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ABSTRACT 

 

Determination of half maximal inhibitory concentration (IC50) 

of several anticancer drugs for inhibiting CYP3A4 metabolism 

of midazolam 

 

Cytochrome P450 3A4 (CYP3A4) is responsible for metabolizing approximately 

40-50% of pharmaceutically active ingredients; this includes some very 

important anticancer agents that could interact with concomitant medications 

that are also CYP3A4 substrates given their narrow therapeutic window. 

 The aims of this study were to develop a HPLC-UV method to measure 

midazolam and its two CYP3A4-mediated metabolites , 1’-hydroxymidazolam 

and 4-hydroxymidazolam, and to use this method to determine the half maximal 

inhibitory concentrations of twelve anticancer drugs for inhibiting the CYP3A4 

metabolism of midazolam.  

 Several different gradients of the mobile phases along with different flow-

rates and columns were tried before the final HPLC-UV method was 

successfully developed. This method was then used to run several reaction 

samples, where the decrease in the 1’-hydroxy metabolite concentration was 

monitored in order to determine the IC50 of the anticancer drugs.   

Ketoconazole and docetaxel were both strong CYP3A4 inhibitors, with 

IC50 of 0.050 µM and 0.94 µM respectively. Everolimus, sirolimus and imatinib 

were all classified as moderate inhibitors. Other anticancer agents showed 

weak inhibition.  

These results indicate that ketoconazole and docetaxel are likely to 

interact with other drugs that are CYP3A4 substrates in vivo but the other 

anticancer agents did not inhibit CYP3A4 at therapeutic concentrations and are 

therefore unlikely to alter the metabolism of other CYP3A4 substrates.  
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ÁGRIP  

 

Ákvörðun á IC50 gildi krabbameinslyfja fyrir hamningu á umbroti 

mídazólams gegnum CYP3A4 

 

Cýtókróm P450 3A4 (CYP3A4) sér um niðurbrot á 40 – 50 % af öllum lyfjum. 

Þar á meðal eru mikilvæg krabbameinslyf sem geta milliverkað við önnur lyf 

sem eru gefin samhliða og eru einnig brotin niður af CYP3A4.  

 Markmið rannsóknarinnar var tvíþætt. Annars vegar að þróa aðferð til að 

mæla mídazólam ásamt tveimur umbrotsefnum þess, 1’-hýdroxýmídazólam og 

4-hýdroxýmidazólam, með HPLC-UV. Hins vegar að nota þessa aðferð til að 

ákvarða IC50 gildi tólf krabbameinslyfja.  

 Kannaðar voru ýmsar styrkleikadreifingar á ferðafasa með mismunandi 

flæðihraða og súlum áður en endanleg HPLC-UV aðferð var ákvörðuð. Þessi 

aðferð var síðan notuð til að mæla hversu mikið krabbameinslyfin hindruðu 

niðurbrot mídazólams til þess að geta ákvarðað IC50 gildi þeirra.  

  Ketokónazól og docetaxel voru bæði sterkir CYP3A4 hemlar, þar sem 

IC50 gildi ketokónazóls var 0,050 µM en IC50 gildi docetaxels var 0,94 µM. 

Everolímus, sirolímus og imatinib voru flokkuð sem millisterkir hemlar en önnur 

krabbameinslyf sýndu litla hömlun.   

 Þessar niðurstöður gefa til kynna að ketokónazól og docetaxel eru líkleg 

til að milliverka við önnur lyf sem brotna niður fyrir tilstilli CYP3A4. Önnur 

krabbameinslyf sýndu ekki nægilega mikla hömlun á CYP3A4 og eru því ekki 

líkleg til að milliverka við önnur lyf sem eru CYP3A4 hvarfefni.  
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1 INTRODUCTION  

 

1.1 Pharmacokinetics of anticancer agents 

Every pharmaceutically active ingredient has a potential to produce either 

desirable or undesirable effects. The way that patients respond to a particular 

drug depends on the concentration of that drug, or its metabolites, at the target 

sites within the body (Rodrigues, 2008). What the body does to the drug can be 

explained by pharmacokinetics. The pharmacokinetics of drugs can be divided 

into four main parts: absorption, distribution, metabolism and excretion. The 

process of drug disposition can be seen in Figure 1 (Undevia, et al., 2005).        

 

 

 

 

 

 

 

 

 

 

Figure 1. Drug disposition. Drug disposition can be 

divided into four main parts: absorption, distribution, 

metabolism and excretion (Undevia, Gomez-Abuin, & 

Ratain, 2005).  
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 A large interindividual variability in pharmacokinetics of anticancer drugs 

has been detected. This can result in unpredictable adverse effects, since these 

drugs have a narrow therapeutic window. After a standard dose of an 

anticancer agent, there can be up to ten-fold variability in the systemic 

exposure. The source of this variation can be found in the absorption, 

distribution, metabolism and/or excretion of the anticancer drugs (Undevia, et 

al., 2005). 

  Anticancer drugs are most often administered intravenously or orally. 

Intravenous drugs have a complete bioavailability, but to the contrary, the 

bioavailability of orally administered drugs is a subject to absorption barriers. 

For example, the bioavailability can be depended on gastric and intestinal pH, 

blood flow to the site of absorption and absorptive surface area, among other 

factors. Furthermore, these factors can vary between patients and are therefore 

sources of pharmacokinetic variability (Undevia, et al., 2005). 

     A distribution of a drug is when the drug moves from the intravascular 

space, following intravenous administration or absorption, to the site of the drug 

target. Many anticancer agents are highly bound to plasma proteins, but the 

levels of these proteins can vary between patients, which then results in 

variable drug distribution (Undevia, et al., 2005).  

 The metabolism of drugs is considered the most crucial step of drug 

disposition. When anticancer drugs are taken up by the liver, they undergo 

phase I and phase II reactions. A major contributor to the phase I metabolism is 

the cytochrome P450 enzymes (Undevia, et al., 2005).    

Phase I and phase II reactions along with the cytochrome P450 system 

will be discussed in further details later on in this thesis. 

Drug excretion is mainly through the kidneys and biliary tract. Factors 

that can influence drug excretion of anticancer drugs are for example the 

urinary pH, but concomitant medications along with vitamins and food can alter 

this pH value. Disease can be another factor, but many diseases can cause 

renal insufficiency which results in reduced drug clearance (Undevia, et al., 

2005).  
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A special focus has been placed on the pharmacokinetic aspects of anticancer 

drugs, because of the fact that pharmacokinetic interactions are responsible for 

the most undesirable drug interactions (Rodrigues, 2008).    
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1.2 Potential for drug interaction 

Various substances can interact with a drug, including food or herbal 

supplements, but most often a drug interaction is used to describe drug-drug 

interactions (DDIs) (Scripture & Figg, 2006). The possibility for drug interaction 

occurs when two or more drugs are given at the same time or over similar or 

overlapping time periods (J. H. Lin & A. Y. H. Lu, 1998). It is a common practice 

in treatment of a disease that a patient is administered more than one drug and 

therefore has an increased risk of suffering from DDI (Wienkers & Heath, 2005).  

A drug interaction can be pharmacokinetic, pharmacodynamic or a 

combination of both. Pharmacokinetic interactions involve absorption, 

distribution, metabolism and/or elimination of drugs and they take place when 

one drug affects these factors of another drug. Pharmacodynamic interactions 

do not affect the pharmacokinetic parameters but can occur when two drugs 

have similar molecular targets and their mechanism of action results in the 

same physiological outcome (Riechelmann et al., 2007; Scripture & Figg, 2006).  

 

1.2.1 Risk of adverse events and drug interactions in cancer therapy 

Most anticancer drugs have a narrow therapeutic window which is defined as 

the ratio of the dose that produces toxic effects to the dose that produces 

desired therapeutic response (Gao, Klumpen, & Gurney, 2008) Consequently, 

the risk of toxicity or a treatment failure is high in chemotherapy (Hassett et al., 

2011). In order to prevent a treatment failure or a relapse, the dose of the 

anticancer agent is often increased above the conventional range (Gurney, 

1996). Therefore, drug related adverse effects among cancer patients are very 

common. 

It has been estimated that 8.7% of patients get hospitalized because of 

the chemotherapy, where gastrointestinal and infectious problems are most 

responsible. Furthermore, the risk of chemotherapy related hospitalization 

seems to be greater during the first two cycles of chemotherapy and patients 

who receive adjuvant or curative therapy are at more risk compared to the 

patients that are on chemotherapy for palliative purposes. Although cancer 
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patients are at great risk of receiving adverse effects, mortality that is related to 

chemotherapy is uncommon and it has been estimated that only 0.9% of 

chemotherapy related hospitalizations end in death (Hassett, et al., 2011).  

Approximately 20 – 30 % of all adverse effects are considered to be 

caused by drug interactions (Kuhlmann & Muck, 2001). Cancer patients are 

particularly at risk of DDIs, since they are often taking several medications. In 

addition to the chemotherapy, patients often take different medications for 

treating side effects that the anticancer agents are causing or other drugs for 

treating various symptoms that the cancer itself can cause. Also, their 

pharmacokinetic parameters may be altered due to various reasons such as 

malnutrition and mucositis, causing impaired drug absorption, reduced levels of 

serum-binding proteins, leading to variations in volume of distribution of a drug, 

or patients may have renal or hepatic dysfunction, causing altered drug 

excretion. All these changes in pharmacokinetic factors can increase the risk for 

DDIs (Riechelmann, et al., 2007).  

A survey that was conducted in Canada studied potential drug 

interactions among 405 cancer patients. Potential drug interactions were 

identified in 27% of patients, where 9% were classified as major interactions 

that were life threatening or could cause permanent damage, and 77% were 

classified as moderate interactions that could harm the patients so that 

treatment was required (Riechelmann, et al., 2007).      

