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ABSTRACT 

There is extensive interindividual variability in drug response and tolerability. One of the 

major reasons for this is differences in drug metabolism, which may reflect pharmacogenetic 

variability and/or environmental factors, such as age and drug-drug interactions. Cytochrome 

P450 3A4 (CYP3A4) is the most important enzyme in drug metabolism, but its phenotype is 

not determined by pharmacogenetic differences. Thus there is a great interest in identifying 

practical non-genetic measures as potential CYP3A4 biomarkers. 4β-Hydroxycholesterol 

(4βOHC) is formed from cholesterol by CYP3A4 and has been proposed as a biomarker for 

determination of individual patients CYP3A4 activity (phenotype). The overall aim of this 

thesis was to investigate different aspects of 4β-hydroxycholesterol as a potential biomarker 

for CYP3A4 phenotype. 

An initial study of the thesis found a significant correlation between 4βOHC level and daily 

dose but not steady-state serum concentration of carbamazepine, a potent CYP3A4 inducer. 

The dose specific induction indicated that 4βOHC level reflects both intestinal and hepatic 

phenotype, which is considered important for a CYP3A4 biomarker to be robust. A second 

study investigating the correlation between 4βOHC level and steady-state serum 

concentration during oral use of the antipsychotic drug quetiapine, a CYP3A4 substrate 

subjected to extensive presystemic metabolism, showed that 4βOHC level, age and gender 

explained approximately 30% of the variability in dose-corrected serum concentrations of 

quetiapine. In addition to supporting a role of intestinal CYP3A4 in biomarker formation, the 

study supported a potential clinical usefulness of 4βOHC as a biomarker for estimation of 

individual dose requirements of quetiapine, as well as monitoring of CYP3A4 phenotype 

during ongoing therapy. However, in a subsequent third study in 22 healthy volunteers who 

consumed grapefruit juice (GFJ), an intestinal CYP3A4 inhibitor, for three weeks, no 

significant reduction in cholesterol corrected levels of 4βOHC was observed. This latter 

finding suggests that intestinal CYP3A4 likely plays a minor role in formation of 4βOHC.  

In conclusion, the findings of the thesis may support a potential application of 4βOHC as an 

endogenous biomarker for monitoring of CYP3A4 phenotype in clinical practice, but it is 

unlikely that it could be used for estimation of individual dose requirements of CYP3A4 

substrates without accounting for other factors of importance for the respective drug’s 

pharmacokinetic variability. 
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1  INTRODUCTION 

1.1 Variability in drug response 

What is the right drug and what is the correct drug dose? These are important questions for 

physicians prescribing drugs to individual patients. The inter-patient variability in 

responsiveness and tolerability to drugs is high and physicians need to consider patient 

characteristics that are important for drug disposition.  

The variability in drug effect and tolerability is multifactorial and a result of differences in 

both pharmacodynamic and pharmacokinetic processes. The highly variable pharmacokinetic 

processes of absorption, distribution, metabolism and excretion determine the serum 

concentration profile over time for a given drug, and hence, are important for the amount of 

drug available at the target site. Further, differences in sensitivity of the target protein in a 

signalling pathway give rise to pharmacodynamic variability. 

Identifying and understanding the factors responsible for pharmacokinetic and 

pharmacodynamic variability is important, especially for drugs with a narrow therapeutic 

window, or when the lack of drug effect or triggering of side effects may have serious clinical 

consequences. Variability in pharmacodynamics can for example be due to drug-drug 

interactions at target sites, genetic differences at target sites or disease states. Although 

sources of variability in pharmacokinetic processes are many, variability in drug metabolism 

is one of the major reasons for interindividual variability in drug response and tolerability. 

1.2 Drug metabolism 

Many drugs are mainly eliminated from the body by metabolism, which includes phase I and 

phase II reactions.1 During phase I metabolism, simple modifications occur via oxidation, 

reduction and hydrolysis, while phase II metabolism involves conjugation reactions including 

glucuronidation, sulfation, acetylation and methylation.1 Both phase I and phase II 

metabolism results in more hydrophilic, and normally, inactivated compounds,1 although 

some drugs are administered as pro-drugs and is converted to active metabolites in the body. 

The most important enzyme family responsible for phase I metabolism of a wide range of 

both endogenous and exogenous substances is the superfamily of cytochrome P450 (CYP) 
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enzymes, which exhibit extensive interindividual phenotypic variability due to genetic, 

physiological and/or environmental factors. 

1.2.1 Cytochrome P450 enzymes 

CYP enzymes are responsible for the oxidative biotransformation of a variety of drugs, and 

today 57 human CYP genes have been identified.2 Most of the genes encode enzymes with 

endogenous functions such as biosynthesis of steroids, prostaglandins and bile acids, while 

only a small fraction has been shown to be important in metabolism of drugs and other 

xenobiotics.3  

The enzyme families known to be important in biotransformation of a variety of drugs are 

CYP1, CYP2 and CYP3,1 where the isoenzymes CYP1A2, CYP2C9, CYP2C19, CYP2D6 

and CYP3A4 are involved in metabolism of approximately 70% of all marketed drugs and 

drugs under development.4 In Table 1, selected drug substrates of the five most important 

human CYP enzymes are shown. The individual CYP enzymes have unique substrate 

specificity, but still a significant overlap in substrate specificity between CYP enzymes 

exists.1 Hence, the oxidative biotransformation of a given drug might be performed by one 

single CYP-isoenzyme or a variety of different enzymes.  

Although CYP enzymes are expressed in several organs/tissues/sites, the major sites for 

drug/CYP-metabolism are in the liver and small intestine.5,6 Hence, the amount of drug 

reaching the circulation after oral administration of a drug, referred to as bioavailability, 

depends on both intestinal and hepatic CYP enzymes. The most abundantly expressed enzyme 

in the intestinal wall is CYP3A4.7 
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Table 1. Overview of selected substrates of the five most important cytochrome P450 (CYP) enzymes in 

humans.8 

Enzymes CYP1A2 CYP2C9 CYP2C19 CYP2D6 CYP3A4 
Substrates Olanzapine 

Fluvoxamine 
Clozapine 
Propranolol 
Duloxetine 
Warfarin 

Fluoxetine 
Valproate 
Amitriptyline 
Fluvastatin 
Ibuprofen 
Warfarin 

Citalopram 
Phenobarbital 
Amitriptyline 
Omeprazole 
Diazepam 
Voriconazole 

Venlafaxine 
Fluoxetine 
Amitriptyline 
Codeine 
Duloxetine 
Tamoxifen 

Quetiapine 
Midazolam 
Atorvastatin 
Simvastatin 
Tacrolimus 
Docetaxel 

Inducers Rifampicin 
Carbamazepine 

Rifampicin 
Carbamazepine 
Enzalutamide 
 

Rifampicin 
Carbamazepine 
Efavirenz 

Rifampicin 
Dexamethasone 

Carbamazepine 
Phenytoin 
Phenobarbital 
Rifampicin 

Inhibitors Ciprofloxacin 
Fluvoxamine 
Cimetidine 

Amiodarone 
Fluvoxamine 
Fluconazole 

Fluoxetine 
Fluvoxamine 
Voriconazol 

Bupropion 
Fluoxetine 
Paroxetine 

Ketoconazole 
Itraconazole 
Erythromycin 

 

Mutations in genes encoding CYP enzymes can result in altered enzyme function. For some 

CYP enzymes, particularly CYP2D6 and CYP2C19, genetic polymorphisms explain a major 

part of interindividual variability in metabolic phenotype, but for other major CYP enzymes 

the regulation is more complicated and comprises of both genetic and environmental factors.3 

1.2.2 CYP3A metabolism 

The CYP3A subfamily includes four human isoforms, i.e. CYP3A4, CYP3A5, CYP3A7 and 

CYP3A43,3 but only the two former are generally relevant in drug metabolism. CYP3A4 is 

regarded the most important drug metabolizing enzyme in humans and is estimated to be 

involved in the metabolism of approximately 30% of all prescribed drugs.3,4 CYP3A4 has a 

broad substrate specificity due to its large active site9 and is also important in metabolism of a 

range of endogenous compounds, amongst them is the conversion of steroids into oxysterols 

and bile acid synthesis.3  

CYP3A4 is abundantly expressed in the liver and small intestine, where function and 

expression varies extensively (>100-fold)10 contributing to unpredictable drug exposure, 

response and toxicity. The tissue distribution of CYP enzymes are illustrated in Figure 1, 

which shows that CYP3A accounts for ~30% of total CYP content in the liver11 and ~80% of 

the total CYP content in the intestine.7  
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Figure 1. Distribution of CYP enzymes in enterocytes in the intestine (to the left) and in hepatocytes in the liver 

(to the right). The abundance of the intestinal and hepatic CYP-expression is adapted from Pain et al. 7 and 

Achour et al. 11 

 

The isoenzymes CYP3A4 and CYP3A5 have a high degree of sequence similarity (>80%)12,13 

and thereby show similar substrate specificity.14 In contrast to CYP3A4, CYP3A5 is highly 

polymorphic,15,16 which means that there are genetic variants encoding at least two distinct 

CYP3A5 phenotypes. The most common variant expressing absent enzyme function is 

CYP3A5*3, while individuals carrying at least one CYP3A5*1 allele are defined as CYP3A5 

expressers.17 Approximately 60-70% or more of Africans and African Americans express 

CYP3A5, while only 5-30% of Caucasians is shown to express CYP3A5.17-19 In individuals 

expressing functional CYP3A5, the isoenzyme can contribute significantly to metabolism of 

CYP3A substrates,19 giving rise to extensive interindividual variability in their 

pharmacokinetics. 

