
����
����	
�������
�����	����
������
����

��������	
��������������������
�������������������
��
�
��������������
������������

�������	
��
����������
��������	
�	������������	�������

��	�	�����������������
��������� 
���!��"
�#���

$%%&�$�!�'����(��)*

&��%�+,-+�,+�.
&��%��/0��+�--1�/12/��
��
3
�
3��3��3�4���0210



����������	
������
��������������
����������	������������������
����
����������
���������
�������������������� ���������!!"����!"#$%�&	���'���������	&��	��	��	&�('��	�	�'�
)��������	&�('������*+�,'�������
���	
�-��������	
��������
�.
����'+

��������

,������/������ +��!!"+��������	
��
��0���������.��������	
�	&�����������	�������

��	�	������0����������
���(1�2�03�0�,��'
�4���+� ����
������������������
���+��������
�	
����������

�����	�������������������	�����	
������������	������
����"!+�5����+
������+������"562"$2%%7257�52"+

,'����'����������������'���������������������	
�	&�����������	�������
���	�	������������������'�
����	&�'��'����&	���
�����4�����'�	���	����'��)�(1�*����	��'���������������	
�8���	
�) (9*
��
���������������	������)�03�0*+������	��'������&&���
������
�����������	���������
���8���
'�������
�������
��'����&&���
����������
��+
,'�������	�����	&� ��������
��� &�����������
�����	������-���� �������� �
�����	��
�3	�� �


���	� �
� ��&&���
�� �������� ���'� ��� '���
��� �	���� �
�� '	����+�  �������� ����� ���������
��
-��'� �'�� 4������	��2����� 	&� &���'�� ����� ������	������ �
�� �0
� ����� ��������� ��� �'�� �	

����� �
������
�� -���� ���&��� �
� �'�� ����������� �
���������	
� 	&� �'�� ��	����� �	
�� 	&� �'�� �����
�
�� �'���� �����	�����+� ��&&���
�� ���
� �	���� 	&� �'�� ������� 4������	��� ����� ������	�����
����������
�������&��������������������������
����
����������
��'��4������������
������24��
��������
�������+� �����	
������'���	��
3�������������'�
����
����������
���-��'����	��'�������������
�'��������	
�8���	
�-�����	
���������
���'��&�
�������������
����������-��������8����	
��	�������	�
���	&�����������	��������&&����
��&	��������������
���������	
+
0�����	�����	&�	����8�����������
��-��������������
���'��������8����
�����������
������	
�

�
���'��������
��	
��������
���������������������-�����	��������	��'�������	����������������

���
���������+�,-	�	&��'�������	������-�����	
��������	������������	�������2	�����+
9
� ���
�� &�	�� '	����� �������� -��'� ���	������� �'�� ���:� 	&� %;2'���	�����'�����	�����

��������� �
����'� '��'��� �
��
����� �'�
� �'������
�������	�� �'��	�'��������	������� �
�� ���-��
�����������&	�����������$7�������&�����'��������	����
��	���	&��'��'	����+�,'���������&����
&	�����	

�
��'�������	���
��	&��
������������'	���&	���'���������	
�	&���	'�����������	&����	�����+
 �������������������	
<������	&�'���	��&���������-�������������
����
��&�	����
���������
���

-'��'��
���������'�������������������	�����-���&	����+�,'��������	������	�����������	
������&	�
�'�������������
������	�����&	��&��������+
,'����������&�	���'��&	�����������
��������
��'���'����������������	
��������'�����&��
�����
�

�'��&�����������	&��'���(1�2 (92�03�0����'
�4��+

���	��� �����������	������0���������.��������	
�������0�����	��������(1�2�03�0�
.�����	������9	
�8���	
�� ��	��'�����(���������'�������9	
�8���	
������	��
3���������
.��'�
������������
�����������������	�����

!������"����#$��%�!��������������
�����������
�����%�&	'�()*%������������������%
�+,)(-./��������%�����

=� 

����,������/������!!"

900>�$?%$2?$"�
90�>�"562"$2%%7257�52"
��
#
�
#��#��#����2"6�76�)'���#33��
+:�+��3���	���@��
A��
#
�
#��#��#����2"6�76*



 
 

The most beautiful thing we can ex-
perience is the mysterious. It is the
source of all true art and science.

 
Albert Einstein
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Introduction 

This thesis describes the structure elucidation of drug metabolites in biologi-
cal samples with a technique called high performance liquid chromatography 
(HPLC) atmospheric pressure ionization (API) tandem mass spectrometry 
(MS/MS). But why is it important to study drug metabolism? Well, in the 
drug discovery business it is important because the information from such 
studies can ideally be used to increase the efficacy of the drug by; (A) in-
creasing its potency, (B) increasing its selectivity, (C) increasing its duration 
of action, or (D) decreasing its toxic side effects1. Thus, a full understanding 
of the metabolism is necessary for the design of better drugs, and the basics 
of drug metabolism will be described in the next chapter. However, studies 
on drug metabolism can be valuable in other aspects as well. For example, 
forensic laboratories constantly work to develop better methods for the de-
tection of illicit drugs, and new methods for the detection of new substances 
reaching the legal and illegal markets. Since many drugs are excreted mainly 
as metabolites, it is often effective to focus on the main metabolites instead 
of the parent drug in the development of analytical methods.  

The analytical techniques used in the papers included in this thesis are 
HPLC for the separation of the substances, API for the transformation of the 
substances from molecules in a liquid to ions in the gas phase, and MS/MS 
for the separation and detection of the ions. Each one will be described in 
more detail in the following sections. Now you wonder, why these tech-
niques? There are others. Well, yes. There are others but HPLC is well 
suited for separating drug metabolites since these substances often are polar 
and non-volatile. In combination with API such as electrospray ionization 
(ESI) or atmospheric pressure chemical ionization (APCI) molecular ions 
can be formed without unwanted fragmentation of the substances. Finally, 
MS/MS is outstanding when it comes to detecting trace amounts of sub-
stances in complex samples, and there are a variety of different mass analyz-
ers and hybrid instruments on the market that offers high selectivity, sensi-
tivity, and reproducibility. 

Now, it is time to turn the page and discover the techniques, as well as the 
specific studies, that are included in this thesis. Enjoy! 
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Drug Metabolism 

Generally, drug metabolism is a process where the molecular structure of a 
drug is changed from one that is absorbed and capable of crossing lipid lay-
ers of membranes, i.e. lipophilic, to one that is more hydrophilic and thus 
can be readily excreted from the body2. The metabolic reactions can be di-
vided into phase I, phase II, and phase III. Phase I reactions include oxida-
tion, reduction, hydrolysis, and hydration, resulting in functional groups such 
as -OH, -NH2, -SH, or -COOH2-4. These reactions are mediated primarily by 
liver enzymes, such as cytochrome P450, monooxygenase, monoamine oxi-
dase, and alcohol dehydrogenase4. Phase II reactions include glucuronida-
tion, sulfatation, methylation, acetylation, amino acid, and glutathione con-
jugation2-4. The phase II biotransformations are catalyzed by conjugative 
enzymes, such as UDP-glucuronyltransferase, sulfotransferase, glutathione 
S-transferase, N-acetyl transferase, and methyl transferase4. Glutathione con-
jugation protects the body from chemically reactive compounds and these 
glutathione conjugates can be further metabolized by phase III reactions into 
cysteine and N-acetyl cysteine adducts, i.e. mercapturic acid synthesis2,4. 

Phase I or II reactions do not necessarily result in inactive drugs. For ex-
ample, codeine is demethylated to the more potent substance morphine5 and 
loratadine undergoes extensive first-pass metabolism to desloratadine that is 
approximately ten times more potent than loratadine6. Morphine-6�-
glucuronide is a rare example of a phase II metabolite with higher pharma-
cological activity than the parent drug7. The formation of toxic metabolites 
can result in the withdrawal of a drug from the market, as was the case with 
terfenadine in 19978. However, if a lipophilic drug is not metabolized, it will 
stay longer in the body and the risk of accumulation and toxic reactions in-
creases2. 

The Drugs Studied 
In this thesis, the drug substances clemastine, flutamide, and meloxicam, 
with very different characteristics and fields of application have been stud-
ied. However, one thing they all have in common is that their metabolism 
was not well described in the literature prior to our work. The drugs are de-
scribed in more detail below and their chemical structures are illustrated in 
Figure 1.  
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Figure 1. The chemical structures of the drugs studied; clemastine (A),  
flutamide (B), and meloxicam (C). 

Clemastine 
Clemastine (Papers I and II) is an H1 receptor antagonist (antihistamine) of 
the first generation. During inflammatory or allergic reactions mast cells 
release histamine by exocytosis, which acts by the interaction with a specific 
histamine receptor9. Thus, antihistamines are widely used in the treatment of 
allergic reactions such as rhinitis, eczema, and urticaria10. Clemastine is li-
pophilic enough to pass through the blood-brain barrier resulting in sedative 
effects9. The metabolism of clemastine has been studied in rats resulting in 
the isolation and detection of 18 different phase I and II metabolites, e.g. 
products of aromatic and aliphatic oxidation, decarboxylation, and N-
oxidation were proposed11. In a different study, the principal route of me-
tabolism in man was described as the fission of the ether bond followed by 
hydroxylation12. Hence, the reports of the metabolism of clemastine in man 
and rat were completely different and other species had not been studied. 

Flutamide 
Flutamide (Paper III) is a non-steroidal substance with anti-androgen effect 
that is used together with gonadotrophin-releasing hormone in the treatment 
of prostate cancer9. After oral administration, flutamide is metabolized into 
its active metabolite 2-hydroxyflutamide that is mainly responsible for the 
pharmacological effect. The mechanism of action is mainly by the inhibition 
of nuclear androgen receptors, thus, cell proliferation in androgen-dependent 
tissues decreases13. The studies on flutamide metabolism have mainly re-
sulted in the detection of metabolites formed by oxidation, reduction of the 
nitro group, hydrolysis of the amide function, or a combination of those14,15. 
Severe hepatic dysfunction has been reported for flutamide treated patients 
and the production of a reactive metabolite has been suggested to be respon-
sible for these negative effects, possibly due to affected mitochondrial respi-
ration16. However, no potentially toxic metabolite had been detected. 