 The majority of drugs in humans are metabolized via cytochrome P450 

enzymes. The enzymes are implicated in a high proportion of drug-drug 

interactions because of their broad substrate specificity, which means that even 

if  drugs are structurally different, they can be metabolized by the same 

enzymes (Wienkers & Heath, 2005).   
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1.3 Cytochrome P450 enzymes 

Cytochrome P450 (CYP450) enzymes are a family of isoforms that play a major 

part in metabolism of many drugs (J. H. Lin & A. Y. H. Lu, 1998). CYP450 

enzymes are primarily found in the hepatocytes within the lipid bilayer of the 

endoplasmic reticulum (Bibi, 2008). They catalyze numerous oxidative reactions 

but also metabolize a large number of lipophilic xenobiotics (J. H. Lin & A. Y. H. 

Lu, 1998). Over 400 isoforms are known to exist but it has been estimated that 

eight of them (CYP3A4, CYP1A2, CYP2A6, CYP2B6, CYP2C9, CYP2C19, 

CYP2D6 and CYP2E1) play a dominant role in drug metabolism (Lee & Kim, 

2011). These enzymes are predominantly expressed in the liver but also occur 

in lungs, kidneys, small intestine and placenta (Lynch & Price, 2007). 

Cytochrome P450 enzymes are haemoproteins that have an iron 

protoporphyrin IX as the prosthetic group. The name cytochrome P450 is 

derived from the fact that the cytochrome, also called pigment, exhibits a 

maximum spectral absorbance at 450 nm when it is reduced and is in a carbon 

monoxide complex (Gibson & Skett, 1999).   

The CYP450 isoforms are classified into family, subfamily and individual 

gene based on their molecular biology. If enzymes display greater than 40% 

amino acid sequence homology, they belong to the same family but if the 

homology becomes greater than 55% then the enzymes are classified into the 

same subfamily. The nomenclature for the CYP isoforms is based on this 

classification, where the family is indicated by an Arabic numeral, the subfamily 

by a capital letter and finally the gene by another Arabic numeral (Bibi, 2008). 
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1.3.1 The cytochrome P450-catalysed mixed-function oxidation 
reaction 

The majority of drugs are transformed into more polar metabolites so they can 

be more efficiently excreted. They undergo biotransformations through 

reactions that are known as phase I and phase II reactions. In phase I 

reactions, drugs are introduced to a functional group that results in a modest 

increase in hydrophilicity of the drug. The products from the phase I reaction are 

then coupled to endogenous moieties that are highly polar, resulting in readily 

excreted metabolites. This biotransformation is known as the phase II reaction.  

The CYP450s are the most important enzymes in phase I metabolism. 

They transform drugs and other xenobiotics into more water-soluble metabolites 

so they can be eliminated by the body (Obligacion, Murray, & Ramzan, 2006). 

Biotransformation of drugs can also result in inactivation of pharmacological 

activity of the drugs (Iyanagi, 2007). The CYP450-catalysed mixed-function 

oxidation reaction is the most studied drug metabolism reaction which conforms 

to the following stoichiometry 

 

NADPH + H+ + O2 + RH 
450CYP

 NADP+ + H2O + ROH    

 

The overall reaction is catalyzed by the enzyme cytochrome P450, where RH 

represents the oxidisable drug substrate and ROH represents the hydroxylated 

metabolite (Bibi, 2008). Furthermore, the equation shows that molecular oxygen 

is needed to incorporate into the substrate, but studies have shown that the 

oxygen in the metabolite is not derived from water (Gibson & Skett, 1999).   

The main features of the CYP450 catalytic cycle are capability of the 

haem iron to undergo oxidation and reduction reactions along with oxygen 

activation and substrate binding. The reaction cycle can further be explained in 

7 steps (Figure 2).      
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In the first step, the drug substrate (RH) binds to the oxidized form, Fe3+, of the 

CYP450 enzyme. Then, step two shows how the first electron is involved in 

reducing the substrate-bound ferric (Fe3+) CYP450 to the ferrous (Fe2+) form. In 

step 3, the molecular oxygen 

binds to the Fe2+ ion in the 

ferrous- CYP450-substrate 

complex, which is then 

introduced to the second 

electron in step 4 (Gibson & 

Skett, 1999). Both first and 

second electrons are 

transferred to the CYP 

molecule from NADPH (Lamb, 

Warrilow, Venkateswarlu, 

Kelly, & Kelly, 2001). Steps 5, 

6 and 7 involve electron 

rearrangement, product 

formation by insertion of oxygen 

and finally the product is 

released from the active site of 

the CYP450 enzyme (Gibson & 

Skett, 1999).      

 

 

 

1.3.2 Inhibition of CYP450 

 

Large number of drug interactions are associated with CYP inhibition (J. H. Lin 

& A. Y. H. Lu, 1998). Inhibition reaction occurs when two drugs compete for the 

same enzyme receptor site but only one drug can interact with the enzyme, 

resulting in a decreased metabolism of the less potent drug. However if the 

unmetabolized drug is a pro-drug, then the inhibition can lead to decreased 

Figure 2. The catalytic cycle of 

CYP450. Retrieved 22nd of April 2012 

from:  

http://www.tcm.phy.cam.ac.uk/~mds21/t

hesis/node49.html     

http://www.tcm.phy.cam.ac.uk/~mds21/thesis/node49.html
http://www.tcm.phy.cam.ac.uk/~mds21/thesis/node49.html
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efficacy (Ogu & Maxa, 2000). Furthermore, the inhibition can be reversible, 

irreversible or quasi-irreversible (J. H. Lin & A. Y. H. Lu, 1998). 

 Of these mechanisms, reversible inhibition is probably the most common 

one and responsible for the majority of drug interactions. In reversible inhibition, 

the inhibitor interacts with the enzyme by entering its active site in a manner 

that blocks access of another drug to be metabolized by that enzyme (Wienkers 

& Heath, 2005). The inhibitor can bind to the lipophilic region of the protein or to 

the prosthetic heam iron. If the inhibitor binds simultaneously to both regions, it 

is considered to be more potent (J. H. Lin & A. Y. Lu, 1998). This mechanism is 

reversible, because the inhibitor only interacts with the enzyme for a period of 

time and then leaves the site with the enzyme unchanged (Wienkers & Heath, 

2005).  

 In irreversible inhibition, the inhibitor is oxidized by the CYP enzyme and 

forms a reactive intermediate, which then either binds covalently to the 

apoprotein or to the prosthetic haem group of the enzyme (J. H. Lin & A. Y. Lu, 

1998; Wienkers & Heath, 2005). By this, the inhibitor causes an irreversible 

inactivation of the enzyme before its release from the active site.  

 Quasi-irreversible inhibition takes place when an inhibitor is activated by 

the CYP enzyme and forms a metabolite. The metabolite can then bind to the 

prosthetic haem group of the enzyme and form a stable metabolic intermediate 

complex. However, this complexation can be reversed and therefore the 

function of the CYP enzyme can be restored (J. H. Lin & A. Y. Lu, 1998).   

The irreversible and quasi-irreversible inhibitions are also known as 

mechanism-based inhibition whereas in both cases, the inhibition is caused by 

the formation of reactive metabolites by the CYP enzyme (J. H. Lin & A. Y. Lu, 

1998; Wienkers & Heath, 2005).     

 

 

 

 

 



  

 10 

1.4 CYP3A4  

The CYP3A subfamily is considered to be the most important family of the 

CYP450 enzymes, responsible for the metabolism of over 120 medications 

(Bibi, 2008; Patki, Von Moltke, & Greenblatt, 2003). Three related isoforms, 

CYP3A4, 3A5 and 3A7, belong to the CYP3A subfamily (Murray et al., 1999). 

The CYP3A4 isozyme is the major form that is expressed in the liver and it also 

accounts for the majority of the CYP activity in the intestine, or approximately 

70% (Murray, et al., 1999; Scripture & Figg, 2006). Drugs that are CYP3A4 

substrate are therefore susceptible to first pass metabolism in the small 

intestine which could lead to less absorption and influence their effectiveness 

(Hasler et al., 1999). It has been estimated that 50% of therapeutic drugs are 

metabolized by the CYP3A4 enzyme (Luo, Guenthner, Gan, & Humphreys, 

2004).  

The CYP3A4 content in the liver shows a large interindividual variability, 

but the isozyme has been estimated to be in the range from 47 to 523 pmol/mg 

of microsomal protein (Patki, et al., 2003). This interindividual variability is an  

important factor in drug interactions but the drug interaction can be clinical 

significant if the parent drug or the active metabolite has a small therapeutic 

index (J. H. Lin & A. Y. H. Lu, 1998). Other factors that are important are for 

example age and gender, but these factors can affect the toxicity profile of a 

drug and therefore a patient response to a treatment (Scripture & Figg, 2006).   
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1.4.1 CYP3A4 substrate: Midazolam  

Midazolam (MDZ) is a known CYP3A4 substrate and is often used as a probe 

substance to measure CYP3A4 activity. As seen in Figure 1, midazolam is 

metabolized to 1’-hydroxy midazolam (1’-

OH MDZ) and 4-hydroxymidazolam (4-OH 

MDZ) (Christensen, et al., 2009). The 1’-

OH metabolite is the major metabolite 

formed at midazolam concentrations 

below 25 µM but the formation of 4 –OH 

MDZ is minor at therapeutic doses of 

midazolam (Keubler, Weiss, Haefeli, 

Mikus, & Burhenne, 2012).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Midazolam metabolism 

via CYP3A4. Structure of midazolam 

and its main metabolite 1’-OH MDZ 

and secondary metabolite 4-OH MDZ 

(Christensen, Mathiesen, Postvoll, 

Winther, & Molden, 2009). 
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1.5 Importance of in vitro screening assays to predict in vivo      
drug-drug interactions 

The inhibition of cytochromes P450 is the main reason for drug interactions, 

since oxidative metabolism via CYP enzymes is the major route of elimination 

for most drugs. Because drug interactions can lead to serious adverse effects, it 

is important to consider the potential for drug interactions of a new chemical 

entity during the drug discovery and development process (J. H. Lin & A. Y. Lu, 

1998). 

Several drugs have been withdrawn from the market because of serious 

toxicities that were linked to CYP-mediated drug-drug interactions (Brown, Ito, 

Galetin, & Houston, 2005). A widely known example is the withdrawal of 

mibefradil from the market. Mibefradil is a T-type and L-type calcium channel 

blocker and was used for management of hypertension and chronic stable 

angina before it was withdrawn from the market in 1998, only a year after its 

release. Mibefradil inhibits the CYP3A4 enzyme and after its release, several 

CYP-mediated drug interactions became apparent, where some of them where 

life-threatening (Mullins et al., 1998).  

