 

is a cascade of several individual steps. These steps require reducing agents, which 

usually is NADPH (Denisov et al., 2005). There has been 57 CYP enzymes identified in 

human body, and based on the structural correlations, they can be classified into 18 

families and further into 43 subfamilies. CYP enzymes can be found in many tissues, like 

lungs, heart and GI tract, but the highest CYP expression occurs in the liver (Preissner et 

al., 2013). CYPs are mainly located in the endoplasmic reticulum of cells or in the inner 

membrane of mitochondria (Li et al., 2019).  

 

Approximately 70 – 80% of all drug biotransformation is conducted by CYP enzymes, 

thus they have a significant role in the drug metabolism (Zanger & Schwab, 2013). 

Usually a drug is metabolized by multiple CYP enzymes (Preissner et al., 2013). This 

means that even if one enzyme would be unable to metabolize the compound for some 

reason, in many cases there is an alternative metabolic pathway. From the 57 CYP 

enzymes in the human only about a dozen CYPs have been identified to metabolize drugs 

and other xenobiotics (Zanger & Schwab, 2013). The members of CYP1 to CYP4 

families have thousands of substrates, both exo- and endogenous (Li et al., 2019). 

Members of other CYP families metabolize mainly endogenous compounds and they are 

more substrate specific. The endogenous roles of CYPs include for example steroid 

hormone biosynthesis, metabolism of polyunsaturated fatty acids and activation of 

vitamins A and D3 to biologically active form (Estabrook, 2003).  

 

As seen in Table 2, CYP3A4 is the most abundant CYP enzyme in the liver and it has a 

role in the metabolism of over 30% of clinically used drugs (Zanger & Schwab, 2013). 

Some enzymes, e.g. CYP2D6, CYP2C9 and CYP2C19 frequently have polymorphism 

that may effect on the pharmacokinetics of drugs. These genetic variations and their 

clinical significance should be noted in drug discovery and development. 
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Table 2.  Relative abundance of the main drug metabolizing CYP enzymes in human and 

their contribution to drug metabolism. (Modified from Zanger & Schwab, 2013) 

P450 enzyme % of human hepatic 

P450 pool * 

% of clinically used 

drugs metabolized by 

enzyme 

CYP1A2 4.4-16.3 8.9 

CYP2A6 3.5-14 3.4 

CYP2B6 1.7-5.3 7.2 

CYP2C8 ~7.5 4.7 

CYP2C9 4.5-29 12.8 

CYP2C19 0.9-3.8 6.8 

CYP2D6 1.3-4.3 20 

CYP2E1 5.5-16.5 3 

CYP3A4 14.5-37 30.2 

(*Average hepatic P450 pool assumed as 0.4 nmol/mg microsomal protein) 

 

2.1.3 Drug transporters 

 

Membrane transporters are proteins that have a major role in drug clearance, as they 

transport compounds into and out of cells (Giacomini et al., 2010). Drug transporters are 

located on the cell membrane. Phase III -term is sometimes used when talking about liver 

transporters, even though they do not metabolize compounds; they participate in the 

transport and distribution of the compounds. There are more than 400 membrane 

transporters and about 20 of these seem to have clinical importance in drug absorption, 

distribution or excretion. However, drug transporter field is relatively new and our 

understanding on them is still insufficient (Alluri et al., 2020). For example, the 

endogenous substrates of many transporters are not yet recognized (Perland & 

Fredriksson, 2017).  
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Transporters can be grouped in two superfamilies, adenosine triphosphate (ATP)-binding 

cassette (ABC) and solute carrier (SLC) (Giacomini et al., 2010). ABC transporters are 

primary active transporters; they can transfer the substrate to the other side of the 

membrane against a concentration gradient (Klaassen & Aleksunes, 2010). The energy 

derives from hydrolysis of ATP. ABC transporters are also called as efflux pumps, since 

they facilitate the movement of substrates from the cells to the extracellular space. 

Hereby, they prevent some chemicals going through the plasma membrane to the cell or 

they remove chemicals from the cell or organelle.  

 

SLC transporters are functioning mainly as uptake transporters facilitating the transfer of 

compounds from outside of the cells to the inside to the cells (Klaassen & Aleksunes, 

2010). There are predominantly two types of SLC transporters: 1) transporters that 

facilitate diffusion and do not use external energy (energy derives from the concentration 

gradient of the substrate), and 2) secondary transporters, that rely on an electrochemical 

gradient of one solute, usually an ion (Lin et al., 2015). The energy to move the substrate 

derives from the movement of the cosubstrate. The ion gradient on the different sides of 

the membrane is maintained by pumping proteins, which use ATP, e.g. Na+/K+-ATPase. 

 

Like CYP enzymes, also membrane transporters are expressed in many 

pharmacokinetically important tissues including liver, kidney, intestine and brain 

(Giacomini et al., 2010). A few examples of clinically important transporters are P-

glycoprotein (P-gp), which is an efflux transporter, and organic anion transporters 

(OATs) and organic anion transporting polypeptides (OATPs) which are uptake 

transporters (Zamek-Gliszczynski et al., 2018). Several drugs and their metabolites are 

anionic compounds, which explains the importance of anionic transporters (El-Sheikh et 

al., 2008). The main transporters identified in hepatocytes are shown in Figure 2. P-gp is 

one of the most studied transporters and there are many drugs that have interactions with 

it (Giacomini et al., 2010). P-gp is expressed for example in blood-brain barrier, small 

intestine and hepatocytes, and it has a crucial role in preventing various compounds 

entering the central nervous system. Similarly to CYP3A4, P-gp has various substrates, 

and in fact the substrates of these two are widely overlapping (van Waterschoot & 

Schinkel, 2011). 
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Figure 2. The main transporters in hepatocytes. The most clinically relevant transporters 

are marked with blue colour. The arrows tell whether the transporter is an efflux or an 

uptake transporter (or both). (Modified from Cyprotex, 2020) 

 

2.1.4 Principles of metabolic drug-drug-interactions 

 

Enzyme activity can be either induced or inhibited by a compound. Enzyme activity 

increases after exposure to inducing compound, whereas it decreases in a case of 

inhibitors. Both can lead to DDIs with serious clinical consequences, such as loss of 

efficacy or adverse effects (Orr et al., 2012). In most cases, it is more dangerous if the 

drug clearance slows down or stops. This is because enzyme inhibition can lead to 

elevated drug concentrations in the body, which can lead to toxicity. CYP enzyme 

inhibition can be extremely dangerous with drugs that have small therapeutic window. 

Metabolic DDIs can occur in many enzyme families, but inhibition and induction of 

CYPs are the most common reasons behind severe clinical DDIs (Soars et al., 2007). A 

drug can inhibit the same enzyme that it is metabolized by, or it can be metabolized by 

one enzyme and be inhibitor of another (Lynch & Price, 2007). In addition, an enzyme 

can be inhibited by the metabolite of the compound. 
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2.1.5 Predicting drug clearance 

 

Drug clearance has been claimed to be the most challenging pharmacokinetic parameter 

to predict (Di et al., 2013). There are many methods that can be used to predict in vivo 

clearance, for example in silico approach, allometric scaling and extrapolation from in 

vitro studies (Ren et al., 2019). In silico approach means computational tools that are used 

in studies, for example to predict ADME properties of compounds (Tao et al., 2015). 

Especially machine learning, that correlates compounds’ properties to molecular features 

and creates structure-property -relationships (SPRs) has shown to be potential (Maltarollo 

et al., 2015). In allometric scaling other animal species are used to predict clearance or 

other parameters in human, as the size and blood flows of the clearing organs are 

allometrically scalable (Di et al., 2013). However, the presence and activity of DMEs and 

transporters differ between animal species, which makes allometric scaling unreliable in 

many cases. 

 

In early drug development the predictions do not have to be extremely accurate; it is more 

important to rapidly evaluate the main characteristics of a compound (Ren et al., 2019). 

This is because there are numerous new chemical entities (NCE) in the early studies, and 

it is beneficial to find out the most pharmacokinetically potential compounds. They can 

later be optimized to have properties that are more favourable. 

 

Compounds can be categorized and grouped basing on their physicochemical properties. 

First framework for this categorization, biopharmaceutics classification system (BCS), 

was published in 1995 (Amidon et al., 1995). It can be used to predict compound’s oral 

drug absorption according to its solubility and permeability. In 2005 this classification 

was modified, when the biopharmaceutics drug disposition classification system 

(BDDCS) for predicting the drug disposition was published (Wu & Benet, 2005). A few 

years ago, Varma et al. proposed extended clearance classification system (ECCS) 

(Varma et al., 2015). It is a system that classifies compounds based on their 

physicochemical properties and passive membrane permeability into six classes (Figure 

3). ECCS can be used for predicting the rate-determining process in the clearance of the 

compound: metabolism, hepatic uptake or renal clearance.  
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Figure 3.  ECCS classification framework can be used to identify the main clearance 

mechanism of a compound. Modified from Varma et al., 2015. (MW=molecular weight, 

Da=Dalton) 

 

Not only does ECCS predict the clearance mechanism; it can also be useful in predicting 

DDIs of a compound (Steyn & Varma, 2020). Compounds in classes 1A and 1B have 

interactions mostly with CYP2C8 and CYP2C9 inhibitors, while class 2 compounds are 

more likely to have DDIs with inhibitors of several CYP enzymes.  CYP-based DDIs are 

rare for compounds that belong to classes 3A, 3B and 4, as metabolism is not their main 

clearance mechanism. 

 

2.2 Cytochrome P450 enzyme inhibition 

 

Inhibition of CYP enzymes can be categorized into reversible, irreversible and quasi-

irreversible inhibition (Wienkers & Heath, 2005). When the inhibitor binds to a site on 

an enzyme non-covalently and can be rapidly dissociated from the enzyme, inhibition is 

reversible (Manikandan & Nagini, 2017). Reversible inhibition can be further categorised 

into competitive, non-competitive and uncompetitive (Buker et al., 2019). In competitive 

inhibition the inhibitor and the substrate compete for the same binding site on the enzyme, 

which usually is the active site. Uncompetitive inhibitor binds only to the complex that is 

formed between the substrate and the enzyme. Instead, non-competitive inhibition is the 
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case, when the inhibitor can bind both to the enzyme only or to an enzyme-substrate 

complex. 

 

In some cases inhibition can be time-dependent, which means that the potency of inhibitor 

increases during incubation in vitro or dosing period in vivo (Riley et al., 2007, Fowler & 

Zhang, 2008). Several reasons can be behind TDI, but in the two most common 

mechanisms, mechanism-based inhibition (MBI) and formation of metabolic 

intermediate complex (MIC), the compound is metabolized to a more potent inhibitor of 

the enzyme. The enzyme is inactivated in MBI by a reactive electrophile that forms 

covalent adduct of the haem or apoprotein (Fowler & Zhang, 2008). MIC means a tight-

binding complex between the haem and metabolite of the drug and this type of inhibition 

is referred as quasi-irreversible. In inhibition caused by MIC the complex is so tightly 

bound that the enzyme activity is basically removed completely. However, the CYP 

activity can be recovered in vitro for example by dialysis, whereas in case of MBI the 

activity cannot be restored (Ma et al., 2000). TDI of CYPs can cause clinically significant 

DDIs and their effects usually last long, as new enzymes need to be produced in the body 

to restore the enzyme and its activity. This can take several days, e.g. in a study conducted 

with grapefruit juice that acts as a MBI for CYP3A, the interaction potential dissipated 

within 3–7 days after ingestion of grapefruit juice (Lilja et al., 2000). 