A B C
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Meloxicam 
Meloxicam (Paper IV) is a non-steroidal anti-inflammatory drug (NSAID) 
that belongs to the enolic acid group. The anti-inflammatory properties of 
NSAIDs have been explained by their ability to inhibit the enzyme cycloox-
ygenase (COX), which catalyses the transformation of arachidonic acid to 
prostaglandin H2

17. Inhibition of COX-1 is associated with gastrointestinal 
toxicity while the desired anti-inflammatory activity is mediated by the inhi-
bition of COX-2. Meloxicam proved to have the best COX-2/COX-1 selec-
tivity profile of all compounds tested in a study by Lazer and co-workers, 
resulting in better gastric tolerability than older drugs that act on both en-
zymes18. Structurally, meloxicam is closely related to other oxicams such as 
sudoxicam, piroxicam, isoxicam, and tenoxicam19 but the methyl group on 
the thiazolyl ring has facilitated its metabolism resulting in a shorter half-life 
of meloxicam compared to the others20. The most commonly reported me-
tabolites of meloxicam are oxidized on the methyl group mentioned, result-
ing in 5’-hydroxymethylmeloxicam and 5’-carboxymeloxicam. These me-
tabolites have been previously detected in humans, rats, mice, mini-pigs21, 
and thoroughbred horses22,23. 

Cunninghamella elegans in Drug Metabolism Studies 
Fungi are eukaryotic organisms which reproduce by spore formation. They 
can be organized according to their characteristics as described in the Tax-
onomy of fungi, where the genus of Cunninghamella is placed in the King-
dom of fungi, the class of Zygomycetes, the order of Mucorales, and the 
family of Cunninghamellaceae24. The zygomycetes are characterized by 
nonseptate, broad and ribbon-like hyphae, and they reproduce through for-
mation of zygospores created by the fusion of two hyphae25. The Cunning-
hamella species is a kind of mould usually present in soil but fungus has also 
been recovered from decaying vegetables24. Since these fungi grow in soil, 
the interest in their ability to metabolize genotoxic pollutants such as poly-
cyclic aromatic hydrocarbons (PAH) has been extensive, and yielded many 
publications (see review by C.E. Cerniglia 199726). Both phase I and phase II 
metabolites have been detected, and the conjugation resulted in detoxifica-
tion of the PAHs. Consequently, fungi that grow in the soil have been sug-
gested to provide efficient and cost-effective bioremediation of PAH con-
taminated wastes26. 

In 1974, Smith and Rosazza suggested that it might be possible to define 
microbial systems that could mimic the biotransformations observed in 
mammals. They also discussed the usefulness of these microbial systems for 
the production of larger quantities of mammalian metabolites27. Among oth-
ers, Cerniglia and his colleges have studied zygomycete fungi and their abil-
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ity to metabolize xenobiotica. In 1996 they investigated which enzymes that 
were expressed in C. elegans. They reported activities of cytochrome P450, 
PAPS sulfotransferase, glutathione-S-transferase, UDP-glucosyltransferase, 
and UDP-glucuronyltransferase28. Hence, the same types of enzymes that 
perform drug metabolism in mammals were detected in C. elegans, and the 
potential of this fungus as a model of mammalian xenobiotic metabolism 
was suggested. However, differences between mammalian and fungal me-
tabolism have also been reported. For example, fungi oxidize polar sub-
strates faster than nonpolar while the situation is reversed in hepatic systems. 
And while para-hydroxylation occurs to a greater extent in hepatic metabo-
lism, ortho-hydroxylation is predominant in fungi29. 

In the literature, there are studies describing the use of C. elegans as a 
complementary in vitro model for drug metabolism30,31, and for the produc-
tion of drug metabolites in amounts sufficient for complete structural con-
firmation32,33 or further toxicological testing34,35. However, the relevance of 
C. elegans as a model of drug metabolism in horses had not yet been studied, 
and we were interested in evaluating if the system could be used for the pro-
duction of drug metabolites that could be used as reference compounds in 
the doping control laboratory. 

When grown in a petri dish or an Erlenmeyer flask, the pale white, aerial 
mycelium of C. elegans occupies a big part of the air compartment in a few 
days, as can be seen in Figure 2. To start a culture, the fungus was removed 
from an agar plate (Fig. 2A) and transferred to a flask containing saline solu-
tion. A few milliliters of that solution were added to the broth (Fig. 2B) and 
the fungus was allowed to grow in 25-27 °C for 2-3 days. The broth was 
decanted and discarded, and fresh broth was added (Fig. 2C). The drug solu-
tion was added (Fig. 2D) and in Fig. 2E the culture has been allowed to grow 
for 4-5 days and the experiment is about to be terminated by the addition of 
methanol or acetonitrile.  
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Figure 2. The growth of Cunninghamella elegans for the purpose of in vitro drug 
metabolism studies. (A) C. elegans growing on an agar plate. (B) Mycelia suspen-
sion of C. elegans is added to the broth in an Erlenmeyer flask. (C) The old broth is 
decanted and fresh broth is about to be added to the Erlenmeyer flask now contain-
ing a white, fluffy fungus. (D) The drug solution is added. (E) The flasks with fungi 
and drug have been incubated for several days in 25-27 °C. Photo by A. Tevell 
Åberg. 
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In the studies described in Papers II and IV, cultures of Cunninghamella 
elegans were prepared and its ability to metabolize the compounds cle-
mastine and meloxicam was evaluated. Different kinds of broths were tested 
at pH 5.5 and 7.0 to find the medium resulting in the highest yield of drug 
metabolites. Experiments performed by another group had shown that Cun-
ninghamella prefers to grow at around pH 5 but that the metabolic capacities 
are better at pH 736. However, in contrast to the study by Freitag et al.36, our 
studies did not show significant differences in the metabolite production 
when different broths or pH were used. In Paper II a Sabouraud dextrose 
broth with pH 5.5 was used, and in Paper IV the same kind of broth was 
used but the pH was adjusted to 7.0 and the broth was decanted and ex-
changed prior to the drug administration. 

The use of an isotopically labeled drug can facilitate the interpretation of 
the mass spectral data in the structure investigation of drug metabolites. In 
an experiment described in Paper IV, C. elegans was incubated with a 1:1 
mixture of meloxicam:CD3-meloxicam that resulted in a mass shift between 
the ions of the drug and the deuterium labeled drug. Consequently, the inter-
pretation of noisy mass spectra was facilitated. In a different experiment, the 
Sabouraud dextrose broth was prepared by the use of H2

18O, C. elegans and 
clemastine were added and the incubation was carried out as normal. Ex-
periments with 18O labeling in the fungal incubations have been previously 
performed using 18O2 gas31,37 but in similar experiments carried out by the 
use of liver microsomes, it was shown that the incorporation of 18O in the 
metabolites was greater by the use of 18O-water than 18O2 gas38,39. However, 
the experiment did not work, either because the conversion of clemastine 
into metabolites was too low to result in significant inclusion of the labeled 
oxygen, or because the oxidation was performed by the use of O2 oxygen. 
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Structure Elucidation of Drug Metabolites in 
Biological Samples with Liquid 
Chromatography Atmospheric Pressure 
Tandem Mass Spectrometry 

The technique of choice for qualitative as well as quantitative drug metabo-
lism studies in drug discovery and drug development is high performance 
liquid chromatography tandem mass spectrometry (HPLC-MS/MS) due to 
its speed, resolution, selectivity, and sensitivity, as described in many review 
articles2,4,40-44. 

The mass spectrometer is a powerful detector that measures the weight of 
individual molecules or fragments of molecules. The ions are separated ac-
cording to their m/z (mass divided by charge) values and hence, substances 
can be separated by mass even if they are not separated in time and conse-
quently reach the detector simultaneously. However, there is a great advan-
tage to separate the substances chromatographically before they enter the 
mass spectrometer, and HPLC is well suited for separating polar compounds 
such as drug metabolites. Co-eluting substances, including matrix compo-
nents, can cause ion suppression or signal enhancement45,46, and N-oxide 
metabolites can be deoxygenated to the parent compound by thermal degra-
dation in the APCI interface47-50, hence it is important to ensure chroma-
tographic separation. Thorough cleanup of the biological sample prior to 
HPLC-MS/MS analysis is another way to decrease matrix effects such as ion 
suppression51 but there is a risk of losing expected or unexpected metabolites 
in the process.   

All four papers included in this thesis concern structure elucidation of 
drug metabolites in biological samples by the use of liquid chromatography 
coupled to mass spectrometry. The most important experimental setups are 
presented in the following section. 

Mass Spectrometry 
Mass spectrometry (MS) is a technique where the weight of individual mole-
cules can be measured. The molecules are transformed into gas phase ions 
and the response of their trajectories caused by electric and/or magnetic 
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fields are determined52. Joseph John Thomson was a British physicist who 
discovered the electron, a discovery that was awarded with the Nobel Prize 
in Physics in 190653. He also invented and constructed the first mass spec-
trometer that was called a parabola spectrograph, and his separation of neon-
20 and neon-22 in 1913 was the first evidence of isotopes, i.e. different types 
of atoms of the same element each having a different atomic mass54. The 
first commercial quadrupole mass spectrometers were introduced in 1968, 
the first triple quadrupole in 198254, and ever since the development of the 
mass spectrometric technique has been extensive. Today MS is the detector 
of choice in many different fields of application all over the world. 

Mass spectrometry has been a central part of the work described in this 
thesis. Due to their different advantages, various kinds of mass analyzers 
have been used to separate the ions according to their m/z values in the stud-
ies in order to receive valuable information in each experiment. The quadru-
pole mass analyzer (Q), or more accurately the triple quadrupole (QqQ) was 
used for its flexibility and combination of high sensitivity and selectivity in 
Papers I-IV. Different scan types such as MS scan, product ion scan, pre-
cursor ion scan, and neutral loss scan have been used as well as selected 
reaction monitoring. These will be discussed in more detail below. The ion 
trap mass analyzer (IT) was used for its ability to perform MSn, which re-
sulted in valuable information in the structure elucidation studies in Papers 
II and IV. Finally, a quadrupole-time of flight mass analyzer (Q-TOF) was 
used for accurate mass determinations in Paper III. The functions of these 
mass analyzers are described below. 

Triple Quadrupole Mass Spectrometry 
A quadrupole consists of four perfectly parallel rods. By the use of an oscil-
lating electric field, ions travel in the space between the rods and are sepa-
rated according to their m/z value. The principle of the quadrupole was first 
described by Wolfgang Paul and Helmut Steinwegen in 195354. In a simpli-
fied manner, the quadrupole could be illustrated as in Figure 3. Ions from the 
ion source are accelerated by an electric field into the space between the four 
parallel metallic rods. Each opposite pair of rods are connected electrically 
by direct current voltage, one pair carrying positive potential and the other 
pair negative. Additionally, variable radio-frequency (rf) alternate current 
potentials are applied on each pair of rods55. By suitable choices of these 
potentials, ions within a specific interval of m/z values will oscillate stably 
about the central axis while all other ions will oscillate with increasing am-
plitude and eventually hit one of the rods and be lost56. The ions must have 
stable trajectories in both planes (xz and yz) in order to pass all the way 
through the quadrupole and reach the detector55, or the next mass analyzer. 
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Figure 3. Illustration of a quadrupole mass analyzer. Illustration by A. Tevell Åberg. 