In earlier days, most drug interaction studies were not conducted until the 

drugs were in phase II and III clinical trials, but in recent years, potential in vivo 

drug interactions are predicted at much earlier stage in the drug development 

process. Now, most pharmaceutical companies use in vitro screening 

techniques to predict potential drug interactions of a new drug candidate (J. H. 

Lin & A. Y. Lu, 1998).       

In vitro drug interaction assays often use human liver microsomes (HLM) 

but more recently, recombinant microsomes are becoming valuable in vitro 

systems. The recombinant microsomes are c-DNA expressed systems that 

include membranes from E. coli or baculovirus-infected insect cells 

(Christensen, et al., 2009). The recombinant microsomes can therefore express 

a specific enzyme, while human liver microsomes express all the enzymes that 

are found in the liver.    
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First of all, the goal of this project was to develop a new HPLC-UV method to 

measure midazolam and its two CYP3A4-mediated metabolites, 1’-

hydroxymidazolam and 4-hydroxymidazolam.  

Secondly, the goal was to use this method to monitor decreases in the 1’-

hydroxy metabolite in order to determine the half maximal inhibitory 

concentrations of twelve anticancer drugs for inhibiting the CYP3A4 metabolism 

of midazolam. In order to be able to measure CYP3A4 metabolism, 

recombinant microsomes were used that only expressed that specific enzyme. 

 Furthermore, the resulting IC50 concentrations of the anticancer drugs were 

used to classify them as strong, moderate or weak CYP3A4 inhibitors.  



  

 14 

2 AIMS 

 

Cytochrome P450 3A4 (CYP3A4) is responsible for metabolizing approximately 

40-50% of pharmaceutically active ingredients; this includes some very 

important anticancer agents that could interact with concomitant medications 

that are also CYP3A4 substrates given their narrow therapeutic window. 

 

The aims of this project are to: 

 

1. Develop an HPLC-UV assay to measure midazolam and its two 

CYP3A4-mediated metabolites for use in studying in vitro CYP3A4 

metabolism via recombinant microsomes. This method will be used to 

monitor decreases in midazolam metabolites in the presence of selected 

anticancer drugs that are known CYP3A4 substrates or inhibitors.  

 

2. Determine the half maximal inhibitory concentration (IC50) of several 

anticancer drugs for inhibiting CYP3A4 metabolism of midazolam in 

order to classify the inhibitors as strong, moderate or weak.  

 

 

 List of anti-cancer agents that will be measured: 

1.  Tyrosine kinase inhibitors – imatinib, vandetanib 

2.  HDAC inhibitors – depsipeptide, vorinostat 

3.  mTOR inhibitors – sirolimus, everolimus 

4. CYP17 lyase inhibitors – abiraterone, ketoconazole 

5. 5-alpha reductase inhibitors – finasteride, dutasteride 

6.  Taxanes – docetaxel, paclitaxel. 
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3 MATERIALS AND METHODS 

 

3.1 Instruments and materials 

Instruments and materials that were used in this HPLC-UV assay are listed in 

Tables 1, 2 and 3.  

 

Table 1. Instruments.  

Instrument   Manufacturer 

HPLC-UV   Agilent 1100 Series 

Injection crimp cap microvials   Agilent 

Vial inserts   Agilent 

Silver Crimp Caps, Teflon/Si   Agilent 

Analytical Balance   Mettler Toledo 

Pipettes   Gilson 

Microcentrifuge tubes   USA Scientific/Greentree Scientific, Inc.  

5 mL Volumetric flasks   Kimax Kimble 

Disposable culture tubes   VWR International 

37C Water bath   Fisher Scientific 

Sonicator   Branson 3510 

Mini-Centrifuge   Eppendorf Centrifuge 5415 D 

Vortex-Genie 2   Scientific Industries, Inc. 

TurboVap LV   Zymark 

pH meter   Thermo Scientific 
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Table 2. Materials. 

Material     Lot number  Manufacturer 

Midazolam*           -  Sigma-Aldrich 

Diazepam*           -    Sigma-Aldrich     

Alprazolam     117H4041  Sigma-Aldrich 

Ammonium acetate     MKBC8405  Sigma-Aldrich 

Methanol     04996KK  Sigma-Aldrich 

1´-OH-Midazolam     41308278  Sigma-Aldrich 

4´-OH-Midazolam     41208259  Sigma-Aldrich 

Ethanol     112629  Fisher Scientific  

Dimethylsulfoxide     02630LZ  Sigma-Aldrich  

Acetonitrile     114776  Fisher Scientific 

0.5 M Potassium 

phosphate buffer, pH 7.4     82538  BD Gentest 

CYP3A4     32100  BD Gentest 

NADPH, solution A     73940  BD Gentest 

NADPH, solution B     06692 and 85588  BD Gentest 

Sodium hydroxide     103H0830  Sigma -Aldrich 

Methyl tert-butyl ether     084699  Fisher Scientific 

Tolnaftate     0001415441  Sigma-Aldrich 

* Midazolam and diazepam were purchased from Sigma-Aldrich, but since they are controlled 
substances access to them was restricted. 
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Table 3. Anticancer drugs.  

Anticancer drug Lot number                     Manufacturer 

Imatinib        -                        Synthesized 

Vandetanib 13139G66J                       AK Scientific 

Depsipetide        - Synthesized 

Vorinostat 061M4742V                     Sigma-Aldrich 

Sirolimus 071M4085V Sigma-Aldrich 

Everolimus BCBF6781V Sigma-Aldrich 

Dutasteride 9-XJZ-7-1                         Toronto Research Chemicals 

Finasteride 075K4712 Sigma-Aldrich 

Abiraterone S112301 Sellek Chemicals LLC 

Ketoconazole 121H0524 Sigma-Aldrich 

Paclitaxel 066K1441 Sigma-Aldrich 

Docetaxel 1319420 and 1343815 Sigma-Aldrich (Fluka) 

 

 

3.2  Method development  

A reversed phase HPLC-UV method was developed for measuring midazolam 

(MDZ) and its two CYP3A4-mediated metabolites, 1’-hydroxymidazolam (1’-OH 

MDZ) and 4-hydroxymidazolam (4-OH MDZ). Originally, a method that 

measured MDZ and its metabolites on LC-MS/MS was used for the HPLC-UV, 

but the peaks, especially for the metabolites, were too low, since HPLC-UV is 

not as sensitive as LC-MS/MS. Therefore, a new method was developed.  

Different flow-rate and gradients for the mobile phases 10 mM 

ammonium acetate and methanol were tried, but increasing methanol from 45% 

to 70% over 8 minutes gave the best results and the flow-rate was set at 0.5 

mL/min. Also, three different columns were tried before it was decided to use 

the Thermo Hypersil® ODS C18 column (2.1 x 100 mm i.d.). Increasing the 

injection volume resulted in sharper peaks and was set at 50 µL, but higher 

injection volume would result in too high column pressure. After trying two 

different wavelengths, UV was set at 227 nm. Four different internal standards 

(IS) were tried. The first two IS, lorazepam and alprazolam, had too similar 

retention times as the 4-OH metabolite and therefore resulted in merged peaks. 
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The third IS, tolnaftate, did not give consistent peaks. Finally, the method could 

be validated by using diazepam as an internal standard.  

 

3.3  Preparation of solutions 

 

3.3.1 Preparation of master stock solutions  

A 2.5 mg/mL midazolam master stock solution was prepared in 

dimethylsulfoxide (DMSO). 1’-OH-MDZ and 4-OH-MDZ master stocks (1 

mg/mL) were then made separately in 200 proof ethanol and then further diluted 

with DMSO (1:1, v/v) to make 0.5 mg/mL solutions. A 2 mg/mL master stock 

solution of the internal standard (IS) diazepam was made in DMSO. The IS 

master stock was then further diluted to 1 mg/mL with methanol. All solutions 

were vortexed for 60 seconds and sonicated for 10 minutes.   

 

The master stocks for the experimental anticancer drugs were all dissolved in 

DMSO with concentrations that are shown in Table 4. DMSO was used as a 

solvent because it is the most tolerated one by the sensitive and delicate 

CYP3A4 enzymes. No more than 2% (v/v) of DMSO could be present in order 

to not see significant enzyme inhibition, thus only 1 L of each drug stock (2 L 

total with both midazolam and the inhibitor) in DMSO were added to 200 L 

total reaction volume (1% v/v).  
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Table 4. Master stock concentrations of the experimental anticancer 

drugs. 

Anticancer drug Master stock concentration (mM) 

Imatinib 80 

Vandetanib 60 

Depsipetide 44 

Vorinostat 352 and 2000 

Sirolimus 20 

Everolimus 200 

Dutasteride 200 

Finasteride 200 

Abiraterone 14.3 

Ketoconazole 44 

Paclitaxel 200 

Docetaxel 200 

 

 

3.3.2 Preparation of internal standard solutions  

IS working stock solution (4000 ng/mL) was prepared from the 1 mg/mL master 

stock by adding 40 µL of the master stock to a tube containing 9.96 mL 

methanol and then vortexed.  

 

The final IS solution (1000 ng/mL) was prepared by adding 2.5 mL of the 4000 

ng/mL working stock to a tube containing 7.5 mL acetonitrile, which is the best 

solvent for quenching reactions involving CYP3A4.    

 

3.3.3 Preparation of buffers and mobile phases 

A solution of 0.1M potassium phosphate buffer, pH 7.4, was prepared by 

diluting 4 mL of 0.5 M potassium phosphate buffer with 16 mL of deionized 

water to make 20 mL of 0.1 M potassium phosphate buffer, pH 7.4.  

 

In order to make the HPLC mobile phase buffer of 10 mM ammonium acetate 

(NH4OAc), 3.85 g of ammonium acetate were weighed and added to 0.5 L of 
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deionized water to make a 0.1 M ammonium acetate solution. 100 mL of the 0.1 

M ammonium acetate were then added to 900 mL deionized water to make 0.01 

M ammonium acetate mobile phase. For the liquid-liquid extraction procedure, a 

reconstitution solution was made that matched up with the mobile phase of 

(45/55, v/v) 10 mM NH4OAc/methanol by adding 18 mL of buffer to 22 mL of 

methanol. 

