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Abbreviations  

Ass, av Average amount in the steady state 

AUC Area under the concentration-time profile 
b.i.d Two times a day  
C Concentration of a drug or metabolite  
Css, av Average concentration in the steady state 
Cmax Maximum concentration 
C. elegans Cunninghamella elegans 
CID Collision-induced dissociation  
COSY Correlation spectroscopy 
CL Clearance 
CLbile Biliary clearance 
CLint Intrinsic clearance 
CLH Hepatic clearance 
CLR Renal clearance 
CYP Cythocrome P450  
EH Liver extraction ratio 
fa Fraction of the dose absorbed  
fbile Fraction of the dose excreted to bile 
furine Fraction of the dose excreted to urine 
fu Fraction unbound 
fuI Fraction unbound of the inhibitor 
F Bioavailability 
FG Fraction of the dose that escapes gut wall extraction 
FH Fraction of the dose that escapes hepatic extraction  
GSH Glutathione  
GST Glutathione S-transferase 
gw Gut wall  
I Inhibitor concentration  
HA Hepatic artery  
HPLC High performance liquid chromatography 
HPLC-UV HPLC coupled to an ultraviolet detector 
Km The Michaelis-Menten constant 
Ki The inhibitor constant 
k Distribution rate constant 
ka Absorption rate constant 



 

LC Liquid chromatography  
LC-MS/MS Liquid chromatography coupled to tandem MS 
MS Mass spectrometry/spectrometer 
M1 ω-hydroxy finasteride 
M2 ω-aldehyde finasteride 
M3 ω-carboxy finasteride 
M4 6α-hydroxy finasteride 
MX Hydroxy finasteride metabolite 
MY Hydroxy finasteride metabolite 
m/z Mass-to-charge ratio 
NADPH Nicotineamide adenine dinucleotide phosphate 
NMR Nuclear magnetic resonance 
OATP Organic anion transporter  
PAPS Adenosine 3’-phosphate 5’-phosphosulfate 
PXR Pregnane X receptor 
PV Portal vein
Q Blood flow
QH Hepatic blood flow
Q1 Quadrupole 1
Q3 Quadrupole 3
SJW St. John’s wort
SPE Solid phase extraction
SRM Selected reaction monitoring
SULT Sulfotransferase 
t1/2 Terminal half-life 
UDP Uridine diphosphate 
UDPGA UDP glucuronic acid 
UGT UDP-glucuronosyltransferase 
UPLC Ultra performance liquid chromatography 
V Volume of distribution  
Vss Volume of distribution in the steady state
Vmax The maximum reaction velocity
VF Femoral vein
VH Hepatic vein
VP Portal vein
λz Terminal elimination rate constant
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1 Introduction 

1.1 Historical overview of drug metabolism 
1.1.1 Early evidence for chemical transformation in humans 
More than 150 years ago, it was discovered that humans had a capability to 
chemically transform foreign compounds. The starting point for this was 
when, in 1841, A. Ure, a Scottish surgeon, administered benzoic acid to him-
self and to gout patients. He isolated crystals of the glycine conjugate of 
benzoic acid, hippuric acid (Figure 1), from urine, and suggested that the 
conjugate would easily be excreted renally, due to its high water solubility. 
Ure proposed that benzoic acid treatment would facilitate the removal of 
nitrogen from the body and thereby decrease the accumulation in the form of 
urea 

1. However, today, this is not the recommended treatment for gout.  

 
Figure 1. The chemical structures of benzoic acid and the glycine that react to form 
the product, the glycine conjugate hippuric acid. 

At the end of the 19th century, it was already known that humans and animals 
were able to perform oxidation, reduction and conjugations with sulfate, 
acetyl cystein and glucuronic acid 

2. However, the role of the chemical trans-
formation of foreign compounds was at the time not fully understood. In the 
first half of the 20th century, the detoxification theory was presented by C.P. 
Sherwin and R.T. Williams and during the same period, when the develop-
ment of drug molecules emerged, bio-activation was discovered and several 
drug molecules were found to form active metabolites, e.g. fexofenadine 
from terfenadine 

3.  
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1.1.2 Development of in vitro models  
With the development of new tools such as the electron microscope, the use 
of radioisotopes and an increasingly refined knowledge of analytical chemi-
stry, the field of cell biology and biochemistry grew steadily. Combinations 
of microscopy and centrifugation techniques, including ultracentrifugation, 
were used to study cell organelles, and in the late 1930s microsomes were 
isolated for the first time 

4-5.  
Shortly after the discovery of microsomes, G.C. Mueller and J.A. Miller 

realized the importance of the addition of co-factors such as nicotineamide 
adenine dinucleotide phosphate (NADPH) for chemical transformation to 
occur in rat liver homogenates and microsomes while investigating the in 
vitro metabolism of the carcinogenic dye, 4-dimethylaminoazobenzene. 
They used extraction with acetone-benzene, chromatographic separation and 
optical density methods for the chemical analysis of the hydroxylated, de-
methylated and the azo-cleaved metabolites of the dye 

6-7. The in vitro inves-
tigations of metabolism of drug molecules were led by J. Axelrod, Nobel 
Prize winner in medicine in 1970, and his colleague B. Brodie. Axelrod was 
first out with his experiments on deamination of amphetamine in rabbit liver 
microsomes 

8-9. Continuous experiments, by other researchers; M. Klingen-
berg, D. Garfinkel, Omura T. and Sato R., revealed the content of micro-
somes and, step by step, the cythocrome P450 (CYP) enzyme system was 
identified 

10-12.  

1.2 Enzymes involved in drug metabolism  
1.2.1 Cytochrome P450  
Fifty years after the discovery of the CYP enzymes there is an enormous 
amount of information available relating to these enzymes, which are present 
in human, animals, plants and fungi 

13. Almost 100 families and 700 different 
types of enzymes are known, but only the families 1, 2 and 3 appear to be 
involved in the metabolism of drugs in humans 

14. The major CYP enzymes 
that contribute to the metabolic elimination of drugs are 1A2, 2B6, 2C8, 
2C9, 2C19, 2D6 and 3A4/3A5 

15, of which the latter is the most abundant 
and important in humans 

16. These enzymes are primarily found in the intes-
tine and the liver and this is where the majority of drug metabolism takes 
place 

17-21. These are also the sites where drug-drug interactions can occur. 
For a new chemical entity, eliminated via metabolism, it is of importance 

to find out if CYP enzymes are involved, and, if that is the case, to find the 
specific enzymes concerned. For CYP substrates, it is necessary to study the 
effects of inhibitors or inducers to predict in vivo interactions 

22. There are 
well-established in vitro test systems available with probe substrates, inhibi-
tors and inducers for this purpose 

23-24. In addition, there are well recognized  
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strategies that have been developed and tested for the prediction of CYP  
mediated interactions 

25-28. Drug-drug interactions involving CYP enzymes 
are further presented below. 

Oxidation and hydroxylation 
Upon binding to a CYP enzyme, a substrate will be attacked by a reactive 
complex (FeIV=O) that consists of oxygen bound to iron, situated in the heme 
group of the enzyme. This results in an oxidation of double bounds, aromatic 
rings, nitrogen and sulfur and can cause hydroxylation of carbons and hete-
ro-atoms 

29. The site of the oxidation is often specific to a certain carbon or 
heteroatom and leads to a polarization of the substrate by the formation of a 
phase I metabolite. This process can enhance the renal or biliary excretion of 
the drug or comprise an initial step for conjugations, phase II reactions. It is 
also possible that the metabolites formed are reactive or even toxic 

30. In 
addition to the oxidative reactions, under anaerobic conditions, the CYP 
enzymes can catalyze the reduction of certain substrates, for example the 
above mentioned dye, 4-dimethylamino-azobenzene 

31.  
The sequential formation of steroid hormones from cholesterol, which 

takes place in the gonads and the adrenal glands, is an example of a CYP 
mediated specific transformation of endogenous substrates. Together with 
dehydrogenases the CYP enzymes of the families 11, 17, 19 and 21 catalyses 
the synthesis of aldosterone, cortisol, testosterone and estradiol, see the 
structures in Figure 2 

32. 

 
Figure 2. This is the chemical structures of the endogenous compounds; cholesterol, 
cortisol, testosterone and estradiol. All are produced via CYP mediated metabolism.  

 



 14

1.2.2 UDP-glucuronosyltransferase  
Conjugation with glucuronic acid and the acceptor molecule, the aglycon, is 
catalyzed by UDP-glucuronosyltransferase (UGT) and result in the forma-
tion of glucuronides, see examples of glucuronides in Figure 3. Drug mole-
cules can either be glucuronidated directly or after the insertion of polar 
groups, mediated by CYP or non-CYP enzymes 

33. Attachment of glucuronic 
acid occurs on groups such as alcohols, phenols, carboxylic acid, aliphatic 
amines and acidic carbon atoms 

34.  

 
Figure 3. This is the chemical structures of the endogenous glucuronides for testos-
terone, estradiol and cortisol. 