 

2.3 Studying cytochrome P450 enzyme inhibition in vitro 

 

According to the FDA guidance, CYP inhibition potential of a drug should be investigated 

in vitro for the seven major human hepatic CYP enzymes: CYP1A2, CYP2B6, CYP2C8, 

CYP2C9, CYP2C19, CYP2D6 and CYP3A (Food and Drug Administration, 2020b). 

These studies should cover both reversible inhibition and TDI. Both inhibition 

mechanism and the inhibition potency of a compound should be evaluated. For example, 

Ki for reversible inhibition and KI and kinact for TDI tell about the potency of the enzyme 

inhibition. 

 

DDIs related to CYP inhibition have caused retraction of several drugs from the market 

(Wienkers & Heath, 2005). One example is mibefradil, a drug used for hypertension, that 
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was withdrawn due to inhibiting CYP3A4 and interfering the metabolism of several other 

medicines (Foti et al., 2011). Mibefradil acts as a potent mechanism-based inhibitor of 

CYP3A4 and irreversibly inactivates it. Co-administrated with a CYP3A4 substrate, e.g. 

simvastatin, mibefradil inhibits the enzyme and thereby the plasma concentration of the 

other compound may increase to toxic concentrations. To avoid this kind of clinically and 

economically undesirable situations, it is important to carefully evaluate the potential of 

a compound to inhibit CYP enzymes in clinical and pre-clinical drug development. 

 

2.3.1 Sources of enzymes for in vitro studies 

 

The in vitro-models used for studying drug metabolism are mostly liver-based, as liver is 

the main organ in metabolising drugs (Preissner et al., 2013). The models can be whole 

cell or tissue preparates, cell fractions or recombinant enzymes (Pelkonen et al., 2005). 

Three most used enzyme sources in CYP-inhibition studies and their advantages and 

limitations are presented in Table 3. Sometimes studying with one in vitro system can be 

enough, but for example European Medicines Agency (EMA) recommends verifying the 

results of a study by using other in vitro system (European Medicines Agency, 2013). 

 

In some cases, the results from in vitro inhibition studies can vary depending on the 

system they are conducted in (Parkinson et al., 2010). So-called system-dependent 

inhibition can appear when the drug is largely metabolized by some other pathway than 

CYPs. For example, ezetimibe, a drug used for high cholesterol, is a system-dependent 

inhibitor of CYP3A4; when studied with microsomes it seems to inhibit the enzyme, but 

with hepatocytes the inhibition does not occur. This is most likely due to glucuronidation 

of ezetimibe, which protects from CYP inhibition. The glucuronidation occurs in 

hepatocytes (and in vivo), but not in microsomes, if there is no uridine diphosphate 

glucuronic acid (UDPGA) added to the incubation mixture (Li, 2005, Parkinson et al., 

2010).  
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Table 3. Frequently used enzyme sources for CYP inhibition studies, their advantages 

and disadvantages. (Brandon et al., 2003, Raunio et al., 2004, Pelkonen et al., 2005, Levy 

et al., 2015) 

System of study Advantages Disadvantages 

Hepatocytes - Contains all DMEs and 

transporters 

- Closer to in vivo than 

microsomes or 

recombinant enzymes 

- Commercially available 

- More expensive 

compared to other two 

systems 

- Decrease in levels of 

DMEs during 

cultivation 

- Short culture time (from 

a few hours to weeks) 

Microsomes - Economical 

- Easy to store and use 

- Commercially available 

- High concentration of 

CYPs 

 

- Lack of cytosolic 

enzymes, cofactors and 

transporters 

- Challenging to use for 

quantitative estimations 

Recombinant 

enzymes 

- High enzyme activity 

- Economical 

- Commercially available 

- Role of a single CYP can 

be studied 

- Only one enzyme at a 

time 

- Lack of cofactors, 

cytosolic enzymes and 

transporters 

 

 

2.3.2 Primary hepatocytes 

 

Hepatocytes are the most physiologically relevant model to study hepatic metabolism 

outside of the body, as they contain all the drug metabolizing enzymes (Soars et al., 2007). 

In addition, there are transporter proteins in hepatocyte membranes, which makes it 

possible to study the interactions of compound with hepatic transporters. The expression 

levels of many transporters are, however, much lower in cryopreserved hepatocytes than 

they are in the liver, and this needs to be taken into account (Lundquist et al., 2014). 

 

The limitations of the use of human hepatocytes include the differences between donors 

and the availability of tissue (Tingle & Helsby, 2006). In addition, the proliferative 

capacity and enzyme activity declines during cell culturing, which makes especially 
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quantitative estimations challenging (Soars et al., 2007, Levy et al., 2015). A suspension 

culture of primary human hepatocytes maintain their metabolic functions only for a few 

hours (Levy et al., 2015). E.g. oxygenated co-cultures can stabilize metabolic functions 

for a few weeks. Several attempts have been made to make hepatocyte cultures maintain 

their functionality for a longer period. For example, Xiang and colleagues introduced  a 

method that could modulate cell signalling pathways with a combination of five 

chemicals and that way maintain the functionality of the cells (Xiang et al., 2019). 

Regardless of these attempts, cell viability and functionality are still among the main 

challenges of using hepatocytes when longer incubation times are needed.  

 

2.3.3  Liver microsomes 

 

Liver microsomes are a subcellular fraction, that can be separated from the endoplasmic 

reticulum of hepatic cells (Asha & Vidyavathi, 2010). They are prepared from 

homogenized liver with differential centrifugation. One great advantage of microsomes 

is that their CYP enzyme activity remains for years when stored at low temperature (Jia 

& Liu, 2007). Microsomes can be restored at -80 °C after being thawed and kept on ice 

less than two hours, without losing the enzyme activity significantly. Microsomes are 

very common model in metabolism studies, especially in the early studies and they are 

one of the best characterized in vitro inhibition study models (Asha & Vidyavathi, 2010).  

 

As the metabolic activity of microsomes varies between individuals, pooled microsomes 

from multiple donors are useful to get a sample that presents the average enzymatic 

activity (Brandon et al., 2003). Microsomes contain membrane enzymes including CYPs, 

but they lack soluble enzymes, such as sulphotransferases and glutathione transferases 

(Asha & Vidyavathi, 2010). Cytosolic cofactors, like NADPH, are not present in 

microsomes and therefore NADPH addition is required for the enzymes’ proper 

functioning (Brandon et al., 2003). With addition of UDPGA, microsomes can also be 

used to study glucuronidation (Li, 2005). 

 

Microsomes are challenging to use in quantitative estimations of biotransformation, as 

the level of CYPs and UGTs is so much higher compared to in vivo and there is no 
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competition with other enzymes (Brandon et al., 2003, Asha & Vidyavathi, 2010). In 

addition, resulting from the lack of many other enzymes, there may be some metabolites 

that are present in in vivo situation but not when studied with microsomes. However, the 

proteomic studies have developed rapidly in recent years, and quantitative estimations 

have become more common with microsomes (Wang et al., 2020). The new proteomic 

approaches have made it possible to assess the protein profiles of microsomes, and 

thereby the in vitro-in vivo extrapolation has become more reliable. 

 

2.3.4 Recombinant human CYP enzymes 

 

CYP enzymes can be cloned and expressed for example in yeast, E. coli or baculovirus 

infected insect cells (Tingle & Helsby, 2006, Hausjell et al., 2018). There are several 

systems commercially available, and they are more economical than the systems derived 

from human tissue (Tingle & Helsby, 2006). The advantages of recombinant human CYP 

enzymes (rhCYPs) include that high enzyme levels can be reached in the experiments. 

With rhCYPs it is possible to study the role of a single CYP on the drug metabolism, in 

contrast to the multiple CYPs expressing hepatocytes and microsomes (Raunio et al., 

2004). However, even if a drug is metabolized by a single rhCYP in vitro, the enzyme 

may not be participating in the drug’s metabolism in vivo.  

 

As rhCYPs are plain enzyme products, NADPH addition is required for enzyme function 

in vitro. Obviously, rhCYPs also lack other drug metabolizing enzymes and transporters. 

However, this should not be seen as a disadvantage; rhCYPs can be used for example to 

study a specific metabolic route of a compound (Tingle & Helsby, 2006).  

 

2.3.5 Liver cell lines 

 

Use of liver cell lines is not as common in in vitro CYP inhibition studies as the previous 

models described in this text (Brandon et al., 2003). However, they seem to have potential 

to be improved as a model, so they are also introduced here briefly. The advantages of 

liver cell lines include that their lifespan is almost unlimited and phenotype relatively 

stable (Donato et al., 2008). Their culturing conditions are usually simple, and they are 
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easily available and standardized. Several hepatic cell lines are available nowadays; they 

can be either developed from primary hepatocytes by immortalizing, or derived from liver 

tumour (Ramboer et al., 2015). HepG2, Huh7 and HepaRG are examples of commonly 

used liver cell lines (Nikolic et al., 2018). Based on the advantages of cell lines they may 

seem to be an ideal in vitro model. Unfortunately, the CYP expression of most liver cell 

lines is very low, and they are not commonly used in CYP inhibition assays. 

 

2.4  3D-models of cell cultures 

 

Three-dimensional cell culture models like spheroids and organ-on-chips can also be used 

when studying the pharmacokinetic properties of a molecule (Fang & Eglen, 2017). The 

main advantage of these 3D-models is that they better resemble in vivo situation with cell-

cell and cell-extracellular matrix contacts compared to standard 2D-models (Yan et al., 

2015). The physiological morphology of  the cells remains longer, cells are viable for a 

longer period and the levels of metabolic enzymes does not decrease as rapidly in 3D-

models as in 2D-models (Bokhari et al., 2007, Shin et al., 2018). 

 

3D-cultured primary human hepatocytes (PHH) have shown to have higher CYP mRNA 

expression and higher basal CYP activity compared to 2D-models (Berger et al., 2016). 

In addition, the metabolic competence of 3D PHH spheroid cultures is maintained for at 

least three weeks (Vorrink et al., 2017). These factors would support the use of 3D-models 

in drug metabolism studies, when longer incubation times are needed. 