CYP3A7 is the dominant CYP enzyme in fetal livers, accounting for 30-50% of total CYP 

content.20 In the first years of life the content of CYP3A7 shifts to CYP3A4, although some 

adults do express CYP3A7 in liver and intestine21, the isoenzyme is considered to be less 

important in overall CYP3A enzyme activity. 

CYP3A43 is expressed in several tissues including the brain, liver, pancreas, prostates and 

kidneys.22,23 The expression of CYP3A43 in the liver is very low compared to CYP3A4, only 

0.1%,12 and is therefore considered to be of minor importance in drug metabolism. On the 

other hand, is the expression of CYP3A43 in the brain shown to be much higher compared to 

CYP3A4.23 Thus, it is unclear to which extent CYP3A43 may affect brain exposure of drugs 

metabolized by CYP3A. 
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Variability in CYP3A4 metabolism 

Due to its abundant involvement in drug metabolism, variability in CYP3A4 phenotype is one 

of the most important sources of variability in drug response and tolerability. Several studies 

have identified genetic variability as the most important factor determining CYP3A4 

activity,24,25 but in spite of this no clear relationship is found between CYP3A4 activity and 

genetic polymorphisms. Although, the CYP3A4*22 allele, first described in 2011, is 

associated with reduced CYP3A4 activity,26 CYP3A4*22 is expressed in only about 4-9% of 

Europeans and the overall clinical impact of this polymorphism seems to be limited for many 

CYP3A4 substrates.27 A key factor providing variability in CYP3A4 metabolism is drug-drug 

interactions via induction or inhibition. While many antibiotics, antifungal agents and 

antidepressants are CYP3A4 inhibitors, antiepileptic agents are among the most important 

CYP3A4 inducers (Table 1). 

Both rifampicin and carbamazepine are well known inducers of CYP3A4 enzymes, leading to 

marked reduction in serum concentration of numerous drugs that are substrates for 

CYP3A4.28-31 Use of CYP3A4 inducers may reduce the exposure of CYP3A4 substrates 

substantially, e.g. the antipsychotic drug quetiapine, where comedication with carbamazepine, 

results in 80% lowering in its serum concentration due to increased enzyme expression.28 On 

the contrary, inhibition of CYP3A4 can result in increased serum concentration of substrates 

metabolised by CYP3A4. An example is the five-fold increase in serum concentration of the 

cholesterol lowering agent simvastatin (CYP3A4 substrate) when combined with 

erythromycin, a potent CYP3A4 inhibitor, increasing the risk of serious side effects of 

simvastatin.32-34 Food and herbs are also known inhibitors of CYP enzymes, where a well-

known example is inhibition of intestinal CYP3A4 by grapefruit juice.35 The mechanism 

behind CYP3A4 inhibition can be reversible or mechanism-based. Reversible inhibition 

implies rapid association and dissociation between substrate and the CYP3A4 enzyme, while 

mechanism-based inhibition involves permanently inactivation of the enzyme.36 Hence, 

during irreversible inhibition, the time before recovery of CYP3A4 activity after termination 

of inhibition depends on the degradation half-life of CYP3A4, which is estimated to be 

between 10-30 hours.37,38 

Unlike enzyme inhibitors directly inactivating or blocking enzyme, inducers acts through up 

regulation of enzyme production. CYP3A4 induction involves increased protein amount 

through up-regulation of gene transcription, which is mediated by binding of the inducer to 
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nuclear receptors.39 Substrate-binding to the nuclear receptor, pregnane X-receptor (PXR), 

causes PXR to heterodimerise with retinoid X receptor (RXR).40 The heterodimer then 

function as a transcription factor by binding to response elements on the CYP3A4 gene and 

increases the synthesis of CYP3A4 proteins.40 Other receptors associated with regulation of 

CYP3A4 transcription include the constitutive androstane receptor (CAR),40 bile acid receptor 

(FXR),41 the glucocorticoid receptor,42 the oxysterol receptor (LXR)43 and the vitamin D 

receptor.44 After introducing an enzyme-inducing drug it takes time before the induction 

becomes apparent, since it involves production of new proteins. Likewise, because of the 

degradation half-life of CYP3A4 of 10-30 hours,37,38 it takes time after termination of 

treatment with an enzyme inducer before the enzyme activity is returned to pre-treatment 

levels. 

Another factor that seems to be of importance for CYP3A4 phenotype is sex, where females 

generally show higher enzyme activity compared to males.45,46 Several studies have reported a 

two-fold higher CYP3A4 protein expression in liver samples from females compared to 

males.47-49 The mechanism behind sex-related differences observed in CYP3A4 activity is not 

clear, but might be due to differences involving growth hormone.50 An additional factor of 

possible importance for CYP3A4 phenotype is inflammatory state. A number of clinical 

studies have shown that systemic inflammation is associated with suppression in CYP3A4 

activity,51-53 and several cytokines are in rodent and cell models shown to down regulate 

CYP3A4 activity.54,55 Furthermore, increased body mass index (BMI) have also been 

associated with reduced clearance of CYP3A4 substrates.56 Ulvestad et al. found a strong 

association between BMI and CYP3A4 protein expression in both liver and small intestine, 

where high BMI was associated with decreased CYP3A4 expression.57 Finally, age is also a 

known factor influencing drug metabolism, where elderly shows reduced clearance of a wide 

range of drugs. However, it is important to be aware that gender, inflammatory state, BMI and 

age may affect other pharmacokinetic processes than CYP3A4-mediated drug metabolism, 

e.g. blood flow characteristics and drug distribution processes.58-61 

1.3 CYP3A4 biomarkers 

Since genotyping seems to be an inappropriate tool for prediction of CYP3A4 activity, there 

is great interest in finding both simple and practical measures for determination of CYP3A4 

phenotype. During drug development, the most widely and accepted method for determination 

of CYP3A4 activity is administration of microdoses of exogenous CYP3A4 probes, followed 
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by assessment of their pharmacokinetics. In a clinical practice however, administration of 

exogenous biomarkers is less suitable for individualized dosing of drugs metabolized by 

CYP3A4. Utilisation of endogenous biomarkers has an important practical advantage over 

exogenous biomarkers in that there is no need for administration of probe drugs, hence no risk 

of adverse events. In addition, endogenous biomarkers are more practical and time saving, as 

one simple blood sample would be sufficient for determination of an individual patient’s 

phenotype. However, in contrast to exogenous biomarkers, levels of endogenous biomarkers 

will be determined by both formation and subsequent elimination, hence, other sources than 

the phenotype of interest may influence their individual variability.    

In addition to the use of biomarkers in identification of inhibition or induction of CYP 

enzymes, biomarkers are also of interest for monitoring changes in CYP3A4 enzyme activity 

during disease progression. Also, the potential of biomarkers for dose optimisation by 

determining CYP3A4 phenotype before initiating medical treatment is of great interest and 

can reduce the chance of adverse events due to over-exposure or therapeutic failure due to low 

exposure. Selected exogenous and endogenous biomarkers are listed in table 2. 