In a triple quadrupole mass spectrometer (QqQ), two quadrupoles (Q, as 
described above) are connected with a collision cell in between. The colli-
sion cell could be a quadrupole or a hexapole (with six rods), or an octapole 
(with eight rods) or have a different geometry. Only rf potential is applied to 
the rods of the collision cell (q). In q, collision gas such as argon (in Papers 
I-IV) is used to transfer kinetic energy of the ion into internal energy. At a 
point the internal energy of the ion has increased enough for the ion to disso-
ciate into fragments. This is called collision induced dissociation (CID)54. 

Triple quadrupole instruments enable tandem mass spectrometry 
(MS/MS) and they can be operated in many different scan modes, illustrated 
in Figure 4. In MS scan, there is no collision gas in the collision cell and the 
ions are scanned in Q1 or Q3 resulting in a full mass spectrum. In product 
ion scan, one m/z value is selected to pass through the Q1 mass filter. The 
collision gas results in CID of the ions in q and the product ions created are 
scanned in Q3. The result is a product ion spectrum, often referred to as the 
fingerprint of a molecule. Precursor ion scan is the opposite of product ion 
scan, hence a product ion is selected in Q3 and the precursor ions are 
scanned in Q1. Thus, precursor ions that result in common fragments upon 
CID are detected, which is useful in metabolite identification studies since 
drug metabolites are structurally similar to the parent drug. In neutral loss 
scan, both Q1 and Q3 are set to scan the ions passing but with a mass offset 
between them, e.g. the neutral loss of 176 Da is common for molecules con-
jugated with glucuronic acid. The resulting mass spectrum shows which 
precursor ions that lose 176 Da in the collision cell and hence indicate the 
presence of glucuronic acid conjugates within the sample. Finally, in se-
lected reaction monitoring (SRM), one precursor ion m/z is filtered through 
Q1, dissociated in q, and only one of the product ion m/z is allowed to pass 
through Q3 and reach the detector. Outstanding selectivity and sensitivity 
can be achieved with SRM, even if the molecules have the same precursor 
ion m/z they can be separated if the product ion selected in Q3 is not a com-
mon fragment. 

Triple quadrupole instruments of different models were used in experi-
ments described in the papers; a Quattro mass spectrometer from Micromass 
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(Paper I), a TSQ Quantum Discovery (Papers II and IV) and a TSQ Quan-
tum Ultra instrument (Paper III) both from Thermo Electron Corp., and an 
Acquity TQD mass spectrometer from Waters Corp. (Paper II).  

 

 
Figure 4. Schematic description of the different scan modes that can be applied by 
the use of a triple quadrupole mass spectrometer. Illustration by A. Tevell Åberg. 

Ion Trap Mass Spectrometry and the MSn Application 
Wolfgang Paul, who first described the principles of the quadrupole, was 
awarded the Nobel Prize in Physics in 1989 for the discovery of the ion trap 
technique53. The 3D ion trap (IT)  can be illustrated as a bent quadrupole that 
forms a closed loop54. It consists of a central ring electrode, shaped as a 
doughnut, on which a variable rf voltage is applied, and a pair of end-cap 
electrodes that are grounded55. The ions that have entered into the trap are 
stored in it together and move in stable trajectories influenced by potentials 
applied in three dimensions. To avoid the loss of ions through the expansion 
of their trajectories due to ion repulsion, helium gas is present in the trap to 
remove the excess energy of the ions54. Ions with the appropriate m/z values 
circulate in stable orbits in the trap while a change in the radio-frequency 
causes other ions to get unstable trajectories and eventually collide with the 
ring electrode wall55. In order to detect the ions, the rf field is applied to 
make the ion trajectories pass through the opening in the end cap, hence 
letting the ions get captured by the electron multiplier detector57. 

Tandem mass spectrometry in an IT is time-dependent, rather than space-
dependent. All ions except for the selected precursor ion are expelled from 
the trap. The precursor ions are fragmented by collisions with the helium gas 
that is always present in the trap. The produced product ions can be analyzed 
and sent to the detector resulting in an MS2 spectrum. Or all ions except for a 
selected m/z can leave the trap and the selected product ion is further disso-
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ciated in order to produce an MS3 spectrum. This process can be repeated 
several times to produce MSn spectra54. 

The ability to perform MSn experiments on drugs as well as their metabo-
lites in biological samples makes ion trap mass spectrometry a powerful tool 
in qualitative drug metabolism studies2,4,58. Finnigan LCQ 3D IT instruments 
containing two rf only octapoles, which focus the ions before they reach the 
trap, were used for MS, MS2, MS3, and MS4 experiments on standard sub-
stance solutions and C. elegans samples in Papers II and IV. 

Quadrupole-Time of Flight MS and Accurate Mass 
Determination 
In time-of-flight (TOF) mass spectrometry, m/z values are determined by 
measuring the time it takes for the ions to fly a specific distance in a field-
free region. The mass resolution is proportional to the flying time and hence, 
a longer flight tube will result in increased resolution54. Another way to in-
crease the resolution is by the use of an ion mirror, or reflectron. The reflec-
tron consists of a series of ring electrodes and is placed at the end of the 
flight tube. It will deflect the ions, and accelerate them in the other direction 
where they reach the detector. When the ions enter the flight tube, the pusher 
will supply each ion with the same amount of energy to make them fly. 
However, there will always be a small difference in energy between the ions 
resulting in slightly different speed of ions with the same m/z value. This 
energy dispersion is corrected in the reflectron, which makes ions of the 
same m/z but different kinetic energy arrive at the detector at approximately 
the same time, hence, the mass resolution is improved54,56. 

An advantage of the Q-TOF instrument, a hybrid of a quadrupole and a 
TOF analyzer (Figure 5), is that a selected precursor ion can be filtered out 
in the quadrupole, fragmented by CID in the collision cell, and the product 
ions can be separated by m/z and detected with outstanding mass resolution 
in the TOF analyzer. By the use of external and internal calibration and 
software able to adjust the mass scale according to specific lock-mass val-
ues, the Q-TOF instrument can be used for accurate mass determinations of 
the product ions. The structure of the parent compound is normally known in 
drug metabolism studies, which limits the number of atom types to consider, 
and high resolution measurements result in a limited number of possible 
empirical formulae for the product ions58. 
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Figure 5. Schematic diagram of a quadrupole-time of flight mass spectrometer. 
Illustration by A. Tevell Åberg. 

A Q-TOF instrument from Micromass was used for accurate mass determi-
nations of precursor and product ions in Paper III. The external calibration 
was performed every day by a constant infusion of a sodium iodide solution. 
The internal calibration was achieved by the infusion of a solution consisting 
of three substances that was mixed with the LC mobile phase through a con-
necting T. The substances in the solution were sodium iodide, D-tryptophan, 
and acetylsalicylic acid and resulted in m/z lock mass values of 276.7987, 
203.0821, and 179.0345, respectively. In each experiment the lock mass 
value closest to the m/z of the peak of interest was chosen. 

High Performance Liquid Chromatography 
Chromatography is a procedure to separate substances from each other due 
to their different distribution between a mobile and a stationary phase59. In 
high performance liquid chromatography (HPLC), the quality of the separa-
tion is measured as the resolution (Rs) of two adjacent peaks. Baseline reso-
lution corresponds to Rs > 1.5 for peaks of similar size while a smaller value 
of Rs indicates poor separation. Resolution can be expressed as in Equation 
159. In the equation, the separation factor α is defined as k2/k1 where k1 and 
k2 are the retention factors of two adjacent peaks, hence k/(1+k), where k is 
the average retention factor of two peaks, describes the retention in the sys-
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tem, and (α-1)/α describes the selectivity. The column plate number (N) is a 
measurement of the efficiency60. 
 

Equation 1:   

The temperature and the composition of the mobile or stationary phase will 
affect k and α, while N primarily depends on the flow rate of the mobile 
phase, the column length, and the size of the particles in the stationary 
phase60. 

In reversed phase HPLC the stationary phase is nonpolar and the mobile 
phase more polar. One of the most commonly used stationary phase materi-
als is spherical microporous silica particles (SiO2) to which 18 carbon atom 
chains (C18) are attached57. The number of free silanol groups (SiOH) should 
preferably be low in order to reduce tailing of basic substances and to im-
prove the resolution60. Five micrometer silica particles with bonded C18 were 
used in the HPLC analytical columns in all four papers. The inner diameter 
of the column was 2.1 mm and the length 50 mm in Papers I and III and 
150 mm in Papers I, II, and IV. For the separation and fraction collection of 
meloxicam metabolites from C. elegans incubations in Paper IV a column 
with 3 μm particles and a 4.6 mm inner diameter was utilized.  

In ultra performance liquid chromatography (UPLC) the particle size in 
the stationary phase is decreased and the flow rate of the mobile phase can 
be increased in order to attain faster separations and enhanced resolution, in 
concordance with the van Deemter equation. To speed up the process even 
further, the temperature can be elevated as well. A complication in UPLC is 
the increased back pressure that the older HPLC columns did not survive, 
but the in the new bridged ethane hybrid (BEH) UPLC columns the particles 
have enhanced mechanical stability by the bridging of methyl groups in the 
silica matrix61. A 50 x 2.1 mm BEH C18 column with 1.7 μm particles was 
used in the UPLC-MS/MS experiments in Paper II. The instrument used 
was an Acquity UPLC® from Waters Corp. 

In HPLC and UPLC the solvent molecules compete with the solute mole-
cules for binding sites on the stationary phase. Elution can thus be described 
as displacement of the solute from the stationary phase by the solvent57. Hy-
drophobic substances will be more strongly retained to the non-polar station-
ary phase60. The elution process can be either isocratic, i.e. performed with a 
constant solvent composition, or gradient based, i.e. the solvent strength is 
increased with time. In Paper I isocratic elution was used but in Papers II, 
III, and IV gradient elution was applied. Most drug metabolites are more 
polar than the parent drug, and sometimes the difference in polarity is exten-
sive. With isocratic elution, the difference in polarity might cause large dif-
ferences in retention time as well as long analysis time. An advantage with 
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gradient elution is that the gradient can be designed to separate both polar 
and less polar substances in shorter time since the solvent strength of the 
mobile phase can be rapidly increased after the metabolites have eluted re-
sulting in a faster elution of hydrophobic substances and, hence, less band 
broadening of the last eluting peaks. Additionally the time of analysis is 
shorter. In Papers I-IV the aqueous component of the mobile phase was 
water with the addition of formic or acetic acid and the organic component 
was methanol or acetonitrile, with (Paper II) or without (Papers I, III and 
IV) the addition of acid. 