 

The challenges of 3D-models include their complexity, which makes it more challenging 

to standardize the culture and assays (Fang & Eglen, 2017). In addition, the analysis, 

imaging and quantification are not yet as well developed for 3D cell models as they are 

for 2D cell culture. Further research and development of the 3D cell cultures needs to be 

done, and their future is promising.  
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2.5 CYP-inhibition assays in vitro 

 

Several new in vitro CYP inhibition assays have been developed during the past decades 

(Yao et al., 2012). These assays are needed at many stages in drug discovery and 

development pipeline (Figure 4). It is important that the studies at the early stage are 

suitable for high-throughput screening for lead selection and optimization, as there are 

plenty of compounds under studies at this stage.  

 

 

Figure 4. A simplified figure of drug discovery and development pipeline. Modified from 

Yao et al., 2012. 

 

Most CYP inhibition assays consist of an incubation mixture that contains a test 

compound at one or multiple concentration points, CYP enzyme and a probe substrate, 

that forms measurable product when metabolized (Wienkers & Heath, 2005). Probe 

substrate is a compound that is metabolized via the enzyme of interest. If the test 

compound does not cause inhibition, the probe substrate is metabolized, and the 

metabolite can be measured by e.g. liquid chromatography-mass spectrometry (LC-MS) 

assay. This means that if the enzyme is inhibited, the metabolite formation decreases.  

 

When designing an in vitro inhibition study, the selectivity of the probe substrate should 

be considered, meaning the probe should be predominantly metabolized by a single CYP 

in recombinant CYPs or microsomes (Food and Drug Administration, 2020b). In 

addition, it would be beneficial if the probe substrate owns a simple metabolism and do 

not undergo many metabolism steps. The most common probe substrates and their marker 
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reactions are listed in Table 4. In addition, selective CYP inhibitors are listed in Table 4. 

These are compounds that can be used in CYP inhibition studies as reference compounds 

that NCEs can be compared with. 

 

Table 4. Examples of selective inhibitors, probe substrates and their marker reactions for 

each CYP enzyme to be used in in vitro drug metabolism studies. (Modified from Food 

and Drug Administration, 2020a) 

Enzyme Substrate and marker reaction Inhibitor 

CYP1A2 Phenacetin O-deethylation, 7-

Ethoxyresorufin-O-deethylation 

α-Naphthoflavone, Furafylline* 

CYP2B6 Efavirenz hydroxylation, 

Bupropion hydroxylation 

Sertraline, Phencyclidine*, 

Thiotepa*, Ticlopidine* 

CYP2C8 Paclitaxel 6α-hydroxylation, 

Amodiaquine N-deethylation 

Montelukast, Quercetin, 

Phenelzine* 

CYP2C9 S-Warfarin 7-hydroxylation, 

Diclofenac 4'-hydroxylation 

Sulfaphenazole, Tienilic acid* 

CYP2C19 S-Mephenytoin 4'-hydroxylation S-(+)-N-3-benzyl-nirvanol, 

Nootkatone, Ticlopidine* 

CYP2D6 Bufuralol 1'-hydroxylation, 

Dextromethorphan O-

demethylation 

Quinidine, Paroxetine* 

CYP3A4/5*

* 

Midazolam 1'-hydroxylation, 

Testosterone 6β-hydroxylation 

Itraconazole, Ketoconazole, 

Azamulin*, Verapamil* 

* Time-dependent inhibitors 

** It is recommended to use two CYP3A4/5 substrates with different structure. This is 

due to the complex binding site of CYP3A4/5 (Kozakai et al., 2012) 

 

Substrate cocktails are mixtures of two or more probe substrates (Chen et al., 2016). They 

increase the screening efficacy and are economical to evaluate the inhibitory potency of 

NCEs in vitro, as the inhibitory effect on several enzymes can be studied in one 

experiment. A lot of research has been done on the CYP inhibition assays using substrate 

cocktails, and the use of them has increased in recent years. Examples of the cocktails 

that are described in the literature are seen in Table 5. The number of substrates in a 

cocktail has varied from 5 to 10 (Chen et al., 2016). There are some challenges in using 
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substrate cocktails, e.g. possible interactions between probe substrates or LC-MS 

limitations. When optimized and validated, substrate cocktails are an extremely valuable 

way to save time and resources e.g. in IC50-shift assay, which is described in the next 

chapter.  However, substrate cocktails are not the most reliable for determining precise 

inhibition parameters, thus single substrate method should be used for these assays. 

 

Table 5. Examples of probe substrate cocktails and the substrates included (+ their 

metabolites) 

 

Target 

CYP 

enzyme 

6-in-1 

(Chen et al. 2016) 

7-in-1 

(Otten et al. 2011) 

9-in-1 

(Kozakai et al. 2012) 

CYP1A2 Phenacetin 

(Acetaminophen) 

Phenacetin 

(Acetaminophen) 

Phenacetin 

(Acetaminophen) 

CYP2A6 Coumarin (7-

hydroxycoumarin) 

- Coumarin (7-

hydroxycoumarin) 

CYP2B6 Bupropion 

(Hydroxybupropion) 

Bupropion 

(Hydroxybupropion) 

Bupropion 

(Hydroxybupropion) 

CYP2C8 - Amodiaquine (N-

Desethylamodiaquine) 

Amodiaquine (N-

Desethylamodiaquine) 

CYP2C9 Diclofenac (4´-

Hydroxydiclofenac) 

Tolbutamide (4-

Hydroxytolbutamide) 

Diclofenac (4´-

Hydroxydiclofenac) 

CYP2C19 - (S)-Mephenytoin (4´-

Hydroxymephenytoin) 

(S)-Mephenytoin (4´-

Hydroxymephenytoin) 

CYP2D6 Dextrometorphan 

(Dextrorphan) 

Dextrometorphan 

(Dextrorphan) 

Bufuralol (1´-

Hydroxybufuralol) 

CYP3A4 Testosterone (6β-

Hydroxytestosterone) 

Midazolam (1´-

Hydroxymidazolam) 

 

Midazolam (1´-

Hydroxymidazolam), 

Testosterone (6β-

Hydroxytestosterone) 
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2.5.1 Half maximal inhibitory concentration and inhibition constant determination  

 

The half maximal inhibitory concentration (IC50) indicates the amount of compound 

needed to inhibit half of the reactions (Krippendorff et al., 2009). IC50 value is often used 

when quantifying compound’s potential of enzyme inhibition. The inhibition constant 

(Ki) is a parameter that describes the affinity of the inhibitor to the enzyme and it is used 

for determining the clinical relevance and the mechanism  of reversible inhibition (Obach, 

2007). IC50 value is dependent on experimental conditions, e.g. substrate and protein 

concentration, whereas Ki is not: it is characteristic for each inhibitor. These two 

parameters are suitable only for direct inhibitors as with TDI the values depend on time. 

Methods for TDI are described later in this work. 

 

In standard IC50 method isoform-specific substrates are incubated individually with 

human liver microsomes (HLM) and a range of test compound concentrations (Fowler & 

Zhang, 2008). The number of tested compound concentrations depends on the needed 

accuracy of the estimated IC50 value (Turner & Charlton, 2005). An assay using two 

compound concentrations can be useful especially in early drug development high 

throughput screening (HTS) studies, however IC50-value cannot be evaluated with two 

concentrations. If a precise IC50 value is needed to know, it is better to use for example a 

ten-point analysis. At the end of the incubation, the formation of metabolite is measured, 

and the enzyme inhibition can be calculated at each of the test compound concentrations. 

Compounds can be classified in general based on the IC50 value as weak (IC50 > 10 μM), 

marginal/moderate (1 μM < IC50 < 10 μM) or potent inhibitors (IC50 < 1 μM) 

(Krippendorff et al., 2007). 

 

2.5.2 IC50 shift assay 

 

IC50 shift assay is a method that detects both direct and time-dependent inhibitors, and it 

is the most used method for identifying TDI (Grimm et al., 2009, Riley & Wilson, 2015). 

The assay is conducted with microsomes that are preincubated for 30 minutes with several 

concentrations of the test compound with (TDI) and without (direct inhibition) NADPH 

(Grimm et al., 2009). After preincubation a probe substrate is added to the samples and 
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NADPH is added to the plate that was preincubated without it. After secondary incubation 

the remaining enzyme activity is determined. A shift to left of the IC50 curve from samples 

that were preincubated with NADPH compared with samples preincubated without 

NADPH indicates a potential time dependency in enzyme inhibition. If the ratio between 

the IC50 values determined in different conditions is over 1.5-2, inhibition is usually 

classified as a TDI. An example of IC50 shift assay data is seen in Figure 5. This data 

would indicate that the compound may cause TDI, as the enzyme activity decreases 

significantly when preincubated with NADPH. 

 

 

Figure 5. Graph from IC50 shift assay after 30 min preincubation with and without 

NADPH. Concentration of the studied compound is on the x-axis and the remaining 

activity of the enzyme of interest on the y-axis. 

 

2.5.3 KI and rate of enzyme inactivation determination 

 

KI (inhibitor concentration, which results in half-maximal rate of inhibition) and the rate 

of enzyme inactivation (kinact) are used when determining the inhibition potency of time-

dependent inhibitors (Krippendorff et al., 2009).  

 

A typical kinact/KI-assay is conducted with microsomes (Grimm et al., 2009). In the assay 

the enzyme kinetics is evaluated at various, e.g. 5 test compound concentrations and at 

multiple preincubation timepoints (NADPH present). After preincubation the probe 

substrate is added to the samples for a specific incubation time, and the remaining enzyme 
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activity can be measured after the incubation. An example of the kinact/KI-assay data is 

illustrated in Figure 6. 

 

 

Figure 6. Data from a kinact/KI-assay using 6 different test compound concentrations. 

Graph A illustrates the remaining CYP enzyme activity versus preincubation time at 

different inhibitor concentrations. In graph B the slopes of the graph A are plotted versus 

the inhibitor concentrations. (Modified from Shirasaka et al., 2013) 

 

2.5.4 Methods to study time-dependent inhibition mechanism 

 

The standard TDI assay methods detect reversible, irreversible and quasi-irreversible 

TDI, but it is not possible to tell the precise inhibition mechanism by these methods 

(Grimm et al., 2009). To understand the binding mechanism, follow-up studies need to 

be done. These studies include ferricyanide treatment, microsomal washing and dialysis.  

 

With ferricyanide treatment quasi-irreversible MICs can be dissociated and the CYP 

activity restored. For irreversible binding the same treatment does not bring the CYP 

activity back. However, only nitrogen-based MICs can be dissociated with this method, 

so it should not be used when studying other MIC-forming compounds.  

 

Repeated microsomal washing is based on centrifuging the samples multiple times 

(Grimm et al., 2009). The microsomal samples preincubated with NADPH and test 

compounds or controls are ultracentrifuged at 100 000 g for over 30 minutes. The 

microsomal pellet is then resuspended. This is repeated 2 to 3 times, and every time part 

of the samples are set aside. The enzyme activities and protein concentrations of the 
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samples are measured after the washing procedure, and the normalized enzyme activities 

can be compared with the vehicle control. If the enzyme activity is restored after 

microsomal washing in the test compound sample, while in the positive control (known 

to bind irreversibly) it is not, the test compound is not an MBI. 