Glucuronides can be pharmacologically active and a classical example is 
morphine 6-glucuronide, which is more potent and has a longer duration of 
analgesic effect than its aglycone 

35-36. However, these metabolites may not 
only turn out to be pharmacologically active, but also to be responsible for 
toxicity as certainly applies to N-O-glucuronides and acyl-glucuronides 
(glucuronides of carboxylic acid) 

37-39. The formation of glucuronides is 
usually associated with enhanced hydrophilicity and facilitated, rapid excre-
tion. However, enterohepatic recycling of these metabolites can cause a pro-
longed terminal half-life (t1/2) 

39-41. When undergoing recycling, the glucuro-
nide is hydrolyzed in the intestine by β-glucuronidase, present in the intes-
tinal microflora (e.g. Escherichia coli), or by the low pH (≤ 5) and the agly-
cone is re-absorbed 

42.  
The UGT enzymes and carrier-mediated hepatic transporters, which can be 

involved in the enterohepatic recycling, are potential sites for interactions 
15, 

43. Metabolism of UGT enzymes can be studied in vitro by hepatocytes, mi-
crosomes or recombinant enzyme systems 

23, 44. There are examples of in vitro 
selective inhibitors for these enzymes, hecogenin for UGT1A4 

45, fluconazole 
for UGT2B7 

46 and more examples reviewed by Kiang et al., 2005 
47. Howev-

er, a limitation in the investigations of glucuronidation is the presence of ref-
erence material for proper quantification. The usual approach for in vivo 
samples, at least, is to hydrolyze the glucuronide and to quantify the aglycone 
formed. Biosynthesis of glucuronides is an attempt to produce analytical 
standards, in a cost-effective way 

48. 
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1.2.3 Other types of phase I and phase II enzymes  
The major enzymes, including non-CYP enzymes, involved in the systemic 
elimination for a new chemical entity should be determined. Three examples 
of non-CYP, non-heme containing, phase I enzymes that are able to carry 
out oxidations and which have made a quantitative contribution to drug me-
tabolism are the flavin-containing monooxygenase (FMO) mainly localized 
to microsomes in addition to the aldehyde oxidase (AO) and the xanthine 
oxidoreductase (XOR), mainly localized to the soluble fractions of cells 

49.  
The three most relevant phase II conjugations for drugs are glucuronida-

tion, sulfation and gluthathione conjugation 
43. Sulfotransferase (SULT) is 

the family of enzymes that catalyze sulfone conjugation, and these enzymes 
are localized to the cytosols of cells 

50. Glutathione conjugation is an impor-
tant step in the trapping of reactive electrophilic substrates. The reaction can 
occur spontaneously in the presence of glutathione, but does so more effi-
ciently in the presence of gluthatione S-transferase (GST). Acetaminophen 
(paracetamol) 

51 is an example of a drug that via CYP mediated metabolism 
forms a toxic electrophilic intermediate 

52, which can be trapped by gluta-
thione conjugation. Biliary excretion of the acetaminophen conjugate is an 
indication of toxic activation 

53. 

1.3 Drug-drug interactions 
1.3.1 In vivo pharmacokinetic parameters  
Concomitant use of specific drugs, or intake of herbs or food can alter the 
pharmacokinetics and pharmacodynamics of a drug and, through the interac-
tions taking place, lead to a diminished therapeutic efficacy or an increased 
risk of toxicity 

54-56. It is of importance to understand how the pharmacoki-
netics of a new compound can be affected by other drugs and how the new 
compound can affect the pharmacokinetics of other drugs 

22. 
For an orally, repeatedly, administered drug, the bioavailability (F) and 

the clearance (CL) are the two most important pharmacokinetic parameters 
to influence the average concentration in the steady state (Css, av). In addition, 
the Css, av depends on the dose and the time interval between doses (τ) with 
the relationship that follows. 

,  

The F is the product of the fraction of the dose that is absorbed (fa), the frac-
tions that escapes the first-pass extraction in the gut wall (FG) and in the liver 
(FH). The CL is the sum of the hepatic clearance (CLH), the renal clearance 
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(CLR) and the clearance of other possible, but unusual, sites from which 
elimination can occur (e.g. the lung or adipose tissue) 

57. 
The average amount of a drug in the body in the steady state (Ass, av), and 

the accumulation of the drug are dependent on the terminal elimination rate 
constant (λz), or t1/2. The t1/2 is a secondary parameter which is determined by 
both the CL and the volume of distribution (V) 

58. The relationship between 
the concentration and the amount is as follows 

54.  

, ,  

For an orally administered drug, the consequences of interactions will de-
pend on the properties of the drug, its absorption, distribution and elimina-
tion characteristics and the involvement of metabolizing enzymes and carri-
er-mediated transporters in these processes. Two of the most important pa-
rameters, the F and CL, are both influenced by drug metabolism.  

1.3.2 Inhibition of metabolism  
A majority of the top 200 prescribed drugs in the US in 2002 are eliminated 
via metabolism (~75 %), mediated primarily by CYP enzymes (~66%) and 
UGT enzymes (~8%) 

59. Drug-drug interactions caused by CYP inhibition 
have led to withdrawal of drugs from the market, because of serious side 
effects, such as QT prolongation or rhabdomyolysis 

60. So far, evidence of 
toxicity caused by inhibition of UGT enzymes is rare 

59.  
The degree of an interaction in vivo is usually quantified in terms of 

changes in the, area under the concentration-time profile (AUC), expressed 
as the AUC-ratio (AUCI/AUC). An inhibitor that gives rise to an AUC-
ratio >5 is considered to be a strong inhibitor 

22-23. Kato et al., 2008 found 624 
reports of CYP inhibition that led to an increase in the AUC of at least a 
factor of 1.25 

26. In the reports identified, the majority of the substrates were 
metabolized by CYP3A4/5, then followed by, CYP2D6, CYP2C9 and 
CYP1A2. Erythromycin, ketoconazole, itraconazole, ritonavir and fluvasta-
tin were identified as strong inhibitors 

26. Midazolam, alprazolam, triazolam, 
cyclosporine A, imipramine, propranolol and warfarin were the most com-
monly reported substrates involved in the CYP mediated drug-drug interac-
tions.  

From in vitro evaluation, the parameters associated with enzyme kinetics 
are derived for substrates and suspected inhibitors. This includes determina-
tion of the maximal velocity (Vmax) of a certain enzyme, the Michaelis-
Menten affinity constant (Km) and the inhibitor constant (Ki or IC50) 

23, 61. A 
method used to predict the outcomes of a drug-drug interaction and the  
degree of the AUC ratio is the comparison of a predicted in vivo inhibitor 
concentration (I) with the Ki for the inhibitor. The fraction metabolized by 
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the inhibited route of metabolism is assumed to be one and the type of inhi-
bition assumed to be competitive and the following equation is used 

27, 61-62.  

1  

Sophisticated and advanced tools for the prediction of drug-drug interactions 
from in vitro data are available today, including physiologically based phar-
macokinetic models. These types of models enable the in vitro-in vivo extra-
polation from the in vitro intrinsic CL (CLint), defined as Vmax/Km to an in 
vivo CLH 

63-65. With virtual patient populations, it is possible to include indi-
vidual variation in the parameters that determine CLH in vivo, such as varia-
tion in the blood flow and tissue binding and to incorporate age and ethnicity 
differences in the CYP expression 

63, 66. The prediction of drug-drug interac-
tions can be improved because the models can be dynamic, for example by 
the inclusion of the concentration-time profiles of the inhibitor 

25-26. Different 
types of inhibition can be investigated, which means not only considering 
reversible inhibition, but also time-dependent and mechanism-based inhibi-
tion 

67. In addition, carrier-mediated mechanisms can be incorporated into the 
models 

68.  

1.3.3 Induction of metabolism  
Induction of metabolism occurs when nuclear receptors, transcription  
factors, are activated and the expression of drug metabolizing enzymes is 
increased. The pregnane X receptor (PXR), the constitutive androstane  
receptor (CAR), peroxisome proliferator-activated receptor (PPAR) and the 
aryl hydrocarbon receptor (AhR) 

69 are examples of nuclear receptors  
involved in the regulation of the CYP and UGT enzymes 

70-71. These recep-
tors can be targets for different types of foreign chemicals and endogenous 
compounds, such as drug substances, herbal ingredients, hormones, ethanol, 
cigarette constituents and growth factors 

72.  
The consequences of induced metabolic elimination of drugs can be loss 

of pharmacological efficacy and the risk of an increased contribution to side 
effects or toxicity from an active metabolite that is usually clinically irrele-
vant 

22. A common method used to test for induction in vitro is to measure 
the levels of increased mRNA and protein expression in primary hepato-
cytes, incubated with the potential inducer for 6-7 days 

23.  
The PXR receptor has been identified as the key regulator of CYP3A4 

73. 
However, activation of PXR can also lead to increased expression of 
CYP2B6, CYP2C9, CYP2C19, UGTs, SULTs, GSTs and carrier-mediated 
transporters 

74. This receptor, localized mainly to the intestine and liver, is 
activated by drugs such as rifampicin, phenobarbital, dexamethasone and 
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taxol 
74. PXR can also be activated by herbal ingredients, the St. John’s wort 

ingredient, hyperforin, being one such example 
75. This herbal drug is sold 

over the counter and is used for the treatment of mild depression. Serious 
interactions have occurred with St. John’s wort, with two of the first known 
examples being the interactions with indinavir 

76 and cyclosporine 
77, which, 

in the latter case, led to heart transplant rejection owing to reduced cyclospo-
rine plasma exposure. To further complicate things, the compounds that can 
cause enzyme induction can sometimes cause inhibition of enzymes 

78 and 
carrier-mediated transporters. An example of this is rifampicin, which is an 
activator of PXR and an inhibitor of organic anion transporters (OATPs) 

79.  