 

3.3.4 Preparation of calibration standards and quality control 
samples  

 

Table 5 shows how the working stocks for the calibration standards were 

serially prepared in DMSO in order to mimic similar percent DMSO levels as the 

CYP3A4 reactions.   

 

Table 5. Serial dilutions for calibration standards.  

Stock 

Solution 

Master Stock 

Added (µL) 

DMSO 

Added 

(µL) 

Working Stock 

[MDZ]/[Metabolites] 

(µg/mL) 

Final 

[MDZ]/[Metabolites] 

(µg/mL) 

O* 123.1+160+160 56.9 1600/160 8.00/0.8 

A 400+200+200 200 1000/100 5.00/0.500 

B 750 of A 250 750/75 3.75/0.375 

C 666.7 of B 333.3 500/50 2.50/0.250 

D 700 of C 300 350/35 1.75/0.175 

E 571.4 of D 428.6 200/20 1.00/0.100 

F 750 of E 250 150/15 0.75/0.075 

G 666.7 of F 333.3 100/10 0.50/0.050 

*The 1600/160 µg/mL [MDZ]/[metabolites] working stock solution was prepared from a 6.5 
mg/mL midazolam master stock solution and 0.5 mg/mL metabolite master stock solutions, 
while the other working stocks were prepared from the 2.5 mg/mL midazolam master stock and 
0.5 mg/mL metabolite master stock solutions.  

 

Calibration standards for analysis were prepared in a volume of 200 µL in 

microcentifuge tube. Briefly, 149 µL of deionized water and 50 µL of 0.1 M 

potassium phosphate buffer were added into the non-zero calibrator samples 

and then 1 µL of corresponding working stock solution in DMSO was spiked into 
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each tube, as specified in Table 6. The calibration standards were prepared in 

duplicate.  

*General extraction guidelines were then followed. 

 

Table 6. Preparation of calibration curve. 

Final 

[MDZ]/[Mets] 

(ng/mL) 

0.1 M KPO4 

buffer, pH 7.4 

(µL) 

Water (µL) 

 

Working 

Solution 

WS Volume 

(µL) 

Blank 50 150 - - 

IS only 50 150 - - 

500/50 50 149 G 1 

750/75 50 149 F 1 

1000/100 50 149 E 1 

1750/175 50 149 D 1 

2500/250 50 149 C 1 

3750/375 50 149 B 1 

5000/500 50 149 A 1 

8000/800 50 149 O 1 

 

Quality control (QC) samples were prepared in batch, as seen in Table 7, using 

5 mL volumetric flasks and reaction buffer, where 20 mL of (3/1, v/v) water/0.1 

M potassium phosphate buffer was prepared by adding 5 mL of 0.1 M 

potassium phosphate buffer to 15 mL of deionized water. 

 

 Table 7. Preparation of quality control samples.  

Final QC 

[MDZ]/[Mets] 

(ng/mL) 

Volume of WS 

added (µL) 

WS Concentration 

[MDZ]/[Mets] 

(ng/mL) 

Reaction Buffer 

added up to: 

600/60 30 G (100/10) 5 mL 

2000/200 50 E (200/20) 5 mL 

4000/400 40 C (500/50) 5 mL 

 

Volumes of 250 µL were aliquoted into individual microcentrifuge tubes, low QC 

(LQC) samples in green tubes, middle QC (MQC) samples in orange tubes and 
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high QC (HQC) samples in red tubes. For each run, 5x 200 µL LQCs, 5x200 µL 

MQCs and 5x 200 µL HQCs were used.  

*The general extraction guidelines were then followed.  

 

3.3.5 Preparation of anticancer drug working stock solutions 

Anticancer drug working stock solutions were prepared from the anticancer drug 

master stocks with serial dilution of DMSO. Seven to ten different 

concentrations were prepared for each anticancer drug. The exact preparation 

of these working stocks can be seen in more details in the Appendix 1.  

 

3.3.6 Preparation of reaction samples (Unknowns)  

To perform a metabolic CYP3A4 reaction, an aliquot of recombinant CYP3A4 

supersomes was thawed from a -80°C freezer in a 37°C water bath for 30 

seconds, then immediately placed on wet ice. The following was then added in 

a microcentrifuge tube, in this exact order: 

140 µL of deionized water 

40 µL of 0.1 M potassium phosphate buffer (pH 7.4) 

10 µL of NADPH solution A, which consists of 31 mM NADP+, 66 mM 

glucose-6-phosphate and 66 mM MgCl2 in 

H2O 

2 µL of NADPH solution B, which consists of 40 U/mL glucose-6-

phosphate dehydrogenase in 5 mM sodium 

citrate.   

1 µL of 2 mM MDZ (no metabolites) in DMSO (final concentration 10 
µM) 

1 µL of an anticancer drug working stock solution. Seven to ten different 
concentrations are used for each anticancer drug and they are 
measured in duplicate. Only one anticancer drug was added in each 
run.  

The samples were then pre-incubated for 5 minutes in 37°C water bath. 10 µL 

of CYP3A4 was then added to the samples. After that, the samples were 

incubated for 30 minutes. After incubation, samples were removed from water 
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bath and 100 µL of ice-cold 1000 ng/mL diazepam in acetonitrile was added to 

quench the reaction.  

*General extraction guidelines were then followed in order to accurately and 

precisely measure the concentration of midazolam and both of its metabolites 

formed via CYP3A4-mediated oxidation.  

To demonstrate that the DMSO that was used in the reaction samples was not 

responsible for the CYP3A4 inhibition, two control samples were made for each 

run that contained everything except the anticancer drug. Also, one control 

sample for each run was made that contained everything the same as the 

reaction sample except for CYP 3A4, in order to show that no metabolites were 

formed when the enzyme was excluded.   

 

3.3.7 General extraction guidelines 

100 µL of acetonitrile containing IS (1000 ng/mL Diazepam) was added to all 

samples to quench the reaction. The samples were then vortexed for 5 

seconds. 50 µL of 2 mM sodium hydroxide was added to precipitate proteins 

and keep the drugs unionized. Then 1 mL of metyl tert-butyl ether (MTBE) was 

added to extract compounds from the aqueous reaction buffer. Samples were 

vortexed again for 20 seconds and then centrifuged in a mini-centrifuge for 5 

minutes at 13,200 rpm (16,100 x g). The supernatant (about 850 µL) is 

transferred to a glass drying tube and dried for 30-40 minutes at 40°C in 

TurboVap LV. The dried samples were reconstituted with 100 µL of 10 mM 

ammonium acetate:methanol (45:55, v/v) and then transferred to an Agilent 

glass injection crimp cap microvial. The vials were capped and arranged in the 

HPLC autosampler in a pre-determined sequential order.  
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3.4 HPLC conditions 

Chromatographic separation of midazolam and its metabolites, 1´-

hydroxymidazolam and 4’-hydroxymidazolam, was carried out on an Agilent 

1100 Series HPLC-UV with a Thermo Hypersil® ODS C18 column (2.1 x 100 

mm i.d.), packed with 3 µm particles, at 40°C. The mobile phase was (45/55, 

v/v) 10 mM ammonium acetate/methanol with a gradient as seen in Table 8. 

The flow rate was set at 0.5 mL/min and the injection volume was 50 µL. UV 

detection was at 227 nm.   

 

Table 8. Gradient of the mobile phases.   

Time (min) 
 10 mM Ammonium Acetate 

(%) 
Methanol (%) 

0.00 55 45 

8.00 30 70 

8.50 30 70 

9.00 55 45 

 

The total run time for each sample was 10 minutes, since midazolam, the 

metabolites and the internal standard, diazepam, were all eluted within that 

time. The retention times for 4-hydroxymidazolam and 1’-hydroxymidazolam 

were 5.7 min and 6.3 min respectively. The retention time for midazolam was 

7.8 min and 7.3 min for diazepam. Chromatograms from the HPLC-UV can be 

seen in Appendix 2.   

 

3.5 Validation criteria 

A partial validation was performed following FDA Guidelines for Industry: 

Bioanalytical Method Validation.  On each of two separate days, a run 

consisting of duplicate calibration curves was prepared along with quality 

control (QC) samples in quintuplet (x5).  In order for the run to pass, accuracy 

had to fall within 15% deviation from the nominal concentration and precision 

to be within 15%.  The order of samples consisted of one set of calibration 

standards at the start of the run, the QCs in the order of low, mid and high, and 
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finally the other set of calibration standards at the end of each run.  For runs 

containing CYP3A4 reaction samples (unknowns), the QCs were interspersed 

between the unknowns so that no more than three unknowns were run in a row 

before the next QC was run.  This was a “quality control” feature that 

continuously monitored the accuracy and precision of the calibrated assay 

throughout the duration of the analysis. 

For the method validation, calibration standards were at first prepared 

with concentrations ranging from 500 – 5000 mg/mL for midazolam and 50 – 

500 ng/mL for the metabolites. After first three runs of the reaction samples, 

another standard was added with a concentration of 8000/800 ng/mL 

[MDZ]/[metabolites], since some of the reaction samples concentrations were 

higher than 5000/500 ng/mL for MDZ and metabolites.  

 

3.6 IC50 Calculations 

For this experiment, IC50 represents the concentration of an anticancer drug that 

is required for 50% inhibition of the CYP3A4 metabolism of midazolam. IC50 

data were determined using GraphPad Prism 5, by plotting % activity against 

log of anticancer drug concentration in nmol/L (nM). The data were then 

analysed using nonlinear regression and the one site – fit log IC50 equation. The 

% activity was determined using Microsoft Excel®, but an example of how the % 

activity is calculated can be seen in the example below.  