 

In dialysis method small volumes of test compound, vehicle control and a positive control 

are preincubated with HLMs and NADPH, and then dialyzed in a large volume of buffer 

at 4°C for e.g. 24 hours (Grimm et al., 2009). The positive control should be a known 

MBI for the studied CYP isoform. In this method the enzyme activity is measured before 

and after dialysis. By comparing the test compound sample with the vehicle control it is 

possible to see if the enzyme activity is recovered in the dialysis. If the activity is 

recovered, the inhibitor has vanished from the enzyme during the dialysis, and the 

inhibition is non-covalent. With the positive control the enzyme activity should not be 

recovered, as it is covalently bound to the enzyme. It is recommended to measure the 

protein concentrations before and after the dialysis, however there should not be a 

significant difference between the samples, as the used protein concentrations are so low. 

The experimental part of this work focuses on the dialysis method, and it will be explained 

in a more detailed way in the experimental part. 

 

 

3 EXPERIMENTAL PART 

 

3.1 Aim of the study 

 

If an NCE is a TDI for a CYP enzyme, it may indicate problems with the safety of the 

compound. To further evaluate the inhibition mechanism and the clinical significance of 

the inhibition, follow-up studies need to be conducted. The aim of this study was to 

develop a dialysis method for identifying whether the binding mechanism behind TDI is 

reversible or irreversible. This study focused on four most important drug metabolizing 

CYP isoforms: CYP1A2, CYP2C9, CYP2D6 and CYP3A4.  
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The experimental work began with conducting IC50 shift assays for each study compound. 

The TDI potential seen in the IC50 shift assay may indicate MBI, and it could later be 

evaluated with dialysis, whether the binding of the inhibitor to the enzyme is covalent or 

not. The dialysis method has been previously described in the literature, but the method 

has not been in use at Orion Pharma in ADME studies. The purpose of this master thesis 

project was to develop the method so that the TDI risk identified in the IC50 shift assay 

can be further evaluated in Orion Pharma. 

 

3.2 Materials and methods 

 

3.2.1 Materials 

 

The test compounds used in the assays were chosen from known CYP inhibitors. For each 

isoform there was at least one direct and one time-dependent inhibitor. The probe 

substrates were commonly used marker substrates for in vitro P450-mediated metabolism 

studies (Food and Drug Administration, 2020a). The used compounds and reagents are 

listed in Table 6. 

 

Table 6. Used compounds, reagents and their vendors and catalogue numbers. 

Compound/reagent Vendor Catalogue 

number 

Country 

Verapamil Sigma-Aldrich  V4629 Germany 

Azamulin Sigma-Aldrich  SML0485 Germany 

Ketoconazole Sigma-Aldrich  K1003 Germany 

Midazolam Sigma-Aldrich  M2419 Germany 

Testosterone Sigma-Aldrich  86500 Germany 

Tienilic acid Toronto Research 

Chemicals 

T438750 Canada 

Sulphaphenazole Toronto Research 

Chemicals 

S689020 Canada 
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Paroxetine Toronto Research 

Chemicals 

P205750 Canada 

Quinidine Toronto Research 

Chemicals 

Q3625 Canada 

Diclofenac Sigma-Aldrich  D6899 Germany 

Dextromethorphan Sigma-Aldrich  D9684 Germany 

Furafylline Sigma-Aldrich  F124 Germany 

Fluvoxamine Sigma-Aldrich  F2802 Germany 

Phenacetin Sigma-Aldrich  77440 Germany 

Bupropion Sigma-Aldrich  B102 Germany 

Amodiaquine Sigma-Aldrich  A2799 Germany 

S-Mephenytoin Sigma-Aldrich UC175 Germany 

NADPH Sigma-Aldrich  10621706001 Germany 

Magnesium chloride Sigma-Aldrich  63064 Germany 

Sodium phosphate 

monobasic dihydrate 

Sigma-Aldrich  71505 Germany 

Sodium phosphate 

dibasic dihydrate 

Sigma-Aldrich  71643 Germany 

 

Dimethyl sulfoxide (DMSO) and acetonitrile (ACN) were from Sigma-Aldrich 

(Germany). The inhibitors and substrates were dissolved in DMSO. The water used in the 

assays was purified with Milli-Q-system (Merck KGaA, Germany). 100 mM phosphate 

buffer (pH 7.4) containing 5 mM of MgCl2 was made at Orion.   

The source of CYP enzymes in the assays conducted were either rhCYPs or HLMs that 

were both purchased from Corning (USA). The used rhCYPs had been prepared from 

baculovirus-transfected insect cells. HLMs were a mixed-gender pool of 150 donors. The 

protein concentrations of the stock rhCYP and microsomal solutions were 8.5 mg/ml and 

20 mg/ml, respectively.  

 

  



  

 27 

 

3.2.3 IC50 shift assay 

To assess the possibility of TDI of the compounds, IC50 shift assays were conducted from 

two to four times for each test compound. The IC50 shift assay utilizing probe substrate 

cocktail and HLMs had been set-up at Orion before this master’s thesis work. In the assay, 

each study compound was investigated in seven concentrations, with a 3-fold dilution 

series. The test concentration ranges of the inhibitors and their predicted inhibition 

profiles are presented in Table 7. A probe substrate cocktail containing 7 substrates 

(phenacetin, bupropion, amodiaquine, diclofenac, S-mephenytoin, dextromethorphan, 

midazolam and testosterone) was used (incubation concentrations seen in Table 8). 

Microsomal protein and NADPH concentrations in incubation were 0.3 mg/ml and 1 mM, 

respectively. 

 

Table 7. Tested CYP inhibitors, their incubation concentrations in IC50 shift assay and 

the inhibition profiles of the compounds based on literature. 

Inhibitor Tested 

concentration 

range (µM) 

Inhibition profile based on literature 

Furafylline 0.014–10 CYP1A2* 

(Sesardic et al., 1990)  

Fluvoxamine 0.0014–1 CYP1A2 and CYP2C19: potent; 

CYP2C9, CYP2D6, and CYP3A4: 

moderate (Hemeryck & Belpaire, 

2005) 

Tienilic acid 0.014–10 CYP2C9* (Jean et al., 1996) 

Sulphaphenazole 0.014–10 CYP2C9: potent; CYP2C8, CYP2C18: 

moderate (Mancy et al., 1996) 

Paroxetine 0.027–20 CYP2D6*, CYP2B6 (Lee & Kim, 

2013) 

Quinidine 0.0069–5 CYP2D6: potent; CYP3A: weak 

(Bourrié et al., 1996) 

Verapamil 0.069–50 CYP3A* (Wang et al., 2005) 

Azamulin 0.014–10 CYP3A* (Stresser et al., 2004) 

Ketoconazole 0.0014–1 CYP3A (Bourrié et al., 1996) 

*Time-dependent inhibition 
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Table 8. Compounds of substrate cocktail used in IC50 shift assay and probe substrate 

concentrations in both cocktail mixture and incubation. 

Target 

CYP 

Probe substrate Cocktail 

concentra-

tion (µM) 

Incubation 

concentra-

tion (μM) 

Analysed metabolite 

1A2 Phenacetin 300 15 Paracetamol 

2B6 Bupropion 100 5 Hydroxybupropion 

2C8 Amodiaquine 40 2 Desethylamodiaquine 

2C9 Diclofenac 200 10 4´-hydroxydiclofenac 

2C19 S-mephenytoin 1000 50 4´-hydroxymephenytoin 

2D6 Dextromethorphan 100 5 Dextrorphan 

3A4/5 Midazolam 60 3 1´-hydroxymidazolam 

3A4/5 Testosterone 100 5 6β-hydroxytestosterone 

 

The compounds were transferred to the incubation plates with Echo 655 Liquid Handler 

(Beckman Coulter, USA). The total volume of 50 nl of compound stock solution or 

DMSO was transferred (the volume was equalized with DMSO to obtain identical DMSO 

control in each well). Two identical plates were made, one plate to determine the IC50 

value for time-dependent inhibition (TDI plate) and other for direct inhibition (DI plate). 

There were two replicates of each sample concentration, and each compound had its own 

DMSO control wells as duplicate. 

The assay was conducted with Hamilton Microlab Star automated liquid handling system 

(Hamilton, USA). First, the microsomes (V=89 µl) were pipetted into the incubation 

plates containing the compound stocks, and NADPH (V=5 µl) into the TDI plate and 

probe substrate cocktail (V=5 µl) on DI plate. Plates were pre-incubated at 37 °C for 30 

minutes, and after the incubation NADPH (V=5 µl) was added on DI plate and substrate 

cocktail (V=5 µl) on the TDI plate. Thereafter the plates were incubated for additional 10 

minutes. The reactions were stopped by adding 100 µl of ice-cold ACN, and aliquots 

(V=70 µl) of the samples were transferred to a 384-well analysis plate. The plate was 

sealed with aluminium sealing tape and stored at -80 °C until analysis with LC-MS/MS. 
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3.2.4 Dialysis  

 

To assess if the inhibitor could be removed from the enzyme and thereby the enzyme 

inactivation reversed, the enzymes were first inactivated and then dialyzed. A schematic 

illustration of the final assay protocol is seen in Figure 7. A detailed final assay protocol 

is described in APPENDIX 1. During the method development there were differences in 

the used assay protocol, and the major factors that had a great impact on the function of 

the dialysis method are described in the Results and discussion -section. The protocol 

described below is the final version of the method. 

A single concentration of each inhibitor (causing ~90% inactivation on the basis of the 

IC50 shift assay) was incubated with HLMs in the presence of NADPH at 37°C for 30 

minutes and in the absence of NADPH for 10 minutes before dialysis. The incubations 

were conducted with Thermomixer comfort (Eppendorf, Germany), which was 

programmed to mix every 5 min for 15 secs (300 rpm). DMSO-controls representing 

100% enzyme activity were treated similarly. The incubation mixtures contained 0.1 M 

potassium phosphate buffer (pH 7.4) with 5 mM of MgCl2, the inhibitor, microsomes, 

and the NADPH or the vehicle. The assay was conducted with three replicates of each 

test compound/control. In the beginning of the method development, rhCYP3A4 (c=12.5 

pmol/ml) was used instead of microsomes. 

After the pre-incubation, the samples were dialyzed in Slide-A-Lyzer mini-dialysis units 

(molecular weight cut-off 10 000; Thermo Fisher Scientific, USA) against ~4.0 liters of 

0.1 M potassium phosphate buffer with 5 mM MgCl2 (pH 7.4) for 24 h at 4°C. The 

equipment used for the dialysis is shown in Figure 8. Equivalents before the dialysis and 

from the dialyzed samples were collected into 96-well plates for enzyme activity 

measurements. The reactions were initiated by addition of NADPH and a probe substrate, 

and samples were incubated for 10 minutes with Thermomixer comfort (Eppendorf, 

Germany) with the same mixing program as in the pre-incubation. After the secondary 

incubation, aliquots of the samples were added on the analysis plate containing ice-cold 

ACN (1:1 ratio) to stop the reaction. The analysis plates were sealed with aluminium 

sealing tapes, mixed with orbital shaker Delfia PlateShake (PerkinElmer, USA) for a few 

seconds and placed into a freezer (-80°C). 
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Figure 7. A schematic illustration of the dialysis method. 