1.3.4 Carrier-mediated transport  
For a novel drug it is not only of importance to investigate its metabolism and 
possible enzymatic related interactions, but also to study the involvement of 
carrier-mediated transport 

15, 27, 80. Specific concerns have been voiced by the 
regulatory agencies, academia and pharmaceutical industry concerning the 
consequences of altered carrier-mediated transport mechanisms and the  
possible interplay with the CYP enzymes in the absorption, disposition and 
elimination of drugs 

15, 22, 80. However, knowledge of clinical consequences of  
carrier-mediated transporter interactions is still limited. Theoretically, in the 
intestine, changes in carrier-mediated transport at the membranes of the  
enterocytes, would probably affect the fraction absorbed and, also possibly, 
fraction excreted in the gut wall 

81-83. In the liver, changes in the uptake and 
the biliary excretion, could affect the CLH 

84. In the kidney, alterations of the 
uptake and secretion could affect the CLR 

22, 80.  

1.4 Methods for structural elucidation of drug 
metabolites  

Determination of the metabolic profile of a drug substance is of importance 
for the understanding of its pharmacological and toxicological properties. 
Human liver tissue fractions such as microsomes, S9 fractions and hepato-
cytes are utilized to early identify the key metabolites of a drug 

85. Examples 
of in vitro production of metabolites are presented in the methods section of 
this thesis. Two chemical analytical techniques, mass spectrometry (MS) and 
nuclear magnetic resonance (NMR) are of special interest for structural  
elucidation of metabolites 

86-88. A brief introduction to these two techniques 
is given below. 
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1.4.1 Mass spectrometry 
When MS is used in combination with liquid chromatography (LC), the ana-
lytes can be separated first by taking advantage of the difference in their 
chromatographic properties and second by utilizing the difference in their 
mass-to-charge ratio (m/z) and fragmentation pattern 

89. Information on the 
structure of a molecule can be received from a spectrum of its precursor ion 
and fragments. Characteristic changes in the mass of drug metabolites are 
e.g.: carbon hydroxylation (+16 u), sulfation (+80 u), glucuronidation 
(+176 u) and glycine conjugation (+57 u) 

90.  
Two types of MS instruments, triple quadrupole and ion trap, have been 

utilized in this thesis throughout the included papers. For a schematic draw-
ing of a triple quadrupole, see Figure 4. The quadrupoles are made up of four 
cylindrical parallel rods with opposite charges, two rods are positive and two 
are negative. The electro-potentials are adjusted so that only ions with a par-
ticular m/z can go through the rods to the detector 

89. During a full scan MS1 
the inlet of all ions within a specific range of m/z can go through both Q1 
and Q3. With tandem MS (MS/MS or MS2), one specific ion is allowed to 
go through Q1 and within a pre-set range of m/z, its fragment ions can pass 
Q3. Selected reaction monitoring (SRM) is another type of tandem MS with 
restrictions imposed so that only ions of a particular m/z can go through Q1, 
and a few specific fragments of this ion can pass Q3. SRM is often used in 
quantitative analysis as it gives the highest selectivity and sensitivity. 

 
Figure 4. Schematic diagram of a triple quadrupole mass spectrometer, showing the 
order of the quadrupoles and the site for collision-induced dissociation (CID) 

89. 

The other type of instrument, the ion trap MS, has one space filled with he-
lium, where all ions, with different m/z are trapped until they are expelled to 
allow a spectrum of the remaining ions to be obtained. By collision with the 
helium in the ion trap, fragmentation can occur. The ion trap can be used for 
MSn measurements by adopting the following strategy: First the precursor 
ion with a certain m/z is kept in the ion trap and fragmented (MS2). Then one 
of the fragments is chosen and kept in the ion trap while all other fragment  
ions are expelled, after which it is further fragmented (MS3) and this process 
can be repeated (MSn)  

89.  
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1.4.2 Nuclear magnetic resonance 
The exact structure and stereochemistry of a metabolite can be determined by 
conducting NMR measurements. The characteristics of the magnetic reson-
ances, of functional groups in a molecule can be investigated with 1H- or 
13C-NMR 

87, 91 and for drugs containing a fluorine atom, 19F-NMR can be uti-
lized instead 

92. Correlation spectroscopy (COSY) can be performed to provide 
connectivity between H-atoms, and this can increase the specificity of the 
analysis and result in exact information concerning the stereo-chemistry of a 
compound. In addition, the examination of proton-carbon correlations, using 
the so called heteronuclear multiple bond correlation (HMBC) technique can 
be utilized for further structural elucidation of metabolites 

92-95.  
NMR is a nondestructive method, which is an advantage when only small 

quantities of samples are available. Traditionally, this technique requires puri-
fication of the analyte, including solid phase extraction, preparative chroma-
tography and fraction collection. However, as a result of recent develop-
ments, direct metabolite identification without pre-purification can now be 
performed with NMR coupled directly to LC and even MS 

92. Indeed, an ear-
ly, elegant, experiment was performed with this technique (1H-NMR) where-
in metabolites of acetaminophen were identified directly in untreated human 
urine 

96. However, this is unusual, because one issue that arises with biologi-
cal samples is the high background resonances, attributable to contaminants. 
If authentic standards for the endogenous compounds are available and the 
above-mentioned correlation techniques can be used, the detection and struc-
tural elucidation of an unknown substance can be improved considerably 

92.  

1.5 Finasteride  
Finasteride is the drug under investigation in this thesis. It is an inhibitor of 
the 5-α reductase Type II 

97-98, the enzyme responsible for the reduction of 
testosterone to the more potent androgen dihydrotestosterone. Finasteride 
competes with testosterone and binds irreversibly to the reductase 
(Ki<1 nM) 

97, 99, which results in reduced formation of dihydrotestosterone in 
the prostate gland and skin 

100. This is used in the treatment of benign pros-
tatic hyperplasia 

101 (enlarged prostate gland) and androgenetic alopecia 
(male pattern baldness) 

102. Diminished dihydrotestosterone levels leads to a 
smaller prostatic volume and an increased urinary-flow rate that mean a re-
lief in the symptoms of benign prostatic hyperplasia.  

The phase I metabolism of finasteride was investigated in the 1980s and 
1990s in vivo and in vitro in rat, dog and human and the metabolites were 
identified with MS and NMR 

95, 103-107. Finasteride was found to be oxidized 
sequentially in the ω-position at the aliphatic side chain to form; M1, 
ω-hydroxyl; M2, ω-aldehyde and M3, ω-carboxyl and to be hydroxylated in 
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the 6-α position on the steroid skeleton; M4, 6-α-hydroxyl (Figure 5) 
95. 

CYP3A4 was identified as the main enzyme involved in the sequential for-
mation from M1 to M3 

108. Other phase I metabolites, including dihydroxy 
metabolites were found in dog and rat. In addition, an intact glucuronide was 
identified in rat bile106 and indirect evidence for glucuronidation was found 
after hydrolysis of urine from dogs 

104.  
In humans, finasteride was well absorbed following oral administration 

and was mainly eliminated via metabolism 
109-110. M1 and finasteride were 

the principal compounds in plasma and M3 the main metabolite in 
urine 

103, 105. Almost 60% of the dose of [14C]-finasteride was found as meta-
bolites in faeces, of which less than 0.1% was still in the form of the parent 
compound. This indicated that biliary excretion of metabolites was the major 
route for the elimination of finasteride. This was also supported by biliary 
excretion data in rats 106. The structures of the metabolites excreted via  
human bile were not described.  

Finasteride treatment is not associated with any serious side effects, and 
doses of up to 400 mg can be well tolerated 

111. This makes finasteride to a 
suitable drug for the investigations of drug-drug interactions in healthy volun-
teers. The reported side effects are related to the pharmacological effects and 
include for example sexual dysfunction 

112. Only a handful of clinical investi-
gations of drug-drug interactions including finasteride have been performed, 
and of those conducted, no clinically significant interactions occurred with 
the drugs antipyrine, propranolol, digoxin, theophylline and warfarin 

109, 113. In 
the papers included in this thesis, the metabolism of finasteride has been  
investigated in detail and the effects of both induced and inhibited metabol-
ism has been studied. In addition the metabolic pattern, including both phase I 
and phase II metabolism of finasteride has been further investigated with a 
particular focus on biliary, but also urinary excreted metabolites.  

 
Figure 5. The chemical structures of finasteride and the phase I metabolites, M1, M3 
and M4. The sequential metabolism from finasteride to M3 is catalyzed by 
CYP3A4 108. 
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2 Aims  

The general aim of this thesis was to improve the understanding of the in 
vivo pharmacokinetics and, in particular, the metabolism of finasteride. The 
consequences of St. John’s wort treatment were investigated in humans and 
the effects of ketoconazole co-administration were examined in pigs. Both 
studies included bile collection. Novel metabolites were searched for in the 
collected in vivo samples.  