 

Calculated 1’hydroxymidazolam concentration in reaction sample: 



[1'OH MDZ](ng /mol) 
Observed[1'OH MDZ](ng /mL)

MolecularWeightof 1'OH MDZ(g /mol)

 

 

Calculated CYP3A4 concentration in reaction sample (total volume of 200 L): 

One 0.5 mL vial from BD Gentest contains 1.0 nmol of CYP3A4. Each individual 

reaction contains 20 pmoles of CYP3A4 from 10 L of the 2000 pmole/mL 

solution added to reaction. The final volume of the reaction is 200 L, thus the 

final [CYP3A4] is 0.1 nmoles/mL or 100 nM. 
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1nmol

0.5mL
 2nmol /mL  2000pmol /mL

2000pmol /mL  0.01mL  20pmol

20pmol

0.2mL
100pmol /mL  0.1nmol /mL

 

 

Calculated specific activity 



Specificactivity (pmol /nmol3A4 /min) 
[1OH MDZ](pmol /mL)

[CYP3A4](nmol /mL)
Rxn(min)

 

The specific activity of CYP3A4 was calculated by dividing the concentration of 

metabolite (1’-OH-MDZ in pmoles/mL as measured by the HPLC-UV assay) by 

the enzyme concentration of 0.1 nmoles/mL and the reaction time of 30 

minutes.  

 

Calculated % activity 

% Activity = (Specific activity of each sample/specific activity in the control 

sample without the anticancer drug) x 100%.  
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4 RESULTS 

 

4.1 Method validation  

A two day method validation was conducted. On both days, all midazolam 

standards were within 15% deviation from the nominal concentration. On day 

one, the B and F metabolite standards were a little bit too high, but were still 

within 18%. All standards were within the 15% deviation on day two. The lowest 

limit of quantification (LLOQ) for midazolam was 500 ng/mL, and LLOQ for 1’-

OH MDZ and 4-OH MDZ were 50 ng/mL. Calibration curves along with the 

goodness of fit value, R square, for midazolam and the two metabolites are 

shown in Figure 4, 5 and 6.     

 

 

 

Figure 4. Midazolam calibration curves. 
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Figure 5. 1’-Hydroxymidazolam calibration curves. 

 

 

 

 

Figure 6. 4-Hydroxymidazolam calibration curves. 
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4.2 Determination of IC50 for the anticancer agents 

The IC50 for 12 anticancer drugs were determined, using GraphPad Prism 5. 

The IC50 for the tyrosine kinase inhibitors imatinib and vandetanib were 29.9 µM 

and ~341 mM respectively (Figure 7). Imatinib was considered to be a moderate 

inhibitor, while vandetanib was a weak inhibitor of CYP3A4. Due to the limits of 

solubility, vandetanib could not be measured at higher concentrations.     

      

 

 
Figure 7.  Imatinib and vandetanib CYP3A4 inhibition.  

 

The histone deacetylase (HDAC) inhibitors, depsipeptide and vorinostat, were 

both weak CYP3A4 inhibitors. IC50 for depsipeptide was 533.5 µM but vorinostat 

had an IC50 of 260.6 µM and 265.6 µM (Figure 8). Vorinostat was analyzed 

twice, where the second analysis used higher concentrations to hopefully get a 

better IC50 curve.  
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Figure 8. Vorinostat and depsipeptide CYP3A4 inhibition.  
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Sirolimus and everolimus, mTOR inhibitors, showed a relatively strong inhibition 

of CYP3A4, where sirolimus inhibited the enzyme with an IC50 of 3.6 µM and 

everolimus with an IC50 of 3.0 µM as shown in Figure 9.  

 

 

 

 
 

Figure 9. Sirolimus and everolimus CYP3A4 inhibition.  
 
 

 

The measured IC50 of ketoconazole was 0.050 µM, but ketoconazole is a known 

potent CYP3A4 inhibitor, so these results match the literature. In contrast, 

abiraterone did not show great inhibition, with an IC50 of 56.0 µM. Abiraterone 

has a solubility limit of 14.3 mM in DMSO, which was the highest concentration 

analyzed. The IC50 curves of these CYP17 lyase inhibitors are shown in Figure 

10.  
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Figure 10. Ketoconazole and abiraterone CYP3A4 inhibition.  

   
 
The 5-alpha reductase inhibitors, finasteride and dutasteride, were not potent 

inhibitors of CYP3A4, as shown in Figure 11. IC50 of finasteride was 81.5 µM 

but the IC50 of dutasteride could not be determined, but was estimated to be > 

1000 µM.  

 
  

 
 
Figure 11. Finasteride and dutasteride CYP3A4 inhibition. 
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Docetaxel turned out to be a much stronger inhibitor (IC50 = 0.94 µM) of 

CYP3A4, compared to paclitaxel (IC50 of ~ 174 mM). The CYP3A4 inhibition of 

these taxanes are shown in Figure 12.  

 
Figure 12. Paclitaxel and docetaxel CYP3A4 inhibition.   
 
 
 
In Table 9, pharmacokintetic parameters for the anticancer drugs are shown, 

were the dose, steady-state concentration and Km values were obtained from 

literature, but the IC50 values are measured values.  
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Table 9. Pharmacokinetic parameters of the anticancer drugs.  

Anticancer drug Dose         CSS (M)           Km for  IC50 

(M)  

             CYP3A4 (M) 

Imatinib
a
 400 mg qd            4.4            44  29.9 

Vandetanib
b
 300 mg qd            2.1/3.3            -         ~ 

341,000 

Depsipetide
c
 14 mg/m

2
 
I
                  0.7/2.5           20.3  533.5 

Vorinostat
d
 400 mg qd 

II
            1.2            -      

260.6/265.6 

Sirolimus
e
 2-9 mg qd            0.01 -0.04           2.2  3.6 

Everolimus
f
 10 mg qd            0.064           2-3  3.0 

Dutasteride
g
 0.5 mg qd            0.076            -                - 

Finasteride
h
 5 mg qd            0.025            -  81.5 

Abiraterone
i
 1000 mg qd            0.65            -  56.0 

Ketoconazole
j
 200 mg bid            0.013            -  0.050 

Paclitaxel
k
          135 – 175 mg/m

2
        0.2 – 4 

III
            15

V
        ~ 174,000 

Docetaxel
l
 75 mg/m

2
 
IV 

   0.00058 – 0.00179           1.1-2.1  0.94 

a: (Nebot et al., 2010; Peng, Lloyd, & Schran, 2005) 
b: (Holden et al., 2005; Tamura et al., 2006) 
c: (Food and Drug Administration, 2009a; Shiraga, Tozuka, Ishimura, Kawamura, & Kagayama, 
2005) 
d: (Food and Drug Administration, 2006; Kavanaugh, White, & Kolesar, 2010)   
e: (Food and Drug Administration, 2009b; Jimeno et al., 2008; Picard, Djebli, Sauvage, & 
Marquet, 2007) 
f: (Laplanche, Meno-Tetang, & Kawai, 2007; O'Donnell et al., 2008) 
g: (Food and Drug Administration, 2008) 
h: (Food and Drug Administration, 2011a) 
i: (Food and Drug Administration, 2011b) 
j: (Patel et al., 2011) 
k: (Bristol-Myers Squibb Company, 2011; Cresteil et al., 2002) 
l: (Baker et al., 2004; Clarke & Rivory, 1999; Cresteil, et al., 2002) 
I
Administered intravenously over a 4 hour period on days 1, 8 and 15 of a 28-day cycle.  
II
With food. 

III
After 3 and 24 hours infusion. 

IV
75 mg/m

2
 infusion over one hour every 3 weeks. 

V
Km value for human liver microsomes 

 
 

Based on these values in Table 9, ketoconazole and docetaxel are strong 

CYP3A4 inhibitors. Imatinib would be considered as a moderate inhibitor and 

even though sirolimus and everolimus have relatively low IC50, they are also 

moderate inhibitors because the steady state concentrations of these drugs are 

low. All other anticancer agents that were measured were weak inhibitors of 

CYP3A4. 
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5  DISCUSSION 

 

5.1  Midazolam and metabolites in microsomes HPLC-UV assay  

A HPLC–UV method was developed that measured midazolam and its two 

CYP3A4-mediated metabolites, 1’-OH MDZ and 4-OH MDZ. A partial method 

validation was performed following the FDA Guidelines for Industry: 

Bioanalytical Method Validation (Food and Drug Administration, 2001). 

According to FDA, a calibration curve should consist of one blank sample, one 

internal standard sample and six to eight non-zero samples, including LLOQ, 

that cover the expected range. In order for a run to pass, at least four out of six 

non-zero standards should be within 15% deviation from the nominal 

concentration. 

In this assay, a blank sample, an IS sample and seven to eight non-zero 

standards were used and they measured in duplicate. The lowest limit of 

quantification for MDZ was 500 ng/mL but the LLOQ for the metabolites were 

50 ng/mL. The highest MDZ standard concentration that was used was 8000 

ng/mL and the highest concentrations for the metabolites were 800 ng/mL. All 

CYP3A4 reaction samples that were measured were within this 500/50 – 

8000/800 ng/mL [MDZ]/[metabolites] range. Also, all MDZ standards were 

within the 15% deviation and five out of seven metabolite standards fell within 

the 15% deviation from the nominal concentration. Therefore, this HPLC-UV 

method that was developed met the FDA validation criteria.    

 This HPLC-UV method was then used to study the in vitro CYP3A4 

metabolism via recombinant microsomes. The 1’-OH MDZ turned out to be the 

major metabolite that was formed via CYP3A4 but the formation of 4-OH MDZ 

was minor. This matches the literature that states that the 1’-OH MDZ is the 

major metabolite formed at midazolam concentration below 25 µM and the 

formation of 4-OH MDZ is minor at therapeutic doses of midazolam, but the final 

midazolam concentration used in this study was 10 µM  (Keubler, et al., 2012). 

Usually the concentration for the probe substrate that is selected is equal to its 
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apparent Km for the CYP enzyme (Wienkers & Heath, 2005). The Km value for 

the formation of 1’-OH MDZ from midazolam via CYP3A4 has been reported to 

be 5.6 µM (Christensen, et al., 2009). The reason for using higher midazolam 

concentration than the apparent Km in this study was because both metabolites 

could not be detected at lower concentrations.    