 

 

Figure 8. Pictures of the equipment used in the dialysis experiment. A. Slide-A-Lyzer 

mini-dialysis unit B. Slide-A-Lyzer mini-dialysis float with dialysis units C. A 5 liter 

beaker with ~4 liters of phosphate buffer, dialysis float with the samples and magnetic 

stir on a magnetic stirrer. 
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3.2.5 Analysis of the samples 

Before the analysis the samples were melted in a room temperature, mixed in an Ohaus 

Orbital Shaker (Ohaus, USA) 400 rpm, 3 x 2 min and centrifuged 3214 x g in 4 °C for 10 

minutes with Eppendorf Centrifuge 5810 R (Eppendorf AG, Germany). The samples 

were analysed with LC-MS/MS using Vanquish Horizon UHPLC (Thermo Fisher 

Scientific, USA) and TSQ Altis triple quadrupole mass spectrometer (Thermo Fisher 

Scientific, USA). The separation was performed on an Acquity UPLC HSS C18 1.8 µm 

2.1 x 100 mm column (Waters, USA) with VanGuard Acquity UPLC HSS C18 1.8 µm 

2.1 x 5 mm pre-column (Waters, USA). The formation of metabolite of each probe 

substrate was monitored (Table 8). The linearity of the metabolites was confirmed with 

standard samples that were analysed within every analysis. 

  

3.2.6 Protein concentration determinations 

The protein concentrations of the pre- and post-dialysis samples were measured from 

some experiments by using Pierce Micro BCA protein assay kit (ThermoFisher Scientific, 

USA) or Bio-Rad protein assay kit (Bio-Rad, USA). Micro BCA Kit has been optimized 

for use with dilute protein samples (0.5-20 µg/ml). The method uses bicinchoninic acid 

(BCA) as the detection reagent for Cu+1, which is formed when Cu+2 is reduced by protein 

in an alkaline environment. A purple-coloured product is formed when two molecules of 

BCA chelates with one cuprous ion Cu+1. This complex exhibits absorbance at 562 nm 

that is linear with increasing protein concentrations. The Bio-Rad assay is based on the 

Bradford dye-binding method and can be used for samples containing between 200 and 

1400 µg/ml protein. The dye binds to primarily basic and aromatic amino acid residues 

and changes colour depending on the protein concentration. The absorbance maximum 

of the dye changes to 595 nm when it binds to protein. The colorimetric measurements 

were done with EnSpire multimode plate reader (PerkinElmer, UK). 
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3.2.7 Calculations 

The enzyme activities in both IC50 shift and dialysis assay were calculated by comparing 

the metabolite peak area of the test sample to the DMSO control peak area, e.g. (1’-OH-

midazolam peak area, sample)/(1’-OH-midazolam peak area, DMSO control) x 100%. 

The IC50  values were calculated using non-linear curve fitting with three parametric 

equation in Prism software (GraphPad Software, USA). The equation used for this is 

shown below. The bottom was constrained to be 0. 

 

Y = Bottom +  
Top − Bottom

1 + X/IC50
 

 

IC50 shift values were calculated by dividing the IC50 value of the samples preincubated 

without NADPH with the IC50 value of the samples preincubated with NADPH. 

 

3.3 Results and discussion 

 

3.3.1 IC50 shift 

As mentioned earlier in this work, over 1.5-2-fold IC50 shift indicates that a compound 

causes TDI (Grimm et al., 2009). IC50 shift assays were conducted for each studied 

compound on at least two separate assay days. Based on these assays, furafylline, tienilic 

acid, paroxetine, verapamil and azamulin cause TDI on the specific CYP isoforms (Table 

9 and Figure 9). This was in line with the literature (Perloff et al., 2009). In the assays 

conducted for this work, fluvoxamine had an IC50 shift value of approximately 1.5. This 

means that fluvoxamine would also be considered to possibly cause TDI, but it also may 

be a borderline case. Fluvoxamine is, however, a reversible uncompetitive or competitive 

inhibitor of CYP1A2 based on the literature and it is commonly classified as a direct 

inhibitor (Pastrakuljic et al., 1997, Pelkonen et al., 2008, Lee & Kim, 2013). 

Sulphaphenazole (CYP2C9), quinidine (CYP2D6) and ketoconazole (CYP3A4) were 

clearly direct inhibitors based on the results, which is in line with earlier literature (Perloff 
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et al., 2009). Some of the tested inhibitors (e.g. furafylline, Figure 9a) inhibited the model 

reaction specifically, while some of the inhibitors (e.g. paroxetine, Figure 9e) also 

inhibited some other isoforms.  IC50 shift data graphs for all test compounds and CYP 

isoforms are found in Appendix 2. 

 

Table 9. Time-dependent inhibition results for specific CYP isoforms (IC50 shift assay). 

Enzyme Substrate Inhibitor IC50  

+NADPH 

(±SD) 

IC50  

-NADPH 

(±SD) 

n IC50 

shift 

CYP1A2 Phenacetin Furafylline 0.26 (±0.06) 5.3 (±0.29) 8 20 

Fluvoxamine 0.019 (±0.008) 0.030 (±0.009) 8 1.5 

CYP2C9 Diclofenac Tienilic acid 0.037 (±0.03) 0.83 (±0.15) 4 23 

Sulphaphenazole 0.29 (±0.08) 0.21 (±0.06) 4 0.73 

CYP2D6 Dextrometh-

orphan 

Paroxetine 0.021 

(±0.016) 

1.9 (±0.19) 4 90 

Quinidine 0.10 (±0.04) 0.065 (±0.02) 4 0.64 

CYP3A4 Midazolam Verapamil 1.7 (±0.32) 21 (±3.4) 8 13 

Azamulin 0.07 (±0.02) 0.16 (±0.03) 8 2.3 

Ketoconazole 0.069 (±0.01) 0.027 (±0.005) 8 0.39 

Testosterone Verapamil 0.70 (±0.15) 19 (±3.9) 8 27 

Azamulin 0.027 (±0.01) 0.083 (±0.01) 8 3.1 

Ketoconazole 0.043 (±0.01) 0.013 (±0.003) 8 0.31 

All IC50 values are reported in μM. IC50 values are averages of replicate determinations 

on separate days. 
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Figure 9. IC50 shift assay graphs of the tested inhibitors on the CYP isoforms of interest. 

a. b. 

c. d. 

e. f. 

g. h. 

i. j. 

k. l. 



  

 35 

 

CYP3A4 was tested in IC50 shift assay with two probe substrates, midazolam and 

testosterone, as recommended by the authorities (Food and Drug Administration, 2020a). 

The IC50 shift values differed a bit between these two substrates, but the conclusion on 

the TDI is the same regardless of the used substrate. The enzyme inhibition was slightly 

stronger with azamulin and verapamil when testosterone was used as a probe substrate.  

Graphs of the IC50 shift data of CYP3A4 inhibitors is seen in Figure 10.  

 

 

Figure 10. IC50 shift data from studies conducted with CYP3A4 inhibitors azamulin, 

verapamil and ketoconazole with midazolam (A) and testosterone (B) as a probe 

substrate. The differences between plots using different substrates are not significant with 

the used test compounds. 

 

Overall, the IC50 shift assay was reproducible and the deviations between replicates were 

relatively low. The results obtained with the assay were mostly similar to earlier literature 

(Table 7). Some of the moderate inhibition described in the literature was not shown in 

these assays, however it is dependent on the used test concentrations whether the 

inhibition occurs. All inhibitors classified as potent ones showed strong inhibition in these 

IC50 shift assays. Over 1.5-fold shift has been used as an indicator of TDI, however 

fluvoxamine, a known direct inhibitor had ~1.5-fold shift in the assays conducted for this 
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work. On the basis of this, it could be perhaps considered again, whether over 2-fold shift 

in the IC50 shift assay would be more accurate indicator of TDI. 

 

3.3.2 Dialysis method 

The dialysis method has been described in the literature, but there is quite limited number 

of published articles on the topic. The assays described in the literature have been 

conducted with HLMs (Ma et al., 2000, Lim et al., 2005).  

The method development started with rhCYP3A4 and CYP3A4 inhibitors azamulin, 

verapamil and ketoconazole. In the beginning of the project CYP3A4 was the only 

isoform of interest, and therefore rhCYPs were used as the enzyme source. The assay 

protocol was partly chosen based on the study of Lim and the colleagues (Lim et al., 

2005); dialysis was conducted first for 3 hours, then the buffer was changed, and the 

dialysis was continued for additional 21 hours. Midazolam was used as a probe substrate. 

Based on the literature, it was assumed that in the TDI samples the enzyme activity is 

recovered in dialysis after ketoconazole and verapamil exposure, but not after azamulin 

exposure (Ma et al., 2000, Stresser et al., 2004, Lim et al., 2005). Additionally, it was 

predicted that the enzyme activity would be recovered in all DI samples. The TDI sample 

results were however the major interest in this study. 

Pooled data from two experiments conducted with rhCYP3A4 is seen in Figure 11. In 

these first experiments the enzyme activity was not recovered in any of the azamulin and 

verapamil samples. With ketoconazole there was minor recovery observed, but the 

enzyme activity was still only about 20-30% in post-dialysis samples compared to vehicle 

control. 
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Figure 11. Dialysis results from two 24 h experiments conducted with rhCYP3A4 on 

separate assay days. n=6. ad=after dialysis, bd=before dialysis 

 

The protein concentrations of the samples were determined from three assays conducted 

with rhCYPs by using Micro BCA protein assay kit. It did not have a significant effect 

on the dialysis result whether the results were normalized to the protein concentrations or 

not. As the high metabolite peak area values were divided with low protein concentration 

values that differed only a little from each other, it had a minor (0-6 percentage points) 

effect on the enzyme activity results, and no effect for the overall conclusions. 

The dialysis was conducted with rhCYPs also for 6 hours (with and without the buffer 

change after 3 hours). It was clear that it was too short time for the unbound compounds 

to be removed from the enzyme, as there was no significant difference between pre- and 

post-dialysis enzyme activities (Table 10). 
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Table 10. In the dialysis assay conducted with rhCYP3A4 the change of the buffer did 

not have an impact on the dialysis results. All the reported values in the table are enzyme 

activity %. 