Table 2. List of selected CYP3A4 biomarkers based on information from a review article by  

Hohmann et al.62 

Exogenous biomarkers Validated Endogenous biomarkers Validated 
Midazolam Yes 4β-hydroxycholesterol No 
Quinine to 3-OH-quinine No 6β-hydroxycortisol/cortisol No 
Erythromycin breath test No 6β-hydroxycortisone/cortisone No 
Alfentanil Yes   
Alprazolam Yes   
Buspirone Yes   
Triazolam Yes   
 

1.3.1 Exogenous CYP3A4 biomarkers 

Today, the gold standard for evaluating CYP3A4 activity is to determine clearance of 

midazolam, a selective substrate of CYP3A4.63 For assessment of enzyme induction or 

inhibition during drug development, area under the concentration-time curve (AUC) of 

midazolam is typically determined before and after administration of new drug candidates. 

AUC is calculated by repeated sampling of plasma over a period of 8-24 hours,62 which is 

both time consuming and invasive. Therefore, new methods using only one single sample of 

plasma for prediction of midazolam AUC, is preferable from a practical point of view.62 
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Midazolam is, unlike most other CYP3A4 substrates, not effluxed by ABCB1 (P-

glycoprotein),64,65 which is a favorable aspect of this biomarker. 

Another biomarker widely used for determination of CYP3A4 activity is the erythromycin 

breath test. Erythromycin is N-demethylated specifically by CYP3A4.66 When radiolabeled 

erythromycin is injected into subjects, measuring radiolabeled carbon dioxide after 

approximately 20 minutes in a breath sample provides an estimate of CYP3A4 phenotype.67 

However, erythromycin is also a substrate of P-gp, which reduces its suitability as a 

biomarker for CYP3A4 activity.68 

1.3.2 Endogenous CYP3A4 biomarkers 

There has been performed a lot of research for identification of possible endogenous 

CYP3A4-biomarkers.69,70 In the section below a summary of two of the most studied 

candidates are presented. 

6β-Hydroxycortisol 

Both urinary 6β-hydroxycortisol and metabolic ratio of urinary 6β-hydroxycortisol to cortisol 

has been used as a non-invasive measure for CYP3A4 activity, and the metabolic ratio is 

shown to be sensitive for both enzyme induction and inhibition.71-73 One weakness of urinary 

6β-hydroxycortisol to cortisol ratio as a biomarker is that the diurnal variation of cortisol 

necessitates urine collection for at least 4 hours, but preferably for 24 hours, which is 

unpractical.73 

4β-Hydroxycholesterol 

Of the potential endogenous biomarkers studied to date, 4β-hydroxycholesterol (4βOHC), a 

metabolite of cholesterol, is probably the most promising candidate. 4βOHC is formed by 

CYP3A4, and to a limited extent by CYP3A5. However, this route of cholesterol metabolism 

is minor in its overall oxidation and it is unclear whether absolute 4βOHC or cholesterol-

corrected values are most suitable as a measure of CYP3A4 activity. 

Cholesterol is an essential component of cell membranes in all animal cells and is important 

in cell growth and differentiation.74 The pool of cholesterol in the body derives from both de 

novo synthesis and from the diet, and the homeostasis is tightly regulated.75 Cholesterol is 
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transformed to numerous circulating oxysterols by both enzymatic and non-enzymatic 

reactions,76 as well as to steroid hormones and bile acids.74  

Together with 27-hydroxycholesterol (27OHC), 24-hydroxycholesterol (24OHC) and 7α-

hydroxycholesterol, 4βOHC is amongst the most abundant oxysterols in human 

circulation,77,78 but still the serum concentration is only about 0.002% of that of total 

cholesterol.79 In 2001, Bodin et al. showed that recombinant CYP3A4 were involved in 

formation of 4βOHC, while CYP1A2, CYP2C9 and CYP2B6 were not.80 Also the number of 

active CYP3A5*1 alleles have been shown to be associated with serum concentration of 

4βOHC.46,81 Although, compared to CYP3A4, in vitro studies showed that the contribution of 

CYP3A5 to the formation of 4βOHC is only about 6% of that of CYP3A4.82 CYP27 and 

CYP46 is responsible for formation of 27OHC83 and 24OHC,84 respectively (Figure 2). 

 

 

Figure 2. Overview of processes of formation and metabolism of 4βOHC and other oxysterols.82 

Oxysterols are mainly eliminated by conversion into bile acids, where the rate limiting step in 

the transformation is 7α-hydroxylation of the steroid.82 When 4βOHC was incubated with 
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human recombinant CYP7A1 and CYP27A1, Bodin et al. found that 4βOHC was 7α-

hydroxylated by CYP7A1 and 27α-hydroxylated by CYP27A182 (Figure 2). CYP46 has also 

been shown to be involved in metabolism of 4βOHC,82 but is mainly expressed in the brain84 

and therefor is of minor importance in systemic elimination of 4βOHC. 

Circulating 4βOHC is largely esterified to long-chain fatty acids, 50-80%, and is together 

with cholesterol, transported within lipoproteins.80 Bodin et al. showed that 4βOHC paralleled 

the distribution of cholesterol in lipoproteins completely.80 Following this, one might expect a 

paralleled alteration in levels of 4βOHC if cholesterol levels are altered, and it has been 

debated whether 4βOHC levels or cholesterol corrected 4βOHC (4βOHC/C) is preferable as 

CYP3A4 biomarker. Diczfaluzy et al. reported that differences in total cholesterol 

concentration only explained ~9% of the variability in 4βOHC,81 while another study found 

only minor differences in correlation between 4βOHC/C and midazolam compared to 4βOHC 

and midazolam,69 indicating that 4βOHC levels generally will be sufficient for monitoring 

individual differences in CYP3A4 activity. Although, it seems to be an agreement in that 

when alterations in total cholesterol is expected, the use of cholesterol corrected 4βOHC is 

preferable.85,86 

In contrast to other oxysterols, the elimination rate of 4βOHC from the circulation is 

extremely slow. Bodin et al. estimated the elimination half-life of 4βOHC to be 

approximately 60 hours after injection of deuterium labeled 4βOHC in two healthy 

volunteers,82 but have later reported that this half-life most likely represent a distribution 

phase rather than the true half-life of 4βOHC.87 Another study by the same group investigated 

the time for 4βOHC to reach a new steady state concentration after termination of treatment 

with rifampicin, a potent CYP3A4 inducer, and reported the elimination half-life to be 

approximately 17 days.87 The long elimination half-life is thought to be due to slow 7α-

hydroxylation by CYP7A1.82  

The long half-life of 4βOHC results in rather stable serum concentrations over time and small 

intraindividual variability in untreated subjects. Diczfalusy et al. found a coefficient of 

variation (CV) between 4.8 and 13.2% in 12 healthy untreated subjects during a three month 

period (12 measurements for each subject) with an average CV of 7.1%.87 This is a favorable 

aspect with respect to timing of the blood sampling in studies where 4βOHC is investigated as 

CYP3A4 biomarker, but on the other hand it makes 4βOHC less sensitive in detecting 
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changes in enzyme activity during administration of agents that may affect CYP3A4 

metabolism. 

Patients treated with the enzyme-inducing antiepileptic drugs carbamazepine, phenobarbital 

and phenytoin are shown to have elevated levels of 4βOHC.80,88-91 Where Wide et al. reported 

a nearly eight-fold increase in 4βOHC from baseline after 8 weeks of treatment with 

carbamazepine,91 and Bodin et al. showed a seven- to eight-fold increase in 4βOHC in 

patients treated with carbamazepine, phenytoin and phenobarbital compared to patients 

treated with valproate.80 Rifampicin, another potent inducer of CYP3A4 is also shown to 

increase levels of 4βOHC after treatment for 1-2 weeks, in a dose dependent manner.87 

Regarding administration of CYP3A4 inhibitors, Lütjohann et al. have reported a reduction in 

4βOHC/cholesterol ratio of 20-30% after treatment with itraconazole, a very potent CYP3A4 

inhibitor, for one week.92 Other studies have investigated the effect of another potent 

CYP3A4 inhibitor, ketoconazole, with similar reductions in levels of 4βOHC, although with 

an inter-study inconsistency probably reflecting variable treatment duration of the inhibitor. 

One study did not find any significant change in 4βOHC/cholesterol ratio after ketoconazole 

treatment for 4 days,93 while others have found a reduction in 4βOHC levels ranging from 

~16% 94 to ~26%,95 with treatment duration between 4 and 14 days. A recent study by Hole et 

al, showed that long-term treatment with the moderate CYP3A4 inhibitors fluoxetine and 

fluvoxamine were associated with a significant 20-30% reduction in 4βOHC level.90 The 

treatment duration in the study by Hole et al. eliminates issues related to the long half-life of 

4βOHC and the question of whether steady-state conditions are reached. 