 
The specific aims were:  

 
 To investigate, in a clinical study, the consequences of St. John’s wort 

induced metabolism on the plasma, biliary and urinary pharmacokinetics 
of finasteride and its metabolites (Paper I). 

 
 To in detail study the effects of ketoconazole inhibited metabolism, in 

the gut wall and the liver, in an advanced multi-sampling pig model.  
Including the investigation of the pharmacokinetics of finasteride and its 
metabolites, in three different plasma sites, bile and urine. (Paper III). 
 

 To identify previously unknown phase I and phase II metabolites of 
finasteride in the in vivo samples collected from humans and pigs using 
mass spectrometry (Papers II and IV).  
 

 To produce larger quantities of in vivo relevant OH metabolites using 
different in vitro methods, for structural elucidation with nuclear mag-
netic resonance (Paper IV).  
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3 Methods 

3.1 Investigations of in vivo pharmacokinetics  
3.1.1 Herb-drug interaction in humans 
A clinical study including healthy male volunteers was performed to study 
the effects of St. John’s wort, on the plasma, biliary and urinary pharmaco-
kinetics of finasteride and its previously known metabolites (Paper I) and to 
search for novel metabolites in humans (Papers II and IV). Twelve healthy 
male volunteers (age: 20-43 years, weight: 65-95 kg) completed the study, 
which was comprised of two days of investigation that were separated by a 
wash-out period of four weeks and a two-week long period of intake of St. 
John’s wort (300 mg herb extract b.i.d in tablet form).  

 
Figure 6. A schematic drawing of the single-pass perfusion tube orally introduced 
via the stomach to the proximal jejunum. One inflated balloon (15-20 ml) is used to 
separate the site of drug administration to the site of bile collection.  

At the beginning of each day of investigation, after an over-night fast, a  
single-pass perfusion tube (Loc-I-Gut) 

114-116 was introduced into the intestine 
orally (Figure 6). The tube was used for bile collection and intra-intestinal 
administration of finasteride (5 mg), in the form of a suspension. Bile was 
collected continuously for 3 hours (a longer period of bile collection was not 
possible due to discomfort for the volunteers) following drug administration, 
in addition to 24 hours of plasma and urine collection.  
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3.1.2 Drug-drug interaction in pigs 
An advanced multi-sampling pig model was applied, developed by Petri et 
al., 2006 

117 (Figure 7), to follow up the clinical study and to conduct a  
detailed investigation of the pharmacokinetics of finasteride and its metabo-
lites at three plasma sampling sites, in bile and in urine (Paper III). This 
time, the effects of ketoconazole 

118 co-administration were examined. The 
study was approved by the local ethics committee for animal research,  
Uppsala, Sweden. Thirteen castrated male pigs (age: 10-12 weeks, weight: 
24-34 kg) were anesthetized, one animal per day of the experiment. Cathe-
ters were inserted into the biliary duct, the small intestine (proximal part of 
jejunum), the portal, hepatic and femoral veins and the urine bladder 

117, 

119-120. The study had a parallel design and the pigs were randomized to three 
groups: two groups (n=5) that received an intrajejunal dose of a finasteride 
solution (0.8 mg/kg) alone or in combination with a ketoconazole suspension 
(10 mg/kg) and one group (n=3) that received an intra-venous dose of a  
finasteride solution (0.2 mg/kg). Plasma (from 3 sites: the portal, hepatic and 
femoral veins), bile and urine were collected for 6 hours after finasteride 
administration.  

 
Figure 7. A schematic diagram of the pig model, which enables the sampling of bile 
directly from the bile duct and blood from several sites, including the portal, hepatic 
and femoral veins. In this study, the drugs under investigation were administered via a 
single-channel catheter, directly into jejunum (intrajejunally) and intravenously into 
the central venous catheter. 

3.2 In vitro production of metabolites 
In vitro production of phase I and phase II metabolites were performed with 
human liver microsomes, S9 fractions of human liver, recombinant UGT and 
CYP enzymes with different relevant co-factors (Papers II and IV). First, for 
the production of phase I metabolites, finasteride was incubated with human 
liver microsomes and recombinant CYP enzymes in the presence of 
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NADPH. Second, for the production of sulfate conjugates, finasteride and 
the metabolites, M1 and M3, were incubated in the presence of adenosine  
3’-phosphate 5’-phosphosulfate (PAPS) and S9 fractions of human liver, 
according to a protocol described by van der Woude et al., 2004 

121. Third, 
for glutathione conjugation, finasteride, M1 and M3 were incubated with 
human liver microsomes in the presence of gluthatione (GSH) and NADPH, 
according to a method described by Kang et al., 2007 

122. Last, for glucuro-
nide conjugation, finasteride, M1 and M3were incubated with human liver 
microsomes, which were activated with alamethicin. The reactions were 
carried out in the presence of UDPGA, magnesium chloride and saccharone-
lactone in accordance with a method described by Fisher et al., 2000 

44. 
NADPH was also added to the incubation mixtures including finasteride. In 
addition, M1 and M3 were incubated with recombinant UGT enzymes. The 
reactions, of different character, were carried out from one up to 24 hours, 
while keeping the samples at 37°C. The pH was kept constant with a potas-
sium phosphate buffer (0.1 M) at pH 7.1 for the glucuronidations and at pH 
7.4 for all the other reactions. The reactions were terminated by cooling and 
addition of methanol or acetonitrile. All samples were centrifuged (10,000 g, 
10 minutes) and the supernatants were saved and frozen (-20°C).  

For the production of larger amounts of metabolites, microbiological pro-
duction was performed using the filamentous fungus Cunninghamella ele-
gans (C. elegans), which is continuously growing and known to be able to 
produce in vivo relevant phase I, but also phase II metabolites 

123-124 (Paper 
IV). All preparations, including the growth of C. elegans and the incubation 
with drug substance was performed as described by Tevell Åberg et al., 
2009 

125. Finasteride (50/100 µM) was incubated with the fungus at 27°C for 
5 days at pH 5.0 (adjusted with a phosphate buffer) in an Erlenmeyer flask 
containing 30 ml of growth media. The reaction was terminated by addition 
of 25 ml methanol and the samples frozen at -20°C pending analysis. 

3.3 Chemical analytical methods 
3.3.1 Quantitative analysis of finasteride, M1 and M3 
In the clinical study (Paper I), finasteride, M1 and M3 were analyzed in  
human bile, plasma and urine with LC-MS/MS, using an Agilent 1100 LC 
system (Agilent Technologies, Germany) with a Luna C-18 column, from 
Phenomenex, CA, USA (50 mm x 2.0 mm, 5 µm) coupled to a Quattro LC 
mass spectrometer (Waters Corporation, MA, USA). Liquid-liquid extrac-
tion was used for the plasma and urine, but not the bile samples. The lowest 
limits of quantification for finasteride, M1 and M3 in plasma were: 0.5, 0.5 
and 0.6 ng/ml, respectively; in bile they were: 2.5, 5.0 and 2.7 ng/ml, respec-
tively; and in urine it was: 2.0 ng/ml for all three substances. In the pig study 
(Paper III), finasteride, M1 and M3 were analyzed in pig bile, plasma and 
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urine with UPLC-MS/MS, a Waters Acquity UPLC with a Acquity UPLC 
BEH C18 (50 x 2.1 mm, 1.7 µm) column coupled to a Quattro Ultima Pt 
tandem quadrupole mass spectrometer (Waters Corporation). Pretreatment of 
samples was simplified in Paper III and no liquid-liquid extraction was  
performed. The lowest limits of quantification for finasteride, M1 and M3 in 
plasma were: 1.2, 2.2 and 2.2 ng/ml, respectively; and in urine 5.1, 11 and 
55 ng/ml, respectively. In bile, it was 25 ng/ml for all three substances.  

SRM in the positive ion mode, was used for the quantitative analysis in 
both studies (Papers I and III). The mobile phase consisted of, A, 0.1% a 
formic acid in milliQ water and B, methanol. The quantification was carried 
out with calibration curves constructed by linear regression of the peak area 
ratio (analyte/internal standard) versus analyte concentration. Finasteride, 
M1 and M3 were spiked to bile, plasma and urine for calibration. Finaste-
ride-d9 was used as the internal standard. 

3.3.2 Quantitative analysis of hyperforin and ketoconazole 
A St. John’s wort component, hyperforin, and ketoconazole were analyzed in 
human and pig plasma samples with HPLC-UV (Papers I and III) using a 
Shimadzu pump (LC-10AD) (Shimadzu Corporation, Japan), a Waters 717 
plus Autosampler (Waters Corporation), a C-18 Hypersil GoldTM column 
(250 mm x 46 mm, 5 µm) and a Spectra 100 UV detector (λ=273 nm for 
hyperforin and λ=240 nm for ketoconazole ), from Thermo Fisher Scientific, 
MA, USA. The analysis and sample preparations of hyperforin 

126 and keto-
conazole 

127 were performed using previously described methods. The  
standard curve for hyperforin ranged from 0.02-0.16 µM (Paper I) and for 
ketoconazole from 0.04-50 µM (Paper III). 