Several different HPLC systems were used in the different studies; a 980 
series pump from Jasco (Paper III), a binary 1100 series or a quaternary 
1050 series system from Agilent Technologies (Papers I, II and IV), a qua-
ternary Surveyor system from Thermo Electron Corp. (Papers II, III and 
IV). 

Hydrogen/Deuterium Exchange 
In the hydrogen/deuterium (H/D) exchange experiment described in Paper 
II, the water and acetic acid in the mobile phase was exchanged to deuterium 
oxide (D2O) and acetic acid-OD. In functional groups such as -OH, -SH,  
-NH, -NH2, and -COOH, the bonds to the hydrogen atoms are labile and 
hence, the hydrogen atoms can be exchanged with hydrogen or deuterium 
atoms present in the mobile phase62,63. The result will be a mass shift of the 
precursor and product ions containing the deuterium upon mass spectromet-
ric detection. Hence, the number of exchangeable hydrogen atoms in the 
molecule can be determined. This approach has been shown to be useful in 
the structure elucidation of drug metabolites and especially to distinguish S-
oxidations or N-oxidations from C-hydroxylations62-67. 

Atmospheric Pressure Ionization 
In order to couple the LC system to the MS detector, substances in the liquid 
mobile phase have to be transformed into ions in the gas phase. For a long 
time all attempts to extend the accuracy and sensitivity of mass spectrometry 
to the analysis of large polar organic molecules ended in pure frustration 
since these molecules could not be vaporized without extensive decomposi-
tion52. The development of atmospheric pressure chemical ionization (APCI) 
and electrospray ionization (ESI) made it possible. Those are soft ionization 
techniques that result in protonated or deprotonated molecules with little or 
no fragmentation40,42, and today they are the most commonly used ionization 
techniques in bioanalysis and drug metabolism studies40,68. 
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Electrospray Ionization 
Electrospray was the ionization technique used to create positive ions in 
Papers I, II, and IV, and negative ions in Papers III and IV. 

Electrospray ionization (ESI) is a technique where ions from solution are 
transferred to the gas phase without the transfer of extra energy to the ions, 
and thus with practically no fragmentation69. In 1968 Dole and coworkers 
published an article describing how they had been able to produce negative 
macroions by electrospraying a solution into an evaporation chamber70. 
Many years later, in 1984, the first combination of ESI and mass spectrome-
try was reported by both Yamashita and Fenn71, and Aleksandrev et al.72.  

The three major processes in ESI are: (A) the production of charged drop-
lets from the solvent; (B) shrinkage of the charged droplets; and (C) the pro-
duction of gas phase ions52,69,73, see Figure 6 for a schematic presentation.  

 
Figure 6. A schematic illustration of the electrospray ionization process. Illustration 
by A. Tevell Åberg. 

(A) The solution that flows through the metal capillary of the ion source 
is often a polar solvent in which the electrolytes are soluble73. A voltage is 
applied to the capillary resulting in a high electric field in the air at its tip69. 
When the capillary is the positive electrode, the positive ions in the solution 
will drift into the liquid, away from the capillary walls, while the negative 
ions drift to the surface resulting in repulsion that eventually overcomes the 
surface tension of the liquid73. The result is a stable liquid cone called a Tay-
lor cone. If the electric field is sufficient the cone becomes unstable and 
small charged droplets will be emitted from the tip of the Taylor cone69. 

(B) Evaporation of the solvent results in droplet size decrease. When the 
droplet shrinks the charge density increases and when the Rayleigh limit is 
reached (i.e. when the repulsive charge becomes sufficient to overcome the 
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surface tension that holds the droplet together), the droplet is torn apart to 
smaller droplets52,69,73. 

(C) Two different mechanisms have been proposed for the formation of 
ions in the gas phase. One possibility is that all the solvent of the droplet 
evaporates and hence, results in a gas phase ion70. The other possibility is 
that ions can be emitted from the charged droplets to the gas phase74. 

In ESI, the sensitivity increases when the solvent flow is reduced and at 
the same time, lower flow rates result in reduced contamination40,54. Proto-
nated or deprotonated molecular ions can be produced of polar, thermally 
labile, and non-volatile compounds by the use of ESI. Additionally, ESI can 
generate multiply charged ions from macro molecules such as peptides and 
proteins that result in lower m/z of the ions that will consequently fall within 
the range of a quadrupole mass spectrometer68. 

Fenn and Tanaka were awarded the Nobel Prize in Chemistry in 2002 for 
their contribution in the development of soft ionization methods for mass 
spectrometric analyses of biological macromolecules53. The importance of 
electrospray ionization was put into print in Science by John B. Fenn in 
1989: 

“this technique makes the power and elegance of mass spectrometric analysis 
applicable to the large and fragile polar molecules that play such vital roles in 
biological systems”52 

Atmospheric Pressure Chemical Ionization 
APCI is an ionization technique analogous to chemical ionization (CI), 
which is commonly used in gas chromatography mass spectrometry, but the 
gas phase ions are produced at atmospheric pressure in APCI54. The first 
report of LC-APCI experiments was published in 1974 by Horning et al.75. 
The liquid mobile phase is introduced directly into a nebulizer where high 
temperature and a coaxial gas stream (generally N2 gas) create a thin mist of 
droplets. The solvent is volatilized and the molecules are ionized by an elec-
tric discharge from a high voltage corona needle. Generally it is the evapo-
rated mobile phase that acts as the ionizing gas. Ions such as N2

.+ or O2
.+ can 

be formed by the corona discharge, which then collide with vaporized sol-
vent molecules resulting in secondary reactant gas ions54,57,68. APCI can pro-
vide good ionization efficiency for less polar substances and neutral com-
pounds, and is more tolerant to salts and matrix effects than ESI2,42. 

In several studies, N-oxide metabolites have been degraded thermally in 
the APCI source to produce a distinct [M+H-O]+ ion. This characteristic 
deoxygenation can be used to differ N-oxides from C-hydroxylated metabo-
lites47-49,76, and for this purpose APCI experiments were conducted as de-
scribed in Paper II. 
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Sample Preparation 
Urine, plasma, bile, and feces are the most common matrices analyzed in 
metabolism studies conducted in vivo. Direct injection of such samples in 
LC-MS/MS may result in matrix effects that make the results unreliable46. 
However, a risk associated with sample preparation is the loss of analytes of 
interest during the extraction process. In drug metabolite studies the charac-
teristics of the parent drug is often well known but both expected and unex-
pected metabolites can be present in the sample. Thus, sometimes direct 
injection of the sample can be preferred, or the sample is injected after dilu-
tion and/or centrifugation. In the search for phase II metabolites of meloxi-
cam described in Paper IV, the horse urine was diluted with deionized water 
and centrifuged before the analysis. In the study described in Paper III, the 
microsomal samples were centrifuged and the supernatant was evaporated 
and re-dissolved in a smaller volume of solvent prior to analysis. 

The intention of sample preparation prior to HPLC analysis is to provide 
a reproducible, homogeneous sample that is suitable for injection onto the 
column. After sample preparation the sample should be relatively free of 
analytical interferences, it should not damage the column, and the sample 
should dissolve in the mobile phase without affecting the retention or resolu-
tion. The sample preparation step can also be used to concentrate the ana-
lytes in order to improve their detection60 however, interferences in the sam-
ple might be concentrated as well. 

Liquid-liquid extraction (LLE) is a technique where analytes are sepa-
rated from interferences by the partition between two immiscible liquids. 
One of the phases in LLE is aqueous, e.g. the biological fluid, and the other 
phase is an organic solvent45,60. The lipophilicity of the analyte, the pH of the 
aqueous phase, the nature of the organic solvent, and the relative volumes of 
the two phases will influence the degree of portioning between the two phas-
es45. Papers I and II describe how the basic analyte clemastine and its me-
tabolites were successfully extracted from urine and C. elegans media by 
LLE. The pH was adjusted in order to make the amine moiety of the sub-
stances unionized, and either ethyl acetate or a mixture of dichloromethane 
and iso-propanol was used as the organic phase. The relative volumes of the 
phases were either 1:1 or 1:2 (aqueous:organic). Meloxicam and its metabo-
lites were extracted from horse urine samples by LLE as described in Paper 
IV. The pH was adjusted in order to convert the substances to their union-
ized form and twice the volume of dichloromethane/iso-propanol was added 
to the urine for the extraction. 

In solid-phase extraction (SPE) the analytes are retained onto a solid 
phase. To ensure the optimal retention of the analyte, the solid support is 
often primed before the sample is applied. In the rinsing step, interferences 
can be eluted while the analytes stay bound to the solid phase, and in the 
elution step the analytes are collected45. The selection of SPE sorbents is 
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large and thus enables highly selective sample preparation. The most com-
monly used materials in SPE cartridges are bonded silica or polymeric res-
ins. The silica phases are available with a large number of different func-
tional groups bonded to the silica, e.g. nonpolar, polar, ion-exchange, or 
covalent functionalities. The combination of different functionalities can be 
found in mixed-mode materials that are useful when the sample contains a 
mixture of analytes with different properties, such as polar drug metabolites 
and the less polar parent compound45. In Papers I and II mixed-mode SPE 
columns were used, where C8 or C18 were combined with a cation exchange 
functionality bonded to the silica. Both phase I and phase II metabolites were 
extracted from human and horse urine by the use of the mixed-mode car-
tridge as described in Paper I. The large sample volume made SPE a wise 
choice for the extraction of C. elegans samples described in Papers II and 
IV since large quantities of organic solvents would have been consumed by 
LLE. In the SPE described in Paper IV, a highly cross linked, spherical 
polymeric sorbent with both hydrophilic and lipophilic moieties was used, 
designed to extract a wide range of pharmaceutical compounds from bio-
logical fluids. 