A few studies have investigated associations between clearance/exposure of CYP3A4 

substrates and 4βOHC level. Vanhove et al. found a significant correlation between 4βOHC 

and tacrolimus in stable kidney transplant patients,96 but did not find any significant 

association between 4βOHC in pre-transplant patients and tacrolimus concentration the first 

days after kidney transplantation.97 De Graan et al. investigated whether 4βOHC could predict 

clearance of the anticancer agents docetaxel and paclitaxel in individual cancer patients, but 

the conclusion was negative.98 On the other hand DeGorter et al. showed that 4βOHC 

explains about 30% of the variability in atorvastatin clearance in patients with coronary 

disease,99 while Dutreix et al. found a significant correlation between midostaurin and 4βOHC 

level in 40 healthy adults.100 The findings from the above-mentioned studies are conflicting, 

illustrating the importance of future studies and additional knowledge of the possible value of 
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4βOHC as a tool for dose optimization of CYP3A4 substrates, including knowledge of 

whether 4βOHC reflects both hepatic and intestinal CYP3A4 phenotype. 

1.4 Quetiapine – an important CYP3A4 substrate 

Quetiapine is an atypical antipsychotic agent substantially metabolized by CYP3A4, and to a 

lesser extent CYP3A5, to the pharmacologically active metabolite, norquetiapine (NDQ).28,101 

Quetiapine is approved for treatment of schizophrenia and bipolar disorder, and is marketed 

both as immediate release (IR) and extended release (XR) tablets.102 Time after oral 

administration to peak plasma concentration (tmax) is approximately 1.5 hour for IR tablets 

and 5 hours for XR tablets. Quetiapine has a low oral bioavailability of approximately 10% 

due to substantial presystemic CYP3A4 metabolism.103 The elimination half-life (t1/2) for 

quetiapine and NDQ is approximately 5-7 hours and 11-12 hours respectively.104,105  

In addition to metabolism to NDQ mainly by CYP3A4, quetiapine is also metabolized to O-

desalkylquetiapine and quetiapine sulfoxide by CYP3A and to 7-hydroxyquetiapine by 

CYP3A and CYP2D6.28 In an in vitro study, Bakken et al. observed only a minor contribution 

of CYP3A5 in the metabolism of quetiapine, and they found no effect of CYP3A5 genotype 

on dose corrected serum concentrations (C/D ratio) of quetiapine in psychiatric patients.101 

Hence quetiapine is considered more or less a pure CYP3A4 substrate. Concerning quetiapine 

and NDQ as substrates of the transmembrane efflux transporter P-gp, the results are 

conflicting. Several studies have reported that quetiapine and/or NDQ is substrates for P-

gp,106,107 while others have failed to show this.101,108  

C/D ratio of quetiapine shows extensive interindividual variability largely reflecting 

individual differences in CYP3A4 metabolism, which might be due to e.g. drug-drug 

interactions or genetic variability. Bakken et al. have reported increased C/D ratio in patients 

aged 65 years or older, compared to younger patients.109 Reports about gender-related 

differences in quetiapine C/D ratio are conflicting, while Bakken et al. reported an average 

36% higher C/D ratio of quetiapine in males compared to females,101 several other studies 

have failed to show similar effects.109-111 The oral bioavailability of quetiapine is only ~10%. 

As 70% of orally administered quetiapine is absorbed, this indicates a significant contribution 

of presystemic CYP3A4 metabolism in limiting its bioavailability. Today, therapeutic drug 

monitoring (TDM) is used to monitor serum levels of quetiapine and NDQ. However, there is 

currently no biomarker for estimating individual dose requirements during initiation of 
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treatment, in contrast to many other psychotropic drugs where genotyping of genetic 

polymorphic enzymes (e.g. CYP2D6 and CYP2C19) could be applied as a basis for dosing 

recommendations. 
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2 AIM OF THE THESIS 

The overall aim of this thesis was to investigate different aspects of 4β-hydroxycholesterol as 

a potential biomarker of CYP3A4 phenotype. Further, the specific sub aims were to: 

- establish a method for determination of 4β-hydroxycholesterol in human serum (paper I). 

- investigate the impact of oral dose and serum concentration of CYP3A4-inducing 

antiepileptic drugs on 4β-hydroxycholesterol levels in psychiatric patients (paper I). 

- evaluate to which extent individual serum concentration of 4βOHC in psychiatric patients 

correlates with exposure of quetiapine, an antipsychotic drug subjected to extensive 

CYP3A4 metabolism (paper II). 

- investigate the possible involvement of intestinal CYP3A4 in 4βOHC formation by 

studying the effect of grapefruit juice intake in healthy individuals (paper III). 
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3 SUMMARY OF RESULTS 

Paper I: 4β Hydroxycholesterol correlates with dose but not steady state concentration of 

carbamazepine: indication of intestinal CYP3A in biomarker formation? 

In this study we investigated to what extent serum concentration of 4β-hydroxycholesterol 

(4βOHC) correlated with dose (presystemic exposure) and dose corrected serum 

concentrations at steady-state (systemic exposure) of the CYP3A4 inducer carbamazepine. 

The study is based on a therapeutic drug monitoring material, and 55 randomly selected 

carbamazepine-treated patients and 54 levetiracetam-treated patients (negative controls) were 

included in the study. Secondarily, serum concentration of 4βOHC between males and 

females were compared within the two groups. It was found a significant positive correlation 

between 4βOHC and carbamazepine dose (r=0.53, P<0.001), while no significant correlation 

was found between 4βOHC and dose corrected serum concentration of carbamazepine 

(P=0.3). Females in the carbamazepine treated group had significantly higher serum 

concentrations of 4βOHC compared to males (P<0.001), no such difference was found in the 

group of levetiracetam treated patients (P=0.52). We also found a 10-fold higher serum 

concentration of 4βOHC in the carbamazepine treated group compared to the control group 

(P<0.0001) which has also been reported in previous studies. In conclusion, the correlation 

found between 4βOHC and carbamazepine dose, and the lack of correlation between 4βOHC 

and dose corrected serum concentrations suggests a stronger inductive effect of 

carbamazepine on presystemic CYP3A4 phenotype compared to systemic CYP3A4 

phenotype, which might indicate a role of CYP3A4 in the intestine in 4βOHC formation. In 

addition it seems like CYP3A4 metabolism is more inducible by carbamazepine in females 

vs. males. 
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Paper II: 4β Hydroxycholesterol level significantly correlates with steady state serum 

concentration of the CYP3A4 substrate quetiapine in psychiatric patients 

The aim of this study was to investigate the correlation between 4βOHC levels and steady-

state serum concentrations (Css) of quetiapine, a substrate to CYP3A4, and evaluate the 

potential usefulness of 4βOHC as a dosing biomarker. Serum concentration of 4βOHC was 

analysed in samples from 151 patients treated with quetiapine immediate release (IR; n=98) 

or extended release (XR; n=53) tablets. Correlations between 4βOHC levels and dose 

adjusted Css (C/D ratio) of quetiapine were tested by univariate and multivariate analyses. 

Gender, age (≥60 vs. <60 years) and tablet formulation were included as potential covariates 

in multivariate analysis. A highly significant correlation was found between 4βOHC and 

quetiapine C/D ratio both for IR- and XR-treated patients (r=-0.47 and r=-0.56 respectively; 

P<0.0001) in univariate analysis. Also in multivariate analysis the relationship between 

4βOHC level and quetiapine C/D ratio was significant (P<0.001), including gender (P=0.023) 

and age (P=0.003) as significant covariates. The findings of a significant correlation between 

4βOHC level and steady-state concentration of quetiapine in this study supports a potential 

usefulness of 4βOHC as a phenotype biomarker for individualized dosing of quetiapine, and 

possibly other drugs where systemic exposure is mainly determined by CYP3A4 metabolism. 