3.3.3 Qualitative analysis of finasteride metabolites  

Mass spectrometry  
Two different types of MS instruments, a triple quadrupole and an ion trap, 
were used for identification and qualitative analysis of novel metabolites in 
vitro and in vivo (Papers II and IV). The triple quadrupole, a Finnigan TSQ 
Quantum Discovery (Thermo Fisher Scientific) was coupled to an HTC 
PAL autosampler (CTC analytics AG, Switzerland) and a Surveyor MS 
pump (Thermo Fisher Scientific), positive or negative electro-spray ioniza-
tion and collision energies of between 20 and 40 V was applied. The ion 
trap, a Finnigan LCQ (Thermo Fisher Scientific) was coupled to an auto-
sampler and a liquid chromatographic pump of the Agilent 1100 series 
(Agilent Technologies).  

Positive or negative scans with relative collision energies from 25 to 48% 
were conducted. For both instruments, the Luna C-18 column, used for the 
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quantification described in Paper I was utilized and the mobile phase consist-
ing of, A, 0.1% formic acid in milliQ water and, B, acetonitrile, was  
delivered with different gradients depending on the system used and the 
analytes under study. The milliQ water was replaced with deuterium oxide 
and the formic acid with acetic acid-OD to perform deuterium/hydrogen 
exchange 

128. Different scanning methods were applied e.g. MS1, MS2, MSn 
SRM, neutral loss to investigate the presence and the structure of the phase I 
and phase II metabolites in the in vitro and in vivo samples.  

Sample preparation and hydrolysis 
Urine and bile (Papers II and IV), were hydrolyzed with a β-glucuronidase 
from Helix pomatia (Type H1), Sigma-Aldrich), for the cleavage of glucuro-
nide and sulfate conjugates 

129. The pH was adjusted to 4.9 with an acetate 
buffer (0.5 M) and the samples placed in a 37°C water bath for 1-24 hours.  

Solid phase extraction (SPE) was used to concentrate the C. elegans, 
urine and plasma samples (Paper IV). Pre-conditioned C-18 SPE columns, 
Sep-Pak Vac 6 cc, 1 g (Waters Corporation) were loaded with 50-150 ml of 
sample. Following a water wash, the analytes were eluted with 5-7 ml of 
100% methanol. The methanol was evaporated under a stream of nitrogen 
while heating the samples to 50°C and the concentrated samples were  
dissolved with 50% methanol prior to MS analysis.  

Fraction collection  
A Fraction Collector III for LC (Waters Corporation) was coupled to the 
outlet from the LC column and to the inlet of the ion trap via a T-coupling 
for fraction collection of OH finasteride metabolites (Paper IV). Two differ-
ent chromatographic gradients, one 30- and one 65-minute long, were used 
for LC separation of the metabolites and the fraction collection. Metabolites 
produced by human liver microsomes, recombinant CYP2D6 and C. elegans 
were isolated. The mobile phase was evaporated from the pure samples, 
which were kept in the refrigerator at 4°C until NMR analysis.  

NMR 
A Bruker Avance 500 (Bruker Biospin Corporation, Billerica, MA, USA) 
equipped with a 2.5 mm inverse broadband probe with z-gradient facility 
was used for the NMR analysis. The experiments performed were the  
following: normal 1D proton experiment, double-quantum filtered experi-
ment optimized for three-bond (vicinal) 1H-1H couplings (COSY), single 
bond 1H-13C correlation experiments, heteronuclear single-quantum correla-
tion and experiment optimized for 1H-13C correlation across 2-4 bonds,  
heteronuclear multiple-bond correlation. 1H and 13C NMR spectra were  
calculated using the quantum mechanics program Spartan ‘08 (Wave-
function Inc., Belfast, UK). 
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3.4 Data analysis 
3.4.1 Pharmacokinetic analysis 
In the human and pig studies (Papers I and III), pharmacokinetic data analy-
sis was performed using non-compartment methods. However, in the pig 
study (Paper III), compartment models were also applied to describe the 
data. WinNonlin Professional 4.0/5.2 (Pharsight Corporation, CA, USA) was 
used for the pharmacokinetic analysis. The AUCs for the plasma/bile con-
centration-time profiles were derived with linear/log trapezoidal methods. 
The t1/2 was calculated from the disposition rate constant (λz), which was, 
itself, estimated by log-linear regression of the terminal part of the concen-
tration-time curve (t1/2=ln2/λz). In the human study, the oral clearance (CL/F) 
was calculated as the dose/AUC0-∞ and the oral volume of distribution (V/F) 
as the dose/(λz*AUC0-∞). In the pig study, after intravenous administration, 
the CL was calculated as the dose/AUC0-6 h and the Vss as: 
(AUMC0-6 h/AUC0-6 h)*CL. The AUCs after intravenous and intrajejunal 
administration to the pigs were compared to get the bioavailability. 

IV IJDoseIJ 
In the pig study, the liver extraction ratio (EH) was calculated by comparison 
of the portal vein AUC to the hepatic vein AUC.  

 

In both studies, the fraction of the dose excreted to bile (fbile) and urine (furine) 
was calculated by comparing the accumulated amount of unchanged drug or 
metabolite excreted into the bile and urine, respectively, to the administered 
dose (Ae/dose). The apparent biliary clearance and renal clearance were  
calculated by comparing the accumulated amount excreted to the AUC.  

,   
, ,  

In the human study, urine was sampled for 24 hours and bile for 3 hours, the 
AUC0-24 h was used to obtain the CLrenal and the partial AUC0-3 h was taken to 
determine the CLapp,bile. In the pig study, urine and bile were sampled for 6 
hours and the AUC0-6 h from the femoral vein was used for the calculations 
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of the CLrenal and the AUC0-6 h from the portal vein taken for the estimation 
of the CLapp,bile.  

In the pig study, deconvolution of the intrajejunal data to the intravenous 
data was performed using the WinNonlin software. Two-compartment data 
from the intravenous dosing was used as the weight function, w(t), and the 
response functions, r(t), were the concentration-time profiles in the portal 
and femoral veins after intrajejunal administration. The input function, i(t), 
represents the apparent absorption into the portal and femoral veins and was 
derived by deconvolution: i(t)=r(t)//w(t).  

In addition in the pig study, a semi-physiological pharmacokinetic model 
was applied to simultaneously describe the plasma concentration-time pro-
files in the portal and femoral veins, (Figure 8) 

130-133. Berkley Madonna ver-
sion 8.3 (University of California, CA, USA) was used to build the model 
with compartments for the gut wall, the portal vein, the liver, the central 
compartment and a peripheral distribution compartment.  

 
Figure 8. A diagram of the five-compartment pharmacokinetic model used in Paper 
III. Dose, the administered finasteride dose; fa, fraction absorbed into the entero-
cytes; CLgutwall, metabolism in the gut wall; CLliver, metabolism in the liver, CLrenal, 
renal clearance, Qpv, portal vein blood flow, Qh, total hepatic blood flow, Qha, blood 
flow in the hepatic artery, k12 and k21, distribution rate constants to/from the central 
compartment and the peripheral compartment. 

3.4.2 Statistical analysis 
Student’s t-tests were used to evaluate differences between the treatments, 
administered in Papers I and III. For tmax, the non-parametric Mann-Whitney 
test was used. Differences were considered to be statistically significant 
when p<0.05. The mean±S.D. or the mean/median (range x-y) are presented 
throughout the thesis unless otherwise stated.  
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4 Results and discussion 

4.1 In vivo pharmacokinetic interactions 
Pharmacokinetic data from humans and pigs for finasteride and M3, the 
ω-carboxy finasteride, are presented and discussed in this section. The M1, 
ω-OH finasteride, was not present in quantifiable concentrations in vivo and 
its pharmacokinetics are not, therefore, discussed.  

4.1.1 Plasma pharmacokinetics of finasteride and M3  

 
Figure 9. Plasma concentration-time profiles of (A) finasteride and (B) M3, 
ω-carboxy finasteride, before and after St. John’s wort treatment in the same group 
of healthy male volunteers (n=12). The data are presented as the mean ± S.D.  

The effects of induced metabolism in humans (Paper I)  
The consequences of St. John’s wort treatment were a two-fold decreased 
plasma exposure (AUC, t1/2 and Cmax) and a corresponding increased oral 
clearance (CL/F) for finasteride (Table 1, Figure 9). For M3, the AUC  
remained unchanged, but the Cmax increased and the t1/2 decreased. The t1/2 
for finasteride and M3 were similar, both before and after the St. John’s wort 
treatment. It was, therefore, assumed that the elimination of M3 was forma-
tion-rate limited.  

The St. John’s wort component, hyperforin was measured in plasma  
samples withdrawn right before the finasteride administration (approximate-
ly 12 hours after taking the last herb extract tablet). The plasma from all 
individuals contained hyperforin 38±13 nM (21±7 ng/ml). Hyperforin has 
been proven to activate the pregnane X receptor (PXR) (Ki 27 nM) 

75 and to 
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cause induction of metabolic enzymes and carrier-mediated transport  
proteins 

74, 134-136. CYP3A4 is the major enzyme involved in the sequential 
formation of M3 

108. The data presented below indicate that carrier-mediated 
mechanisms are not involved either in the biliary or the urinary excretion of 
unchanged finasteride. In addition, there is no available literature data, which 
suggest that finasteride is a substrate for any carrier-mediated transporters. In 
the clinical study, it was, therefore, concluded that the decreased plasma 
exposure of finasteride was caused by induced CYP3A4 expression, which 
led to increased metabolism of finasteride, primarily in the liver, but possibly 
also in the gut wall.  