 Azamulin Verapamil Ketoconazole 

With (+) / 

without (-) 

buffer 

change 

+ -  + -  + -  

TDI bd 5.5 4.8 3.9 3.5 2.6 2.2 

TDI ad 3.9 3.3 3.4 2.7 7.3 7.8 

DI bd 12.4 12.9 43.8 57.1 2.3 2.1 

DI ad 6.6 5.2 10.2 7.8 5.0 5.0 

TDI=time-dependent inhibition, DI=direct inhibition, bd=before dialysis, ad=after 

dialysis 

 

In the dialysis studies described in the literature, the enzyme activity had recovered in 

samples preincubated with verapamil and azamulin to up to 100% in dialysis in DI 

samples and full recovery was also observed with verapamil TDI samples (Ma et al., 

2000, Lim et al., 2005).  Additionally, the enzyme activity had recovered up to 80-90% 

after ketoconazole exposure in dialysis (Lim et al., 2005). The enzyme activity did not 

recover in rhCYP assays the way it was anticipated based on the previous literature. This 

may be due to multiple reasons, e.g. using un-optimal concentrations of the test 

compounds and using larger sample volume in the dialysis unit than the manufacturer 

recommends. In theory the method should work with recombinant enzymes, but there 

may be some unidentified factors that makes them less suitable for dialysis method than 

microsomes. However, it is more likely that the method can be successfully conducted 

with rhCYPs, but the conditions used here were not optimal for them. 

The method development was continued with microsomes, as all the previous dialysis 

assays described in the literature had been conducted with them. Additionally, as the IC50 

shift assay was conducted with microsomes, the conditions in these two methods could 

be made consistent. This also enabled the use of IC50 shift data when choosing the studied 

test compound concentrations for dialysis assay. The concentrations were chosen so that 
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the test concentration caused ~90% enzyme inactivation based on the IC50 shift assay. 

Additionally, with known TDI compounds the IC50 value difference between the samples 

preincubated with and without NADPH needed to be clear.  

When the source of CYP enzymes was changed to microsomes, the assay conditions were 

made consistent with IC50 shift assay conditions. Incubation concentrations were 

following: microsomes 0.3 mg/ml, NADPH 1 mM and probe substrate concentrations as 

shown in Table 8.  

The protein concentrations of the samples were also determined from three assays 

conducted with microsomes, by using Bio-Rad protein assay kit. The conclusion was 

same when using rhCYPs; it did not have a significant effect on the dialysis result whether 

the results were normalized to the protein concentrations or not. The effect of normalizing 

on the enzyme activity results was only 0-5 percentage points. 

After the source of CYPs was changed, the method started to work little better. As seen 

in Figure 12, there was a bit more enzyme activity recovery seen in ketoconazole samples 

than in the assays conducted with rhCYPs, but still not as much as assumed. The enzyme 

activity did not recover after azamulin exposure in either TDI or DI samples.  

 

 

Figure 12. Results from dialysis assay conducted with HLM and CYP3A4 inhibitors 

azamulin and ketoconazole. Bd=before dialysis, ad=after dialysis. 
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One possible reason why the enzyme activity did not recover well in dialysis after 

ketoconazole exposure was that ketoconazole itself is not sufficiently dialyzed. This may 

be due to ketoconazole staying in the microsomes or in the dialysis unit. The dialysis units 

are made of low-binding material according to the manufacturer, but still there was a 

possibility of the compound binding to the unit. To further evaluate the reason why the 

enzyme activity did not recover as much as assumed, ketoconazole was tested in one 

dialysis experiment without microsomes in the incubation mixture. The results from the 

experiment were compared with pooled data from three dialysis experiment conducted 

with azamulin and ketoconazole (Table 11). Based on the data it was clear that 

ketoconazole did not stick to the dialysis unit without microsomes. This led to a 

conclusion that ketoconazole stays somewhere in the microsomes. Ketoconazole is a 

highly lipophilic compound (Taneri et al., 2002), and this may partly explain its tendency 

to stick to the microsomes. 

 

Table 11. Comparison of the amount of the test compounds in the samples before and 

after the dialysis to see if the compound vanishes from the sample in the dialysis. 
 

Azamulin Ketoconazole Ketoconazole 

without 

microsomes 

TDI AD/BDx100% 9.6% 30% 2.8% 

DI AD/BDx100% 2.0% 26% 1.4% 

n 9 9 3 

TDI=time-dependent inhibition, DI=direct inhibition, AD=after dialysis, BD=before 

dialysis 

 

In the beginning of the assay development, NADPH was added to both TDI and DI 

samples before dialysis. However, it was later observed that with DI samples NADPH 

should not be added in the samples, and the assay was continued without adding NADPH 

to these samples. This step had a significant impact on the enzyme activity recovery after 

azamulin exposure (Figure 13). When NADPH was added to the DI samples before 

dialysis, metabolism occurred in these samples too, and the enzyme activity did not 

recover in the dialysis, even though there was not a pre-incubation step after NADPH 

addition and the dialysis was conducted at + 4°C. After leaving NADPH out of the DI 
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incubation mixture, the enzyme activity was well recovered. NADPH exclusion from DI 

incubation mixtures did not seem to have an impact on the dialysis results of the 

ketoconazole samples. 

 

 

Figure 13. The effect of not adding NADPH to the DI samples before dialysis. In A 

NADPH was added in both TDI and DI samples before dialysis. In B it was added only 

to TDI samples. n=3 

 

One other major improvement in the assay protocol was to use optimal sample volume in 

the dialysis units. The assay was first conducted with 150 µl sample inside the dialysis 

unit, but there was a significant improvement in the enzyme activity recovery after the 

volume was decreased to 100 µl (which is the recommended maximal sample volume for 

the units by the manufacturer). 

The impact of the buffer change on the 24-hour dialysis with microsomes was also 

examined. As seen in Figure 14, the buffer change has no significant impact on the 

dialysis result. This was very important information to obtain, for the used dialysis buffer 

is hazardous waste after the dialysis as it contains small amounts of the test samples 

(including human-derived material from microsomes and small concentrations of test 

compounds). When the buffer change step is removed from the protocol, the amount of 

produced hazardous waste in the assay is reduced by halve. Without buffer change the 

assay is not only less laborious, but also more environmentally friendly and economical.   
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Figure 14. The impact of the buffer change on 24-hour dialysis conducted with 

microsomes. A) Dialysis with a buffer change (n=9). B) Dialysis without a buffer change 

(n=3). 

 

As the IC50 shift assay was conducted with both midazolam and testosterone as a probe 

substrate for CYP3A4, the dialysis assay was also tested with testosterone as a probe to 

see if the probe effects on the dialysis results. Based on the IC50 shift results, the inhibitory 

effects of azamulin and verapamil were a bit stronger with testosterone than with 

midazolam with the same concentrations. With ketoconazole there was no significant 

difference between the different substrates in IC50 shift assay. The incubation 

concentration of verapamil was chosen to be halved for the dialysis assay conducted with 

testosterone, but azamulin and ketoconazole concentrations were kept the same as with 

midazolam. As seen in Figure 15, the probe substrate did not have a significant impact on 

the dialysis results with the tested CYP3A4 inhibitors. The enzyme activity recovery in 

azamulin DI samples reached a bit higher percentage with midazolam as a probe than 

with testosterone, however the pre-dialysis activity was already on a higher level in the 

samples with midazolam as a probe. 
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Figure 15. CYP3A4 inhibitors studied in dialysis assay with A) testosterone and B) 

midazolam as a probe substrate. Data shows that the chosen probe substrate does not 

effect on the dialysis results with the studied compounds. n=3 

 

After conducting the dialysis assays for CYP3A4, the method was also broadened to other 

isoforms. CYP2C9 was the next isoform under study, and the tested compounds were 

known to inhibit 2C9: tienilic acid and sulphaphenazole. The incubation concentrations 

for the dialysis assay were again chosen based on the IC50 shift assay. It was known that 

tienilic acid is a MBI and sulphaphenazole is a direct inhibitor. Based on this it was 

predicted that the enzyme activity does not recover in dialysis in tienilic acid TDI samples 

but does in other samples. The results from 2C9 dialysis assay were extremely clear; the 

enzyme activity recovered to over 75% in tienilic acid DI sample and in sulphaphenazole 

TDI and DI samples, whereas in tienilic acid TDI sample the activity was not recovered 

(Figure 16).  

 

Figure 16. Results from dialysis experiment conducted with CYP2C9 inhibitors tienilic 

acid and sulphaphenazole. n=6 
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The inhibitors used for CYP2D6 were MBI paroxetine and direct inhibitor quinidine. 

These compounds acted in the dialysis as assumed: the enzyme activity was not recovered 

after dialysis in paroxetine TDI samples (Figure 17). The activity was recovered in both 

TDI and DI samples after quinidine exposure. For some reason, the enzyme activity was 

over 30% higher in TDI after dialysis samples that contained quinidine compared to the 

DMSO controls, i.e. the enzyme activity seemed to have been activated. 

 

Figure 17. Results from dialysis experiment conducted with CYP2D6 inhibitors 

paroxetine and quinidine. n=6 

 

The final isoform studied within this master’s thesis project was CYP1A2. The tested 

inhibitors for this isoform were MBI furafylline and reversible inhibitor fluvoxamine. The 

results seen in Figure 18 were partially unexpected. Firstly, the enzyme activity in the 

TDI samples containing furafylline should not have recovered, however the activity 

recovered from ~25% to 50%. Additionally, the enzyme activity did not recover in DI 

fluvoxamine samples as it would have been assumed. However, the enzyme activity was 

recovered very well in TDI samples after fluvoxamine exposure, confirming that the 

inhibition in samples pre-incubated with NADPH is reversible. This led to question that 

is the direct inhibition of fluvoxamine reversible after all? As it was mentioned earlier in 

this work within the results of the IC50 shift assay, fluvoxamine had around 1.5-fold shift. 

This indicates that there is time-dependence in its inhibition on CYP1A2 in some extent. 

Perhaps a metabolite, that is more reversible than the parent compound, is formed in the 
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preincubation and therefore the enzyme activity recovers in greater extent in TDI samples 

than in DI samples.  

Nevertheless, the most attention needs to be paid on the TDI results, and it is quite clear 

that fluvoxamine can be removed from the enzyme in the dialysis well and furafylline 

much less. The test concentration of furafylline could have been a bit higher to see if the 

enzyme activity recovery remains the same with higher concentration. Additionally, it 

should be agreed, how much the enzyme activity needs to be recovered to say that it is 

recovered. 

 

 

Figure 18. Results from dialysis experiment conducted with CYP1A2 inhibitors 

furafylline and fluvoxamine. n=9 

 

Overall, the dialysis method was reproducible and the deviations between the replicates 

and separate assay days were small. Most of the tested inhibitors acted in the dialysis as 

predicted and they can be used in further dialysis experiments as reference compounds. 

Since some of the inhibitors (verapamil, furafylline and fluvoxamine) acted differently in 

the dialysis assay than anticipated based on earlier literature, the method still needs further 

optimization to reliably determine whether the TDI observed in IC50 shift assay is 

reversible. 