However, this interpretation was questioned by Neuhoff and Tucker in a letter to the Editor, 

which we subsequently responded on (Letter to paper II). 
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Paper III: Effect of grapefruit juice intake as an intestinal CYP3A4 inhibitor on 4β-

hydroxycholesterol level – an interaction study in healthy volunteers 

In this study we aimed to follow up the result from the two previous studies suggesting a 

potential role of intestinal CYP3A4 in formation of the endogenous CYP3A4 biomarker 

4βOHC. Based on existing literature, there is unclear whether circulating levels of 4βOHC 

solely reflect hepatic CYP3A4 activity or both hepatic and intestinal enzyme activity. The 

effect of grapefruit juice, a selective intestinal CYP3A4 inhibitor, on serum concentration of 

4βOHC in healthy volunteers was studied over a five-week period. The 22 included 

participants consumed 200 mL grapefruit juice twice daily for 3 weeks followed by a 2-week 

washout period. Blood samples were drawn at day 0, 7, 21, and 35, and were analyzed for 

levels of 4βOHC and the non-CYP3A4-derived oxysterols 24-hydroxycholesterol (24OHC) 

and 27-hydroxycholesterol (27OHC), as well as lathosterol and total cholesterol. Endpoints 

that were compared in the study comprised median individual changes (ratios) in cholesterol 

corrected levels of 4βOHC, 24OHC, 27OHC and lathosterol from baseline to week 1, 3 and 5. 

A small, insignificant reduction in cholesterol-corrected levels of 4βOHC was observed after 

1 week of grapefruit juice consumption. Total cholesterol levels were significantly reduced by 

approximately 5% after 1 week (P=0.03), while the cholesterol-corrected ratios of lathosterol 

was increased by approximately 15% throughout the whole study period (P<0.04). In 

conclusion, the findings suggest only a minor contribution of intestinal CYP3A4 in formation 

of 4βOHC in healthy volunteers. The fact that grapefruit juice altered cholesterol homeostasis 

may indicate unknown biological effects of compounds in grapefruit juice, which should be 

further investigated in new studies.  
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4 DISCUSSION 

This thesis has highlighted different aspects of 4βOHC as an endogenous biomarker for 

CYP3A4 phenotype. An important question regarding the suitability of 4βOHC as a potential 

biomarker for dose optimization of CYP3A4 substrates is whether it reflects both intestinal 

and hepatic CYP3A4 activity, or mainly reflects hepatic CYP3A4 activity. Further, a 

clinically relevant issue is whether circulating 4βOHC level can work as a tool to describe and 

monitor individual variability in serum concentration of CYP3A4 substrates in relation to 

differences in metabolic phenotypes. For studying these aspects, it is essential with an 

analytical method to determine 4βOHC in human serum or plasma. While previous liquid 

chromatographic (LC) and gas chromatographic (GC) methods require chemical 

derivatisation of 4βOHC prior to mass spectrometric (MS) detection, a method for 4βOHC 

detection without derivatisation was developed and applied in the present research project to 

obtain knowledge on the issues outlined above. 

4.1 Determination of 4βOHC in human serum 

The most applied method for determination of 4βOHC is GC-MS with deuterium-labelled 

internal standard, which requires a derivatisation step before GC-MS analysis. This analytical 

approach has several advantages, like good sensitivity and selectivity, on the downside, the 

runtimes are long and the derivatisation process often takes several hours. LC-MS/MS is 

generally faster and more robust, but may have lower sensitivity and specificity compared to 

GC-MS methods. 

There are some LC-MS/MS methods on 4βOHC analysis in plasma or serum that have been 

published.94,112-115 The method used as the basis for developing the assay of the present 

research project was published by van de Merbel et al.112 Their method did not include a 

derivatisation step, and was therefore selected as reference method. However, while van de 

Merbel et al. used LC-MS/MS, our method was based on UPLC-MS/MS, which generally 

requires shorter run-times and provides better chromatographic separation of the analytes than 

methods using ordinary LC columns. In the current method the run-times were 10 minutes 

whereas van de Merbel et al. reported run-times of 15 minutes. 

The mass transition used for determination of 4βOHC is not very specific, i.e. loss of a water 

molecule and it is therefore important that 4βOHC is well separated from other isobaric 

oxysterols, especially 4α-hydroxycholesterol (4αOHC). In general UPLC provides good 
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chromatographic separation of chemically related substances, better than LC-MS/MS, and we 

confirmed that 4βOHC was well separated from 4αOHC after injection of patient samples 

(supplementary figure in paper I). 

Oxysterols lack acidic or basic groups, making the necessary ionization step for mass 

spectrometric detection challenging. The use of an atmospheric pressure chemical ionization 

(APCI) probe in the current method ensured acceptable ionization of 4βOHC. Although the 

sensitivity obtained by APCI-based ionization of oxysterols is lower than electrospray 

ionization (ESI) of derivatized oxysterols,94,113 the sensitivity obtained by the UPLC-APCI-

MS/MS method used in the studies of this thesis was still considered to be acceptable for 

determination of 4βOHC in the respective serum or plasma samples from included subjects. 

The recommended lower limit of quantification (LLOQ) for analytical methods determining 

4βOHC has been set to ~12.5 nmol/L,116 while the (LLOQ) of the current method was 25 

nmol/L, and in the lower range of serum concentrations reported in healthy, drug naive 

humans, ranging from approximately 25-150 nmol/L.80 Although, the LLOQ of the current 

method was considered satisfactory for the studies included in this thesis, (only ~4% of the 

included samples was measured below LLOQ), the higher LLOQ in the current study is a 

limitation, especially when studying patients or participants where one can expect low 

CYP3A4 activity, e.g. during use of CYP3A4-inhibiting agents. Van de Merbel et al. 

achieved ionization of 4βOHC by the use of atmospheric photo ionization (APPI), and 

achieved a lower LLOQ than the current method using APCI. This might be due to a better 

sensitivity with APPI compared to APCI,117 or a consequence of an additional clean up step in 

the sample preparation described by van de Merbel et al. 

Another important aspect to consider during validation of an analytical method is the potential 

ion suppression by other agents (e.g. drugs) present in the serum sample. Therefore, in the 

validation process, randomly pooled human serum of residual patient samples containing a 

variety of drugs from many different individuals obtained from the TDM laboratory was used. 

When testing potential ion discrimination by injecting pooled serum extracts from TDM 

samples during direct infusion of a 4βOHC standard solution, we did not observe any signal 

or response drop, which indicated no relevant interferences. 

The original sample preparation described by van de Merbel et al. was comprehensive and 

involved a liquid-liquid extraction (LLE) followed by a solid phase extraction (SPE), which 

was simplified in the current method as to only involve LLE. An increased extraction 
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recovery was obtained in our procedure by doubling the volume of organic phase in the LLE. 

The total time of sample preparation was substantially reduced by the use of a -70°C freezer 

instead of a -20°C freezer (used in the original method) for separation of the organic phase 

from the aqueous phase prior to evaporation. This was followed by re-solvation in methanol 

before injection of the samples for concentration analysis by UPLC-MS/MS.  

Overall, the method used in the studies included in this thesis is both faster and less 

comprehensive than the method by van de Merbel et al. The use of UPLC rather than LC for 

chromatographic separation enables good separation in a shorter time, but the current method 

resulted in lower sensitivity and a higher LLOQ compared to the method described by van de 

Merbel et al., i.e. 25 nmol/L vs. ~12.5 nmol/L. 

4.2 Factors important for inducibility of 4βOHC formation during use of 
CYP3A4-inducing drugs 

The anti-epileptic drug carbamazepine is a potent CYP3A4 inducer.118 In paper I, the impact 

of oral dose and serum concentration of carbamazepine on 4βOHC levels was investigated 

along with demographic variables. We found a significant correlation between levels of 

4βOHC and oral dose of carbamazepine, while no correlation was observed between levels of 

4βOHC and steady-state concentrations of carbamazepine. The close association between 

presystemic exposure (i.e. oral dose) of carbamazepine and 4βOHC level might indicate that 

presystemic CYP3A4 phenotype is relevant for the formation of 4βOHC, hence involving 

both intestinal and hepatic CYP3A4. 

Our observations described above were in line with results obtained by Tomalik-Scharte et al. 

showing a somewhat tighter correlation between 4βOHC level and clearance of orally vs. 

intravenously administered midazolam.69 It has been suggested that 4βOHC mainly reflects 

hepatic CYP3A4 activity,71,119 possibly because endogenous cholesterol synthesis mainly is 

located to the liver.74 However, CYP3A4 is highly expressed in enterocytes,57,120 and both 

dietary cholesterol and endogenous cholesterol from the enterohepatic circulation is available 

in the intestine. Overall, these findings were interpreted as that the formation of 4βOHC may 

occur to a relevant extent by intestinal CYP3A4, which was investigated as a hypothesis later 

in the thesis. 