The effects of inhibited metabolism in pigs (Paper III) 
Co-administration of ketoconazole caused, as expected, an increase in the 
plasma AUC0-6 h for finasteride in the portal, hepatic and femoral veins and a 
decrease in the plasma AUC0-6 h for M3 in all three plasma sampling veins. 
Both the F and the t1/2 were increased in the ketoconazole treatment group 
(Table 1, Figure 10). It was concluded that the sequential, CYP3A 
mediated 

108, formation of M3, was almost completely inhibited.  
In pigs, the CYP3A forms that have been identified are CYP3A22 

137, 
CYP3A29 

137, CYP3A39 
138 and CYP3A46 

138. These enzymes have reported 
comparable activity to human CYP3A. Incubations with CYP3A4 substrates, 
such as testosterone and tacrolimus, in cells and microsomes from the pig 
intestine and liver gave comparable results to data derived from the same 
type of human in vitro systems 

139-141. Furthermore, inhibition of CYP3A 
mediated metabolism by ketoconazole has been reported in pig intestinal 
microsomes 

142. In addition, the data reported in Paper III further supports the 
theory that pigs can be used for pharmacokinetic investigations of CYP3A 
substrates.  

 
Figure 10. Plasma concentration-time profiles in the portal and femoral veins of (A) 
finasteride and (B) M3, ω-carboxy-finasteride, in the control group (n=5) and the 
ketoconazole treatment group (n=5) in pigs. The data are presented as the mean ± 
S.E. 
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Table 1. Pharmacokinetic data (mean±S.D) for finasteride and M3, ω-carboxy-
finasteride, in pigs (n=5) and humans (n=12) after intra-intestinal administration. 

 
Human 
Control 

 
+SJW1 

Pig 
Control2 

 
+Ketoconazole2 

Finasteride 
AUC0-∞ (µM*h) 0.34±0.10 0.14±0.01*** 2.4±2.2 6.8±1.5** 
Cmax (µM) 0.055±0.015 0.036±0.008** 0.6±0.3 1.2±0.2** 
tmax (h)3 0.5 (0.5-1.5) 1.0 (0.5-1.5) 0.9 (0.5-1.5) 1.5(1.0-1.5)* 
t1/2 (h) 5.0±1.3 2.6±0.4*** 1.6±0.4 4.0±1.1* 
CL/F 
(ml/min/kg) 9.0±2.1 21.1±2.8*** 28±26 5.5±1.6 
V/F (L/kg) 3.7±0.5 4.8±1.1** 3.8±2.4 1.5±0.6 
M3 
AUC0-∞ (µM*h)4 0.85±0.24 0.78±0.18 1.3±0.6 0.3±0.1* 
Cmax (µM) 0.09±0.02 0.14±0.03*** 0.5±0.3 0.1±0.1 
tmax (h) 2.0 (1.5-4.0) 1.5 (1.0-2.0) 1.0 (0.9-6.0) 5.0 (5.0-6.0) 
t1/2 (h) 5.8±1.1 3.6±0.8*** n.a. n.a. 
1St. John’s wort; 2Data from the femoral vein after intrajejunal administration; 3tmax is pre-
sented as the median and the range; 4AUC0-6 h for M3 in pig; *p<0.05, **p<0.01, ***p<0.001; 
n.a., not available 

Intestinal absorption and liver extraction (Paper III)  
In pigs, the importance of gut wall versus liver metabolism for finasteride 
and the site for the drug-drug interaction was investigated. 

From deconvolution, the input rates and cumulative input fractions for  
finasteride to the portal and femoral veins were derived. In Table 2, the input 
rate is presented as the apparent absorption rate constant (ka). The cumula-
tive input fraction to the portal vein is presented as the fraction of the dose 
absorbed that escapes gut wall extraction (fa*FG) and to the femoral vein as 
the bioavailability (F), which is the product of fa*FG and the fraction that 
escapes liver extraction (FH). The ka from the intestine to the portal vein was 
rapid and the fa*FG was high and these parameters were not affected by  
ketoconazole (Table 2). However, the ka and F from the intestine to the  
femoral vein was less rapid and less extensive and the F was increased by 
ketoconazole. These data together indicated that the intestinal permeability 
and gut wall metabolism played a minor role in the interaction with ketoco-
nazole and that the liver was probably the primary site for this drug-drug 
interaction. 

The EH was monitored over time by comparison of finasteride concentra-
tions from the portal vein to the hepatic vein. The first hour after intrajejunal 
administration, the EH was intermediate and almost high, in both groups 
(Table 2). From 1-6 hours, the difference between incoming and outgoing 
concentrations to and from the liver was stabilized. During this time, the EH 
was intermediate (0.3<EH<0.7) in the control group and, when ketoconazole 
was given, it was changed to low (<0.3). This data gave further evidence that 
the interaction was localized to the liver. 
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Table 2. Bioavailability, liver extraction, apparent absorption rate constant and 
absorption rate half-life in humans (literature data) and pigs (data from Paper III) 

 
Human 
Lit.value1 

Pig 
Control 

 
+Ketoconazole 

 
Intravenous 

F 2 0.8 0.4±0.2  0.9±0.1*  n.a. 
F 3 n.a. 0.4±0.3 1.1±0.1** n.a. 
fa*FG

4 n.a. 1.0±0.6 1.6±0.2 n.a. 
EH

 5  range 0.05-0.19 n.a. n.a. 0.14±0.01  

EH
 6 n.a. 0.58±0.19 0.61±0.22 n.a. 

EH 
7 n.a. 0.41±0.24 0.21±0.10*** 0.14±0.08 

ka (1/min)8, 9 n.a. 0.43±0.19 0.19±0.09 n.a.  
ka (1/min)8, 10 n.a. 0.20±0.04 0.04±0.02 n.a. 
t1/2 abs (min)11, 12 n.a. 2±1 4±2 n.a. 
t1/2 abs (min)11, 13 n.a. 7±8 22±7* n.a. 
1published value for humans 

110; 2bioavailability, in pigs for the femoral vein, AUC compari-
son; 3bioavailability from deconvolution in pigs for the femoral vein; 4the fraction of the dose 
that is absorbed to the portal vein and escapes intestinal excretion, derived from deconvolu-
tion; 5liver extraction ratio, calculated from total plasma CLiv and a blood flow of 
21 ml/min/kg in humans and 52 ml/min/kg in pigs 

143; 6liver extraction ratio 0-1 hours; 7liver 
extraction ratio 1-6 hours, from comparison of partial AUCs in the portal and hepatic veins; 
8apparent absorption rate constant for: 9the portal vein and 10the femoral vein; 11absorption 
half-life for: 12the portal vein and 13the femoral vein, *p<0.05, **p<0.01, ***p<0.001, n.a., 
not available 

Semi-physiological pharmacokinetic model of the pig data (Paper III) 
The plasma concentration-time profiles in the portal and the femoral veins 
could simultaneously be described by a semi-physiological pharmacokinetic 
model (Paper III). Data from the intravenous administration to the pigs and 
values obtained from the literature 

132, 110 were used to build the model  
(Figure 8). The major utility of this was to get an idea of the impact of  
different parameters on the concentration-time profiles and to predict the 
effects of ketoconazole inhibited gut wall and liver metabolism. The  
measured Cmax values of ketoconazole in the portal and femoral veins, of 9±3 
and 3±1 µM, respectively, were inserted as the inhibitor concentrations (Igw 
and Iliver) in the following equations.  

´ ,1  

´ 1  

The equations describe clearance, affected by ketoconazole, in the gut wall, 
(CLgw’) and the liver (CLliver’). Vmax,gw and Vmax are the maximum metabolic 
reaction velocities in the gut wall and liver, respectively, and Km, the  



 34

Michaelis-Menten constant. Cgw and Cliver are the finasteride concentrations 
in the gut wall and liver, respectively. The fuI and fu are the fractions  
unbound for ketoconazole 

25 and finasteride, respectively. Ki is the inhibition 
constant for ketoconazole inhibited CYP3A4 metabolism 

25.  
An adequate prediction was obtained when the Cmax for ketoconazole in 

the portal vein was used as the Igw. An under-prediction of the extent of the 
drug-drug interaction was obtained when the Cmax for ketoconazole in the 
femoral vein was taken as the value of Iliver. When the Iliver was increased to 
6.5 µM, a value between the Cmax in the portal vein and in the femoral vein, 
the prediction of the drug-drug interaction was improved (Figure 11). A  
variation of the gut wall clearance did not have a great influence on the 
plasma concentration-time profiles. On the other hand, variation in the liver 
clearance had a great impact on the plasma concentration-time profiles both 
in the portal and the femoral veins. This further supports the theory that the 
drug-drug interaction reported in Paper III is localized in the liver rather than 
the intestine.  

 
Figure 11. Plasma concentration-time profiles, in the femoral vein, of finasteride in 
pigs. (A) Simulated variation in the concentration-time profiles with different inhibi-
tor, ketoconazole, concentrations in the liver. (B) The observed and simulated con-
centrations in the femoral vein in the control group and when the inhibitor concen-
tration in the liver of 6.5 µM is used. 