The most important steps of the method development that made the dialysis more efficient 

were switching the source of CYP enzymes from rhCYPs to microsomes and modifying 
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the test concentrations suitable for microsomes, changing the sample volume in the 

dialysis from 150 µl to 100 µl and leaving the NADPH addition from the DI samples 

before dialysis. A flow chart of the most significant steps and observations of the method 

development is pictured in Figure 19. A detailed table of the development steps is found 

in Appendix 3.  

 

 

Figure 19. A flow chart of dialysis method development and its most important steps or 

observations. 

  

In the future the dialysis method described in this work could be widened to cover also 

other CYP enzymes than the four that were studied here. Also, it could be studied whether 

diluting the samples before or after the dialysis would influence the results, especially 

would the results with verapamil be closer to the previous dialysis studies in the literature 

than they now were. In one dialysis article the samples were diluted 10-fold before 

dialysis (Lim et al., 2005), while in other they were diluted 5-fold after dialysis (Ma et 

al., 2000). For CYP3A4 direct inhibition some other reference compound than 

ketoconazole could be studied, e.g. itraconazole. It is an alternative selective inhibitor for 

CYP3A recommended in in vitro CYP inhibition studies by the authorities (Food and 

Drug Administration, 2020a).  

It could have been also studied how the compounds that were not specific inhibitors for 

one CYP isoform would have acted in dialysis with other enzymes they inhibited. For 

example, in this work it was only studied whether paroxetine can be dissociated from 

CYP2D6 but not whether it can be from CYP2B6. In IC50 shift assay paroxetine showed 

rhCYP3A4

•With/without buffer change

•24h/6h dialysis

•Protein measurements-> 
normalizing the dialysis results
with the protein concentration
had no significant effect on the
results

•Dialysis results not as succesful
as in the previous literature

Microsomes with
CYP3A4 inhibitors

•24h dialysis

•Protein measurements              
-> no significant effect on the
results

•NADPH not added to DI 
samples before dialysis

•Dialysis volume reduced from 
150 µl to 100 µl

•Buffer change not essential

Microsomes with
other CYP inhibitors

•As the method had been
successful with 3A4, 
other isoforms were also
studied

•CYP1A2, CYP2D6, 
CYP2C9
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direct inhibition for CYP2B6, so it would be expected to be dialyzed. Additionally, a 

shorter dialysis duration could have been studied with microsomes. It was here studied 

only with rhCYPs, but it would have been interesting to see if the longer duration is also 

necessary with microsomes. 

The used dialysis units could have been used with caps in the dialysis. The caps would 

have prevented contamination and evaporation of the samples. However, as the dialysis 

was conducted at 4°C, the evaporation of the samples was not a great concern. The caps 

were quite difficult to apply, and therefore they were not used. Aluminium foil was used 

on top of the dialysis beaker to prevent any particles going to the samples. It would be 

possible to also use some other dialysis equipment than the ones used in this work, e.g. 

96-well dialysis plates (96-Well DispoDialyzers, Harvard Apparatus, UK) are on the 

market. They would increase the capacity of the assay and thereby make it more efficient. 

However, the method would not probably be conducted in that extent that 96-well format 

would be needed, as the dialysis assay would be required only for few compounds since 

this assay was not intended to be used as a routine screening assay.  

In the future NCEs that have shown TDI in IC50 shift assay could be studied with this 

dialysis method to further study the mechanism of the binding and thereby the clinical 

significance of the inhibition. In this work NCEs were not yet studied, but it would be the 

goal of the method development. 

 

 

4 CONCLUSIONS 

 

The importance of CYP inhibition studies cannot be emphasized too much in drug 

development. CYP inhibition has a great impact on DDIs and toxicity, and thereby on the 

safety of the compounds. The inhibitors causing TDI are the most risky ones as they in 

many cases cause inhibition that lasts longer than direct inhibition.  

 

The dialysis method described in this master’s thesis can be helpful in assessing the 

reversibility of the binding of the inhibitor that has shown TDI in IC50 shift assay. The 

workflow from IC50 shift assay to dialysis assay showed to be successful as the conditions 
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can be kept similar in these assays and the IC50 shift data can be utilized when choosing 

the test compound concentrations for dialysis assay. Both IC50 shift assay and dialysis 

method gave reproducible results and the deviations were relatively low. 

 

The method still requires some optimizing, but in the future, it may be part of Orion 

Pharma’s in vitro CYP inhibition studies on NCEs and helps to identify the compounds 

that possibly cause MBI, that is the most clinically disadvantageous form of TDI. 
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APPENDICES 

APPENDIX 1. The final protocol for dialysis method. 

Dialysis method to assess covalent binding to CYPs 

The aim of the dialysis method is to further evaluate the TDI that has been observed in IC50 shift 

assay-> is the inhibition reversible/irreversible? If the enzyme activity is restored after the 

dialysis, the inhibition is reversible. 

• Two separate incubations (with and without 30 min preincubation with NADPH), CYP 

activity studied pre and post dialysis 

• NADPH 1mM per incubation 

• Vehicle controls: 

o 1 % DMSO (=100% activity) 

• Compound to be studied (CYP inhibitors). As an example, CYP3A4 inhibitors azamulin, 

verapamil and ketoconazole were used in the method development. 

• The test compound concentration is chosen based on the IC50 shift assay-> 

concentration in which there is about 10% enzyme activity left in the samples 

preincubated with NADPH. 

• Metabolite of a probe substrate is analysed (each condition, determination of CYP 

activity) 

o Only one probe substrate/incubation; also, DMSO control (100% activity) for 

each probe reaction 

o The probe substrate concentrations are the same as in IC50 shift assay 

• Results are calculated as Remaining activity (% of control) 

o E.g. (1’-OH-MDZ peak area, sample)/(1’-OH-MDZ peak area, DMSO control) x 

100%  

 

  



  

  

 

Reagent Stock 
conc. 

Dilution Incubation 
conc. 

Compound 1 10 mM 62.5 µM e.g. 0.5 
µM 

 Vehicle control (w/o test compound, with 
probe) 

DMSO  1 % 

NADPH 10 mM  1 mM 

NADPH 12.5 mM  1 mM 

microsomes 20 mg/ml 1.5 
mg/ml 

0.3 mg/ml 

~4 liters of 100 mM Phosphate buffer 
containing 5 mM MgCl2 pH 7.4 

100 mM  100 mM 

Midazolam 10 mM 300 µM 3 µM 

Diclofenac 10 mM 500 µM 5 µM 

Dextrometorphan 10 mM 1 mM 10 µM 

Phenacetin 10 mM 1.5 mM 15 µM 

 

Other equipment 

Dialysis - 5 l beaker  

- Magnetic stirrer 

- Thermo Slide-A-Lyser MINI dialysis units and floating device (In floating 

device there is room for 25 samples) 

Activity part - 4 x Falcon 96-well U-bottom plates ref. 351177 (activity plate) 

- 4 x Costar v-bottom plates ref. 3363 (analysis plate) 

- 4 x Aluminium sealing tapes (Thermo 276014) 

- Thermomixer heated shaking incubator 

- Ice and acetonitrile 

 

Maximum number of tested compounds in one dialysis is DMSO-control + 3 test compounds 
(for the same CYP isoform), as there are 25 places in floating device. For each sample there 
are 3 TDI and 3 DI samples -> (3+3) x 4-> 24 



  

  

 

Reagent Catalogue number Molecular weight 
(mg/ml) 

Midazolam M2419 441.84 

Diclofenac D6899 318.13 

Dextrometorphan D9684 370.32 

Phenacetin 77440 179.22 

Na2HPO4 71643 177.99 

NaH2PO4 71505 156.01 

MgCl2 63064 203.30 

NADPH 10621706001 833.4 

 

PREPARATIONS 

Phosphate buffer 

100 mM Phosphate buffer with 5 mM MgCl2 pH 7.4 (Phosphate buffer)  

• Make two 100 mM phosphate buffers: 

o 71.2 g Na2HPO4 / 4000 ml H2O (Na2HPO4 x 2H2O MW = 177.99 g/mol) 

o 31.2 g NaH2PO4 / 2000 ml H2O (NaH2PO4 x 2 H2O MW = 156.01 g/mol) 

• Mix these two until pH is 7.4: About 3100 ml Na2HPO4 + 860 ml NaH2PO4 

• Add 3.96 g MgCl2 / 3960 ml to the 100 mM phosphate buffer pH 7.4 (MW = 203.30 

g/mol). Mix and store at 4 °C. 
 

Dilutions of the test compounds in DMSO: 

Calculate the required test compound concentration in the reaction mixture with the following 

equation: 

Concentration in reaction mixture = (100* wanted concentration in incubation/80) 

Prepare 100x higher stock solution into DMSO than the concentration in the reaction mixture. 

E.g. If the incubation concentration is 0.5 µM; required concentration in the reaction mixture is 

0.625 µM and the required stock is 100 x 0.625 =62.5 µM 

NADPH: 

Prepare two different NADPH solutions on day 1 (10 mM = 8.3 mg/ml and 12.5 mM = 10.42 

mg/ml). Dissolve NADPH freshly on each assay day (the required amount can be weighed 

beforehand and stored at + 4 °C until use). On day 2 only 10 mM NADPH is needed. 



  

  

 

30 µl x 3 (triplicates) x 4 (compounds) x 1 conditions = 360 µl 

Weigh x mg NADPH (MW= 833.4 g/mol) and add x µl PBS = 10 mM (=> 8.3 mg/ml solution; 

weigh an amount and add buffer to this concentration) 

12.5 mM NADPH (10.42 mg/ml solution; weigh an amount and add buffer to this 

concentration) 

Microsomes (c=20 mg/ml): 

Microsomes thawed on ice and kept on ice after thawing.  

Prepare 1.5 mg/ml microsome dilution into the assay buffer. The required microsome dilution 

(1.5 mg/ml) volume: 

75 µl x 3 (triplicates) x 2 (conditions) x number of compounds/references =  

      e.g.  4 compounds: 

•  150 µl 20 mg/ml stock +  1850 µl PBS = 2000 µl (1.5 mg/ml) 

Probe substrates: 

Prepare stocks of the probe substates, an example in the table below. 

Compound MW 
(g/mol) 

Stock 
(mM) 

Stock 
(M) 

Stock in 
mg/ml 

Weighed 
(mg) 

Add DMSO 
(ml) 

Diclofenac 318.13 10 0.01 3.1813 2 0.629 

Dextromethorphan 370.32 10 0.01 3.7032 2 0.540 

Phenacetin 179.22 10 0.01 1.7922 1 0.558 

Midazolam 441.84 10 0.01 4.4184 2 0.453 

 

Dilutions are made into buffer. The dilution concentrations need to be 100x higher than the 

assay concentration. 