 

5.2 Determination of IC50 for the anticancer agents and   
classification into strong, moderate or weak CYP3A4 
inhibitors  

Half maximal inhibitory concentrations of several anticancer drugs for inhibiting 

CYP3A4 were determined and they were classified as strong, moderate or 

weak inhibitors. Since 1’-OH MDZ is the major metabolite formed from 

midazolam via CYP3A4 metabolism, the decrease in 1’-OH MDZ was monitored 

in presence of these anticancer drugs that are known CYP3A4 substrates. The 

classification of the anticancer drugs into strong, moderate or weak inhibitors 

was based on the comparison of the measured IC50 values to the steady state 

concentrations (Css) and apparent Km values for CYP3A4 that were found in the 

literature.  

 

5.2.1 IC50 of imatinib and vandetanib 

The measured IC50 for the tyrosine kinase inhibitors, imatinib and vandetanib, 

were 29.9 µM and approximately 341 mM respectively. Imatinib was considered 

a moderate inhibitor of CYP3A4, while vandetanib was clearly a weak inhibitor.   

Imatinib has been approved for the treatment of chronic myelogenous 

leukemia (CML) among other oncological diseases (Filppula, Laitila, Neuvonen, 

& Backman, 2012). The steady-state concentration of imatinib among CML 

patients has been reported to be 4.4 µM (2596 ng/mL) after they were given a 

400 mg dose, once daily (Peng, et al., 2005). Furthermore, the apparent Km of 

imatinib for CYP3A4 has been found to be 44 µM (Nebot, et al., 2010). Based 

on this information, imatinib was classified as a moderate inhibitor of CYP3A4. 
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CYP3A4 is the major enzyme that is responsible for the metabolism of 

imatinib into its main metabolite N-desmethylimatinib. One study measured 

direct CYP3A4 inhibition by imatinib, with and without preincubation. The study 

showed that imatinib without preincubation inhibited midazolam 1’-hydroxylation 

with an IC50 of 53.9 µM, but with 30 minutes preincubation and in presence of 

NADPH, the IC50 was 7.1 µM. Furthermore, the study demonstrated that 

imatinib was preincubation time-, concentration- and NADPH-dependent, which 

explains the difference between the measured IC50 value, 29.9 µM, and the 

values from the literature, since in this experiment, the reaction samples were 

preincubated with NADPH for 5 minutes (Filppula, et al., 2012).  

Vandetanib is indicated for the treatment of medullary thyroid cancer 

(MTC), where the recommended daily dose is 300 mg (AstraZeneca, 2011). 

Phase-I studies have shown that the steady-state plasma concentration of 

vandetanib in patients with solid, malignant tumors is 2.1 µM and 3.3 µM (1000 

ng/mL and 1580 ng/mL) (Holden, et al., 2005; Tamura, et al., 2006). Since the 

measured IC50 of vandetanib is much higher than these steady-state 

concentrations, vandetanib was classified as a weak inhibitor of CYP3A4.  

In plasma, vandetanib is mainly found unchanged but it can be 

metabolized into N-desmethyl-vandetanib  and vandetanib-N-oxide. N-

desmethyl-vandetanib is the only metabolite that is primarily produced by 

CYP3A4 and circulates in the blood through the body at concentrations of 

approximately 7 – 17.1% (AstraZeneca, 2011). It is therefore not surprising that 

vandetanib is a weak inhibitor of CYP3A4, since only small portion of the drug is 

metabolized via CYP3A4.   

 

5.2.2 IC50 of depsipeptide and vorinostat 

Depsipeptide inhibited 1’-hydroxylation of midazolam with an IC50 of 533.5 µM 

but vorinostat inhibited with an IC50 of 260.6 µM and 265.6 µM. The histone 

deacetylase (HDAC) inhibitors were therefore both considered weak inhibitors 

of CYP3A4.  

 Depsipeptide is used for treatment of cutaneous T-cell lymphoma (CTCL) 

and is administered intravenously (IV). It is primarily metabolized by CYP3A4, 
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but undergoes also minor metabolism via CYP3A5, CYP1A1, CYP2B6 and 

CYP2C19 enzymes (Food and Drug Administration, 2009a). The steady-state 

concentration of depsipeptide in patients has been reported to be 0.7 µM and 

the apparent Km for depsipeptide disappearance has been demonstrated to be 

20.3 µM (Food and Drug Administration, 2009a; Shiraga, et al., 2005). 

According to these data, depsipeptide is a weak inhibitor of CYP3A4, since the 

measured IC50 value, 533.5 µM, is far from the therapeutic concentrations.  

 Even though CYP3A4 is the major enzyme for depsipeptide metabolism, 

these results match the literature, since studies have shown that depsipeptide 

does not competitively inhibit CYP3A4 in vitro. This could be explained by the 

short terminal half life of depsipeptide, which is only approximately 3 hours 

(Food and Drug Administration, 2009a).  

 Vorinostat is also used as a treatment for CTLC, but is taken orally. 

Glucuronidation and hydrolysis followed by β-oxidation are the major pathways 

of vorinostat metabolism and in vitro studies, that used human liver 

microsomes, indicated that negligible portion of vorinostat is biotransformed by 

CYP450 enzymes. Furthermore, studies have shown that vorinostat is not an 

inhibitor of any CYP450 enzyme at therapeutic concentrations. The IC50 in 

these studies were over 75 µM and the steady-state concentrations after 400 

mg daily dose were 1.2 µM and 2.5 µM (Food and Drug Administration, 2006; 

Kavanaugh, et al., 2010). Consequently, the measured IC50, 260.6 µM and 

265.6 µM, are consistent with the literature and it is safe to say that vorinostat is 

a weak inhibitor of CYP3A4.  

 

5.2.3 IC50 of sirolimus and everolimus 

Sirolimus and everolimus, mTOR inhibitors, showed a relatively strong inhibition 

of CYP3A4, where sirolimus inhibited the enzyme with an IC50 of 3.6 µM and 

everolimus with an IC50 of 3.0 µM.  

 Sirolimus is currently used as an immunosuppressant after renal 

transplantation, but promising antitumor properties have also been observed 

(Food and Drug Administration, 2009b; Law, 2005). A dose selection study in 

patients with solid tumors reported mean steady-state concentrations between 
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0.01 µM and 0.04 µM, after 2-9 mg doses of sirolimus (Jimeno, et al., 2008). 

Sirolimus is extensively metabolized by CYP3A4 and CYP3A5 enzymes in the 

liver and intestine and a study conducted by Picard et al. (2007) demonstrated 

that the apparent Km value of CYP3A4 for sirolimus was 2.2 µM. Even though 

the measured IC50 was 3.6 µM, it was classified as a moderate inhibitor of 

CYP3A4, because the therapeutic concentrations of sirolimus were 

considerably lower. 

 Everolimus is indicated for the treatment of patients with advanced renal 

cell carcinoma (RCC) and subependymal giant cell astrocytoma (SEGA) (Food 

and Drug Administration, 2010). A phase I study of everolimus in patients with 

advanced solid tumors demonstrated that the mean steady-state concentration 

of everolimus increased in a roughly dose-proportional manner and the Css in 

patients after 10 mg daily dose was 0.064 µM (61 ng/mL) (O'Donnell, et al., 

2008). Furthermore, the apparent Km of everolimus for CYP3A4 was 2 – 3 µM, 

but CYP3A4 is the major enzyme responsible for metabolism of everolimus 

(Laplanche, et al., 2007). The measured IC50 of everolimus, 3.0 µM, is higher 

than therapeutic concentrations and it was classified as a moderate inhibitor of 

CYP3A4. However, in vitro studies have shown that Ki-values of everolimus for 

CYP inhibition are more than 12-fold below therapeutic concentrations and 

therefore an effect of the drug on the metabolism of CYP3A4 substrates is 

unlikely (Food and Drug Administration, 2010).   

   

5.2.4 IC50 of ketoconazole and abiraterone 

Ketoconazole showed a strong inhibition on CYP3A4 metabolism and the 

determined IC50 was 0.050 µM. In contrast, abiraterone did not show great 

inhibition, with an IC50 of 56.0 µM and was therefore classified as a weak 

inhibitor of CYP3A4.  

 Ketoconazole is a known potent inhibitor of CYP3A4 and is primarily 

used as an antifungal agent (de Bruijn, Kehrer, Verweij, & Sparreboom, 2001). 

However, ketoconazole has also been used as a treatment for androgen-

dependent prostate cancer due to its efficacy in blocking androgen biosynthesis 

(De Coster, Wouters, & Bruynseels, 1996). The steady-state concentration of 
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ketoconazole has been demonstrated in a study with healthy subjects. After 200 

mg dose every 12 hours, the mean Css was 0.013 µM (Patel, et al., 2011). Also, 

previous studies have shown that there is a large interindividual variability in 

peak concentrations after the same oral dose of ketoconazole, with peak 

plasma concentrations in the range of 4 to 20 µM (de Bruijn, et al., 2001). This 

suggests that ketoconazole is likely to alter the metabolism of various CYP3A4 

substrates, since the measured IC50, 0.050 µM, is within the therapeutic range. 

The measured IC50 of ketoconazole is also consistent with the literature but 

another study has shown that ketoconazole inhibited the 1’-hydroxylation of 

midazolam with an IC50 of 0.044 µM (Patki, et al., 2003). Ketoconazole was 

therefore classified as a strong CYP3A4 inhibitor. 

 Abiraterone is indicated for the treatment of patients with metastatic 

castration-resistant prostate cancer (CRPC) in combination with prednisone. 

The recommended daily dose is 1000 mg of abiraterone acetate, which 

converts in vivo into abiraterone. After administration of the recommended 

dose, the mean steady-state concentration in metastatic CRPC patients was 

0.65 µM (226 ng/mL) (Food and Drug Administration, 2011b). Abiraterone was 

therefore classified as a weak inhibitor of CYP3A4, since more than 80-fold 

higher concentration, 56.0 µM, was needed to inhibit CYP3A4-mediated 1’-

hydroxylation of midazolam by 50%, compared to the therapeutic 

concentrations.  

 

5.2.5 IC50 of finasteride and dutasteride 

The 5-alpha reductase inhibitors, finasteride and dutasteride, were not potent 

inhibitors of CYP3A4. IC50 of finasteride was 81.5 µM but the IC50 of dutasteride 

could not be determined, but was estimated to be over 1000 µM. 