4.1.2 Biliary pharmacokinetics of finasteride and M3 
The quantification of finasteride and M3 in bile from humans and pigs was 
performed in Papers I and III. A low proportion of the unchanged parent 
compound, finasteride, was excreted into bile in the humans and pigs. This 
was in agreement with mass balance data in human faeces105, dog faeces104 
and biliary excretion in rat106. M3 was present in the bile at higher concentra-
tions in both humans and pigs and the bile/plasma ratio was so high that it 
was assumed that M3 was excreted to bile via carrier-mediated transport 
mechanisms. The St. John’s wort had no significant affect, nor did ketocona-
zole co-administration on the biliary excretion (Table 3). 
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Table 3. Biliary excretion data for finasteride and M3, ω-carboxy-finasteride, in 
humans (n=10)1 and pigs (n=5). 

 
Human 
Control 

 
+SJW2 

Pig 
Control 

 
+Ketoconazole 

Finasteride     
fbile (%) 0.01±0.02 0.10±0.21 0.09±0.09 0.18±0.07 
CLbile 
(ml/min/kg) 

0.004±0.007 
 

0.045±0.089 
 

0.009±0.007 
 

0.010±0.004 
 

AUC ratio 
(Bile/Plasma) 

n.a. 
 

n.a. 
 

0.9±0.63

13±124 
0.7±0.3 
6±3 

M3     
fbile (%) 0.69±0.69 0.89±0.74 3.1±2.4  1.1±0.8 
CLbile 
(ml/min/kg) 

0.11±0.12 
 

0.10±0.15 
 

2.4±1.3 
 

1.2±0.4 
 

AUC ratio 
(Bile/Plasma) 

27±29 
 

38±29 
 

106±743 
94±674 

104±693 
69±354 

 
Biliary flow 
(ml/min/kg)  

 
0.005±0.004 

 
0.005±0.004 

 
0.010±0.004 

 
0.016±0.008 

1Ten of the twelve individuals successfully inserted the Loc-I-Gut catheter in both treatments; 
2St. John’s wort; 3AUCbile/AUCportal vein; 

4AUCbile/AUChepatic vein, n.a., not available  

4.1.3 Renal pharmacokinetics of finasteride and M3 
The quantification of finasteride and M3 in urine from humans and pigs was 
performed in Papers I and III. A low proportion of the unchanged parent 
compound, finasteride, was excreted into urine. M3 was excreted to urine to 
a greater extent, in accordance with previous mass balance data 105. Indeed, 
this metabolite is searched for in urine when doping controls are 
conducted 

144. For the curious reader, finasteride is prohibited in sports,  
because it influences the urinary excretion of endogenous and synthetic  
steroids and their metabolites. The high renal clearance indicates that active 
transporter mechanisms are involved in the urinary excretion of M3. Neither 
the rate, nor the extents of the urinary excretion of M3 were affected by  
ketoconazole or St. John’s wort (Table 4).  

Table 4. Urinary excretion data for finasteride and M3, ω-carboxy-finasteride, in 
humans (n=12) and pigs (n=5). 

 
Human 
Control 

 
+SJW1 

Pig 
Control 

 
+Ketoconazole 

finasteride 
furine (%) n.a. n.a. 0.02±0.01 0.08±0.04* 
CLR (ml/min/kg) n.a. n.a. 0.005±0.002 0.006±0.003 
M3 
furine (%) 21±6.1 24±9.0 16±9.1 6.2±9.01 

CLR (ml/min/kg) 0.77±0.28 0.91±0.44 4.0±2.2 6.7±8.1 
1large inter-individual variation (0.8-22 %, n=5); n.a., not available 
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4.2 Identification of novel metabolites  
The results from the identification of novel phase I and phase II metabolites 
in human and pig is presented in this section (Papers II and IV). 

4.2.1 OH metabolites 
In human bile and urine and in human liver microsome samples, two OH 
metabolites, denoted MX and MY, both with the same parent ion m/z 389 
[M+H]+ were identified (Paper II). MX was also identified in pooled human 
plasma (Paper IV). Two human OH metabolites were previously described 
in the literature, ω-OH finasteride (M1) and 6α-OH finasteride (M4) 

106. M1 
was available as an authentic synthetic standard but not M4. Different mass 
spectral methods were used to try to find the position of the OH group for 
the two human metabolites, MX and MY (Paper II). For their representative 
fragmentation see Table 5 and Figure 12. Ion trap mass spectrometry, MSn 
experiments were run to gain knowledge of the fragment ions. Furhtermore, 
with hydrogen/deuterium exchange, information relating to the presence of 
oxygen and nitrogen in the fragments could be obtained. It was concluded 
that the OH group of MY was located at the steroid skeleton, and it could not 
be excluded that MY is identical to M4. MX and M1 had different retention 
times but almost identical mass spectra. However, MX gave one fragment 
m/z 321, which was different from M1. It was postulated that MX was a 
ring-closed form of M1 (Paper II).  

When finasteride was incubated with the fungus C. elegans it was almost 
completely biotransformed and at least four different OH metabolites were 
formed. With preparative LC and fraction collection one of the fungal OH 
metabolites was isolated with sufficient purity and quantity to enable NMR 
analysis. It was concluded that the metabolite produced by C. elegans was 
15β-OH finasteride. This metabolite has previously been described in a  
patent application, which describes the biotransformation of finasteride by  
C. elegans 

145. The 15β-OH metabolite had almost an identical retention time 
and MS2 spectra as MX, however from MS3 spectra it was concluded that 
the fungal metabolite was not identical to the human metabolite MX (Paper 
IV). MX was isolated from human liver microsome samples and MY from 
CYP2D6 samples, but, unfortunately the amounts were too low (≤ 1 µg), to 
enable structural elucidation with NMR.  
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Figure 12. Chromatogram and MS/MS spectra of MX, to the left, and MY, to the 
right, identified in hydrolyzed human urine (Paper II).  

Table 5. Masses of the precursor ions and their representative fragment ions studied 
by MS/MS, MSn and SRM by the triple quadrupole and ion trap mass spectrometers.  

Name 
Precursor ion 
(m/z) 

Fragment ions 
(m/z) 

Finasteride 373 (M+H)+ 317, 305 
M1 389 (M+H)+ 372, 318/317, 300, 272 
M3 401 (M-H)- 357, 341, 314, 256, 102 
M1 isomer (MX) 389 (M+H)+ 372, 321, 317, 2721

M1 isomer (MY) 389 (M+H)+ 371, 333, 315, 298, 272, 270 
M1 glucuronide 565 (M+H)+ 372, 272, 230 
M3 glucuronide 577 (M-H)- 401, 193, 175 
MX glucuronide 565 (M+H)+ 389, 371, 321, 318, 272 
MY glucuronide 565 (M+H)+ 389, 371, 333,315, 298, 272, 270 
Gluthatione conjugation Neutral loss  307, 129  
Sulfate conjugation Neutral loss  80 
1Notification, M1 and the isomer (MX) had different retention times 

4.2.2 Glucuronides 
The first step, in the identification of glucuronides, was the finding that both 
M1 and M3 were glucuronidated in vitro, by human liver microsomes (Paper 
II). It was the first time that these human glucuronides were reported in the 
literature. One type of finasteride glucuronide had previously been identified 
in rat bile 

106 and hydrolysis of dog urine 
104 had given indirect evidence for 

glucuronide formation. The next step was the set-up of reliable MS analytic 
methods, SRM, on the triple quadrupole instrument, for these glucuronides. 
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The SRM methods were used to search for the glucuronides in the human 
bile and urine. This strategy was successful and the M3 glucuronide was 
identified in bile from two of the four examined individuals. The M1 glucu-
ronide was not identified in any of examined in vivo samples. Instead, an 
isomer of the M1 glucuronide was detected in all the bile and urine samples 
investigated. With MS/MS methods, it was concluded that this glucuronide 
originated from the OH metabolite MY and it was, therefore, nominated MY 
glucuronide (Paper II). Another isomer to the M1 glucuronide was identified 
in pig bile and urine; this metabolite was concluded to originate from the OH 
metabolite MX and was, therefore, nominated MX glucuronide (Paper IV). 
See chromatograms and spectra (MS3) of the glucuronides in pig bile and 
urine in Figure 13.  

 
Figure 13. Chromatograms and MS3 spectra, from the ion trap mass spectrometer, 
for the MX glucuronide (the left peak) and the MY glucuronide (the right peak). The 
glucuronides were present in (A) bile from pigs, and in (B) urine from pigs.  

4.2.3 Enzymes involved in hydroxylation and glucuronidation 
The formation of M1 and M3 glucuronides by different UGT enzymes was 
qualitatively compared with the above-mentioned SRM method (Paper II). 
The formation of M1 and M3 glucuronides was almost non-existent and 
close to or below the detection level for all UGT enzymes, with the excep-
tion of 1A4 and 1A3. UGT1A4 did selectively produce the M1 glucuronide 
and UGT1A3 the M3 glucuronide. It was, therefore, concluded that, of 
twelve tested UGTs, these two enzymes, were of major importance for the 
formation of M1 and M3 glucuronides.  