In paper I, we also showed 10-fold higher serum level of 4βOHC in patients treated with 

carbamazepine, compared to patients treated with levetiracetam, (non-inducer). Which is in 
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line with previous studies showing that 4βOHC is sensitive towards CYP3A4 induction from 

both rifampicin71,87,100 and carbamazepine,80 and the less potent CYP3A4 inducer 

ursodeoxycholic acid.80 We also found a 70% higher serum level of 4βOHC in patients 

treated with the CYP3A4 inducers phenobarbital or phenytoin in addition to carbamazepine, 

compared to patients treated with carbamazepine alone. This is in line with previous findings 

showing that the 4βOHC level increase stepwise by adding multiple CYP3A4 inducers.89 In 

paper I we also found a significant positive correlation between dose of carbamazepine and 

serum concentration of 4βOHC, which together with findings of Kanebratt et al. with gradual 

increase in levels of 4βOHC after dosing of 20mg, 100mg and 500mg rifampicin for two 

weeks, respectively,121 provide strong evidence that the inducibility of 4βOHC is dose 

dependent. 

In paper I and III, we found a gender related variability in 4βOHC level. In paper I females 

were shown to have higher serum levels of 4βOHC compared to males in both levetiracetam- 

and carbamazepine-treated patients, although the gender related difference was only 

significant in the latter group of carbamazepine-treated patients. Interestingly, we also found a 

significantly and approximately 30% higher serum concentration of 4βOHC in healthy (drug 

naive) females compared to males in paper III. In accordance with this, Gebeyehu et al. 

reported significantly higher levels of both absolute and cholesterol-corrected 4βOHC levels 

in healthy females vs. males.46 Furthermore, Hole et al. found an approximately 30% higher 

serum concentration of 4βOHC in females compared to males in a group of 655 patients.90 

These findings taken together show that i) females generally exhibit higher basal CYP3A4 

activity compared to males, and ii) a possibly higher inducibility of CYP3A4-mediated 

4βOHC formation in females than males. These observations may be of great clinical 

importance, as females are at risk of being undertreated at standard doses of drugs 

metabolized by CYP3A4 and also exhibit a potential of larger drop in exposure of such drugs 

during concomitant use of enzyme inducers. 

Although numerous studies have shown that the 4βOHC level increases extensively during 

use of CYP3A4 inducers, the value or robustness of 4βOHC as a biomarker for CYP3A4 

induction was recently questioned by Neuhoff and Tucker in a letter to paper II of this 

thesis.122 The main argument of Neuhoff and Tucker was that the CYP3A4 inducer rifampicin 

may inhibit subsequent elimination of 4βOHC, and thereby increase its levels via non-

CYP3A4 mechanisms.122 However, they ignored the fact that many other CYP3A4 inducers 

not affecting downstream enzymes have unequivocally shown greatly increased 4βOHC 
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levels in many studies. Still, Neuhoff and Tucker have a point regarding the fact that 

variability in enzymes responsible for the elimination of 4βOHC may limit the robustness of 

4βOHC as a biomarker for CYP3A4 activity.122 It has been reported in an in vitro study by 

Bodin et al. that CYP27A1 and CYP7A1 participates in the metabolism of 4βOHC.82 The 

overall contribution of these enzymes in total 4βOHC elimination in vivo is yet to be 

established, but the serum concentration of 4βOHC may more or less depend on phenotypes 

of these two enzymes in addition to CYP3A4. It would be of interest in further studies to 

clarify the relative impact of these enzymes as determinants for 4βOHC level, also with 

respect to potential genetic polymorphisms in CYP27A1 and/or CYP7A1. 

In summary, the daily dose of the CYP3A4-inducing drug, the total number of CYP3A4 

inducers being used and gender seems to be important for the inducibility of 4βOHC. Finally, 

it should be little doubt that 4βOHC is a sensitive and valuable biomarker for the detection 

and quantification of CYP3A4 induction, which would be an attractive application of 4βOHC 

during drug development. 

4.3 Clinical use of 4βOHC as CYP3A4 biomarker 

The potential usefulness of 4βOHC as a CYP3A4 biomarker in clinical practice is yet to be 

established. There would be of great value if 4βOHC could be used as a biomarker for 

determination of dose requirements before initiation of drug treatment of CYP3A4 substrates, 

as well as a biomarker for monitoring potential changes in CYP3A4 activity during on-going 

medical treatment caused by for example drug-drug interactions, changes in physiological 

functions and disease development. 

4.3.1 4βOHC as a potential biomarker for dose requirements of CYP3A4 substrates 

While serum or plasma concentration of 4βOHC or 4βOHC/C is quite established as a marker 

for CYP3A4 induction, the potential of 4βOHC as a tool for determination of an individual 

patients phenotype and hence dose requirement is less clear. In paper II we investigated the 

correlation between levels of 4βOHC and dose corrected steady-state serum concentrations of 

the CYP3A4 substrate quetiapine in psychiatric patients, to evaluate the potential of 4βOHC 

as a tool in dose optimization in quetiapine treatment. We found a significant correlation 

between 4βOHC level and steady-state serum concentration of quetiapine a CYP3A4 

substrate with low oral bioavailability (~10%) in both univariate and multivariate regression 

analyses. Together with age and gender, 4βOHC explained approximately 30% of the 
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observed interindividual variability in dose corrected steady-state concentrations of quetiapine 

in a multivariate regression analysis. Some previous studies have shown gender-related 

variability in dose corrected concentration of quetiapine with males exhibiting higher 

exposure compared to females, 101,123 while others have failed to show this.109-111 The fact that 

we in paper II found isolated effects of both age and gender on dose-corrected quetiapine 

concentrations, in addition to CYP3A4 activity measured by 4βOHC level, indicates that the 

pharmacokinetic variability of quetiapine is also determined by other processes than CYP3A4 

metabolism. Possible explanations for the increased dose-corrected, steady-state trough 

concentration of quetiapine in patients aged 60 years or older is an age-related decline in liver 

mass and hepatic blood flow,60,124 while one possible explanation for the gender-related 

variability in quetiapine serum concentration is alterations in its volume of distribution, or 

alternatively gender related differences in P-gp expression or function. 

4βOHC have previously been investigated as a biomarker for dose requirements of 

tacrolimus, atorvastatin, midostaurin, docetaxel and paclitaxel, with various results. Dutreix et 

al. found a significant correlation between midostaurin AUC and 4βOHC in healthy adults, 

reporting that variability in CYP3A4 explains approximately 50% of the interindividual 

variability observed with midostaurin, as determined by 4βOHC.100 Likewise, possible 

predictors for circulating atorvastatin concentration were studied in 128 patients, and 

polymorphism in the hepatic uptake transporter OATP1B1 (encoded by SLCO1B1) together 

with 4βOHC was identified as significant explanatory variables.99 However, for tacrolimus, 

docetaxel and paclitaxel, similar correlations were not observed, as outlined below. 

Tacrolimus, which is important in immunosuppressive therapy after solid organ 

transplantation, is associated with high intra- and interindividual variability,125 and is a 

substrate for both CYP3A4/5 and P-gp.126-128 In stable renal transplant patients, Vanhove et al. 

found that 4βOHC is comparable to midazolam clearance in explaining interindividual 

variability in clearance of tacrolimus.96 On the other hand, Størset et al. reported no 

significant correlation between pre-transplant 4βOHC levels and tacrolimus clearance early 

after transplantation, nor between 4βOHC and tacrolimus 1 week, 4 weeks or 8 weeks after 

transplantation.129 In 2017 Vanhove et al. published another study investigating if pre-

transplant levels of 4βOHC could predict tacrolimus clearance after transplantation, and found 

similar results as Størset et al., that pre-transplant levels of 4βOHC does not predict dose 

requirement the first 14 days after transplantation.97 Vanhove et al. highlights several possible 

explanations for the lack of association between pre-transplant levels of 4βOHC and clearance 
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of tacrolimus after transplantation, including lack of steady-state conditions of tacrolimus the 

first days after transplantation and the physiological changes occurring the first days after 

transplantation.97 Intraindividual variability in tacrolimus clearance during this period is likely 

due to factors unrelated to CYP3A4 activity.97 It therefore seems unlikely that 4βOHC will be 

useful in optimization of tacrolimus dosage early after transplantation. However, as discussed 

below, 4βOHC level correlates with oral tacrolimus clearance at steady-state.96 

The anticancer agents docetaxel and paclitaxel are both substrates of CYP3A4, and are 

subject to considerable interindividual pharmacokinetic variability.130 In a study including 291 

patients treated with paclitaxel and 151 patients treated with docetaxel, de Graan et al. did not 

find any significant correlation between 4βOHC or 4βOHC/C and paclitaxel or docetaxel.98 