 Finasteride is used for the treatment of symptomatic benign prostatic 

hyperplasia (BPH) in men with an enlarged prostate. After over a year 

administration of 5 mg/day of finasteride, the mean steady-state concentration 

among patients with BPH was 0.025 µM (9.4 ng/mL) (Food and Drug 

Administration, 2011a). Thus, finasteride was classified as a weak CYP3A4 

inhibitor, because the measured IC50 of finasteride, 81.5 µM, is far from the 
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therapeutic concentration. Although finasteride is primarily metabolized via the 

CYP3A4 enzyme, the weak inhibition of the enzyme could be explained by the 

relatively short elimination half-life, which has been reported in the range 

between three to sixteen hours (Food and Drug Administration, 2011a).  

 CYP3A4 inhibition of dutasteride could not be determined but was 

estimated to be over 1000 µM. More accurate IC50 could not be assessed, since 

higher concentrations of dutasteride could not be used due to solubility 

problems. According to in vitro data, dutasteride has a wide therapeutic window 

and is considered a safe drug with few known drug interaction, so these findings 

match the literature (Marihart, Harik, & Djavan, 2005).  

 

5.2.6 IC50 of paclitaxel and docetaxel 

Paclitaxel is a natural compound that is isolated from the bark of yew trees and 

is used in the treatment for various tumors, including breast and ovarian cancer 

(Bristol-Myers Squibb Company, 2011; Cresteil, et al., 2002). A phase III study 

determined steady-state concentrations of paclitaxel following 3 and 24 hours of 

135 mg/m2 and 175 mg/m2 infusions in ovarian cancer patients. The Css were in 

the range between 0.2 µM and 0.4 µM (Bristol-Myers Squibb Company, 2011). 

The measured IC50 of paclitaxel was approximately 174 mM and was therefore 

considered to be a weak inhibitor of CYP3A4, since it is much higher than 

therapeutic concentrations.  

Docetaxel, which is a semisynthetic analog of paclitaxel, is used in 

patients with various tumors, including breast cancer and non-small cell lung 

cancer (Sanofi, 2010). When patients were administered 75 mg/m2 infusion of 

docetaxel over one hour every three weeks, the steady-state concentration was 

in the range between 0.58 nM and 1.79 nM (Baker, et al., 2004). Furthermore, 

the apparent Km values have been observed in the range between 1.1 µM and 

2.1 µM (Clarke & Rivory, 1999; Cresteil, et al., 2002).  

In spite of the close chemical structure of docetaxel and paclitaxel, 

docetaxel turned out to be a much stronger inhibitor (IC50 = 0.94 µM) of 

CYP3A4, compared to paclitaxel (IC50 of ~ 174 mM). This can be explained by 

their different route of metabolism. Docetaxel is primarily metabolized by 
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CYP3A4, whereas CYP2C8 is the major enzyme responsible for metabolism of 

paclitaxel. 

 

5.3 Summary 

A HPLC-UV method was developed for measuring midazolam and its CYP3A4-

mediated metabolites, 1’-OH MDZ and 4-OH MDZ. The method was used to 

determine the IC50 of twelve anticancer drugs for inhibiting the CYP3A4 

metabolism of midazolam.  

This assay met the FDA criteria for partial method validation and can be 

useful for future experiments studying CYP3A4–mediated metabolism. Even 

though HPLC-UV is not as sensitive as LC-MS/MS, it is less expensive and 

therefore more laboratories can benefit from this study.   

The IC50 of the anticancer drugs were consistent to the literature. The 

results demonstrated that ketoconazole and docetaxel were strong CYP3A4 

inhibitors. Imatinib, sirolimus and everolimus were classified as moderate 

inhibitors but the other anticancer drugs were weak inhibitors.  

 

 

 

 

 

 



  

 43 

6  CONCLUSIONS 

 

An HPLC-UV assay to measure midazolam and its two CYP3A4-mediated 

metabolites, 1’-hydroxymidazolam and 4-hydroxymidazolam, was successfully 

developed. The method was used to monitor decreases in the 1’-hydroxy 

metabolite in order to determine the half maximal inhibitory concentrations of 

twelve anticancer drugs for inhibiting the CYP3A4 metabolism of midazolam. 

Based on the IC50 concentrations, the anticancer drugs were classified as 

strong, moderate or weak CYP3A4 inhibitors.  

Ketoconazole and docetaxel were both strong CYP3A4 inhibitors. 

Everolimus, sirolimus and imatinib were all classified as moderate inhibitors. 

Other anticancer agents showed weak inhibition. These results indicate that 

ketoconazole and docetaxel are likely to interact with other drugs that are 

CYP3A4 substrates in vivo but the other anticancer agents did not inhibit 

CYP3A4 at therapeutic concentrations and are therefore unlikely to alter the 

metabolism of other CYP3A4 substrates.  

 Since CYP3A4 is responsible for metabolizing approximately 40 – 50% 

of pharmaceutically active ingredients, it is a major target for pharmacokinetic 

drug-drug interactions. It is important to recognize potential DDIs early in the 

drug discovery and development process in order to remove that risk for new 

chemical entities via drug design. Also, in vitro DDI projections can be useful for 

optimizing clinical trial design (Fahmi et al., 2009).  
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Appendix 1 

 
Following tables show how the anticancer drug working stock solutions were 
prepared with serial dilutions of DMSO. 

 

Imatinib 

Stock solution 
Master stock 
added (μL) 

DMSO 
added (μL) 

Working stock 
[Imatinib] (μM) 

Final[Imatinib] 
(μM) 

A-Ima - - 80,000 400 

B-Ima 55 μL of A 45 44,000 220 

C-Ima 10 μL of B 90 4,000 22 

D-Ima 20 μL of C 80 880 4.4 

E-Ima 50 μL of D 50 440 2.2 

F-Ima 10 μL of E 90 44 0.22 

G-Ima 20 μL of F 80 8.8 0.044 

 

Vandetanib 

Stock solution 
Master stock 
added (μL) 

DMSO 
added(μL) 

Working stock 
[Vandetanib] 

(μM) 

Final[Vandetanib] 
(μM) 

A-Van - - 60,000 300 

B-Van 50 μL of A 50 30,000 150 

C-Van 10 μL of B 90 3000 15 

D-Van 20 μL of C 80 600 3 

E-Van 50 μL of D 50 300 1.5 

F-Van 10 μL of E 90 30 0.15 

G-Van 20 μL of F 80 6 0.03 

 

Depsipeptide 

Stock solution 
Master stock 
added(μL) 

DMSO 
added(μL) 

Working stock 
[Depsipeptide] 

(μM) 

Final[Depsipeptide] 
(μM) 

A-Rom - - 44,000 220 

B-Rom 25 μL of A 25 22,000 110 

C-Rom 25 μL of B 25 11,000 55 

D-Rom 10 μL of C 90 1,100 5.5 

E-Rom 20 μL of D 80 220 1.10 

F-Rom 50 μL of E 50 110 0.55 

G-Rom 10 μL of F 90 11 0.055 

H-Rom 20 μL of G 80 2.2 0.011 

 
 
 
 
 
 
 
 
 
 
 
 



  

 B 

Vorinostat 1 

Stock solution 
Master stock 
added(μL) 

DMSO 
added(μL) 

Working 
stock[Vorinostat] 

(μM) 

Final[Vorinostat] 
(μM) 

A-Vor - - 88,000 440 

B-Vor 50 μL of A 50 44,000 220 

C-Vor 50 μL of B 50 22,000 110 

D-Vor 10 μL of C 90 2,200 11 

E-Vor 20 μL of D 80 440 2.2 

F-Vor 50 μL of E 50 220 1.1 

G-Vor 10 μL of F 90 22 0.11 

H-Vor 20 μL of G 80 4.4 0.022 

 

Vorinostat 2 

Stock solution 
Master stock 
added (μL) 

DMSO 
Added (μL) 

Working stock 
[Vorinostat] (μM) 

Final[Vorinostat] 
(μM) 

1-SAHA-4000 
μM 

8 μL of 1000 μM 
Working stock 

2 800,000 4000 

2-SAHA-4000 
μM 

8 μL of 1000 μM 
Working stock 

2 800,000 4000 

1-SAHA-3000 
μM 

7.5 μL of 800 
μM Working 

stock 
2.5 600,000 3000 

2-SAHA-3000 
μM 

7.5 μL of 800 
μM Working 

stock 
2.5 600,000 3000 

1-SAHA-2000 
μM 

6.67 μL of 600 
μM Working 

stock 
3.33 400,000 2000 

2-SAHA-2000 
μM 

6.67 μL of 600 
μM Working 

stock 
3.33 400,000 2000 

 
 
 

Sirolimus  

Stock solution 
Master stock 
added (μL) 

DMSO 
added(μL) 

Working stock 
[Sirolimus] (μM) 

Final[Sirolimus] 
(μM) 

A-Sir - - 20,000 100 

B-Sir 15 μL of A 15 10,000 50 

C-Sir 15 μL of B 15 5,000 25 

D-Sir 10 μL of C 90 500 2.5 

E-Sir 10 μL of D 90 50 0.25 

F-Sir 10 μL of E 90 5 0.025 

G-Sir 50 μL of F 50 2.5 0.0125 

H-Sir 10 μL of G 90 0.25 0.00125 

I-Sir 20 μL of H 80 0.05 0.00025 

 
 
 
 
 
 
 
 
 



  

 C 

Everolimus. Only C to J working stocks were used in the CYP3A4 reaction 
samples due to solubility problems.  

Stock solution 
Master stock 
added (μL) 

DMSO 
added (μL) 

Working stock 
[Everolimus] 

(μM) 

Final[Everolimus] 
(μM) 

Master 
Stock(MS) 

- - 200,000 1000 

A-Eve 20 μL of MS 30 80,000 400 

B-Eve 25 μL of A 25 40,000 200 

C-Eve 25 μL of B 25 20,000 100 

D-Eve 32 μL of C 18 12,800 64 

E-Eve 10 μL of D 90 1,280 6.4 

F-Eve 50 μL of E 50 640 3.2 

G-Eve 10 μL of F 90 64 0.32 

H-Eve 20 μL of G 80 12.8 0.064 

I-Eve 50 μL of H 50 6.4 0.032 

J-Eve 10 μL of I 90 0.64 0.0032 

 
 
 

Dutasteride. Only B to I working stocks were used in the CYP3A4 reaction 
samples due to solubility problems. 