The same approach was used to find out which CYP enzymes were of 
importance for the formation of MX and MY (Paper IV). It was concluded 
that CYP3A4 could catalyze the formation of both MX and MY, and 
CYP2D6 could catalyze the formation of MY. CYP3A4 has previously been 
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described as the primary enzyme involved in the sequential formation of M3, 
via M1 and M2 

108 and the finding that CYP2D6 is involved in the metabol-
ism of finasteride is novel and interesting.  

4.2.4 Other metabolites 
The principal findings of novel metabolites have been reported above, with a 
focus on the OH metabolites and their glucuronides (Papers II and IV), see 
Figure 14. In humans, the OH metabolites, their glucuronides and M3 are 
concluded to be the metabolites of most importance for finasteride. In vitro 
and in vivo samples were also scanned for other metabolites that were not 
mentioned above. A metabolite with an m/z of 387 [M+H]+, probably the 
ω-aldehyde, M2, was detected in the in vitro samples. Dihydroxy metabo-
lites with the m/z 405 were found in C. elegans samples. So far, we have no 
evidence that sulfate or glutathione conjugation is involved in the metabol-
ism of finasteride in human or pig.  

 
Figure 14. Chemical structures of finasteride and its phase I and phase II metabolites 
discussed in this thesis. The metabolites from M1 to M4 have previously been  
presented (Figure 5). CYP3A4 has been identified as the major enzyme involved in 
the sequential formation of M3 

108. In Papers II and IV additional enzyme were 
found to be involved in the metabolism of finasteride, see the presented CYPs and 
UGTs. The inset displays the 15β-OH finasteride, identified in fungal samples by 
NMR.  
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5 Conclusions  

The general aim of this thesis was to improve the understanding of the in 
vivo pharmacokinetics and, in particular, the metabolism of finasteride.  
Advances have been made in conducting the research presented here. The 
consequences of St. John’s wort treatment and ketoconazole co-
administration were investigated in humans and pigs. Both studies included 
bile collection. Metabolite identification was carried out in the in vivo  
samples collected. The major conclusions drawn are as follows: 

 
In humans, the main conclusion was that the St. John’s wort treatment gave 
rise to induced CYP3A4 mediated metabolism of finasteride, probably both 
in the gut wall and the liver. This was based on the affected oral CL, AUC, 
Cmax and t1/2 for finasteride. In humans, the total fraction of the dose excreted 
as unchanged finasteride to bile and urine was low, < 0.4%. It was concluded 
that carrier-mediated transport was not involved in the biliary or urinary 
excretion of finasteride.  
 
In addition, in humans, the St. John’s wort treatment changed the plasma 
Cmax and t1/2, but not the AUC of the metabolite, M3. The biliary and urinary 
excretions of M3 also remained unchanged. On the basis of the concentra-
tion ratios of bile to plasma and the CLR, it was suggested that carrier-
mediated transport could be involved in the excretion of M3. The metabolite, 
M1, was not present in quantifiable concentrations in the human samples.  

 
From the comprehensive pig investigation, the major conclusion was that 
ketoconazole inhibited the CYP3A mediated metabolism, which caused the 
increased F and resulted in a prolonged t1/2 for finasteride. It was suggested 
that the primary site for the interaction was in the liver. This assumption was 
based on the specific measurements of the liver extraction ratio and the  
apparent absorption kinetics.  

 
In addition, in pigs, the total fraction of the dose excreted as unchanged  
finasteride to bile and urine was low, < 0.3%. The plasma, biliary and urinary 
pharmacokinetics of M3 were evaluated and found to correspond to the  
human data. M1 was not present in quantifiable concentrations, even though 
a four times higher dose was administered to the pigs.  
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Two M1 isomers, OH metabolites denoted MX and MY, were identified in 
human bile and urine. MX was also found in human plasma. The structure of 
MX and MY were elucidated with mass spectrometry. 
 
Intact glucuronides were identified for the first time in human bile and urine 
and also in pig bile and urine. Both MX and MY were glucuronidated. The 
MY glucuronide was identified in the humans and pigs, and the MX glucu-
ronide was identified in the pigs. In addition, it was discovered that the M1 
and M3 could be glucuronidated in vitro and the intact M3 glucuronide was 
identified in vivo, in human bile.  
 
It was concluded that CYP3A4 could catalyze the formation of MX and MY 
and that CYP2D6 was also involved in the formation of MY. In addition, it 
was concluded that UGT1A3 was the major UGT enzyme responsible for the 
formation of the M3 glucuronide.  
 
The filamentous fungus C. elegans was used for the production of larger 
quantities of OH metabolites for structural elucidation with NMR. A fungal 
OH metabolite, 15β-OH finasteride, was successfully isolated and its struc-
ture elucidated with NMR. MS analysis suggested that this metabolite was 
not identical to any of the human metabolites. Further investigations are 
needed to elucidate the exact structures of the human OH metabolites MX 
and MY.  
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6 Populärvetenskaplig sammanfattning 

I denna avhandling så har omvandlingen (metabolismen) och vägen genom 
kroppen (farmakokinetiken) för en läkemedelssubstans undersökts. Substan-
sen som har studerats kallas för finasterid. Denna substans används vid god-
artade prostatabesvär och mot manligt håravfall. Det övergripande syftet 
med avhandlingen var att öka kunskapen om just farmakokinetiken och  
metabolismen för denna substans. Ett särskilt fokus har varit att studera  
interaktioner med andra läkemedel och vad som händer om man påverkar 
metabolismen. Ett annat fokus har varit att reda ut vilka nedbrytningsproduk-
ter (metaboliter) som finasterid bildar.  

I Figur 15 här nedan så finns en schematisk bild över en substans resa 
från att den är inuti en tablett till dess att den når ut i blodcirkulationen. Det 
är från blodcirkulationen som de flesta substanser kan nå ut till det organ 
eller de celler som de har sin effekt. Längs med vägen, från tabletten till 
platsen där effekten sker, finns det många olika steg som är viktiga att stude-
ra och att ha kunskap om. I denna avhandling så har framförallt metabolism i 
levern och gallutsöndring studerats.  

När man studerar farmakokinetik, så tittar man på hur snabbt en substans 
tar sig in i blodcirkulationen (absorberas och distribueras) och hur snabbt 
den tar sig ut igen (elimineras). Genom att mäta nivåer (koncentrationer) av 
en substans i plasma (blodprov centrifugeras för att få fram plasma) och 
följer hur koncentrationen varierar över tid kan farmakokinetiska parametrar 
beräknas. Koncentrationen är viktig. En tillräckligt hög koncentration är 
nödvändig för att nå den effekt som var tänkt, samtidigt som en för hög kon-
centration kan orsaka biverkningar.  

Metabolism av läkemedelssubstanser sker oftast i tarmen eller i levern. 
Specifika enzym hjälper till att katalysera, skynda på, reaktionen. Då en sub-
stans metaboliseras så blir den ofta mer vattenlöslig och kan lättare utsöndras 
från kroppen. Det kan också vara så att den metabolit som bildas själv är 
aktiv och kan orsaka effekt, men även bieffekt.  

I denna avhandling har en särskild typ av enzym diskuterats flitigt, nämli-
gen CYP3A4. Detta enzym är intressant därför att det är inblandat i metabo-
lismen av väldigt många läkemedel. Problemet är att när en patient använder 
mer än ett läkemedel samtidigt så kan det bli konkurrens om bindningen till 
enzymet. Detta kan leda till, ”krockar” mellan läkemedel (interaktioner).  

Finasterid metaboliseras huvudsakligen av CYP3A4. I ett av de delarbe-
ten som ingår i avhandlingen så testades vad konsekvenserna blir av att öka 
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bildandet av detta enzym med johannesörtbehandling. Studien gjordes i 
människa och slutsatsen var bland annat att koncentrationerna av finasterid i 
plasma minskade. Det betyder att med samtida johannesörtbehandling ökar 
risken för utebliven effekt.  

I ett annat delarbete, så testades vad som händer om man hämmar 
CYP3A4 med en läkemedelssubstans som heter ketoconazole. Studien gjor-
des i gris, för att kunna utföra mer avancerad provtagning av blod, till och 
från levern, och galla direkt från gallgången. En slutsats från grisstudien var 
att med hämmad metabolism så ökar koncentrationen av  
finasterid i plasma och risken för biverkningar ökar därmed.  

 
Figur 15. En illustration över en läkemedelssubstans väg från att den är i tabletten 
som sväljs till dess att den når systemkretsloppet. I bilden ser man också var sub-
stansen kan brytas ner och hur den utsöndras via galla eller urin.  

Som man kan se i Figur 15, så finns det två huvudsakliga vägar för en sub-
stans eller dess metaboliter att ta sig ut ur kroppen, antingen via urin eller via 
galla, till tarmen. Förutom blodprover har det därför även samlats galla och 
urin i de ovan nämna studierna. I ett av delarbetena så identifierades nya 
metaboliter i galla och urin från människa. I ett annat delarbete, så identifie-
rades ytterligare metaboliter i plasma från människa och i galla och urin från 
gris.   

Slutligen, med denna avhandling erhölls ny kunskap om farmako-
kinetiken och särskilt metabolismen, för läkemedelssubstansen finasterid.  
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