Phase II metabolites can be detected by an indirect method where hy-
drolysis of the samples makes the bonds to the conjugates break. If the area 
(or height) of peaks corresponding to phase I metabolites or the parent drug 
increase after hydrolysis of the sample it can be concluded that conjugated 
metabolites were present in the sample. The hydrolysis can be either acidic, 
basic, or enzymatic77-80. In the studies described in Papers I and III, �-
glucuronidase from Escherichia coli was used for selective hydrolysis of 
glucuronide metabolites prior to the LC-MS/MS analysis. The conjugates 
can also be detected intact, without prior hydrolysis. Neural loss scans of 80 
Da (corresponding to sulfate conjugation) and 176 Da (corresponding to 
glucuronic acid conjugation) were used to discover new phase II metabolites 
of flutamide, and the phase III mercapturic acid conjugate of hydroxyflu-
tamide was detected by the use of neutral loss scan of 129 Da, as described 
in Paper III. 
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Aims 

The focus of the research presented in this thesis was on different applica-
tions of mass spectrometry combined with liquid separations for the purpose 
of elucidating the chemical structures of phase I, II, and III drug metabolites 
in biological samples. More specifically the aims were: 
 
� To evaluate and compare the metabolism of the antihistamine drug cle-

mastine in humans, horses, and dogs by the qualitative analysis of urine 
samples (Paper I). 
 

� To examine whether the fungus Cunninghamella elegans could facilitate 
the structural investigation of the clemastine metabolites discovered in 
urine samples in Paper I, particularly the ones where N-oxidation was 
suspected but not confirmed (Paper II). 

 
� To qualitatively compare the in vitro metabolism of the anti-androgen 

substances flutamide and 2-hydroxyflutamide in liver microsomes from 
human, dog, and rat, and in liver and prostate microsomes from pig (Pa-
per III). 

 
� To investigate the in vivo metabolism of flutamide by the analysis of 

urine samples from prostate cancer patients, and to search for possibly 
toxic metabolites of the drug (Paper III). 

 
� To characterize the meloxicam metabolites detected in horse urine and in 

C. elegans incubations, and to evaluate the usefulness of C. elegans as a 
model of the meloxicam metabolism in the horse (Paper IV). 

 
� To determine which substance, meloxicam or one of its metabolites, to 

detect in doping control urine samples from horses and to estimate for 
how long time after the last dose that substance could be detected (Pa-
per IV). 

 
� To use the fungus C. elegans for the production of meloxicam metabo-

lites of interest for future use as reference substances in the doping con-
trol laboratory (Paper IV). 
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Results and Discussion 

In this section some of the results described in the papers included in this 
thesis will be presented. 

Paper I 
The first paper included in this thesis describes a study on the metabolism of 
the antihistamine drug clemastine in human, horse, and dog. The substance 
is prescribed by veterinarians to horses and dogs even though it is not ap-
proved for veterinary use. When pharmacokinetic studies of clemastine in 
horses and dogs were to be performed, urine was collected and our group 
analyzed the samples as well as urine samples from human patients in order 
to qualitatively compare the clemastine metabolism between the species.  

The urine samples were analyzed by HPLC combined with positive ESI-
MS/MS on a QqQ instrument. The protonated molecule [M+H]+ m/z 344 
was divided into two main fragments by CID (A, m/z 215 and B, m/z 130) 
see Figure 7. 

 
Figure 7. The chemical structure of protonated clemastine and the definition of the 
two main fragments produced upon collision induced dissociation. 

The parent drug clemastine and three metabolites were recovered in dog 
urine in the study. The spectra of MS/MS of m/z 376 (i.e. m/z 344+32), m/z 
360 (m/z 344+16), m/z 344 (clemastine), and m/z 330 (m/z 344-14) are dis-
played in Figure 8. In Fig. 8A, the A fragment was the same as that of the 
parent drug (c.f. Fig. 8C) while the B fragment weighed 32 m/z units more, 
i.e. m/z 162, indicating that the drug had been oxidized twice on the B part 
of the molecule. MS/MS of m/z 360 resulted in the product ions m/z 130 and 
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m/z 231, suggesting hydroxylation on the A fragment (Fig. 8B). The third 
metabolite showed the product ions m/z 116 and m/z 215, in concordance 
with demethylation on the nitrogen, i.e. to form norclemastine. 

 
Figure 8. Spectra of MS/MS of m/z 376 (A), m/z 360 (B), m/z 344 (C), and m/z 330 
(D) of a dog urine sample. 

In urine from horses and humans, several phase I metabolites were discov-
ered as well, see Table 1. Norclemastine was detected in all the species and 
monooxidized metabolites resulting in the main fragments m/z 130 and m/z 
231 were detected as well. In horse urine a dihydroxylated metabolite result-
ing in the main product ions m/z 130 and m/z 247 was discovered. In hu-
mans, at least three chromatographic peaks corresponding to the main prod-
uct ions m/z 146 and m/z 215 were found, as well as a dioxidized metabolite 
with the main product ions m/z 162 and m/z 215. The oxidations on the B 
fragment of clemastine could be either N-oxidations or C-hydroxylations, 
but which ones were not determined in this study.  

Table 1. Precursor ions and main product ions (m/z) of clemastine metabolites de-
tected in urine from dogs, horses, and humans. 

Precursor ion [M+H]+ Main product ions Dogs Main product ions Horses Main product ions Humans 

344 (clemastine) 130, 215 - 130, 215 
330 (-14, demethylation) 116, 215 116, 215 116, 215 
360 (+16, oxidation) 130, 231 130, 231 130, 231 
360 (+16, oxidation) - - 146, 215 
376 (+32, dioxidation) 162, 215 130, 247 162, 215 
536 (glucuronidation of m/z 360) - 130, 231 130, 231 
554 (glucuronidation of m/z 376) - 130, 247 - 
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Phase II metabolites were not found in dog urine but in horse and human 
urine, glucuronic acid conjugates of hydroxyclemastine were detected, and 
additionally dihydroxyclemastine glucuronide was detected in horse urine. 
The MS/MS spectra of hydroxyclemastine glucuronide (m/z 536) at 15 and 
25 eV collision energy, respectively, are illustrated in Figure 9. The m/z 130 
and m/z 231 product ions indicated that the hydroxylation had taken place on 
the A part of clemastine and the m/z 407 fragment (-129 m/z units) is rare 
since the glucuronide bond is intact. These fragments indicated that the me-
tabolite was a hydroxyclemastine O-glucuronide.  

 
Figure 9. Spectra of MS/MS of m/z 536 of a horse urine sample. The collision en-
ergy was 15 eV in (A) and 25 eV in (B). On the right: Proposed fragmentation of the 
metabolite. 

To sum up, there were many similarities in the clemastine metabolism be-
tween the humans, horses, and dogs. Both mono and dioxidized metabolites 
as well as norclemastine were recovered in urine from all three species. 
Some differences were that unchanged drug was found in the urine from 
dogs and humans but not in that of horses, and horses and humans produced 
glucuronic acid conjugates of oxidized clemastine while conjugates were not 
recovered in dog urine. We decided to study the oxidized metabolites more 
closely, especially the suspected N-oxides. The results from that study are 
presented in Paper II.  

Paper II 
In this study we applied HPLC, UPLC, ESI, APCI, ion trap MSn and triple 
quadrupole MS/MS as well as H/D experiments in order to determine the 
structures of the clemastine metabolites discussed in Paper I. Additionally, 
we added clemastine to cultures of the filamentous fungus Cunninghamella 
elegans to investigate if large quantities of the metabolites could be pro-
duced in order to facilitate the structure elucidation of the metabolites.  
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Norclemastine and at least seven isomers of monooxidized clemastine (num-
bered by their retention order as M1 through M7) were recovered in the C. 
elegans samples utilizing the MS scan and MS/MS scan functions of the 
HPLC-QqQ system. Even though the yield of metabolites was low, the in-
tensities of the peaks corresponding to clemastine metabolites were much 
higher than in the human, horse, and dog study in Paper I and we decided to 
continue the structure investigations with the C. elegans samples without 
further modifications of the microbial system.  

The metabolites were structurally very similar and gradients of 88 to 112 
minutes were required in order to separate them from each other with the 15 
cm long HPLC C18 column used. By the use of the UPLC-QqQ system the 
substances were separated in less than 3.0 minutes. The chromatograms from 
UPLC-SRM analysis of a C. elegans sample are displayed in Figure 10. 

 

 
Figure 10. UPLC-SRM chromatograms of a Cunninghamella elegans sample. The 
traces of m/z 344�215 and m/z 344�130 corresponded to clemastine, m/z 
360�215 and m/z 360�146 to oxidation on the B fragment, m/z 360�231 and m/z 
360�130 to oxidation on the A fragment, and finally m/z 330�215 and m/z 
330�116 corresponded to norclemastine. 
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By comparison of mass transitions and retention times, it was concluded that 
the M2 and M7 metabolites discovered in horse urine and M2, M6, and M7 
in human urine were also formed in C. elegans incubations. The structure 
elucidation was performed on the metabolites recovered in the fungal sam-
ples since the concentrations of the metabolites were higher than in the urine 
samples. 

Fragmentation of the metabolites in the C. elegans samples and of a stan-
dard solution of clemastine was studied by MSn on a 3D IT mass spectrome-
ter. The A fragment contains a chlorine atom and hence, both MS3 of m/z 
344�215�scan (the 35Cl isotope) and m/z 346�217�scan (the 37Cl iso-
tope) were performed for clemastine. Determination of which MS3 fragments 
that contained chlorine was be helpful in the structure investigation. For the 
metabolites called M2 and M3, where 16 m/z units were added to the A part 
of clemastine, MS3 of m/z 360�231�scan (the 35Cl isotope) and m/z 
362�233�scan (the 37Cl isotope) were performed. The structural sugges-
tions are illustrated in Table 2 and the spectra are presented in Figure 11. 
The conclusions of the fragmentation study were that the M2 metabolite was 
hydroxylated on the aromatic ring with the chloro substituent, because of the 
presence of the fragments m/z 153/155 and m/z 103, and that M3 was hy-
droxylated on the ring without the chlorine, because of the m/z 137/139 and 
m/z 119 fragments. 

Table 2. Proposed fragments of the A fragment of clemastine and the oxidized me-
tabolites M2 and M3 following HPLC-MS3 analysis. 
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Figure 11. MS3 spectra of m/z 344�215�scan (A) of a clemastine standard solu-
tion, and m/z 360�231�scan (B and D), m/z 362�233�scan (C and E) of a C. 
elegans sample. 
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The results of the MS3 analysis of the B part of clemastine, i.e. m/z 
344�130�scan for clemastine and m/z 360�146�scan for the metabo-
lites called M4, M5, M6, and M7 are presented in Figure 12. The MS3 data 
indicated that M4 and M5 were hydroxylated on the methylpyrridyl group 
but it was not determined whether the metabolites were hydroxylated in dif-
ferent positions on the methylpyrridyl moiety or if they were diastereomers. 