Midazolam (probe for 3A4): (assay concentration 3µM; dilution concentration 300µM) 

• 2 µl 10 mM stock + 66 µl PBS => 68 µl of 300 µM midazolam  

Diclofenac (probe for 2C9) 5 µM in incubation (500 µM dilution) 

• 2 µl 10 mM stock + 38 µl PBS => 40 µl of 500 µM 

Dextrometorphan (probe for 2D6) 10 µM in incubation (1 mM dilution) 

• 6 µl 10 mM stock + 54 µl PBS => 60 µl of 1 mM 

Phenacetin (probe for 1A2) 15 µM in incubation (1.5 mM dilution) 



  

  

 

• 9 µl 10 mM stock + 51 µl PBS => 60 µl 1.5 mM 

WORKFLOW: 

Take microsomes from the fridge on a small box of ice. Place an ACN-bottle on the ice. In a fridge 

room, place a 5 l beaker on magnetic stirrer and place ~4 liters of phosphate buffer + magnetic 

stir into the beaker. Turn on the thermomixers (37 °C), so they are warm when starting the 

incubation. 

Prepare both the TDI and DI samples in the Micronics at the same time. Note that NADPH is not 

added into the DI sample micronics. When the TDI samples are in pre-incubation, the DI pre-

dialysis activity plate can be done. DI samples can wait in Micronics for a while before placing 

into the dialysis units, and the TDI and DI samples can be placed in the dialysis units at the same 

time. After placing all the samples into dialysis, TDI pre-dialysis activity plate can be done. 

On day 2, NADPH (10 mM) and probe substrate dilution can be prepared and ACN placed on ice 

before taking the samples from the dialysis. Also, turn on the thermomixers (37 °C), so they are 

warm when starting the incubation. 

After 24 h dialysis, the dialysis floating device can be taken carefully from the dialysis beaker, 

and placed in the fume hood on two other, empty floating devices (so that the bottoms of the 

dialysis units don’t touch anything). The samples can then be pipetted to the activity plates (TDI 

and DI samples on separate plates). The more detailed instructions below. 



  

  

 

30 min pre-incubation samples (TDI) 

1. Prepare enzyme mixtures to micronic tubes (in triplicate for each compound and the 

DMSO control): 

- 75 µl microsomes (c=1.5 mg/ml) 

- 30 µl 12.5 mM NADPH solution 

- 3 µl of test compound 

-192 µl of buffer  

Tubes altogether 3 x number of compounds: 

DMSO (- CTRL) DMSO (- CTRL) DMSO (- CTRL) 

Compound 1 Compound 1 Compound 1 

Compound 2 Compound 2 Compound 2 

Compound 3 Compound 3 Compound 3 

 

2. Make the incubation mixture into Micronics (first buffer, then NADPH, microsomes 

and test compound) 

a. Preincubate for 30 minutes (at 37 °C) in micronics. 

i. Thermomixer programmed to mix every 5 min for 15 secs (300 rpm) 

b. Add 1 µl of probe substrate dilution and 20 µl of buffer into the activity plate 

(Falcon 96-well U-bottom plates ref. 351177 ) and pre-warm for 5 min.  

c. Add 80 µl of incubation mixture into pre-warmed activity plate containing 

buffer and probe substrate.  

d. Incubate for 10 minutes and take activity samples into ice-cold ACN (in 1:1 

ratio) 

i. Thermomixer programmed to mix every 5 min for 15 secs (300 rpm) 

ii. Pipet 50 µl ice-cold ACN into analysis plate (Costar v-bottom plates ref. 

3363) 

iii. take 50 µl sample from the activity plate into the analysis plate 

containing ACN 

e. Seal the plate with aluminium sealing tape, mix with orbital shaker for a few 

seconds and place into freezer (-80°C)  

3. Pipet 100 µl into the dialysis inserts and dialyse in ~4 l of ice-cold buffer for 24 h (at + 4 

°C).  

 

 

 

 



  

  

 

PLATE MAP (FOR ALL THE INCUBATION AND SAMPLE PLATES) 

 1 2 3 4 5 6 7 8 9 10 11 12 

A DMSO  

(-CTRL) 

DMSO  

(-CTRL) 

DMSO  

(-CTRL) 

         

B Compound 

1 

Compound 

1 

Compound 1          

C Compound 

2 

Compound 

2 

Compound 2          

D Compound 

3 

Compound 

3 

Compound 3          

E             

F             

G             

 

4. After 24-hour dialysis remove 80 µl enzyme mixture from dialysis tubes into the 

activity plate 

a. Pre-warm at + 37 C for 5 min 

b. Add 1 µl of probe substrate dilution 

c. Add 10 µl of pre-warmed buffer into each sample (put e.g 150 µl into as many 

Micronics as there are test samples)  

d. Add 10 µl of pre-warmed NADPH mixture (10 mM) (put 150 µl into 3 micronics, 

add NADPH at the same time to all 3 replicates) 

e. Incubate for 10 minutes and take activity samples into ice-cold ACN (in 1:1 

ratio) 

i. Thermomixer programmed to mix every 5 min for 15 secs (300 rpm) 

ii. Pipet 50 µl ice-cold ACN into analysis plate (Costar v-bottom plates ref. 

3363) 

iii. take 50 µl sample from the activity plate into the analysis plate 

containing ACN. (triplicates concurrently) 

f. Seal the plate with aluminium sealing tape, mix with orbital shaker for a few 

seconds and place into freezer (-80°C)  

 



  

  

 

0 min pre-incubation samples (RI) 

5. Prepare enzyme mixtures to micronic/eppendorf tubes (in triplicate for each 

compound and the DMSO control): 

- 75 µl microsome solution (c= 1.5 mg/ml) 

- 3 µl of test compound 

- 222 µl of buffer  

Tubes altogether 3 x number of compounds: 

DMSO (- CTRL) DMSO (- CTRL) DMSO (- CTRL) 

Compound 1 Compound 1 Compound 1 

Compound 2 Compound 2 Compound 2 

Compound 3 Compound 3 Compound 3 

 

6. Pre-incubation WITHOUT NADPH in Micronics for 10 min 

7. Add 1µl of probe substrate dilution, 10 µl of buffer and 10 µl NADPH (10mM) into the 

activity plate (Falcon 96-well U-bottom plates ref. 351177) and pre-warm for 5 min  

8. From the mixture in incubated Micronics, take 80 µl into pre-warmed activity plate 

containing buffer, NADPH and probe substrate. 

9.  Incubate the activity plate 

a. Incubate for 10 minutes and take samples into ice-cold ACN solution (in 1:1 

ratio) 

i. Thermomixer programmed to mix every 5 min for 15 secs (300 rpm) 

ii. Pipet 50 µl ice-cold ACN into analysis plate (Costar v-bottom plates ref. 

3363) 

iii. take 50 µl sample from the activity plate into the analysis plate 

containing ACN 

b. Seal the plate with aluminium sealing tape, mix with orbital shaker for a few 

seconds and place into freezer (-80°C)  

10. Pipet 100 µl into the dialysis inserts and dialyse in ~4l of ice-cold buffer for 24 h (at + 4 

°C).  

11. After 24-hour dialysis remove 80 µl enzyme mixture from dialysis tubes into the activity 

plate 

a. Pre-warm at + 37 C for 5 min 

b. Add 1 µl of probe substrate solution 

c. Add 10 µl of pre-warmed buffer (put e.g 150 µl into as many Micronics as there 

are test samples)  

d. Add 10 µl of pre-warmed NADPH mixture (10 mM) (put 150 µl into 3 micronics, 

add NADPH at the same time to all 3 replicates) 



  

  

 

e. Incubate for 10 minutes and take activity samples into ice-cold ACN (in 1:1 

ratio) 

i. Thermomixer programmed to mix every 5 min for 15 secs (300 rpm) 

ii. Pipet 50 µl ice-cold ACN into sample plate 

iii. take 50 µl sample from the activity plate into the sample plate 

containing ACN. (Triplicates concurrently) 

f. Seal the plate with aluminium sealing tape, mix with orbital shaker for a few 

seconds and place into freezer (-80°C)  



  

  

 

 

APPENDIX 2 IC50 shift assay result sheets for all the tested inhibitors. 

 



  

  

 



  

  

 



  

  

 



  

  

 



  

  

 



  

  

 

 



  

  

 

 

 

 

 



  

  

 

 

 

 

 

 



  

  

 

APPENDIX 3 Dialysis method development steps. 

 

 

 

Assay 

development 

step 

rhCYP/ 

HLM 

Duration of 

dialysis and 

change of the 

buffer 

Tested 

compounds and 

their 

concentrations 

Sample 

volume 

in 

dialysis 

Additional 

information 

A rhCYP 24 h + change 

of the buffer 

after 3 h 

Azamulin 

(1µM), 

verapamil (10 

µM), 

ketoconazole 

(1µM) 

150 µl  

B rhCYP 24 h, no buffer 

change 

Azamulin 

(1µM), 

verapamil (10 

µM), 

ketoconazole 

(1µM) 

150 µl  

C rhCYP 6 h, no buffer 

change 

Azamulin 

(1µM), 

verapamil (10 

µM), 

ketoconazole 

(1µM) 

150 µl Protein 

concentration 

measurement 

(Micro BCA 

protein assay 

kit, Pierce) 

D rhCYP 6 h + change 

of the buffer 

after 3 h 

Azamulin 

(1µM), 

verapamil (10 

µM), 

ketoconazole 

(1µM) 

150 µl Protein 

concentration 

measurement 

(Micro BCA 

protein assay 

kit, Pierce) 

E HLM 24 h + change 

of the buffer 

after 3 h 

Azamulin (1 

µM), 

ketoconazole (1 

µM ja 0.1 µM) 

150 µl Protein 

concentration 

measurement 

(BioRad) 

Azamulin and 

ketoconazole 

concentrations 

were measured 

from the 

samples 

F HLM 24 h + change 

of the buffer 

after 3 h 

Azamulin (0.5 

µM), 

ketoconazole 

(0.2 µM) 

150 µl Protein 

concentration 

measurement 

(BioRad) 

 



  

  

 

 

 

 

 

 

 

 

 

 

G HLM 24 h + change 

of the buffer 

after 3 h 

Azamulin (0.5 

µM), 

ketoconazole 

(0.2 µM) 

150 µl Protein 

concentration 

measurement 

(BioRad) 

NADPH was 

not added to 

the DI samples 

before dialysis. 

H HLM 24 h + change 

of the buffer 

after 3 h 

Azamulin (0.5 

µM), 

ketoconazole 

(0.2 µM) 

100 µl Sample 

volume in 

dialysis 

changed to 100 

µl. 

Ketoconazole 

was also tested 

without 

microsomes. 

I HLM 24 h, no buffer 

change 

Azamulin (0.5 

µM), verapamil 

(20 µM), 

ketoconazole 

(0.2 µM) 

100 µl  

J HLM 24 h, no buffer 

change 

Tienilic acid (3 

µM), 

sulphaphenazole 

(3 µM), 

paroxetine (5 

µM), quinidine 

(1 µM) 

100 µl  

K HLM 24 h, no buffer 

change 

Azamulin (0.5 

µM), verapamil 

(10 µM), 

ketoconazole 

(0.2 µM) 

1A2: Furafylline 

(2 µM), 

Fluvoxamine 

(0.3 µM) 

100 µl  