As paclitaxel is metabolised by CYP2C8 in addition to CYP3A4, it is not too surprising that 

4βOHC was not predicting the pharmacokinetics of paclitaxel.98 Although docetaxel is 

reported to mainly be metabolised by CYP3A4/5, drug transporters like ABCB1 and 

OATP1B are likely more important for the pharmacokinetics variability of docetaxel.131,132  

A poor correlation between 4βOHC and midazolam clearance has previously been highlighted 

as a finding that question the role of 4βOHC as an endogenous biomarker.122 On the other 

hand the stronger correlation between 4βOHC and tacrolimus at steady state, than between 

midazolam and tacrolimus in stable renal allograft recipients at least three months post-

transplant,96 supports that 4βOHC may act as a biomarker for dose optimization of CYP3A4 

substrates, but importantly this will most likely vary between different substrates. A major 

reason for the inconsistency observed is likely due to the difference in pharmacokinetic 

profiles of the different substrates studied. Even though quetiapine and tacrolimus both are 

metabolised by CYP3A4, there are numerous factors influencing the total pharmacokinetic 

profile of the drugs. Considering the current knowledge, a potential role of 4βOHC as a 

‘generic’ biomarker for dose requirements of ‘all’ CYP3A4 drug substrates is therefore 

unlikely.  

In summary, the findings of paper II indicate that 4βOHC level combined with other variables 

may predict individual dose requirements of quetiapine. However, it is important to point out 

that this is a preliminary interpretation, which needs to be investigated in studies evaluating if 

pre-treatment levels of 4βOHC can predict dose requirements of quetiapine using algorithms 

including significant covariates. It is also important to study each relevant CYP3A4 substrate 
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separately to determine if 4βOHC is associated with dose requirements of the drug in 

question. 

4.3.2 4βOHC as a potential biomarker for variability in CYP3A4 metabolism during 

on-going treatment with CYP3A4 substrates 

In addition to the potential value of 4βOHC as a biomarker for prediction of dose 

requirements, 4βOHC level may also be of interest as a biomarker for monitoring of 

intrapatient variability in drug concentration during ongoing treatment, e.g. due to drug-drug 

interactions or alterations in disease state. Today, therapeutic drug concentration monitoring 

(TDM) is widely used for monitoring drug treatment and is especially important for drugs 

with a narrow therapeutic window. Contrary to TDM, an endogenous biomarker like 4βOHC 

will not be biased by potential non-compliance from the patient, and is likely superior to 

TDM in reflecting a true change in CYP3A4 activity. However, this requires that 4βOHC is 

sensitive to both CYP3A4 induction and inhibition. 

As discussed before in relation to the findings from paper I, 4βOHC is reliable as a biomarker 

for detection of CYP3A4 induction. However, its ability to detect CYP3A4 inhibition is less 

clear, as studies investigating relationship between potent inhibitors of CYP3A4 and 4βOHC 

showed rather modest changes in serum concentration of 4βOHC. However, treatment 

duration of the inhibitor is probably of relevance for 4βOHC level to capture a reduction in 

CYP3A4 activity. This is supported by a study by Hole et al.,90 where long-term use of the 

moderate CYP3A4 inhibitors fluoxetine and fluvoxamine consistently and significantly 

reduced 4βOHC level.   

Several disease states involving inflammatory processes is reported to down regulate 

CYP3A4 activity,51-53 and thereby potentially reduce metabolism of CYP3A4 substrates. The 

ability of 4βOHC to reflect changes in CYP3A4 phenotype associated with inflammatory 

status have been investigated by Wollmann et al. that showed a 20% lower level of 4βOHC in 

patients with rheumatoid arthritis compared to healthy volunteers.133 Molanaei et al. could not 

find any significant association between cholesterol corrected 4βOHC and the inflammatory 

biomarkers, high-sensitive CRP, pentraxin 3 or orosomucoid in haemodialysis patients, but 

reported a significant association between quinine, another CYP3A4 biomarker, and high-

sensitive CRP, orosomucoid as well as IL-6.53 They suggested that the lack of association 

between 4βOHC and the inflammatory biomarkers may be because of the long elimination 



26 
 

half-life of 4βOHC making it less suitable to detect the relative fast variability in degree of 

inflammation.53 Thus, time is probably a relevant factor to consider in relation to the use of 

4βOHC to monitor intraindividual changes in CYP3A4 phenotype. 

In summary, the potential of 4βOHC as a biomarker to detect intraindividual variability in 

CYP3A4 metabolism due to alterations in disease state during on-going medical treatment 

with CYP3A4 substrates needs to be further investigated, this also applies to 4βOHC as a 

biomarker to detect variability in CYP3A4 metabolism due to enzyme inhibition. 

4.4 Involvement of intestinal CYP3A4 in formation of 4βOHC 

Based on the findings in paper I and paper II, we hypothesized that intestinal CYP3A4 could 

be important for the circulating level of 4βOHC. To answer this hypothesis, we conducted a 

study where healthy volunteers consumed grapefruit juice, an intestinal CYP3A4 inhibitor, 

twice daily in three weeks, followed by blood sampling after 1, 3 and 5 weeks, as described in 

paper III.  

After oral administration of a CYP3A4 drug substrate, both intestinal and hepatic CYP3A4 

metabolism is important for the presystemic phenotype. Midazolam has a bioavailability of 

approximately 50% after oral administration in healthy subjects.134,135 A study investigating 

absorption of orally administered midazolam in patients during the anhepatic phase of liver 

transplantation, found an oral midazolam bioavailability of approximately 40%.136 This 

illustrates the importance of intestinal CYP3A4 in the overall presystemic CYP3A4 

phenotype in humans, and hence the importance for a CYP3A4 biomarker to reflect both 

hepatic and intestinal metabolism. 

In paper III we measured 4βOHC levels together with 24OHC, 27OHC, lathosterol and total 

cholesterol in healthy volunteers before, during and after administration of GFJ to investigate 

the potential involvement of intestinal CYP3A4 in 4βOHC formation. GFJ has been shown to 

contain furanocumarin 6´7´dihydroxybergamottin, which has been shown to inhibit CYP3A4 

by metabolite-complexation.137,138 Increased bioavailability of many orally administered 

CYP3A4-metabolized drugs has been reported during concurrent intake of GFJ.35,139-141 

However, GFJ has no effect on elimination half-lives of CYP3A4 substrates, which shows its 

selectivity towards inhibition of intestinal over hepatic CYP3A4.139  
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In the study presented in paper III, we found a significant reduction of approximately 11% in 

median relative changes (ratios after-vs.-before) of 4βOHC after 7 days of GFJ consumption 

compared to day 0. A similar reduction in serum concentration of 4βOHC was also observed 

at day 21 of the study period compared to day 0, but the reduction was not significantly 

different. When correcting for cholesterol concentrations, the ratio of 4βOHC were slightly, 

but insignificantly reduced after starting daily consumption of GFJ. Hence the study showed 

that intestinal CYP3A4 most likely is not important for the systemic concentration of 4βOHC. 

The cholesterol corrected ratios of both 24OHC and 27OHC were merely the same during and 

after GFJ consumption, while before correcting for cholesterol both 24OHC and 27OHC were 

reduced after 7 days (not significant) and 21 days (significant). While 4βOHC is formed from 

cholesterol by CYP3A4, CYP27 and CYP46 is responsible for the formation of 27OHC and 

24OHC, respectively.142 The amount of 24OHC present in the circulation originates almost 

exclusively from the brain, where the CYP46 expression is abundant.142 It is unlikely that GFJ 

would affect the formation of 24OHC in the brain, hence a change in serum levels of 24OHC, 

before correcting for cholesterol, would most likely be due to alterations in lipoprotein levels. 

Thus, the underlying mechanism behind the reduction in levels of all three oxysterols is likely 

a reduction in levels of circulating lipoproteins, because of a reduction in cholesterol 

concentration. 

Overall, although the findings in paper I and II led us to the theory of a possible important 

role of intestinal CYP3A4 in formation of 4βOHC, the findings in paper III only suggests a 

minor contribution of intestinal CYP3A4 in formation of 4βOHC. This may indicate a limited 

usefulness of 4βOHC as a biomarker for dose requirements of orally administered CYP3A4 

substrates. However, interpretations of the findings of paper III were complicated by GFJ 

altering lipid homeostasis, so the study does not discard a potential application of 4βOHC 

level for this purpose.   