The metabolites M6 and M7 both showed the loss of 18 Da (H2O) and 17 
Da (OH radical) upon MS3 analysis. The loss of 17 Da in positive ion mode 
MS/MS has been previously reported for N-oxides42,47,50,64,66 and a hydroxyl-
amine metabolite66 but is unlikely for C-OH metabolites. In mammalian 
systems, N-oxidation of primary and secondary amines generally results in 
hydroxylamines while oxidation of tertiary amines results in N-oxides29. 
Thus, M6 and M7 appeared to be N-oxides of clemastine. In order to study 
these metabolites closer, H/D exchange and experiments with APCI were 
applied. 

The H/D exchange experiment was performed on the QqQ instrument by 
replacing the H2O and acetic acid in the mobile phase to D2O and acetic 
acid-OD. Peaks corresponding to m/z 361 and m/z 362 were present in the 
MS full scan chromatogram (results not shown) and MS/MS of m/z 361 and 
m/z 362 were applied (Figure 13). The m/z of the metabolites M4 and M5 
shifted from m/z 360 to m/z 362 upon H/D exchange (Figs. 13A-E) and the 
main fragments were m/z 215 and m/z 148, i.e. two hydrogen atoms  were 
exchanged to deuterium on the A fragment, probably the hydroxyl hydrogen 
and the proton resulting in the positive charge. The M6 and M7 metabolites 
only exchanged one hydrogen to deuterium (Figs. 13F-J) resulting in the 
protonated molecule of m/z 361 and the main fragments m/z 215 and m/z 
147. Hence, the metabolites probably were N-oxides and the deuterium re-
sulted in the positive charge of the fragment. 
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Figure 12. MS3 spectra of m/z 344�130�scan of a clemastine standard solution 
(A) and m/z 360�146�scan of a C. elegans sample (B-D). Structural suggestions 
of the fragmentations are inserted in the figure. 
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Figure 13. Chromatograms and spectra from the hydrogen/deuterium exchange 
experiment with a C. elegans sample. Left: MS/MS of m/z 362, TIC (A) and ex-
tracted ion chromatograms for m/z 215 (B) and m/z 148 (C). Spectra of the peaks at 
40 min (D) and 37 min (E). Right: MS/MS of m/z 361, TIC (F) and extracted ion 
chromatograms for m/z 215 (G) and m/z 147 (H). Spectra of the peaks at 62 min (I) 
and 58 min (J). 

Deoxygenation (-16 Da) due to thermal degradation in the vaporizer of the 
APCI source has been observed for N-oxide metabolites47-49,76. Hence, the 
M6 and M7 metabolites that were suggested to be N-oxidized, were further 
studied by LC-APCI/ESI-MS. As can be seen in Figure 14, the most abun-
dant ion in the spectra was m/z 360 after LC-ESI-MS scan (Figs. 14A and 
B), i.e. [M+H]+ of the metabolites. Quite the opposite result was obtained by 
LC-APCI-MS (Figs. 14C and D) where both M6 and M7 were degraded to 
m/z 344, corresponding to the previously reported deoxygenation. Thus, M6 
and M7 were concluded to be diastereomeric N-oxides of clemastine. Stereo-
selective N-oxidation has been previously reported for nicotine, which is 
oxidized to stable cis/trans diastereomers of nicotine-N’-oxide81,82. 



 40 

 

 
Figure 14. LC-ESI-MS spectra of M6 (A) and M7 (B) and LC-APCI-MS spectra of 
M6 (C) and M7 (D). 

In conclusion, Cunninghamella elegans proved to be useful in the structure 
elucidation of clemastine metabolites since high concentrations of metabo-
lites, identical to those detected in urine samples, were recovered. By the use 
of MSn fragmentation it was concluded that two of the metabolites were 
hydroxylated on the methylpyrridyl moiety, one on the aromatic ring with 
the chloro substituent, and one on the aromatic ring without the chlorine. 
Additionally, the loss of 17 Da upon MS3 together with the results from H/D 
exchange and deoxygenation upon LC-APCI-MS analysis provided strong 
evidence that two of the metabolites found were N-oxides of clemastine. 

Paper III 
In the project described in Paper III the metabolism of the anti-androgen 
drug flutamide and its active metabolite 2-hydroxyflutamide was studied in 
both liver microsomes (human, pig, rat, and dog) and prostate microsomes 
(pig). Additionally urine samples from prostate cancer patients treated with 
the drug were analyzed. We were interested in investigating the metabolism 
of this drug since severe hepatic dysfunction had been reported for some 
flutamide patients and toxic metabolites had been proposed to be responsible 
for these negative effects. 

In order to detect drug metabolites by interpretation of mass spectra and 
chromatograms, the fragmentation of the parent compound, and synthetic 
standards of metabolites if available, have to be investigated. In this study 
we had standard substances of flutamide, 2-hydroxyflutamide, and 4-nitro-3-
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(trifluoromethyl)-aniline at hand, hence, both the chromatographic behavior 
and the collision induced dissociation of these substances could be studied.  
Increased mass resolution is valuable in structural investigations, since high 
resolution in the determination of the m/z value of a precursor or product ion 
results in a narrower selection of possible structures. In Paper III, accurate 
mass determinations of the product ions produced by CID of the standard 
substances flutamide and 2-hydroxyflutamide utilizing a Q-TOF instrument 
are described. As can be seen in Table 3, all fragments except for two could 
be determined within 3 mTh mass difference between the theoretical and the 
experimental m/z values.  

Table 3. Accurate mass determinations of the product ions produced by CID of flu-
tamide and 2-hydroxyflutamide standard solutions, 18 and 17 μM, respectively. 

Fragment 
Experimental 
[M-H]- (m/z) 

Theoretical 
[M-H]- (m/z) 

Mass Difference 
(mTh) 

Proposed structure 

Flutamide 
A 

 
275.0650a 

 
275.0643 

 
0.7 

  
- 

B 229.0598b 229.0714 -11.6  A - NO2 
C 205.0223b 205.0225 -0.2  A - C4H6O 
D 202.0090b 202.0116 -2.6  A - C3H7, NO 
E 186.0145c 186.0167 -2.2  A - C3H7, NO2  
F 182.0041c 182.0054 -1.3  D - HF 
G 154.0099c 154.0183 -8.4  F - C=O 

2-Hydroxyflutamide 
H 

 
- 

 
291.0593 

   
- 

I 205.0218b 205.0225 -0.7  H - C4H6O 
J 175.0261c 175.0245 -1.6  I - NO 
K 159.0292c 159.0296 -0.4  I - NO2 
L 155.0204c 155.0183 -2.1  J - HF 

 Lock mass values: a 276.7987, b 203.0821, c 179.0345.  

The in vitro samples were analyzed by MS full scan and MS/MS scans of 
precursor ions representing possible flutamide metabolites on a QqQ instru-
ment. In liver microsome samples from pig and dog, two isomers of oxidized 
flutamide (m/z 291) were detected, and in that from rat, three isoforms were 
discovered, see Figure 15. Other phase I metabolites discovered in the ani-
mal liver microsome samples were 4-nitro-3-(trifluoromethyl)-aniline (Flu-
1), dihydroxyflutamide (M1), and trihydroxyflutamide (M3). The only me-
tabolite detected in human liver microsomes was 2-hydroxyflutamide.  

Flutamide metabolites found in incubations of liver and prostate micro-
somes from pigs were compared. As could be expected, the number of me-
tabolites discovered was higher in the liver than in the prostate samples. 
However, two isomers of Flu-3, i.e. oxidized Flu-1, were detected in both 
liver and prostate samples after incubation with flutamide. 
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Figure 15. Total ion current chromatogram and extracted ion chromatograms of m/z 
205 and m/z 221 after HPLC-ESI-MS/MS of m/z 291 (left) and spectra of the peaks 
(right). The sample was derived from a rat liver microsome incubation with flu-
tamide. 

The in vivo metabolism of flutamide was studied by the analysis of urine 
samples from three patients treated with the drug twice daily. The phase I 
metabolites detected were 2-hydroxyflutamide, M1 and M3. Neutral loss 
scans of 80, 176, and 129 Da, corresponding to sulfate, glucuronic acid, and 
mercapturic acid conjugates, respectively, suggested extensive phase II me-
tabolism of flutamide in humans, hence, MS/MS scans of the discovered 
precursor ions were applied. Figure 16 illustrates the chromatogram of the 
neutral loss scan of 80 Da. The peak at 6.9 minutes corresponded to [M-H]- 
m/z 301, suggested to be a sulfate conjugate of Flu-3. 

 
Figure 16. TIC chromatogram (A) and mass spectrum (B) of the neutral loss scan of 
80 Da of a urine sample from a prostate cancer patient. 
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Glucuronic acid conjugates of Flu-3, hydroxyflutamide, and M1 were de-
tected, which confirmed that flutamide was extensively conjugated in vivo. 
Additionally, the phase III metabolite, mercapturic acid conjugate of hy-
droxylated flutamide was discovered (Figure 17). Mercapturic acid is a me-
tabolic product of glutathione, and glutathione is often used to detoxify elec-
trophilic metabolites in the body. Thus, we suggested that a reactive inter-
mediate could be formed from flutamide and that the intermediate was de-
toxified through glutathione conjugation. It is possible that this was the toxic 
intermediate responsible for the negative effects reported for this drug. Other 
research groups have continued the search for toxic metabolites of flutamide, 
e.g. Goda et al.83 and Ohbuchi et al.84 have detected a hydroxylamine me-
tabolite of flutamide, and glutathione conjugates different from the one we 
described have been detected by Kang and co-workers85,86. 

 
Figure 17. HPLC-ESI-MS/MS mass spectra of the precursor ion [M-H]- m/z 452. 
The fragmentation is consistent with a mercapturic acid conjugate of hydroxylated 
flutamide. 

A summary of the metabolites detected in human urine is presented in Figure 
18 where the novel metabolites detected in our study are written in bold. 
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Figure 18. Proposed metabolic pathway of flutamide in humans. The novel metabo-
lites identified are written in bold. The short names for the metabolites have been 
previously used by Aizawa et al.15 and Takashima et al.87. 