Stock solution 
Master stock 
added (μL) 

DMSO 
added (μL) 

Working stock 
[Dutasteride] 

(μM) 

Final 
[Dutasteride] 

(μM) 

A-Dut - - 200,000 1000 

B-Dut 38 μL of A 12 152,000 760 

C-Dut 10 μL of B 90 15,200 76 

D-Dut 10 μL of C 90 1,520 7.6 

E-Dut 10 μL of D 90 152 0.76 

F-Dut 10 μL of E 90 15.2 0.076 

G-Dut 50 μL of F 50 7.6 0.038 

H-Dut 10 μL of G 90 0.76 0.0038 

I-Dut 20 μL of H 80 0.152 0.00076 

 
 

Ketoconazole 

Stock solution 
Master stock 
added (μL) 

DMSO 
added (μL) 

Working stock 
[Ketoconazole] 

(μM) 

Final 
[Ketoconazole] 

(μM) 

Master 
stock(MS) 

- - 44,000 220 

A-Ket 50 μL of MS 90 22,000 110 

B-Ket 10 μL of A 90 2,200 11 

C-Ket 10 μL of B 90 220 1.1 

D-Ket 10 μL of C 90 22 0.11 

E-Ket 10 μL of D 90 2.2 0.011 

F-Ket 10 μL of E 90 0.22 0.0011 

G-Ket 10 μL of F 90 0.022 0.00011 

 
 
 
 
 
 



  

 D 

 

Abiraterone 

Stock solution 
Master stock 
added (μL) 

DMSO 
added (μL) 

Working stock 
[Abiraterone] 

(μM) 

Final 
[Abiraterone] 

(μM) 

Master 
stock(MS) 

- - 14,300 71.5 

A-Abi 90.9 μL of MS 9.1 13,000 65 

B-Abi 10 μL of A 90 1,300 6.5 

C-Abi 10 μL of B 90 130 0.65 

D-Abi 50 μL of C 50 65 0.325 

E-Abi 20 μL of D 80 13 0.065 

F-Abi 10 μL of E 90 1.3 0.0065 

 
 

Finasteride. Only B to I working stocks were used in the CYP3A4 reaction 
samples due to solubility problems. 

 
Stock solution 

Master stock 
added(μL) 

DMSO 
added(μL) 

Working 
stock[Finasteride] 

(μM) 

Final[Finasteride] 
(μM) 

A-Fin - - 200,000 1000 

B-Fin 25 μL of A 75 50,000 250 

C-Fin 10 μL of B 90 5,000 25 

D-Fin 10 μL of C 90 500 2.5 

E-Fin 10 μL of D 90 50 0.25 

F-Fin 10 μL of E 90 5 0.025 

G-Fin 50 μL of F 50 2.5 0.0125 

H-Fin 10 μL of G 90 0.25 0.00125 

I-Fin 20 μL of H 80 0.05 0.00025 

 

 
Paclitaxel. Only B to I working stocks were used in the CYP3A4 reaction 
samples due to solubility problems. 

Stock solution 
Master stock 
added (μL) 

DMSO 
added (μL) 

Working stock 
[Paclitaxel] (μM) 

Final [Paclitaxel] 
(μM) 

A-Pac - - 200,000 1000 

B-Pac 20 μL of A 30 80,000 400 

C-Pac 10 μL of B 90 8,000 40 

D-Pac 50 μL of C 50 4,000 20 

E-Pac 10 μL of D 90 400 2 

F-Pac 10 μL of E 90 40 0.2 

G-Pac 20 μL of F 80 8 0.04 

H-Pac 50 μL of G 50 4 0.02 

I-Pac 10 μL of H 90 0.4 0.002 

 
 
 
 
 
 
 
 
 
 
 



  

 E 

Docetaxel. Only B to I working stocks were used in the CYP3A4 reaction 
samples due to solubility problems. 

Stock solution 
Master stock 
added (μL) 

DMSO 
added (μL) 

Working stock 
[Docetaxel] (μM) 

Final [Docetaxel] 
(μM) 

A-Doc - - 200,000 1000 

B-Doc 10 μL of A 10 100,000 500 

C-Doc 10 μL of B 40 20,000 100 

D-Doc 25 μL of C 25 10,000 50 

E-Doc 20 μL of D 80 2,000 10 

F-Doc 10 μL of E 90 200 1 

G-Doc 10 μL of F 90 20 0.1 

H-Doc 10 μL of G 90 2 0.01 

I-Doc 10 μL of H 90 0.2 0.001 
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Appendix 2 

Following figures are examples of chromatograms from the HPLC-UV. 

 

 

A chromatogram of a blank sample.  

 

 

 

A chromatogram of an IS sample. This figure shows that the retention time of 

the internal standard, diazepam, is 7.249 minutes.  



  

 G 

 

Chromatogram of the lowest limit of quantification standard. The internal 

standard appears at 7.355 minutes, MDZ at 7.901 minutes, 1’-OH MDZ at 6.347 

minutes and 4-OH MDZ at 5.783 minutes.   

 

 

 

Chromatogram of a control sample without CYP3A4. This control sample 

contained the anticancer drug but was without CYP3A4 so no metabolites are 

visible.  



  

 H 

 
Chromatogram of a control sample without the anticancer drug docetaxel. 

This figure shows that the 1‘-OH MDZ (6.4 min) is the major metabolite formed 

via CYP3A4. The peak for 4-OH MDZ appears at 5.8 minutes.       

 
 
 

 
Chromatogram of a reaction sample with the lowest docetaxel 

concentration that was measured.   

 
 
 



  

 I 

 
Chromatogram of a reaction sample with the highest docetaxel 

concentration that was measured. This figure shows how docetaxel inhibits 

the CYP3A4-mediated metabolism of midazolam, resulting in no 4-OH MDZ 

formation and very little formation of the 1’-OH metabolite (6.4 min).  
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Appendix 3 

Following tables demonstrate the calculated percent activity for the anticancer 

drugs.  

 

Imatinib  
log [imatinib-nM], X % Activity , Y1 % Activity, Y2 

1.643 76.00 91.00 

2.342 94.00 93.00 

3.342 87.00 88.00 

3.643 82.00 89.00 

4.342 64.00 54.00 

5.342 37.00 36.00 

5.602 12.00 38.00 

 
 
Vandetanib 

log [vandetanib-nM], X % Activity , Y1 % Activity, Y2 

1.477 66 81 

2.176 67 83 

3.176 72 87 

3.477 73 78 

4.176 77 104 

5.176 29 90 

5.477 23 36 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 K 

Sirolimus. Highlighted in red are the data that were excluded.  
log [sirolimus-nM], X % Activity , Y1 % Activity, Y2 

-0.602 69 82 

0.0969 75 83 

1.097 72 86 

1.398 88 127 

2.398 71 62 

3.398 48 55 

4.398 18 33 

4.699 13 21 

5.000 14 17 

 
 
Everolimus 

log [everolimus-nM], X % Activity , Y1 % Activity, Y2 

0.505 96 98 

1.505 111 99 

1.806 86 80 

2.505 72 105 

3.505 74 64 

3.806 49 53 

4.806 38 31 

5.000 36 46 

 
Vorinostat (SAHA) – 1 

log [SAHA-nM], X % Activity , Y1 % Activity, Y2 

1.342 103 114 

2.041 99 113 

3.041 96 103 

3.342 108 112 

4.041 98 102 

5.041 76 83 

5.342 87 70 

5.643 32 66 

5.944 21 51 

6.246 28 54 

 
 
 



  

 L 

Vorinostat (SAHA) – 2  
log [SAHA-nM], X % Activity , Y1 % Activity, Y2 

2.041 112 118 

3.041 97 103 

3.342 126 130 

4.041 110 118 

5.041 89 99 

5.342 84 83 

5.643 36 68 

5.944 26 53 

6.246 30 56 

6.301 40 43 

6.477 46 47 

6.602 30 20 

 
 
Depsipeptide 

log [depsipeptide-nM], X % Activity , Y1 % Activity, Y2 

1.041 212 110 

1.740 210 172 

2.740 203 205 

3.041 186 189 

3.740 210 189 

4.740 172 143 

5.041 108 120 

5.342 74 74 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 M 

Abiraterone 
log [abiraterone-nM], X % Activity , Y1 % Activity, Y2 

0.813 72 97 

1.813 79 94 

2.512 96 93 

2.813 77 90 

3.813 88 77 

4.813 49 50 

4.854 50 64 

 
 
 
Ketoconazole 

log [ketoconazole-nM], X % Activity , Y1 % Activity, Y2 

-0.9586 106 102 

0.0414 101 100 

1.0410 102 74 

2.0410 31 31 

3.0410 2 1 

4.0410 0 0 

5.0410 0 0 

5.3420 0 0 

 
 
 
Docetaxel 

log [docetaxel-nM], X % Activity , Y1 % Activity, Y2 

0.000 128 90 

1.000 112 91 

2.000 86 90 

3.000 61 55 

4.000 16 15 

4.699 8 8 

5.000 7 6 

5.699 10 22 

 
 
 
 
 
 



  

 N 

Paclitaxel. Highlighted in red are the data that were excluded. 
log [paclitaxel-nM], X % Activity , Y1 % Activity, Y2 

0.301 124 116 

1.301 96 100 

1.602 84 108 

2.301 96 89 

3.301 85 89 

4.301 118 112 

4.602 101 92 

5.602 80 78 

 
 
 
Finasteride 

log [finasteride-nM], X % Activity , Y1 % Activity, Y2 

-0.602 87 82 

0.097 70 66 

1.097 93 76 

1.398 84 65 

2.398 78 76 

3.398 66 63 

4.398 60 62 

5.398 22 22 

 
 
Dutasteride 

log [dutasteride-nM], X % Activity , Y1 % Activity, Y2 

-0.119 89 90 

0.580 47 68 

1.580 70 64 

1.881 73 99 

2.881 67 107 

3.881 84 73 

4.881 70 64 

5.881 80 93 

 

 

  