4.5 Future perspectives 

In paper II, 4βOHC level was together with age and gender shown to explain ~30% of the 

observed variability in dose corrected steady-state concentrations of quetiapine. In a patient 

population with highly variable treatment compliance, this explanatory degree could be 

regarded as fairly good. Thus, it would be of interest to further study to which extent 

information about 4βOHC level, age and gender in a pharmacokinetic model could predict the 
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serum concentrations of quetiapine at certain doses in a non-TDM patient population. A 

possibility might be to investigate this in psychotic patients enrolled in the so-called TOP 

(Norwegian ‘Tematisk Område Psykose’) project, a clinical cohort study. This study that was 

initiated in 2003, recruiting patients with all types of psychotic disorders with the 

performance of comprehensive assessments of clinical symptoms and antipsychotic drugs 

being used along with the patients’ respective adherence to the medical treatment.  

Jansdottir et al. have shown that the treatment adherence of patients included in the TOP 

study is better than what is observed in a naturalistic setting.143,144 The good treatment 

adherence makes serum samples from patients in the TOP study ideal for validation of a 

4βOHC-based algorithm derived from paper II. The aim in such a study might be to 

investigate the ability of the algorithm, from the regression model, including 4βOHC, age and 

gender, to predict the dose of quetiapine required to achieve measured serum concentrations 

in the patients. The relative differences between the calculated and the actual quetiapine dose 

can be used as a measure of the suitability of the biomarker based algorithm.  

It will also be important to conduct a study investigating if pre-treatment levels of 4βOHC can 

predict dose requirements of quetiapine. Although Størset et al. and Vanhove et al. both 

reported that pre-transplant levels of 4βOHC does not predict dose requirements of tacrolimus 

early after transplantation, there are several possible explanations reported by the authors for 

the lack of association, one of them that tacrolimus is a substrate for P-gp. Several reports also 

indicates that quetiapine is a substrate for P-gp, but there are many pharmacokinetic processes 

that differ between tacrolimus and quetiapine, as well as the patients studied. Hence, it is still 

important to study if the pre-treatment levels of 4βOHC can predict the dose requirements of 

quetiapine for individual patients, but again it is probably crucial to include other factors than 

4βOHC level in the estimations. 

Further, it is interesting to study if 4βOHC level can be used to monitor changes in CYP3A4 

metabolism during on-going treatment of various CYP3A4 substrates. As an alternative to 

TDM, a change in 4βOHC level would represent a change in CYP3A4 metabolism, while a 

change in serum concentration of the drug also can be due to e.g. varying adherence to the 

drug treatment. 

As an interesting observation outside the original topic of this thesis, the change in lipid 

homeostasis during grapefruit consumption reported in paper III, would be relevant to study 

in more detail. For example, a study in patients with hypercholesterolemia, where the effects 
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of grapefruit consumption on lipid parameters are monitored, may provide novel information 

about the potential benefit of grapefruit supplementation in this population.  

4.6 Methodological considerations 

The studies presented in paper I and II, respectively, were based on data from a naturalistic 

setting. The materials included in the two papers were originally sampled for routine 

therapeutic drug concentration monitoring (TDM) analysis at Center for 

Psychopharmacology, Diakonhjemmet Hospital. This implies several potential limitations 

related to the data quality. 

One limitation by retrospective studies based on TDM material is the availability and 

reliability of patient information and characteristics, and not at least all drugs and other agents 

being used by the patients. Data included in the studies regarding prescribed drugs, doses and 

times between last drug intake and blood sampling were collected from requisition forms 

filled out by the ordering physician. It is impossible to know whether the information given 

by the patient to the physician, or the details provided on the requisition forms by the 

physicians, is correct. For example, it is a fact that the information about co-medication filled 

out by the physicians on the requisition forms is often incomplete, which may have biased the 

results in paper I and II if inducers or inhibitors were used but not specified. The same also 

applies for factors such as organ functions (renal and hepatic), use of herbal agents, body 

weight/body mass index and nutritional state, which all may affect pharmacokinetic 

variability of many drugs. On the other hand, the retrospective study design makes it possible 

to include a large number of participants that most likely have been treated for a period 

sufficient to reach steady-state concentrations of both of 4βOHC and the relevant drug(s). 

Despite the methodological weaknesses associated with the use of naturalistic data, it is 

therefore important also to emphasize strengths of including many patients from a real-life 

setting.  

There has been some concern related to the stability of 4βOHC during storage.116 However, 

storage of plasma samples at -20°C has not shown any stability issues during a period of one 

year.112,145 This was also confirmed by reanalysis of the pooled serum used for validation of 

the method described in this thesis, where the serum concentration of 4βOHC were shown to 

be stable during a period of four years of storage at -20°C. In paper I and III, all serum 

samples were analyzed within one year of storage at -20°C, while in paper II, all serum 
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samples were analyzed within two years of blood sampling. Hence, the stability of 4βOHC in 

the sample analyses used in this thesis is unlikely to be a relevant bias. 

The ratio 4βOHC/C is generally considered a more suitable biomarker than 4βOHC alone, 

especially when alterations in total cholesterol is expected. In paper I and II, there was not 

enough serum volume to determine total cholesterol for many of the included patients, but for 

86 quetiapine treated patients in paper II the residual sample volumes were sufficient for 

analysis of both 4βOHC and total cholesterol. The analyses showed a strong correlation 

(r>0.9) between absolute and dose-corrected 4βOHC level. In paper III, we observed a 

reduced level of total cholesterol following grapefruit juice intake, and based on current 

knowledge concerning distribution of 4βOHC in lipoproteins in the same manner as 

cholesterol, we used cholesterol-corrected variables for statistical analysis and data 

presentation from that study. 

In paper III, an important aspect to consider is whether the study period was sufficiently long 

to detect a possible inhibitory effect of GFJ on 4βOHC level. A three week period of GFJ 

consumption was based on the assumption that steady-state was reached within the time 

period. This was calculated based on an estimated half-life of 60 hours for 4βOHC and a 30 

hours degradation rate constant for CYP3A4. However, a relevant issue in our calculation of 

the study duration is that the estimated half-life of 60 hours likely reflects the distribution 

phase of 4βOHC and not only its elimination rate. Probably, it would therefore have been 

preferable if the study period included a longer duration of GFJ intake. On the other hand, a 

period of GFJ consumption longer than 3 weeks would most likely increase the chance of 

non-compliance due to the inconvenience of the study participants in drinking the juice over 

longer periods. Nevertheless, we believe that the study period was sufficiently long to detect a 

possible reduction in levels of 4βOHC, based on the fact that already after 1 week, Lütjohann 

et al. showed a reduction in 4βOHC/C ratio of 20-30% after treatment with the potent 

CYP3A4 inhibitor, itraconazole.92 
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5 CONCLUSIONS 

In conclusion, the analytical method used for determination of serum/plasma concentration of 

4βOHC in the studies included in this thesis is both faster and less comprehensive than 

previous methods. The use of UPLC rather than LC for chromatographic separation enables 

better resolution between compounds in a purified sample and therefore shorter run time per 

analysis, but the use of APCI instead of ESI in the mass spectrometric detection results in 

lower analytical sensitivity compared to previous methods. By using the developed UPLC-

MS/MS method on human samples, the thesis shows that:  

- 4βOHC level significantly correlates with dose, but not serum concentration, of the potent 

CYP3A4-inducing drug carbamazepine, possibly indicating a role of intestinal CYP3A4 

in biomarker formation (paper I). 

 

- 4βOHC level significantly correlates with steady-state serum concentration of quetiapine, 

a CYP3A4 substrate with low oral bioavailability, indicating a potential usefulness as 

biomarker for estimation of individual dose requirements of quetiapine, as well as 

monitoring of CYP3A4 phenotype during ongoing therapy (paper II).  

 

- 4βOHC level is not decreased to a significant extent during intake of grapefruit juice 

suggesting that intestinal CYP3A4 is unlikely to play an important role in biomarker 

formation (paper III).    

In addition to the above points, the thesis suggests that females exhibit higher CYP3A4 

activity and inducibility compared to males. Furthermore, gender and age, as well as 

comedication with interacting drugs, are factors that besides CYP3A4 phenotype, measured as 

4βOHC level, determine the pharmacokinetic variability of quetiapine, and therefore should 

be included as covariates in possible future studies evaluating the ability of 4βOHC-based 

algorithms estimating quetiapine dose requirements to achieve its target serum concentration 

range. 
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