Paper IV 
Meloxicam is a relatively new NSAID that is prohibited in the sports of 
horse racing. The finding of an illicit substance in a sample could be either a 
finding of the drug itself or of a metabolite of the substance88. In this study, 
we were interested in investigating the metabolic fate of the drug more 
closely in order to stand well prepared in the doping control laboratory. In 
Paper IV a qualitative and a semi-quantitative evaluation of meloxicam 
metabolites in urine from standardbred horses are described, as well as the 
use of the fungus Cunninghamella elegans for larger scale production of the 
metabolites of interest. 

In order to interpret the mass spectral information of the meloxicam me-
tabolites, the CID of the parent compound meloxicam was first investigated 
in both positive and negative ESI on an IT mass spectrometer. The solution 
of meloxicam was infused into the ion source of an IT mass spectrometer 
and data was collected for 60 seconds. The MS2 and MS3 spectra are pre-
sented in Figure 19 (positive ionization) and Figure 20 (negative ionization) 
together with the proposed structures of the fragments formed. 
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Figure 19. Collision induced dissociation of meloxicam in the positive ion mode. 
Proposed fragments and MS2 and MS3 spectra. 
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Figure 20. Collision induced dissociation of meloxicam in the negative ion mode. 
Proposed fragments and MS2 and MS3 spectra. 
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In this study it turned out to be very useful that meloxicam and its metabo-
lites could be ionized to both positive and negative ions. For the main me-
tabolite, 5’-hydroxymethylmeloxicam, positive ESI worked well for the 
identification but for the second isomer of hydroxymeloxicam discovered in 
both horse urine and C. elegans incubations, the hydroxylation was situated 
on the benzothiazine moiety, and the fragments produced in positive ESI did 
not contain this group. Hence, negative ionization was needed in order to 
detect the benzothiazine fragments. Figure 21 illustrates the two isomers of 
hydroxymeloxicam in C. elegans (spectra on the left) and horse urine (spec-
tra on the right). The positive ESI-MS/MS spectra are presented in Figs. 
21A-D and the negative MS/MS spectra in Figs. 21E-F. The new isomer of 
hydroxymeloxicam was dissociated into the fragments m/z 302 and m/z 252 
in the negative ion mode, corresponding to the loss of -SO2 and the cleavage 
of the amide bond, respectively (Figs. 21G and H). 
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The finding of a second isomer of hydroxymeloxicam indicated the possibil-
ity of a dihydroxylated metabolite. Indeed, MS/MS of m/z 384, i.e. [M+H]+ 
for meloxicam plus 32 m/z units, resulted in a peak in the TIC chroma-
togram for both the C. elegans sample and the horse urine sample. In Figure 
22, MS2 spectra of the metabolite in the positive (A and C) and negative (B 
and D) ion modes are presented. The main product ions in the positive ion 
mode (Fig. 22A) were the same as those found after MS/MS of 5’-
hydroxymethylmeloxicam, i.e. m/z 131, m/z 157, and m/z 200, and in the 
negative ion mode the main fragments (Fig. 22B) were m/z 162, m/z 226, 
m/z 252, and m/z 318, all consistent with a meloxicam metabolite hydroxy-
lated in the 5’-hydroxylmethyl position and on the benzothiazine group. 

 
Figure 22. MS2 spectra and fragmentation suggestions of dihydroxymeloxicam 
isolated from C. elegans cultures in positive (A) and negative (B) ESI on an ion trap 
instrument. Spectra from MS/MS of [M+H]+ m/z 384 (C) and [M-H]- m/z 382 (D) of 
a horse urine sample on the triple quadrupole instrument. 
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In a previous study some increase in the concentration of the main metabo-
lites of meloxicam was observed after hydrolysis23, but in our study an intact 
glucuronic acid conjugate of hydroxymeloxicam was detected for the first 
time in horse urine resulting in [M+H]+ m/z 544, i.e. hydroxymeloxicam plus 
176 Da. Collision induced dissociation of m/z 544 resulted in m/z 368, i.e. 
the aglycone of hydroxymeloxicam. 

To sum up the qualitative study in Paper IV, the main metabolites of me-
loxicam according to the literature, i.e. 5’-hydroxymethylmeloxicam and 5’-
carboxymeloxicam20-23,89, were detected in both horse urine and C. elegans 
samples. Additionally, we described a second isomer of hydroxymeloxicam, 
as well as dihydroxymeloxicam in both C. elegans incubations and horse 
urine. Since these four meloxicam metabolites were the same in both species 
Cunninghamella elegans proved to be a promising model of phase I metabo-
lism in horses. The yield of meloxicam metabolites was high in this study 
and approximately 75-90 % of the drug added to the C. elegans cultures was 
biotransformed. Dihydroxymeloxicam, 5’-hydroxymethylmeloxicam, and 
5’-carboxymeloxicam were isolated from the cultures by preparative LC, 
and MSn experiments were performed on a small portion (e.g. Figs. 21 A and 
B). The rest of the metabolites will be further characterized by nuclear mag-
netic resonance spectroscopy. 

In the semi-quantitative study of meloxicam and three of its metabolites 
(5’-hydroxymethylmeloxicam, 5’-carboxymeloxicam, and dihydroxymeloxi-
cam) were analyzed in urine from six standardbred horses. In absence of 
synthetic standard substances of the metabolites, the ratios between the area 
of the SRM peak of the substance and the internal standard (CD3-
meloxicam) were used as relative estimates of the concentrations. The SRM 
traces from one of the urine samples in the study are presented in Figure 23. 
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Figure 23. Selected reaction monitoring chromatograms for meloxicam 
(m/z 352�115), CD3-meloxicam (m/z 355�115), 5’-hydroxymethylmeloxicam 
(m/z 368�131), 5’-carboxymeloxicam (m/z 382�145), and dihydroxymeloxicam 
(m/z 384�131) of a urine sample from one of the horses in the study. 

The results from the semi-quantitative study were interesting. The peak cor-
responding to the 5’-hydroxymethyl metabolite had about three times higher 
intensity than the parent drug and was detectable for at least 14 days after the 
last dose in some of the horses. These findings can be very useful in the de-
velopment of new analytical methods for the detection of meloxicam, e.g. in 
the doping control laboratory, since the finding of a prohibited substance 
could be either the finding of the substance itself or of a metabolite of the 
substance88. 
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Summary and Conclusions 

In Paper I, the qualitative study of clemastine metabolism is described in 
humans, horses, and dogs. There were many similarities, e.g. norclemastine 
and both mono and dioxidized metabolites were detected in urine from all 
three species. Some differences were that unchanged clemastine was found 
in the urine from dogs and humans but not in that of horses, and horses and 
humans produced glucuronic acid conjugates of oxidized clemastine while 
conjugates not were recovered in dog urine. 

In Paper II the phase I metabolites detected in the previous study were 
studied more closely. Higher concentrations of the metabolites were pro-
duced in Cunninghamella elegans incubations, which enabled MSn fragmen-
tation of the metabolites. By interpretation of the MSn spectra, two of the 
metabolites were concluded to be hydroxylated on the methylpyrridyl moi-
ety, one on the aromatic ring with the chloro substituent, and one on the aro-
matic ring without the chlorine. The loss of an OH radical for two of the 
metabolites upon MS3 analysis indicated N-oxidation, which was confirmed 
by H/D exchange and LC-APCI-MS experiments. 

Paper III describes the in vitro and in vivo metabolism of flutamide. The 
active metabolite 2-hydroxyflutamide was detected in liver microsomes from 
human, pig, dog, and rat, and additionally one (pig and dog) and two (rat) 
isomers of oxidized flutamide were discovered. Dihydroxyflutamide and 
trihydroxyflutamide were detected in liver microsomes from the animals. 
Several intact phase II metabolites were discovered in the urine samples; 
Flu-3 glucuronide, Flu-3 sulfate, hydroxyflutamide glucuronide, and dihy-
droxyflutamide glucuronide. Additionally, the phase III metabolite mercap-
turic acid hydroxyflutamide was detected. This was the first time a poten-
tially toxic metabolite was demonstrated for this drug even though there had 
been speculations. 

In Paper IV both a qualitative and a semi-quantitative study of the me-
tabolism of meloxicam are presented. C. elegans proved to be a good model 
of the phase I metabolism of meloxicam in horses since all four metabolites 
detected were the same in both species; 5’-hydroxymethylmeloxicam, 5’-
carboxymeloxicam, dihydroxymeloxicam, and a second isomer of hy-
droxymeloxicam. Additionally, an intact glucuronic acid conjugate of hy-
droxymeloxicam was detected in horse urine. In the semi-quantitative study, 
the peak corresponding to 5’-hydroxymethylmeloxicam had about three 
times higher intensity than the peak of the parent drug and was detectable for 
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at least 14 days after the last dose in some of the horses. Based on these 
facts, analytical methods developed to detect meloxicam in horse urine after 
prohibited use should with advantage focus on the 5’-hydroxymethyl me-
tabolite. Three of the metabolites; dihydroxymeloxicam, 5’-hydroxymethyl-
meloxicam, and 5’-carboxymeloxicam were isolated from the C. elegans 
cultures and will hopefully be useable as reference material in the doping 
control laboratory after complementary characterization by nuclear magnetic 
resonance spectroscopy. 

The results from the four papers included in this thesis demonstrate the 
usefulness and the flexibility of the HPLC-MS/MS technique. Ion trap in-
struments resulted in useful MSn data in the structural elucidation described 
in Papers II and IV. Accurate mass measurements with the Q-TOF instru-
ment were helpful in the structural investigation presented in Paper III. The 
different scan modes that can be applied with the triple quadrupole mass 
spectrometers resulted in great flexibility, selectivity, and sensitivity in ex-
periments presented in all four papers. Additionally, the development of 
UPLC offers increased resolution in much shorter time as presented in Pa-
per II. 
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Future Aspects 

The fast development of HPLC-MS/MS for drug metabolite identification 
and quantification will continue and probably even accelerate in the future. 
In the field of drug development, the concept “fail early, fail cheap” has led 
to the increase of ADMET (i.e. administration, distribution, metabolism, 
elimination and toxicity) evaluations as early as possible in the drug discov-
ery phase90 and the need for speed has resulted in many attempts to make all 
the steps in the process more effective. Some of the approaches that I find 
most interesting will be briefly discussed in this section. 

As described earlier in this thesis, each type of mass spectrometer has its 
own benefits and by combining data obtained from different mass analyzers, 
a more complete picture of the metabolism of a drug can be obtained. The 
MS technology has improved and both new mass analyzers, e.g. the linear 
ion trap (LIT) and the Orbitrap, and hybrid instruments, such as Q-TOF, Qq-
LIT, LIT-Orbitrap, and LIT-FTICR (i.e. Fourier Transform Ion Cyclotron 
Resonance) have been developed. Today, the production of high resolution 
mass spectra is not limited to TOF and FTICR instruments; several research 
groups have successfully used the enhanced mass-resolution mode on triple 
quadrupole instruments for accurate mass measurements91-93 and enhanced 
resolution SRM methods on QqQ instruments have also been reported to 
resulted in less interference from endogenous compounds in the biological 
matrix94. 

The new approaches also include new features in the ionization. In a 
study by Yang et al., a four-channel multiplexed electrospray ion source was 
coupled to a triple quadrupole mass spectrometer and the effluents from four 
HPLC columns were continuously electrosprayed into the sampling cone of 
the QqQ. This way, the validation of four assays in four different matrices 
was achieved simultaneously95. Hsu et al. discovered that estrone and six of 
its metabolites could be detected simultaneously by the use of HPLC-APCI-
MS/MS by automatic switching between the positive and negative ion mod-
es96. 

The possibility to perform many experiments in one LC-MS run is desir-
able. One way to obtain both full scan MS and MS/MS data from a single 
injection is by MSE, i.e. a scan method that alternates between high and low 
collision energies97,98. A few groups have used the data dependent/informa-
tion dependent acquisition approach90,99-102, e.g. Li and co-workers managed 
to identify 22 phase I metabolites in a single LC-MS/MS run on a QqQ-LIT 
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instrument99. Staack et al. combined LC-MS/MS with chip based infusion. 
One part of the LC effluent was directed to the mass spectrometer and the 
rest was fractionated in a 96 well plate. After preliminary evaluation of the 
MS data, selected fractions were infused by automated chip-based nanospray 
to perform further experiments103.  

Mass defect filters, i.e. data filters that make use of high resolution MS 
data and the predictable difference between the nominal mass and the mo-
noisotopic mass of a molecule, have been useful in the detection of both 
common and uncommon metabolites97,102,104-106. For example, Ruan et al. 
described an integrated method for the detection of 15 indinavir metabolites 
using a hybrid LIT-Orbitrap and multiple data processing techniques, e.g. a 
generic data dependent method and filters for neutral loss and mass defect102. 
Multivariate data analysis has also been used to detect drug metabolites in 
biological samples107,108. 

However, even though metabolite identification programs have been de-
veloped for automated processing of chromatograms and spectra, the repro-
ducibility of the analytical method is crucial107 and  manual evaluation may 
still be required109. There will always be new limitations to master and I am 
sure that the continuous development in this interesting field will be excit-
ing. 
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Sammanfattning på svenska 

Denna avhandling handlar om att påvisa nedbrytningsprodukter (metaboli-
ter) av läkemedel i biologiska prover och att utreda deras struktur med en 
teknik som kallas vätskekromatografi (LC) kopplad till masspektrometri 
(MS). 

Vid utveckling av nya läkemedel är det viktigt att noggrant studera hur 
läkemedel bryts ner av kroppen eftersom de metaboliter som bildas kan vara 
verksamma eller till och med giftiga. Även vid utveckling av metoder för 
dopinganalyser är det viktigt eftersom det ofta är metaboliterna som man kan 
påvisa (detektera) i proverna. Den vanligaste typen av prover i dessa studier 
är urin- eller blodprover, vilka innehåller många kroppsegna ämnen som kan 
försvåra sökandet efter läkemedelsmetaboliter. Därför behövs ofta en rening 
av provet där det gäller att få bort oönskade substanser utan att förlora de 
ämnen man är intresserad av. Slutligen behöver de ämnen som finns i provet 
separeras från varandra för att kunna detekteras och ibland strukturbestäm-
mas. 

LC är en separationsmetod som fungerar bra för vattenlösliga (polära) 
substanser såsom läkemedelsmetaboliter. MS är en detektionsmetod som kan 
mäta låga koncentrationer (d.v.s. har hög känslighet) även om andra ämnen 
är närvarande (d.v.s. är selektiv) vilket gör att den lämpar sig utmärkt för 
analyser av denna typ av prover. Med MS kan man mäta hur mycket sub-
stanserna väger och man kan med tandemmasspektrometri (MS/MS) också 
välja att sönderdela ämnen, t.ex. läkemedelsmetaboliter, på olika sätt och 
mäta hur mycket bitarna (fragmenten) som då bildats väger. På detta sätt kan 
man dra slutsatser om ämnenas struktur.  

I delarbete I har metabolismen av Tavegyl® (klemastin) studerats. Tavegyl® 
är ett läkemedel för människor som ibland ges till t.ex. hästar och hundar 
med klåda och allergiska besvär trots att läkemedlet inte är godkänt för an-
vändning på djur. I samband med att den första studien med klemastin skulle 
utföras på hästar och hundar så ville vi utreda likheter och skillnader mellan 
människors, hästars och hundars metabolism av substansen. Med hjälp av 
LC-MS/MS studerades de ämnen som fanns i urinproverna. Flera av metabo-
literna var samma i de olika arterna men även olikheter uppmärksammades.  

Delarbete II är en uppföljning av delarbete I där vi genomförde en grundlig 
strukturutredning av de metaboliter som vi påvisat i urinprover från männi-
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ska, häst och hund. I detta projekt tog vi hjälp av en sorts mögelsvamp som 
heter Cunninghamella elegans. Denna svamp har visat sig bryta ner läkeme-
del på samma sätt som däggdjur och därför kan svampen användas för att 
bilda läkemedelsmetaboliter. I de klassiska metoder som annars används i 
samma syfte används ofta leverceller från djur. I jämförelse är C. elegans en 
billigare metod som är enklare att skala upp och som minskar behovet av 
djurförsök. 

De metaboliter som hade bildats i svampkulturerna strukturutreddes med 
en kombination av LC-MS/MS och LC-MSn. MSn möjliggör vidare fragmen-
tering av bildade fragment och därmed utförligare strukturell information än 
bara MS/MS. Dessutom utfördes experiment med tungt vatten (D2O) istället 
för vanligt vatten (H2O) i den mobila fasen i LC. Resultatet blev att väteato-
mer (H) på vissa grupper i ämnenas struktur kunde bytas ut mot deuterium 
(D) som väger mer än väte. Därmed kunde antalet utbytbara väten beräknas 
och ytterligare slutsatser kunde dras om ämnenas struktur. Även experiment 
med en annan typ av jonkälla utfördes. Två av metaboliterna föll då sönder 
p.g.a. den höga temperaturen på ett sätt som är karaktäristiskt för metaboliter 
som är oxiderade på kvävet vilket slutgiltigt bekräftade deras struktur. 

I delarbete III var vi intresserade av att utreda metabolismen av substansen 
flutamid som används för att behandla prostatacancer. Flera fall av allvarliga 
biverkningar har rapporterats bland män som använt läkemedlet. En teori var 
att en giftig nedbrytningsprodukt av flutamid orsakade de negativa effekter-
na. Vi började med att titta på vilka metaboliter som bildades av substansen i 
provrör med delar av grisceller (s.k. mikrosomer) från lever och prostata. 
Även levermikrosomer från människa, hund och råtta studerades för att utre-
da om det förekom skillnader mellan dessa arters metabolism. Förutom LC-
MS/MS användes i denna studie exakt massbestämning av de fragment som 
bildades i masspektrometern för att säkerställa fragmentens utseende. I le-
vermikrosomerna från människa bildades bara en nedbrytningsprodukt, den 
sedan tidigare välkända aktiva metaboliten av flutamid. I mikrosomerna från 
djur bildades flera olika metaboliter. Samma metaboliter bildades i gris och 
hund medan flest metaboliter bildades i råtta. Nedbrytningen av läkemedlet 
var större i lever än i prostata.  

Vi analyserade sedan urinprover från män som använde läkemedlet. In-
tressant nog kunde vi påvisa en helt ny metabolit som var en nedbrytnings-
produkt av en glutationförening som bildats av flutamid. Förekomsten av en 
glutationförening tyder på att en giftig metabolit har bildats eftersom krop-
pen normalt använder glutation för att oskadliggöra farliga ämnen. Denna 
giftiga metabolit kan möjligen förklara läkemedlets negativa effekter.  

I delarbete IV studerades den smärtstillande och inflammationshämmande 
substansen meloxikam. Ett par fördelar med denna substans jämfört med 
andra som kan användas i samma syfte är att meloxikam påverkar magen 
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mindre och att effektiv behandling uppnås med en dos om dagen. Substansen 
ingår i flera mediciner till djur och är inom trav- och galoppsporten klassad 
som doping. Eftersom många läkemedel utsöndras som metaboliter i urinen 
kan det vara fördelaktigt att utveckla analysmetoder för en huvudmetabolit 
istället för läkemedlet självt. Därför ville vi utreda hur substansen bryts ner i 
häst och utvärdera vilken substans som vore mest fördelaktig att detektera. 

Vi undersökte också om svampen C. elegans kunde bryta ner läkemedlet 
till samma metaboliter som hästar gör. I denna studie studerades både posi-
tivt och negativt laddade joner av metaboliterna som strukturutreddes med 
LC-MS/MS och med LC-MSn. Fyra metaboliter som vi identifierade i häst-
urin bildades också av C. elegans vilket visar att svampen är en bra modell 
för hästars metabolism av meloxikam. I hästurin kunde vi även detektera en 
metabolit som konjugerats med glukuronsyra. Med hjälp av C. elegans pro-
ducerades tre av metaboliterna som efter att strukturen bekräftats och renhe-
ten bestämts kan komma att användas som referenssubstanser i dopinglabo-
ratoriet. 

Vi kunde även visa att huvudmetaboliten, 5’-hydroxymetylmeloxikam, är 
den substans som föreligger i högst koncentration i urin från travhästar efter 
administrering av meloxikam och även den substans som var detekterbar 
under längst tid. Detta betyder att metoder för att påvisa förekomsten av 
meloxikam i dopingprover från häst bör fokusera på denna metabolit istället 
för modersubstansen. 

I de arbeten som ingår i avhandlingen har vi alltså kunnat visa att LC-
MS/MS är en mycket användbar teknik för strukturutredningar av läkeme-
delsmetaboliter i biologiska prover. Genom att kombinera olika experiment 
med olika typer av instrument så kan man få mycket information om en och 
samma substans. Dessutom hade vi stor användning av svampen C. elegans 
för att framställa metaboliter i tillräcklig mängd för att underlätta 
masspektrometriska experiment. Vi kunde också visa att svampen verkar 
vara en lovande modell för läkemedelsmetabolism i häst vilket kan vara 
användbart i framtiden. 
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